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Abstract: Possible dark matter candidates in particle physics span a mass range extending over
fifty orders of magnitude. In this review, we consider the range of masses from a few keV to a few
hundred TeV, which is relevant for cold particle dark matter. We will consider models where dark
matter arises as weakly coupled elementary fields and models where dark matter is a composite
state bound by a new strong interaction. Different production mechanisms for dark matter in these
models will be described. The landscape of direct and indirect searches for dark matter and some of
the resulting constraints on models will be briefly discussed.
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1. Introduction

Cold Dark Matter (CDM) has emerged as an excellent parametrisation for 26% of the
energy density of the universe in addition to the components parametrised as baryonic
matter and dark energy [1]. In spite of these precision observations, the non-gravitational
nature of dark matter (DM) remains enigmatic [2—4]. From cosmological observations
concerning, on one hand, the light element abundance and, on the other hand, the cos-
mic microwave background (CMB) radiation spectrum, we can infer that the Standard
Model (SM) degrees of freedom must have been in thermal equilibrium in the early uni-
verse [1,5-8]. Whether DM was ever part of the same heat bath is not known.

Theoretical possibilities for DM are manifold. This is concretely encapsulated by the
fact that the masses of possible dark matter candidates extend from 10~20 eV to the Planck
mass Mp; and beyond to the order of solar masses. This is illustrated schematically in
Figure 1. In the case of ultralight dark matter [9] the dark matter arises in the form of
collective field configurations with the de Broglie wave length of the typical galactic size.
This form of dark matter may resolve problems in structure formation, but it is currently
unclear if the problems are of physical origin or due to limitations in the current compu-
tational approaches to address dynamics of the formation of the large-scale structures in
the universe. At the largest end of the mass spectrum, the possible candidates are dim
objects composed of baryonic matter or microscopic black holes. The former are ruled out
by microlensing observations while the latter are heavily constrained if they are required
to constitute all of the observed dark matter abundance [10].
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Figure 1. A schematic illustration of the range of possible masses of DM candidates. The color bar
below the masses indicates the change from non-thermal to hot and warm and to cold DM in relation
to the mass scale.
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In the mass range, starting at a few keV, the dark matter is composed of non-relativistic,
cold particles. On one hand, the existence of such CDM describes the observations at galac-
tic scales, on the scale of galaxy clusters and on the scale of the entire observable universe.
It should be noted, however, that ultimately the solution to the dark matter puzzle may lie
within the theory of gravitation itself, as demonstrated by modified gravity models [11,12].
However, the relativistic generalization consistently describing the observations at different
distance scales, extending from galactic distance scales to the entire universe, remains a
challenge; see e.g., [13-15]. In this review, we will therefore not dwell on the topic of
modified gravity further. On the other hand, the CDM paradigm is appealing in light
of our present understanding of ordinary matter, as described by the Standard Model
(SM) of elementary particle interactions. The CDM paradigm puts dark matter within the
framework of beyond-SM models and opens up prospects for experimental searches for
DM in dedicated direct search experiments, collider experiments and in the analysis of
various astrophysical probes.

The modeling of particle DM depends on the assumed mechanisms of its production
in the early universe. If we assume that the dark matter abundance is borne out as a
thermal relic, this leads to two general mechanisms [16,17]. Namely, if the DM was in
thermal equilibrium with the SM fields, the freeze-out mechanism may explain its present
abundance. This occurs via thermal decoupling when the DM annihilation rate falls below
the expansion rate of the early universe. The second main possibility is that of freeze-in. In
this case, the DM was never in thermal equilibrium but its phase space density is populated
from the thermal SM bath due to very weak but nonzero couplings between SM fields
and DM. There are various mechanisms refining these two categories or combining their
essential ideas, which we will discuss in more detail in later sections of this review.

However, thermal origin may not be a justified assumption. After all, the stable
particle of the SM and constituting the visible matter, i.e., the proton, did not obtain its
abundance in this way. It is possible to obtain the DM abundance via ‘darkeongenesis’
similar to the ordinary baryons [18]. It is a very appealing scenario in which the abundances
of light and dark matter would be intrinsically interconnected by the symmetries of the
relevant extension of the SM.

The different production mechanisms of dark matter are also connected with the
precise nature of the DM candidate. In models with weakly coupled elementary parti-
cles for which perturbation theory provides an adequate tool to carry out theory and
phenomenology analyses, the thermal relic paradigm provides a framework in which
controlled computations can be carried out and used for phenomenology studies. On
the other hand, asymmetric dark matter arises more naturally in the framework in which
DM arises as composite states of strongly coupled elementary constituents [19]. Here,
the analyses must be carried out using effective theories and, if feasible, first principle
lattice computations. These features are also interconnected with the question of the self
interactions in DM, and we will separately discuss the cases of weakly coupled thermal
relics and strongly coupled composite dark matter. Of course, the thermal origin of DM
abundance can be attributed to composite DM as well [20] and, similarly, fundamental
fields can constitute asymmetric dark matter [21].

The production mechanisms of DM are also connected with other particle physics
processes. For example, particle annihilation also implies particle production, which may
be relevant for current and future collider experiments and provide important constraints
for models. Furthermore, the particle interactions relevant for production of DM also
imply DM scattering cross sections with ordinary matter, which can be probed in dedicated
experiments. Finally, the possibly nonzero cross sections of dark matter scattering on itself
are also important for understanding the formation and evolution of galactic halos and the
cosmic collisions of galaxies and galaxy clusters.

Before the discovery of the Higgs, much of the theoretical work in beyond SM phe-
nomenology was focusing on the need to explain the origin of the electroweak scale. In
this type of model, the dark matter arises within the extended particle content and is
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naturally connected with the electroweak sector as, for example, the neutralino in the
supersymmetric extension of the minimal supersymmetric SM or a bound state of new
strongly interacting degrees of freedom underlying the composite Higgs sector.

However, with the discovery of the SM-like Higgs boson at LHC [22,23] and no
extended spectrum of excitations, the dark matter problem was placed into focus as the
motivation to extend the SM. This paradigm shift has resulted in active research on the
extensions where the isolated SM is connected to an isolated dark sector via some restricted
set of messenger particles. For DM phenomenology, such a paradigm change was very
welcome: first, it allows for a generalization of DM models beyond simple scenarios of
weakly interacting massive particles (WIMPs) such as supersymmetric DM. Second, it
leads to well-defined benchmarks for experimental testing. Third, it allows for a wider
exploration of DM phenomenology connected more with the experimental searches and
data rather than purely theoretical premises such as naturality or the strong CP problem.

These facts are manifested by the recent developments in the field of observations
relating to DM. There are many astrophysical and cosmological observations as well as an
active experimental program of direct detection experiments contributing to constraining
various hidden sector models. As a motivation for isolated dark matter, there is one
observation which stands out; the observations on colliding galaxy clusters [24], although
there are also caveats [25]. Nevertheless, dark matter decoupled from or interacting only
very weakly with the SM fields implies the observed behavior. Moreover, the observation
of the separation of the dominant sources of gravitational potential and radiating matter
can be used to set bounds on the self-interactions of the dark matter degrees of freedom [26].
Such self-interactions affect the internal dynamics of dark sectors and have observable
consequences [27].

In this review, we will follow, in more detail, the story outlined above, focusing on
the mass range relevant for cold particle dark matter. We will first, in Section 2, consider
the dark matter genesis in the case of weakly coupled thermal relic dark matter. The
main mechanisms to be discussed here are freeze-out and freeze-in mechanisms. Then, in
Section 3, we will consider the general landscape of dark sector models in some more detail
emphasizing the possibilities of how the dark sector couples with the SM. In Section 4,
we will consider strongly coupled composite dark matter, review its main motivations
and discuss main results. In Section 5, we will briefly consider the observational and
experimental landscape and the present constraints as well as some future developments.
We will conclude and summarize in Section 6.

2. Weakly Coupled Thermal Relics

The CMB observations by the Planck satellite [1] show that the relic abundance of
CDM is
Qpmh? = 0.120 £ 0.001, (1)

where § is the present rate of expansion of the universe in units of 100 km/s/Mpc and
Qpy is the present DM energy density. The main question for DM modeling is to explain
how does this relic abundance arises during the course of the evolution of the universe.
One major paradigm of particle DM is that its abundance is set by thermal equilibration
and decoupling in the early universe. In order not to generate too large abundance, the relic
must be cold, i.e., heavy with respect to the temperature where its decoupling occurs. Then
its number density is suppressed, n ~ (mT)3/2exp(—m/T). The DM freezes out as the
interaction rate and the expansion rate of the universe become comparable, no ~ H. As is
well known, the right magnitude of the DM abundance can be produced by m ~ 10> GeV
and o ~ G#m? ~ 1078, where Gp is the Fermi coupling. The coincidence with the typical
electroweak cross section and mass around the electroweak scale became known as the
"WIMP miracle’. It should be noted that this needs to have nothing to do with the weak
interaction, but given a cross section ¢ ~ ¢*/m? with some coupling g merely suggests

a relation
2 m

8 Y 10TeV’ @)
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and the mass scale m can be whatever. This type of general freezeout scenarios of WIMPs
have received a lot of attention both by the theory and experimental communities.

Cosmic abundance can also be explained by populating the phase space of the DM
candidate by decays and scatterings of SM particles with only tiny interaction with the
DM degrees of freedom. This feebly interacting massive particle (FIMP) [28,29] scenario is
another alternative, where the DM particle needs not thermally equilibrate with the SM
heat bath. In comparison to WIMPs, which require a sufficiently large interaction strength,
making them discoverable in direct searches, the feeble interactions of FIMPs effectively
hide them in direct searches and other detection methods must be applied.

2.1. Computing the Relic Density

The computation of the DM abundance in these scenarios is based on following the
evolution of the particle phase space distribution functions. To illustrate, consider a single
DM particle denoted by x and its phase space distribution function fy(p,t). The time
evolution in the expanding universe is given by the Boltzmann equation [30]

(3 — Hp, - V) fy(p,1) Z / dC,y;, @3)

where t is the time, H is the Hubble parameter, p, is the physical momentum and Ey is the
energy of x particles. The sum on the right hand side is over all processes involved. The
collision term dC) for the process x + a1 +ay+---+a, — by +by+---+ by, is

d Hdnﬂzndnb 27{)45 PX"’Zpﬂk ;phe)x
(IMBffay -+ (U o)L fiy) oo = [MBfo o - (T ) (U fi) o), (&)

where the subscript F (B) is a shorthand for the forward process x +a; +ax +--- +a, —
by + by 4 - - - 4 by (and its inverse). The averaging in the squared transition amplitudes is
taken over both the initial and final states. The usual phase space measure is

8 Py
all; = (2)% 2E;’

©)

where g; is the number of intrinsic degrees of freedom of particle j and p; denotes the
momentum of the particle and E; its energy. Finally, the phase space distribution of each
particle involved is denoted by f; and the =+ signs correspond to bosons and fermions.

Generally the above coupled equations determine the distribution functions of all
particles involved. However, if all other particle species than x are assumed to be in thermal
equilibrium, the equations collapse to a single equation determining the distribution f,.
With given initial conditions and known particle interactions the solution of the Boltzmann
equation can be integrated to determine the DM relic abundance.

Based on the above discussion we can now list different mechanisms for producing
the observed DM abundance in this context. First, there is the freeze-out mechanism,
where DM decouples from the visible sector heat bath as the expansion rate of the universe
wins over the interaction rate of DM and heat bath particles. Consequently, the comoving
number density of DM particles freezes to a constant value. As already mentioned, for a
weak scale mass DM particle this requires a coupling of the order of the weak interaction,
g ~ 0(0.1), but other values are possible depending on the mass 1.

Second, there is the freeze-in mechanism which is based on the assumption that the
DM phase space is initially unpopulated, but subsequently produced from the visible
sector by decays or annihilations. The DM abundance freezes to a constant value as the
expansion rate of the universe wins over the DM production rate and DM does not need to
enter thermal equilibrium at any stage. This requires a very small coupling, ¢ ~ O(10~19)
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between the visible sector and DM in order for the DM to remain isolated from the SM
thermal bath and produce the correct relic abundance.

Third, the dark sector can have rich dynamics as combinations of the previous two
mechanisms. For example if dark matter has self interactions, it can, after initially populated
by freeze-in from the visible sector, constitute a heat bath within itself but decoupled from
the visible sector. The temperatures of the two can be different and DM undergoes a dark
freeze-out involving only the dark sector fields. Yet another scenario where the dark sector
thermalizes on its own, but the dark freeze-out occurs while the yield from the visible
sector is still ongoing. Then due to the sustained particle production, the DM annihilations
within the dark sector resume and the final relic abundance is determined only after the
yield has finally ended. This scenario has been dubbed as the reannihilation mechanism.

2.2. Freeze-Out

We will now illustrate some of the mechanisms enlisted in the previous subsection.
Consider an extension of the SM by a stable particle x. A concrete and much studied
example would be to take x to be a real singlet scalar with a Zy-symmetry coupled with
the SM via interaction x?|H|? [31-33].

To discuss the usual freeze-out mechanism, we assume no initial asymmetry between
particles and anti-particles and we neglect any large self-interactions. Then, the abundance
of DM is set by considering simply annihilation of ) into SM particles, xx — SM, and its
inverse. Integrating the Boltzmann equation over momentum, gives the Zeldovic-Okun-
Pikelner—-Lee-Weinberg equation [34,35] for the DM number density 7,

dn

d—tx +3Hn, = —(voy) [nf( — (n;q)z}, (6)
where (voy) is the thermal average of the total DM annihilation cross section times the
velocity [36], ny is the DM number density we want to determine and n;q is the number
density at equilibrium.

It is common to switch to dimensionless variables, Y = n, /s and x = m, /T, defined
in terms of the mass of the DM particle, m,, entropy density s and temperature T of the
visible sector. Then the above equation becomes

dy  T[[/Y})?
- () -1, )
Yeq dx H |\ Yeq

where we have assumed that the number of relativistic degrees of freedom remains constant
and defined I' = ny!(voy).

This equation operates as follows: as long as the expansion rate H remains smaller
than the interaction rate I', the DM particles remain in equilibrium with the SM particles
and the particle yield Y traces the equilibrium yield, Y >~ Yeq. Then, as the expansion rate
becomes comparable to the interaction rate, the annihilations become ineffective and the
DM abundance freezes out. Assuming that the DM is nonrelativistic at the freeze-out, the
present-day DM abundance is approximated as [30]

V& My GeV~!

, 8
Sxs Ty Mpy(voy) )

Qh? ~5.36 x 10°(n + 1)

where g, and g.s denote, respectively, the effective numbers of relativistic degrees of
freedom in energy and entropy densities and Ty is the freeze-out temperature. The param-
eter n = 0 for s-wave annihilation, and n = 1 for p wave annihilation. This simple DM
freeze-out scenario has notable refinements, such as the coannihilation, the annihilation
into forbidden channels and the annihilation near poles [37], yet further scenarios arise in
the presence of semi-annihilations [38] and the co-scatterings [39].
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The important feature in the above equation is that the present abundance is inversely
proportional to the DM annihilation cross section. This is intuitive, since the stronger the
interactions, the longer the DM will remain in equilibrium with the SM and, consequently,
more diluted its abundance will become before finally freezing out.

2.3. Freeze-In

The above analysis was based on the starting point that the DM initially is in equilib-
rium with the SM. To relax this assumption, one takes the DM to interact with the SM so
weakly that it cannot come into equilibrium. The couplings required are of the magnitude
O(10~7) or smaller [40] depending on the explicit model. As a simple example, consider
the case where the abundance of the DM particle y is initially zero, but can be produced
by the decays of the heat bath particles [28,29,41], for example i — xx where h is an SM
particle coupled with the DM, for example, the Higgs. The DM abundance freezes in as the
number density of & becomes Boltzmann suppressed.

In such a case, assuming that i obeys Maxwell-Boltzmann statistics, the Boltzmann
equation for the DM number density is approximated as

d”x Kl(x) eq
-5 H = -, 7 ~
; +3 Ny 2lh%XXK2( )nh ” (9)

where I, is the decay width and an is the equilibrium number density of . We
also denoted x = my,/ T and the functions K;(x) are the modified Bessel functions of the
second kind.

Again, defining Y = n, /s and assuming a constant number of relativistic degrees of
freedom, we can rewrite the above equation as

] . (10)
Y, 3 dx H K(x)
The approximate solution is [29]
Mp I’
Qi ~ 448 x 10881 Tx TP Ao (11)

8s/8x GeV  m?

where gj, is the number of intrinsic degrees of freedom of the / field and we assumed
T =~ my,. Let us denote the coupling between h and x by y so that [';,_,,, ~ y>my,/ (87).
Then, assuming that g.s =~ g+, we obtain and estimate for the magnitude of the coupling y
needed to produce the required DM abundance,

1/2
y~ 1012 (Qxh2> / ( 8 )3/4<m’1>1/2. (12)
0.12 100 My
This is consistent with the fact that we assumed a very weak coupling in the be-
ginning of the analysis. We also see that the parametric behavior with respect to the
increased coupling is opposite to that of freeze-out: here, increased interaction rate implies
increased abundance.

If the freeze-in abundance is produced by 2 — 2 scatterings, say from operator
yxhihohs rather than decays, the final abundance becomes [29]

2
O 2 ~1.01 x 10%—L (13)
* 8us\/8x

again, under the assumption that T ~ m, and that the masses of the h; particles can be
neglected over the mass of x. Also from this we find that, to generate a large enough DM,
abundance requires



Symmetry 2021, 13, 1945

7 of 26

a2\ g\
Yy~ 10 <m> (m) . (14)
In addition to the differences between the required interaction strength and initial
abundances between the freeze-out and freeze-in, the relation between the temperature
and the relevant energy scale m is different. Typically the frozen-out relic abundance is
produced at m, /T ~ 10...30, while this ratio is m, /T ~ 2...5 in the case of freeze-in.
Here we have assumed that the initial number density of DM particles is negligible.
This can be affected by the initial conditions set by cosmic inflation [40,42—44]. Such
sensitivity does not arise in the freeze-out scenario, as thermal equilibrium destroys all
dependence on initial conditions. In freeze-in, sensitivity to effects of non-renormalizable
operators may also arise [29,45-47].

2.4. Dark Freeze-Out and Reannihilation

Let us then consider another of the initial assumptions; namely, that the interactions in
the dark sector can be neglected. If the interactions in the dark sector are sufficiently large,
then after being produced by freezing-in from the visible sector, the DM particles may
thermalize within the dark sector, independent of the visible sector. If this happens, then
the final abundance is not set by the initial freeze-in but by the subsequent dark freeze-out
occurring solely within the dark sector [27,48-51].

Chemical equilibration in the dark sector can be achieved by sufficiently fast number
changing processes, which reduce the average momentum of DM particles and simultane-
ously increase their number density. For example, consider self-interactions A x* for a single
species of dark sector particles [27,49,50]. Then the 2 — 4 scatterings lead to thermalization
if the self-coupling exceeds a critical value A; for values below this, the usual freeze-in
framework is sufficient. If the couplings are large enough, the dark sector enters thermal
equilibrium with temperature Tp, which is different from the visible sector temperature.
At this stage, the 2 — 4 processes and their inverses occur at the same rate. As the DM
cools, the 2 — 4 scatterings shut off but the equlibrium number density is maintained by
the inverse annihilations. During this cannibalization era, the average momentum of the
DM particles increases while their number density decreases. Finally, the annihilation rate
becomes small enough and the number density freezes out. For further details on these
dynamics, see, e.g., [27,50-54].

As another refinement of these thermal dynamics, we mention reannihila-
tion [50,53,55,56]. This scenario is akin to the dark freezeout, but the yield from the
SM has not shut off before the dark sector reaches thermal equilibrium. The dark freeze-
out, which otherwise would occur, is prevented by the increase in the particle yield from
the SM freeze-in processes. As a function of time, the DM number density first traces
the equlibrium number density, then the so-called quasi-static equilibrium density and at
the intercept of a critical value Y, ~ (va>sYezq/ H the number density finally freezes out;
see [50].

As these examples show, the interactions within the dark sector can lead to interesting
new mechanisms for particle production beyond the simplest freeze-out and freeze-in
scenarios. The key role is played by sufficiently strong self-interactions. Since these occur
naturally within the scope of strongly interacting composite dark matter, we will return
to these considerations in Section 4. In the next section, we will discuss in more detail the
models for generic dark sectors and their coupling with the SM.

3. Dark Sectors and Portals

As illustrated by the WIMP miracle, and more generally by the solutions of the
Boltzmann equation for the DM relic abundance in the early universe, to set the correct
abundance via annihilations or particle decays in the early universe requires the existence
of some mediator particle coupling DM with the SM fields. To dial for the correct relic
density and to suppress the scatterings of DM on ordinary matter so that DM has escaped
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numerous laboratory experiments carried out so far, the mass of the mediator and its
couplings need be tuned appropriately.

This setting motivates the framework of dark sectors, where the DM and possibly
other degrees of freedom reside, and which are separated from the SM and interact with
ordinary matter only via specific portals. There are numerous possibilities how this setting
is realized. In the simplest case the DM is just a real singlet scalar coupled with SM via
the Higgs, and, in this case, the DM and its interactions are mediated by the same particle.
Another minimal setting would be a dark gauge field, possibly with a fermion charged
under this new interaction. Examples of more complex realization would be dark sectors
with multitude of states akin to the particle content of the SM itself.

3.1. Cosmology of Hidden Sectors

The essential model building feature is the linking of the dark sector with the SM.
Then, a natural question to ask is how well-motivated such a link is or whether it is really
needed at all. To address this possibility, let us consider a dark sector consisting of a
fermion y singlet under all SM interactions, but charged under a new interaction mediated
by a vector field V. Let us assume that m, > my and consider annihilation xx — VV.
Then, the thermal freeze-out can progress in the hidden sector without the interactions
with the SM needed to arise at all.

To investigate this scenario further, let us assume that the dark sector was initially
populated during the reheating phase of the early universe, leading to a thermal plasma of
dark sector states not interacting with the SM and having a temperature Tp of its own. The
difference in the SM and hidden sector temperatures is parameterized as

To
T 4

¢ (15)
which is a function depending on time. The relic abundance arises via the freeze-out
scenario where, in the simplest case, the thermal population of the vector field V with
my < my plays the role of the relativistic thermal bath at temperature Tp.

However, the entropy and energy density initially stored in the dark sector must go
somewhere. For a stable V, the number density of its relic density scales as 63 T3. For and
order one value of ¢, it turns out that in order not to generate overabundance of CDM or a
sizable quantity of hot DM, V must behave as an additional component of radiation in the
early universe which can be constrained by observations [57,58].

The effects of such new radiation component is usually represented in terms of the
effective number of relativistic degrees of freedom, N,¢. To see how this is constrained,
consider the total energy density of radiation

27‘L’2 4 7Neff SM 7'[2 4
= —T"+ ———=_T 1

P T 30 + 4 30 v + pD/ ( 6)

where we included the photons and neutrinos of the SM (as the first and second terms,

respectively) and the contribution from the dark sector (op). The dark sector energy den-
sity is

g gt (17)

PD =8D3; ,

where gp counts the degrees of freedom in the dark sector at temperature Tp. In SM, the
value of Nggp is 3.046 [29,59,60], and assuming that the neutrino temperature is as in the
SM, we can represent the total energy density as

2

7 7T
o1 = Py + (Netrsm + ANeg T;

)1% v (18)

Here, we denoted the component of the photons by p, and defined AN, as the deviation
in Ngg from the SM value. Hence, we obtain the constraint
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T4

T (19)

ANegs = gng:AL
This is a time-dependent quantity, and the constraints from the big bang nucleosynthesis
and CMB are from specific epochs: the former concerns the era T ~ 10 keV-1 MeV
while the latter the era T < eV. The results from [1,61] are that Neg gpn = 2.89 £ 0.28 and
Negtcmp = 2.99 £ 0.17. It should be noted that assumptions about, e.g., neutrino masses or
DM self-interactions, can significantly affect the error bars quoted above.

In any case, the above consideration, leading to the constraint ANeg ~ 0.5 shows that
in principle decoupled dark sectors can be constrained through gravitational effects alone.
This argument is expected to become more refined as the sensitivity of observations is
increased. For the AN, constraints in various models, see e.g., [62-64].

Another probe into the dynamics of dark sectors decoupled from the visible one
are provided by possible dark sector self-interactions as they affect the clustering of DM.
Sufficiently strong self-scattering of DM can lead to DM thermalization in galactic halos
and reduction in the central densities within the cores of galaxies. The motivation for DM
self-interactions arises from the so called ‘cusp vs core” problem [65-70], i.e., observation of
shallowness of the central profiles of dwarf galaxies in comparison to the simulations, and
the missing satellites problem, i.e., observation of far too few satellites of the Milky Way, and
the related ‘too-big-to-fail” problem [71,72]. It should be noted that improvements in the
simulations, in particular more proper inclusion of baryonic physics [73-78], may explain
the dwarf halo profiles and more satellites are being discovered. Nevertheless, the DM self
interactions remain as an important generic property of DM, deserving further study.

The importance of DM self interactions is characterized by the transfer cross section,

op = /m%a — cosh), 20)

over the DM mass and its typical value

2
AN Pl B T cm2<G€V>. 1)
My 8 My
For DM density, pp ~ GeV/cm?, and velocity v ~ 103, the scattering rate is
1
r~ey~109—. (22)

1y year

The dynamical time scale for a typical galaxy (such as the Milky Way) and its DM halo
is about 108-10° years, so the above value of the transfer cross section is about what is
needed to affect the galactic dynamics. Of course, this is just an order of magnitude and
significantly higher interaction rates can arise, e.g., in the inner regions of the galactic halo.

Since no significant offset in the mass distribution of DM in colliding galaxy clusters
was observed, this translates into an upper bound for DM self-interactions. For example,
the Bullet Cluster constrains such aself-interacting cross section by o/m < 1.25 cm?/ g at
68% CL [24,26,79]. Observations of several cluster collisions provide the constraint /m <
0.47 cm?/ g at 95% CL [80]. This bound is dependent on the model assumptions [81-84]
and relaxing these would allow for a less-stringent bound.

On the other hand, in the galaxy cluster, Abell 3827, an offset between luminous
matter and the DM halo has been observed and if interpreted as an effect due to DM self-
interactions, this implies a non-vanishing o /m ~ 10~* cm? /g [85]. The analysis in [86,87]
leads to values o/m ~ 1.5 cm?/g.

To see how the bound on the DM self-interactions constrains models, let us return
to the model we considered earlier and assume an ultralight mediator my < eV and
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my 2 keV. Then, in particular my < m,v, and the transfer cross section is enhanced in
forward scattering and is given by

87'(043( mivz
(o et 34 1 5 (23)
v m
X v

with the bound o1 < 1 cm?/g, this implies that

1/2
2/ m, \3/2 10
<10 10( 2 X — ], 24
x> (10—3) (MeV) In(m202/m?) -

On the other hand, in this model, the relic density is determined by the annihilation process
xx — V'V whose cross section is

2
T
—£. (25)
mx

(ov) ~

To obtain the correct relic density requires (cv) ~ 5-107?/GeV?. For example, with
my > keV, this implies that a, > 4 -10~!! and we see that the sufficiently strongly interact-
ing light dark matter excludes thermal freeze-out.

There are various ways to bypass the limitations arising in the simplest model frame-
works. For example, one can introduce additional states into the hidden sector to facil-
itate thermal freeze-out without introducing the ultralight limit for the mediator V. If
my > m,v, then the self interaction cross section is o ~ mx)zcmi/ m%/. The resulting
constraints do not exclude the possibility of thermal freeze-out.

It should also be noted that the above simple discussion takes into account the cross
sections in the limit of the Born approximation. Generally, there are resonant enhancement
effects requiring a solution of the general quantum mechanical scattering problem. For
further details, see [88,89]. As another remark, DM scattering with sufficiently strong DM
self-interactions and dark radiation can lead to dark acoustic oscillations; see, e.g., [90,91].

In this section, we have made the assumption that the dark sector has no coupling
with the visible one, since we wanted to illustrate that even in such case there are strong
observational constraints. However, in many dark sector models, this is not the case.

3.2. Directly Coupled Dark Sectors

To illustrate the opposite situation to the one considered in the previous subsection,
let us now assume that DM and SM degrees of freedom are in thermal equilibrium. The
DM annihilations into SM particles redistribute the energy density initially deposited in
the dark sector into the SM thermal bath. If DM is sufficiently heavy, the Ng¢ bounds from
nucleosynthesis and CMB discussed in the previous subsection are alleviated.

However, if the mass scale of DM is close to the MeV scale so that the thermal freezeout
happens near the time of the nucleosynthesis there will be observational consequences.
For example, if DM is in equilibrium with the electron positron plasma after neutrinos
have decoupled then electron—positron annihilation will contribute to heating of DM and
consequently temporarily reduces the energy density stored in photons. This, in turn,
increases the baryon-to-photon ratio, and this increase allows for deuterium to convert into
helium efficiently. Observations lead to bound m, > 1-10 MeV [92,93].

Additionally, the CMB can be affected by DM annihilations. After freezeout, the DM
annihilation in principle continues through the epoch of recombination. Even if the rate is
negligible in relation to the changes in the relic density, the CMB is sensitive to the resulting
energy injection. The main effect is an increase in residual ionized hydrogen. The energy
injection is described in terms of the efficiency f(z) characterizing the efficiency of energy
deposition at redshift z [94], and in the recent Planck results [1], the bounds are quoted
in terms of an effective efficiency f.¢, defined as the leading coefficient in a particular
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functional basis suited to systematically expand the effect on the CMB . For the s-wave
annihilation, the result from [1] is given in terms of an effective parameter

(cv) _ 3-107%6cm3/s
m, ~  100GeV

Pann = feff (26)

If compared with the thermal relic cross section for DM annihilation, for example, for
annihilation into SM fermions, this excludes masses below O(10GeV).

The direct coupling between DM and the SM fields can also be probed using various as-
trophysical observations. A notable signal is the Galactic center gamma ray excess [95-101].
While the signal could have its origin in astrophysical processes—see, e.g., [102-107]—DM
annihilation is a viable possibility—see, e.g., [108,109]—but it is in tension with recent
observations [110].

In addition to gamma rays, other particle fluxes have also been measured. The ra-
tio of antiproton and proton fluxes measured by AMS-02 experiment, exhibits an excess
over the expected background [111]. This can be interpreted as a signal of DM annihila-
tions [112-119]. In some of these analyses, DM annihilations can explain excess both in
the AMS antiproton data and in the galactic center gamma rays—see e.g., [120]. It should
be noted that, within systematic errors, secondary astrophysical production alone can
account for the data [121]. As a final example, an excess in high-energy cosmic positrons
has been observed by PAMELA [122] and subsequently by AMS-02 [123]. It should be kept
in mind that plausible explanations may arise from standard astrophysical objects [124,125].
Explanations by DM annihilations have also been pursued [126,127]), although these are at
odds with the constraint from CMB [1].

The results discussed above are summarized in Figure 2 from [1] where solid straight
lines show the CMB constraints on different annihilation channels and different regions
show the AMS proton excess, galactic center gamma ray excess, as indicated. Additionally,
the AMS/PAMELA positron fraction and electron and positron fluxes from Fermi/H.E.S.S.
observations are shown as indicated by the figure. For further detail, we refer to the original
reference [1].

-22
w0 L v
'TV' —-23 — M+lt_
E 107 4 Excluded by CMB TtT’
S, — q3

E 1072 4 [ — et
% Fermi/HESS e~ e* o f:
TE‘ 1025 4 AMS/PAMELA positron fraction L  — \y+w-
P e — o ——__Thermal crosssection ___________| —
— —26 | /\ K gg

2 10 AMS anti-proton excess 7Y
~ Fermi Galactic center excess — hh

10~%7 T T T
10! 102 10° 104
m, [GeV]

Figure 2. The CMB constraints on DM annihilation cross section. Different regions bounded by
straight solid lines correspond to DM annihilation into different final states. Other regions are related
to the observations of various particle fluxes as explained in more detail in the text. The figure is
from [1].

3.3. Portals between Dark and Light Sectors

The previous sections have illustrated the general features of dark sectors on cosmol-
ogy and emphasized the role of the mediators. In the case of direct coupling the mediator is
essential for setting the relic abundance. The minimum coupling needed for the successful
generation of the relic density then sets the expectations for the experiments, searching for
the signal of dark matter interactions. In the isolated dark sector framework, an additional
interaction between dark sector and SM is not needed to establish the relic abundance,
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but may assist in depleting the excess energy and entropy away from the dark sector. The
existence of such interactions then opens up the possibilities to search for DM in laboratory
experiments also in this type of model, although the possibilities for the signal strengths
are more varied. Let us now briefly discuss the most commonly studied mediator portals
with the SM.

3.3.1. The Higgs Portal

The most straightforward example is the Higgs portal, since the SM operator HT H
can couple with any suitable operator constructed out of the dark sector fields [128,129].
For example, a real scalar field ¢ in the dark sector will couple as $*H'H and ¢H*'H.
Due to these interactions, the dark sector scalar and the Higgs will mix after electroweak
symmetry breaking. Hence, in the zero temperature vacuum, the interactions of the dark
scalar with SM gauge and matter fields will arise. Simple models of DM in this context
include hidden sectors with real scalar [128], complex scalar [130], fermion [131,132] or
vector [38,133] fields.

3.3.2. The Vector Portal

If there is a U(1) gauge field V), in the dark sector, it will mix with the hypercharge
By, [134]. Denoting the field strengths of the dark gauge field and the SM hypercharge
by Vy,v and By, respectively, the operator V},, B is allowed by both the dark and visible
sector gauge invariance. The field V), is typically called a dark photon [135,136] since, after
electroweak symmetry breaking, there is the mixing V,,, F/"".

Phenomenologically, the relevant interactions are

€
AL = EVWFW + eAuJlm + ex Vi Jp, (27)

where Jiyn and J}; are, respectively, the ordinary electromagnetic current and the dark
vector current arising from the new gauge symmetry with gauge coupling e,. The pa-
rameter € measures the magnitude of the kinetic mixing. Both photons have also their
corresponding kinetic terms and also any charged dark particles constituting the dark
current have appropriate kinetic and mass terms. There is also the mass term for the vector
Vi, my /2V, V¥, which can arise from the dark Higgs mechanism. The simplest case is to
assume that the dark Higgs-like scalar is massive and can be integrated out for the DM
phenomenology, but it can also be considered a light degree of freedom to be included in
the phenomenology analyses of the model.

The scenarios corresponding to my = 0 and my # 0 need to be treated separately.
Let us start with the case my = 0. Then, the kinetic mixing can be eliminated by a field
redefinition V;, = V}, — €Ay, which leaves us with the following interactions

AL =eAyJlm +ex (Vi + €Ay b, (28)

If there are no charged fields in the dark sector, the vector V;, would be completely de-
coupled and without observable effects. We therefore expect that in this limit the only
observable consequences arise from additional matter fields in the dark sector. For example,
suppose that |5 = ¥7*x. Then the DM field x couples with the photon by the coupling
eey. This provides an example of millicharged DM which is heavily constrained by its
behavior in the early universe and resulting effects on structure formation [137] and CMB
anisotropies [138].

In the case of m, # 0, it is convenient to make a field redefinition A; = A, —€V,in
order to again remove the kinetic mixing and to obtain

AL = my 2V, VI + (A}, + K Vi) Jiy + ex Vil b, (29)

This is convenient as it immediately implies that the dark photon mass eigenstate V), cou-
ples to the particles charged under SM. The kinetic mixing parameter € and the dark photon
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mass my can be constrained over a wide range; for a recent compilation of constraints,
see [139].

3.3.3. Axion Portal

An axion-like particle a can couple with SM fermions or gauge bosons via operators
1 ~ 5 1 = 1 U
F—ﬂayaf'y”"y f, F—aaFF, F—uabeGb , (30)

where F, is the axion decay constant and Fy,, and G, denote the electromagnetic and
QCD field strengths, and the tilde their duals. Historically, the emergence of axion-like
partilces is due to the Peccei and Quinn solution [140,141] to the strong CP problem by
promoting the CP-violating angle # in the QCD sector of the SM to a pseudoscalar field
whose potential sets its value to zero.

In various extensions of the SM such axion-like particles arise in connection with the
strong CP problem or otherwise, and effectively the axion mass and decay constant are in-
dependent parameters. The models of this type fall in two classes of models: models where
fermions dominate the axion couplings are of the type proposed by Dine, Fischler, Srednicki
and Zhitnitsky [142,143] while the models where the couplings to the gauge bosons are
larger are of the type proposed by Kim, Shifman, Vainhstein and Zakharov, [144,145].

Axions in the sub-eV mass range are excellent DM candidates. They are produced
non-thermally in the early universe via a misaligment mechanism [146,147]. However,
being ultralight and outside the mass window of CDM, which is the focus of this review,
we do not pursue these details further; see, e.g., [148].

3.3.4. Neutrino Portal

If sterile neutrinos N; exist, then there is also the interaction
AL = yi]'i,iHN]‘, (31)

where L is a SM lepton doublet. This arises, for example, in the type I seesaw mechanism,
which explains the smallness of neutrino masses in the SM by assuming heavy Majorana
mass terms for the N;. More general mass patterns for N can be considered by embedding
the above interaction into

_ 1 _
AL = yi]'LiHN]' + EMl]NzN] + ml]NlN] (32)

Addition of the mass terms leads to more involved model building concerning their origin.
In the simplest extension, one may add a singlet scalar with Yukawa couplings with the
singlet fermions. Then, one needs to also take into account the Higgs portal interactions of
the singlet scalar.

4. Strongly Coupled Composite Dark Matter

Particle dark matter possesses two main features: stability over timescales of the age of
the universe and effective neutrality under electromagnetism. If we look at particles inside
the standard model, there are two examples, each satisfying one of these constraints. First,
there is the proton which, albeit charged, has an extremely long lifetime. Second, there is
neutron which has zero net electric charge. Both of these particles are not elementary, but
are composite objects whose internal dynamics is governed by the strongly coupled gauge
theory, QCD. Generally, the explicit or accidental symmetries of gauge-fermion systems or
scale dependent interactions, interpolating between different IR and UV behaviors, offer
wide possibilities for dark matter model building.

These observations provide motivation for the investigation of dark sectors with non-
Abelian gauge interactions, which allow for dark matter candidates as strongly-coupled
composite states. Such composite dark sectors can arise in extensions of the SM, in which
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the Higgs sector itself is composite, or composite dark sectors can be assumed to exist on
their own while the SM Higgs is described by the effective SM-like elementary scalar boson.
Further motivation is provided by the strong self-interactions among the bound state of a
strongly-coupled theory, which, as discussed in Section 3, may play a role in explaining
features observed in formation of galactic structures.

One can model the composite dark sectors either using bottom up low energy effective
theory. Then, when studying energy scales below the compositeness scale, the dark
sector fields are treated as elementary but taking into account the series of irrelevant
operators compatible with symmetries of the SM and the dark sector fields. The possible
terms in the effective Lagrangian are constrained by general theoretical restrictions and
observations. Alternatively, one can work within a top-down approach, starting with
a specific ultraviolet completion to restrict the spectrum of operators generated at low
energies. Lattice calculations provide an important tool to assess nonperturbative features
of these models.

4.1. General Features and Examples of Composite Dark Matter Candidates

We will start with a brief review of general features and motivations of strongly
coupled dark matter candidates. Then we will outline a few concrete example models
and how they encapsulate the general features. Several dedicated reviews focusing on
different aspects of composite dark matter exits in the literature and should be consulted
for further details.

As already emphasized, the main feature of dark matter is its stability. In compos-
ite dark matter scenarios, this stability can arise naturally from accidental global flavor
symmetries of the microscopic theory. In the SM, the stability of the proton arises in this
manner due to the baryon number conservation. The symmetry violations arise as irrele-
vant operators, O; with operator dimension d determined by the underlying theory. If the
operator dimension d is large enough, then Planck suppressed operators, O,/ Mfi*‘l, will
allow for dark matter with the lifetime exceeding the age of the universe.

The other main feature of dark matter is its neutrality under electromagnetism and
effectively under all SM charges. In composite dark matter models, this arises by the
confinement which, analogously with QCD, arranges the physical spectrum of the theory
in terms of dark hadrons. These spectra can contain states which are neutral under color,
weak and electromagnetic, even if the fundamental constituents transform nontrivially
under (some) of the SM symmetries. Dynamical confinement and breaking of the chiral
symmetries in the dark sector leads to the intrinsic scale Apy in the dark sector. This dark
sector scale is, therefore, natural and may or needs not be related to the electroweak scale
of the SM.

In comparison with the elementary fields, the interactions of the composite dark
matter have notable differences. First, since composite DM is singlet with respect to the SM
interactions, its interactions with SM fields appear at low energies as higher dimensional
operators suppressed by the powers of the dark sector confinement scale. This suppresses
the dark matter scattering off nuclei, which is relevant in the interpretation of the results
in dark matter direct detection experiments. Second, the dark hadrons naturally have
strong self-interactions which may play an important role in explaining features in the
small scale structure formation, as we have discussed earlier. As a third point, we note that
the spectrum of composite states within the dark sector provides significant refinements
to DM scattering phenomena in comparison to simple dark sectors consisting of only few
elementary fields. Examples include inelastic scattering [149], dark absorption [150] and
effects on CMB and N [151].

Below, we enlist briefly some DM candidates arising in the setting of composite DM
and strongly coupled hidden sectors.
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4.1.1. Dark Pions

Models of a QCD-like dark sector have been much discussed in the literature [152-155].
It is imagined to arise from the underlying strong dynamics with light dark quarks,
my < Apm. We note here that although these models are interesting purely for DM
phenomenology, they may also generate the electroweak scale starting from classically
scale invariant Lagrangian [155]. Different models of this type have been studied recently
and the dynamical symmetry breaking relevant for strongly coupled hidden sectors is only
one possiblility while, e.g., radiative symmetry breaking is another alternative [156].

To illustrate these dynamics, consider the model where a dark strongly coupled non-
abelian gauge theory is coupled with a SM-like elementary scalar boson and a messenger
scalar, an elementary real singlet field S, which provides for a Higgs portal to the dark
sector and transmits the dark sector scale to the electroweak sector of the SM [155]. More
concretely, the relevant Lagrangian is

1
L = |DyH|* — Ay (H'H)? 4 |9,,S]> — A|S|* — 2 Fn ™

Ny _
+ Y Qi(i9"Dy) Qi + gnlSI* HI* — (yoSQQ + h.c.). (33)
=1

1

Here we have denoted the SM-like Higgs doublet by H and the covariant derivative
operating on it contains the appropriate SM gauge fields. The dark sector is here written
in terms of the underlying elementary degrees of freedom. The dark gauge field strength
is denoted by Fj, and the dark quark fields by Q. They are taken to transform in the
fundamental representation of the dark gauge group and the covariant derivative acting
on the dark quarks contains the dark gauge field. The singlet scalar S has renormalizable
interactions with itself, the Higgs and the dark quarks.

In the limit of massless quarks, there is chiral symmetry which, for sufficiently small
number of flavors, is expected to be dynamically broken by the formation of dark quark
condensate. The symmetry breaking pattern depends on if the dark quarks transform in
complex, pseudoreal or real representation of the gauge group. We assume here that the
gauge group is such that the fundamental representation is complex and, therefore, discuss
only the QCD-like behavior, i.e., SU(Ny) xSU(Ny) —SU(Ny).

Due to the coupling with the scalar sector, the Goldstone bosons associated with the
above symmetry breaking pattern will become pseudo-Goldstones. In the case we consider,
all these are QQ-states. There is a remnant flavor symmetry, which protects the lightest
pseudo-Goldstone against decay and this, therefore, becomes a dark matter candidate. The
consequences of the formation of the QQ-condensate and the associated scale Apy are
transmitted to the SM sector via the Higgs portal by formation of vacuum expectation
values for both S and H. In this way, the model also explains the origin of the SM masses
and simultaneously ties them with the dark matter dynamics.

The low-energy phenomenology is most conveniently discussed in terms of a low-
energy effective theory where the relevant degrees of freedom are the composite Gold-
stone bosons 7t and the scalar ¢ parametrised in the linear representation as a multiplet
M ~ ¢+ imr - 7. For details and further discussion of the phenomenology, see [155].

In the above example the dark sector fields are singlet under all SM interactions.
Alternatively, one can also consider a model building framework where both DM and
the SM Higgs emerge as composite states from the same strongly coupled sector [157].
However, in models of this type, to avoid the topological anomaly [158,159] leading to
DM decay, one must work with large global symmetries [160]. In relation to this, we note
that the same symmetry-breaking patterns can also be investigated in a setting where both
the Higgs and DM are elementary fields [161]. For a review on the differences between the
composite and elementary fields in this framework, see [162].

Various other possibilities for SM charge assignments in the strongly coupled dark
sector can of course be considered. For example, in [152], the dark quarks transform in a
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vector-like representation of dark SU(N) and weak SU(2);,, while in [163] the dark quarks
transform instead in a vector-like representation of U(1)y.

4.1.2. Dark Quarkonia and Dark Baryons

There is no need to assume that the fermion constituents of dark sector composite
states would be light. For example, one can consider the regime where at least one dark
fermion is heavy mg > Apwm. Then, the effective theory to be applied is heavy quark
effective theory and the dark matter candidate is an analogue of quarkonia. This possibility
was considered, for example, in the model presented in [164], where one of the main
phenomenological features is the inelastic scattering [165-167]. Of course these can be
tuned in the models with elementary fields, but they occur naturally in the strongly coupled
composite scenarios.

Removing the light-heavy splitting and taking all dark fermions to be heavier than the
dynamical dark matter scale leads to so-called “quirky” dark matter [150]. In this scenario,
the dark fermions transform in addition to the new confining non-Abelian group also
under part of the SM [168]. Then, one must also take into account the constraints from
vacuum alignment [169]. For a model analysis, see, e.g., [170].

For dark mesons in general, it may be difficult to avoid breaking the global flavor
symmetries by irrelevant operators of dimension five. This then undermines the require-
ment of dark matter stability over the cosmologically relevant timescales. This situation
motivates to study baryon-like DM candidates for which the stability is more robust. For
example, in SU(3) and larger number of colors, the higher dimensional operators are at
least of dimension six and DM remains sufficiently stable.

The work on technibaryons dates back to technicolor models [18,171,172]. In these
models, the new fermions transformed under a chiral representation of the electroweak
gauge group and via dynamical breaking of their chiral symmetries led to electroweak sym-
metry breaking. The technibaryon bound states carrying an accidental technibaryon number
led to the suggestion of the lightest of these states as a DM candidate. Moreover, it turned
out that the relic abundance of this type of DM could be obtained through an asymmetry
intertwined with the generation of the ordinary matter—antimatter asymmetry [173,174].

4.1.3. Dark Glueballs

Generally, the spectrum of a non-abelian gauge theory contains bound states with no
valence quark content, i.e., glueballs. In the case that all dark fermions have masses far
above Apyy, the lightest particles in the spectrum will be glueballs with masses around Apyy.
Being the lightest particles, their stabilization is endangered only by possible couplings
with SM fields. The leading operators to couple dark glueballs with the SM fields are

L~ %H‘LHTr(GWGW) + %Tr(GWG”")Tr(FWFVV), (34)

where Gy, is the field strength of the dark gauge field and F,, is the field strength of a SM
gauge field and H is the SM Higgs doublet. The scale A is related with the new physics
carrying both SM and dark quantum numbers and which is integrated out below the scale
A to generate the above effective interactions below scale A.

For example the Higgs coupling in the above equation leads to the decay rate
T ~ c1Ady,/ (mA*). If ADM is sufficiently small with respect to the new physics
scale A%, the glueballs can be stabilized with respect to the lifetime of the universe [175].

5. Experimental and Observational Constraints

Already in the earlier sections, we have described some experimental and observa-
tional constraints on different models of CDM. In this section, we will outline some more
features and how different observational probes intertwine to constrain the models.
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5.1. Collider Searches

For the collider searches to be relevant, the situation is similar to direct detection: DM
must interact sufficiently strongly with ordinary matter fields to yield observable signatures.

There are intensive searches for WIMP DM at colliders. For scalar DM coupled with
the SM via the Higgs portal, the production of DM states is impeded by a small cross
section [176] but searches via monojet events in Higgs decays are more promising [177]
although the kinematic reach is limited. For collider constraints on fermion DM in a
Higgs portal model, see [176]. Additionally, the freeze-in scenario could result in collider
signals. For example, the appearance of particles with macroscopic lifetimes [178,179]
may arise due to the almost-isolated dark sector. For searches for long-lived particles,
see, e.g., [180,181]. It is also possible that the dark sector where the DM abundance is
generated by the freeze-in mechanism also contains a mediator particle coupling more
strongly to the SM. This mediator could lead to observables that are relevant to collider
experiments [179,182-184].

In Higgs portal models, there are two important bounds arising from the current
collider experiments. First, if there are scalar states mixing with the Higgs, the measured
Higgs couplings constrain the mixing angle. The current bound is sina < 0.3 [185].
Furthermore, if DM is sufficiently light with respect to the Higgs boson, m, < m,0/2, the
invisible Higgs decays provide an important bound. Currently, such decay is bounded by
Br(h® — inv) < 0.23 [186,187].

In composite DM scenarios, the collider signatures are affected by extended spectrum
of state and by nontrivial form factors. For a review of different effects and an outline of
different models, see [19] and references therein.

5.2. Direct and Indirect Detection

According to the CDM paradigm, a flux of DM particles bound to the galactic halo
is constantly passing through the Earth. If coupled with ordinary matter, these particles
would occasionally scatter on targets of ordinary matter and deposit a small amount of
recoil energy. The direct detection experiments aim to measure these small energy de-
posits. Most of the past and current experiments have their focus on DM scattering on
nuclei. In the past, there were traces of a DM signal, such as DAMA /LIBRA [188,189],
CoGent [190-194] and CDMS-II [195]. Assuming a vanilla-type DM scattering, these obser-
vations are inconsistent with most recent experimental results [196,197]

The direct detection provides very stringent constraints for frozen-out WIMP DM
candidates. The simple Higgs portal models are practically ruled out except for a narrow
window close to the Higgs resonance [198]. For a comparison of Higgs portal models,
taking into account existing constraints, see [199].

It is possible to avoid the constraints from direct detection while simultaneously main-
taining large enough annihilation cross section so that the observed abundance is obtained
if the energy dependence of the DM interactions is nontrivial. A concrete example of this
occurs if the DM particle is a pseudo-Goldstone boson [130,200]. Goldstone bosons gener-
ally scatter with cross sections proportional to the momentum transfer in the process. This
dependency leads to the low energy DM scattering cross section on ordinary matter which
are heavily suppressed. For example consider the model [130] defined by a Lagrangian

1
L= E(aHS)2 —V(S,H), (35)
where S = (171,12, ..,7n-1,0) is an O(N) vector carrying no SM quantum numbers, H is

the SM-Higgs field and V(H, S) is the potential invariant under O(N) transformations and
SM gauge symmetries and containing also the leading symmetry breaking term M% Halla -
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The simplest model corresponds to N = 2 where S = ¢ + 7. In this model, one finds
that the cross section for DM scattering on ordinary matter is

2 2
dU’SI - /\HSmeN 2

deost  (mg, —t)2(myy, —t)>

(36)

where Ay is the Higgs portal coupling, h° and H? are the two massive scalars with #°
identified as the SM Higgs boson and fy =~ 0.3 [201] is the Higgs nucleon coupling. Hence,
the direct detection cross section vanishes as t — 0 appearing to resolve the tension with
experimental constraints.

However, there is an important refinement: the symmetry breaking contributions,
such as a small mass of the Goldstone boson, do not vanish in proportion to the momentum
transfer. Consequently, symmetry breaking contributions can become significant effect
even if generated at one-loop or even higher orders [202]. The quantitive effect is illustrated
in Figure 3 adapted from [130]. In the left panel of the figure are shown the limits from
XENONIT on the spin-independent scattering of DM off of nuclei assuming the leading
order momentum-suppression due to the Goldstone-nature of DM as the upper shaded
region. The shaded region below this corresponds to the domain where the SI cross
section reaches the coherent neutrino scattering cross section. The constraint from the
invisible Higgs decays are shown by the shaded region on the left. The solid (dashed) curve
shows the parameter values where the correct relic density is obtained for ;0 = 500 GeV
(myo = 750 GeV). The yellow region is related to the explicit symmetry breaking terms
and is explained in more detail in [130]. The right panel of Figure 3 corresponds to the left
one, but contains the dominant one-loop contributions for the DM-nucleon cross section
and for the mpo = 500 GeV.
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Figure 3. Illustration of different constraints on the DM-nucleon scattering. The horizontally sep-
arated shaded regions show the exclusion limits from the XENON1T direct detection experiment
and from the saturation of the coherent neutrino scattering cross section while the shaded region
in the left corresponds to the bound from the invisible Higgs decays. The solid (dashed) line corre-
sponds to the parameter values where the correct DM relic density is obtained for m 0 = 500 GeV
(mpo = 750 GeV). The left panel shows the situation for the leading order scattering cross section
while the left panel shows the quantitiative change when the dominant one-loop contributions are
also taken into account. Figure from [130].

Generally direct detection experiments are complemented with numerous indirect
probes, which are particularly important for dark matter scenarios directly coupled with
the SM as we have discussed in earlier sections for frozen-out DM. Indirect DM searches
probe the same annihilation process that is relevant for determining the abundance, and for
the pseudo-Goldstone boson DM it is particularly important that this scattering amplitude
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does not vanish in the limit of zero incoming three momentum. Therefore, the indirect
detection signal is expected to be of similar magnitude for pseudo-Goldstone boson DM as
for a generic WIMP. It turns out that indirect detection is very constraining for such DM
candidates up to few hundred GeV [130].

Of the various other models we have considered, the FIMP paradigm easily escapes
direct detection experiments due to extremely weak couplings between the dark and visible
sectors. However, they can accommodate interesting indirect detection signals since the
feeble couplings can result in very long lifetimes leading to decaying DM scenarios. For
example, for a decaying DM interpretation of the spectral feature at E ~ 3.55 keV [203,204],
see [205-211].

Models with extended scalar sectors or strong dynamics with dynamical chiral
symmtery breaking induce additional phase transitions in the early universe. If these
are of first order and sufficiently strong, they can yield a stochastic gravitational wave
signal detectable by future satellites BBO [212] and DECIGO [213]. In the case of pseudo-
Goldstone DM this feature also increases the direct detection signal [200].

6. Conclusions

We have considered models for CDM, i.e., particle dark matter whose mass is above
the keV scale. We reviewed, in particular, models constituted by hidden sectors coupled
with the SM fields only with a restricted set of mediator fields. Such a framework is mainly
motivated by the observation of the SM-like Higgs boson at the LHC and no extended
spectrum of beyond SM states.

We considered the production mechanisms of CDM in the early universe by thermal
decoupling, i.e., freeze-out from the thermal SM heat bath or by out of equilibrium pro-
duction by population of phase space via decays or scatterings of the bath particles, i.e.,
the freeze-in. We also discussed extensions of these two basic scenarios, dark freeze-out
and reannihilation. Alternatives to these mechanisms are asymmetric dark matter. Asym-
metric dark matter arises naturally in the composite dark matter scenarios which are also
motivated by dark matter self-interactions.

The observational constraints were discussed briefly, and new developments in direct
detection and ongoing developments in the studies of astrophysical probes of indirect DM
detection are expected to further constrain the CDM paradigm.
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