arXiv:1706.07442v2 [hep-ph] 11 Sep 2017

PI/UAN-2017-602FT
HIP-2017-08/TH

The Dawn of FIMP Dark Matter:
A Review of Models and Constraints

Nicolds Bernal,®® Matti Heikinheimo,® Tommi Tenkanen,?
Kimmo Tuominen® and Ville Vaskonen®

2Centro de Investigaciones, Universidad Antonio Narifio,
Carrera 3 Este # 47A-15, Bogota, Colombia

bFaculty of Physics, University of Warsaw,
Pasteura 5, 02-093 Warsaw, Poland

“University of Helsinki and Helsinki Institute of Physics,
P.O. Box 64, FI-00014, Helsinki, Finland

4 Astronomy Unit, Queen Mary University of London,
Mile End Road, London, E1 4NS, United Kingdom

¢National Institute of Chemical Physics and Biophysics,
Révala 10, 10143 Tallinn, Estonia

E-mail: nicolas.bernal@uan.edu.co, matti.heikinheimo@helsinki.fi,
t.tenkanen@qmul.ac.uk, kimmo.i.tuominen@helsinki.fi, ville.vaskonen@Kkbfi.ee

Abstract. We present an overview of scenarios where the observed Dark Matter (DM) abun-
dance consists of Feebly Interacting Massive Particles (FIMPs), produced non-thermally by
the so-called freeze-in mechanism. In contrast to the usual freeze-out scenario, frozen-in
FIMP DM interacts very weakly with the particles in the visible sector and never attained
thermal equilibrium with the baryon-photon fluid in the early Universe. Instead of being
determined by its annihilation strength, the DM abundance depends on the decay and anni-
hilation strengths of particles in equilibrium with the baryon-photon fluid, as well as couplings
in the DM sector. This makes frozen-in DM very difficult but not impossible to test. In this
review, we present the freeze-in mechanism and its variations considered in the literature
(dark freeze-out and reannihilation), compare them to the standard DM freeze-out scenario,
discuss several aspects of model building, and pay particular attention to observational prop-
erties and general testability of such feebly interacting DM.
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1 Introduction

There is compelling evidence for the existence of Dark Matter (DM), an unknown, non-
baryonic matter component whose abundance in the Universe exceeds the amount of ordinary
matter roughly by a factor of five [1]. Still, the non-gravitational nature of DM remains a
mystery [2-4]. The fact that the observed abundances of dark and visible matter are in the
same ballpark may be considered as indicative that both forms of matter have a common ori-
gin and they were once in thermal equilibrium with each other. In the previous decades, this
class of scenarios has received by far the biggest attention, both theoretically and experimen-
tally. Most prominent in this class are extensions of the Standard Model of particle physics
(SM) that feature Weakly Interacting Massive Particles (WIMPs) as DM. WIMPs typically
carry electroweak scale mass and couple to the SM with a strength that is reminiscent to
that of the weak interactions. The observation that this theoretical setup gives the observed



relic abundance is the celebrated WIMP miracle [5]. Another appealing ingredient of the
WIMP paradigm is the fact that the same interaction that determines the DM abundance is
also responsible for making the paradigm testable by terrestrial experiments.

Despite the fact that DM has been searched for decades, the studies have yielded no
overwhelming evidence for what DM actually is. A crucial challenge to the WIMP DM
paradigm is the lack of a confirmed experimental detection signal. The worldwide program
for detecting WIMP DM using a multi-channel and multi-messenger approach has followed
three main strategies: i) direct detection of WIMP-nucleon scattering, ii) indirect detection
of WIMPs by measuring the products of their annihilation or decay into SM particles, and
ii1) detection of WIMPs produced at high energy colliders such as the LHC. For some recent
reviews and reports, see e.g. Refs. [6-10].

From cosmology, we know that to produce the observed amount of light elements and
retain the observed peak structure of the Cosmic Microwave Background (CMB) radiation
spectrum, the SM particles must have been in state of thermal equilibrium and their energy
density must have dominated the evolution of the Universe from the time of big bang nucle-
osynthesis (BBN) at Tgpn =~ 4 MeV to the matter-radiation equality at Toq ~ 0.8 eV [1, 11~
14]. On the other hand, DM may or may not have been part of the same heat bath.

In the standard WIMP paradigm, DM is a thermal relic produced by the freeze-out
mechanism. However, the observed DM abundance may have been generated also out of
equilibrium by the so-called freeze-in mechanism [15-19]. In this scenario, the DM particle
couples to the visible SM sector very weakly, so that it never entered chemical equilibrium.
Instead, the DM particles were produced by decay or annihilation processes from the visible
sector, until the production ceased due to the cooling of the photon temperature below
the relevant mass scale connecting the DM particle to the visible sector. Due to the small
coupling strength, the DM particles produced via the freeze-in mechanism have been called
Feebly Interacting Massive Particles (FIMPs) [19].

The weakness of interactions between the DM and the SM particles in the freeze-in
scenario implies that these models are inherently very difficult to search for in direct detection
or collider experiments. However, as the experimental constraints from these experiments
are beginning to rule out large parts of the parameter space of the typical WIMP models, the
freeze-in scenario has begun to look more appealing. Furthermore, as we shall discuss below,
despite the feeble coupling between DM and the SM particles, this scenario is not completely
void of experimental signatures to search for.

The FIMP scenario therefore introduces a perfectly adequate mechanism for explaining
one of the biggest mysteries in modern physics, the problem of what are the properties of
DM and how was its observed abundance generated in the early Universe. As the freeze-in
mechanism is gaining popularity, in this paper we provide for the first time a summary of
research conducted in the field, introduce in a broader context several interesting phenomena
related to DM production that have not been studied exhaustively, and discuss observational
properties and testability of very weakly interacting DM in general.

The paper is organized as follows: in Section 2, we review the current experimental
status of DM and discuss several different observational aspects from collider, direct and
indirect searches to astrophysical signatures arising from self-interacting DM. Then, in Sec-
tion 3, we discuss the DM genesis by first presenting the two basic mechanisms for producing
the observed DM abundance, the standard freeze-out and freeze-in scenarios, and then the
most important scenarios for how the DM abundance can change after initially produced by
decays and annihilations from the visible sector, the dark freeze-out and reannihilation. In



Section 4, we briefly consider examples of studies on the freeze-in mechanism by discussing
generic portal models, sterile neutrinos, asymmetric freeze-in, and also other models. In
Section 5, we discuss the observational properties of feebly interacting DM, paying particular
attention to astrophysical and cosmological signatures. In Section 6, we summarize.

2 Observational Status of Dark Matter

We begin by reviewing the current observational status of DM. There is currently a worldwide
program for detecting DM but only a little has been revealed about the concrete micro-
physical properties of particle DM, as so far only the gravitational interactions of DM have
been confirmed. In this Section we discuss the results from direct and indirect searches and
collider experiments, as well as astrophysical signatures arising from DM self-interactions.

2.1 Direct Detection

The aim of direct detection experiments is to measure the small recoil energy of a nucleus
in an underground detector after a collision with a DM particle gravitationally bound to
our galactic halo. The current status of direct detection searches is ambiguous with a few
experiments reporting hints for a DM signal like DAMA/LIBRA [20, 21], CoGent [22-26]
and CDMS-II [27]. However, such observations seem at face value inconsistent among each
other and are typically viewed to be in conflict with the null results of many other exper-
iments [28-44]. Currently the XENONIT experiment [44] places the strongest exclusion
limit in the plane of spin-independent DM-nucleon cross section and WIMP mass for large
DM masses, while LUX [42] and PandaX-II [41] have recently reported competitive null
results. The most stringent direct detection constraint to date on the WIMP-proton spin-
dependent cross section comes from the PICO-60 [45] and the LUX [46] experiments (and
below ~ 4 GeV from the PICASSO experiment [47]). A new generation of direct detection
DM experiments includes LZ [48, 49], DARWIN [50], DarkSide-20k [51, 52], PICO-250 [53]
and SuperCDMS [54].

In light of null results from WIMP direct detection experiments, there is considerable
interest in exploring new regions of DM parameter space with a variety of different tech-
niques [9]. Multiple directions have recently been suggested for the detection of elastic and in-
elastic scatterings of DM in the mass range from keV to MeV: recently proposed experiments
with sensitivity to DM-electron scattering include Refs. [55-62]. Additional possible methods
for detecting sub-GeV DM include semiconductors [63, 64], superconductors [65-67], scintil-
lating targets [68], superfluid helium [69, 70], chemical-bond breaking [71], two-dimensional
targets [72-74], color center production in crystals [75], molecular spectroscopy [76], as well
as search for bremsstrahlung radiation from a recoiling nucleus [77, 78].

2.2 Indirect Detection

Indirect detection aims at detecting the flux of final stable particles, mainly electrons,
positrons, protons, antiprotons and photons, produced by DM annihilation or decay. Among
those, photons are considered the golden channel for the identification of a possible DM sig-
nal, since they are not accelerated by magnetic fields in the galactic environment, and thus
preserve the spectral and spatial information of the source signal itself.

Several potential signals have appeared in indirect DM searches over the past few years.
Most notably, in the case of the Galactic center gamma ray excess in the GeV energy
range [79-85], an anomalous emission of gamma rays coming from the inner region of the



Galaxy has been reported. Various interpretations of this excess have been put forward,
from astrophysical processes (e.g. Refs. [86-91]) to DM annihilation (e.g. Refs. [92, 93]).
Although there is strong support for the GeV excess to arise from a population of faint,
unresolved point sources, DM interpretation has not been yet robustly excluded. However,
this interpretation is challenged by the latest constraints from dwarf spheroidal galaxies [94].

An anomalous emission line at the 3.55 keV energy from X-ray images taken by the
telescope XMM-Newton [95, 96] has been found in a stacked analysis of the Perseus cluster,
Coma-Centaurus-Ophiuchus clusters and 69 other clusters [97]. Further evidence has been
gathered also from other galaxy clusters [98-101]. However, the status of this line is con-
troversial. In fact, these results are in tension with the Suzaku data [102], which show no
indication of a 3.55 keV line in the Coma, Virgo and Ophiuchus clusters. On top of that,
these findings are in tension with the Hitomi observations of the Perseus cluster, which do
not support an excess in this cluster [103]. Nevertheless, the line has been recently confirmed
in the summed data from deep Chandra blank fields, the Chandra Deep Field South and
COSMOS [104]. This spectral feature can have a DM related origin, but it also may have
no connection with the DM sector and come from some atomic transition (of a potassium
origin [105]) or from some systematic errors. However, while the DM interpretation has
been challenged by many authors [98, 102, 103, 105-110], it is not in contradiction with
observations of dwarf galaxies [111] or the galactic center [112].

The AMS-02 experiment on board the international space station has measured the
fluxes of various charged particles in cosmic rays. The ratio of antiproton and proton fluxes
exhibits an excess over the estimated background [113], that has been interpreted as a sig-
nal of DM annihilations [114-121]. Intriguingly, some of the above references report good
agreement with DM annihilations as an explanation for both the AMS antiproton data and
the galactic center gamma ray excess discussed above. However, within systematic errors,
secondary astrophysical production alone can account for the data [122]. Furthermore, a
high-energy cosmic positron excess has been discovered by PAMELA [123] and confirmed
by AMS-02 [124]. While it can be produced by astrophysical objects like pulsars or super-
nova remnants (see e.g. Refs. [125, 126]), DM annihilations can also be involved (see e.g.
Refs. [127, 128]).

2.3 Collider Searches

As with the direct detection, DM has to interact sufficiently strongly with the SM particles to
yield observable signatures at colliders. The efforts to search for DM in collider experiments
are mainly focused on traditional WIMPs, such as the neutralino. These particles are searched
for in model-dependent scenarios that constrain the parameter space of UV-complete models,
effective field theories and simplified models [129-136], as well as in more model-independent
searches for missing energy accompanied by a monophoton [137-142], a mono-Z [143, 144], a
monojet [145-151] or a mono-Higgs [152-157]. Constraints from the monophoton searches at
BaBar [158, 159] are stringent at lower masses, between a few hundred MeV and ~ 10 GeV.

Recently, the use of simplified models, that typically contain a mediator particle con-
necting the DM sector to the SM, has been under a lot of focus in DM collider searches, as
opposed to the use of effective field theories, containing non-renormalizable effective opera-
tors that are obtained in the limit of integrating out the heavy mediator particle. The contact
interaction limit of effective non-renormalizable operators is only valid when the mediator
mass is safely above the center of mass energy of the hard scattering event, and this assump-
tion does not generally hold in the 13 TeV LHC. This observation has three consequences:



First, the presence of the mediator propagator has to be taken into account in predictions
for the DM production signal, as it can affect the kinematical characteristics of the events
compared to the contact interaction limit. Second, the production of the mediator particle
may also result in final states other than a DM particle pair, and these visible decay modes
can be used to constrain such models. Third, it can alter the interplay between cosmological
and collider constraints. See Refs. [160, 161] and references therein for related discussion.

2.4 Dark Matter Self-interactions

A new strategy for DM searches consists of looking for effects associated with possible non-
gravitational DM self-interactions in the sky. The cosmological concordance model (ACDM)
presents DM as a cold, collisionless fluid. However, evidence has been accumulating since
the 1990’s, suggesting that gravitational N-body simulations performed with cold DM only,
while extremely successful at large scales, do not correctly reproduce the observed structure
at the galactic and sub-galactic scales. Two long-standing puzzles of the collisionless cold
DM paradigm are the ‘cusp vs. core’ [162-167] and the ‘too-big-to-fail’ [168, 169] problems.
These issues are collectively referred to as small scale structure problems of the ACDM model;
for a recent review, see Ref. [10].

While it has been proposed that the above tensions could be addressed by carefully
accounting for the effects of baryonic physics [170-175], alternative solutions are offered by
warm [176, 177], decaying [178] or self-interacting DM [10]. Thus, the small scale structure of
the Universe can be seen as a probe for the properties of DM, which can potentially distinguish
between the standard picture of cold collisionless and collisional DM. It is noteworthy that
this is independent of how strongly DM interacts with the SM particles and can, in principle,
allow to efficiently probe DM even if the other probes such as collider or direct detection
experiments fail to identify properties of DM.

These tensions can be alleviated if at the scale of dwarf galaxies DM exhibits a large
self-scattering cross section, o, over DM particle mass, m, in the range 0.1 < o/m <
10 cm?/g [179-188]. Nevertheless, the non-observation of an offset between the mass dis-
tribution of DM and galaxies in the Bullet Cluster constrains such self-interacting cross
section, concretely o/m < 1.25 cm?/g at 68% CL [189-191], i.e. around 10'2 pb for a DM
of 1 GeV mass. Similarly, recent observations of cluster collisions lead to the constraint
o/m < 0.47 cm?/g at 95% CL [192]. However, some of the methods and assumptions uti-
lized to obtain these results have been questioned in the recent literature [193-196] and the
actual limit could be less stringent.

Finally, observations of the galaxy cluster Abell 3827 suggest an offset between the
stars and the DM halo in at least one of the four central galaxies. If interpreted solely
as an effect of DM self-interaction, it was argued to imply a non-vanishing o/m of the
order of 107* ¢cm?/g [197]. However, these results have been reinterpreted using an improved
kinematical analysis, obtaining o/m ~ 1.5 cm? /g in the case of contact interactions [198, 199].
The DM substructure observed in Abell 520 [200, 201], coincident with the hot gas and not
hosting any stars, has been interpreted as suggestive of self-interacting DM in Refs. [202, 203].

The self-scattering of DM particles leads to heat transfer that decreases the density con-
trast in the centers of DM halos turning cusps into cores and changing the subhalo abundance
matching due to a lower halo concentration. Self-interacting DM therefore directly addresses
the two small-scale problems. Although this effect alone cannot efficiently reduce the forma-
tion rate of luminous galaxies in DM subhalos, it may still alleviate the ‘missing satellites’
problem [204, 205] with the help of additional DM physics (e.g. warm or decaying DM) or



baryonic feedback. While latest observations tend to prefer the latter option [206, 207], the
problem remains unsettled [10, 208, 209].

In this Section we have reviewed the global program for detecting a WIMP DM par-
ticle. Despite the huge experimental and observational effort, there is no compelling non-
gravitational evidence for a DM particle. To progress, it is necessary to make use of the com-
plementarity between different experiments and different detection techniques [210-222] in
order to ameliorate determination of the particle physics parameters and disentangle possible
degeneracies. Furthermore, one has to take into account astrophysical uncertainties [223-232]
when interpreting the results of the DM searches. It is certainly still possible that an exper-
imental signature of WIMP DM will arise in the coming years, but as the natural parameter
space of these models is closing [5], we must keep an open mind and extend our search into
new realms beyond the standard WIMP paradigm.

3 Dark Matter Genesis

In this Section discuss how the observed DM abundance can arise in the early Universe.
We first present the two basic mechanisms for producing the observed DM abundance, the
standard freeze-out and its recently proposed alternative, the freeze-in scenario, and then the
most important scenarios for how the DM abundance can change after initially produced by
freeze-in type processes, the dark freeze-out and reannihilation. A brief summary of all these
mechanisms is given in Section 3.1.

Depending on the coupling between DM and particles in the visible sector, DM either
reached thermal equilibrium with the visible sector in the early Universe, or did not. In
case it did, the DM genesis is based on the standard freeze-out mechanism. In the freeze-out
mechanism the comoving DM particle number density freezes to a constant value roughly
when the interaction rate between the visible sector and DM particles becomes smaller than
the Hubble rate. However, if the coupling is small enough, DM was never in thermal equilib-
rium with the visible sector. In that case, the DM abundance can, in the simplest case, be
produced by the freeze-in mechanism! where the comoving DM number density freezes to a
constant value when the number densities of particles producing DM become negligible due
to Boltzmann suppression. In the simplest case the freeze-out occurs by 2 — 2 DM annihila-
tions, whereas freeze-in production is dominated by 1 — 2 decays or 2 — 2 annihilations of
visible sector particles into DM. In more complicated model setups interactions in the DM
sector can further modify the DM number density once it has frozen in/out from the visible
sector. We will discuss these scenarios in Sections 3.2, 3.3 and 3.4.

To accurately solve for the DM relic density, one must follow the microscopic evolution
of particle phase space distribution functions. In the following we will assume, for simplic-
ity, that there is only one DM particle and denote it by x. Time evolution of the phase
space distribution function f,(p, t) of the DM particle x is then given by the Boltzmann

!We define freeze-in to refer to a mechanism where the DM density is produced non-thermally by decays
and annihilations of particles in thermal equilibrium. This excludes several other mechanisms for generating
the DM abundance non-thermally such as incomplete reheating [233], asymmetric reheating [234-236] and
Dodelson-Widrow mechanism [237].
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where the sum is over all processes involved, p) is the physical momentum and E, is the
energy of y particles, ¢ is the cosmic time, and H corresponds to the Hubble parameter related
to the total energy density via the Friedmann equation, p = 3H 2M1:2, /(87), where Mp is the
Planck mass. Due to isotropy of the Universe, f(py,t) depends only on the magnitude of p).
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where + applies for bosons and — for fermions, \M|i+a1+“ﬁb1+b2+‘_. and |M‘l%1+b2+...%x+a1+...

are the squared transition amplitudes, averaged over both the initial and final states, and

g Ppy
(27)3 2Ey

dIl, = (3.3)
is the usual phase space measure. Here the number of intrinsic degrees of freedom of particle
k is denoted by g, its momentum and energy by pi and Ej, respectively, and its phase space
distribution by f.

In general, Boltzmann equations form a coupled set of integro-differential equations
for distribution functions of all particle species involved in DM production, but if all but
one species are assumed to remain in thermal equilibrium with each other, solving the DM
abundance reduces to a single integro-differential equation for the DM distribution f,. Once

all interactions and initial conditions are known, the solution of Eq. (3.1) gives the present-
day DM abundance.

3.1 Summary of Mechanisms

As will be described in detail in the following Sections, there are in total four distinct mech-
anisms for producing the observed DM abundance through ordinary decay and scattering
processes, three of them including an initial freeze-in type process.®> We summarize them
here:

1. Freeze-out mechanism: DM decouples from the visible sector heat bath when its
interactions with the bath particles cannot compete with the expansion of the Uni-
verse anymore and its comoving number density freezes to a constant value. This
requires roughly a weak scale coupling, y ~ 0(0.1), although the value is highly model-
dependent.

2Notice that this is an approximation which neglects thermal effects. These may reduce the abundance of
non-thermally produced DM by O(10 — 100)% [238].

3A possible caveat to this statement is the fact that the DM sector may have been populated already
by reheating in the early Universe [240-242]. If that was the case, the DM abundance may undergo dark
freeze-out without ever been sourced by or having been in contact with the visible sector heat bath.
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Figure 1. A schematic representation of the regions where each of the four mechanisms described in
the text dominate. The observed DM relic abundance is obtained on the dashed gray line, and the
arrows show the gradient for DM abundance. The parameters y and A are the DM coupling to the
visible sector and the DM self-coupling, respectively.

2. Freeze-in mechanism: DM was never in thermal equilibrium with the visible sector,
and the comoving DM abundance freezes to a constant value when the number densi-
ties of visible sector particles producing DM either by decays or annihilations become
Boltzmann-suppressed, ending the yield. This requires usually a very small coupling,
y ~ O(1077) or less, to prevent the dark sector from thermalizing with the visible
sector and to obtain the correct relic abundance.

3. Dark freeze-out mechanism: DM never became in thermal equilibrium with the
visible sector but comprised an equilibrium heat bath within its own dark sector, which
was initially populated by a freeze-in-type yield from the visible sector. In this scenario
DM does not annihilate into visible sector particles but into states of the dark sector.
The dynamics are similar to the usual freeze-out scenario except for the fact that the
two sectors may have different temperatures.

4. Reannihilation mechanism: A scenario where the dark sector thermalizes within
itself but where the dark freeze-out would occur already before the yield from the
visible sector has ended. The on-going particle production from the visible sector
keeps increasing the DM relic abundance and thus resumes annihilations of dark sector
particles, forcing the comoving number density of DM to freeze out only after the yield
has ended.

In Fig. 1, the dashed gray line illustrates the values of the DM coupling to the visible sector
y and the DM self-coupling A for which different DM production mechanisms are realized in
a scenario where the dark sector consists of the DM particle only (see also Fig. 3 of Ref. [240]
and Fig. 4 of Ref. [241]). Next, we will discuss all these mechanisms one by one.



3.2 Freeze-out

To better understand properties of the freeze-in mechanism, we first review the DM produc-
tion mechanism most studied in the literature: the freeze-out scenario. In that case DM
rapidly reaches thermal equilibrium with the visible sector, and the relic abundance is de-
termined when the interactions between the DM and visible sector particles cannot compete
with the expansion of the Universe anymore.

In the simplest case where DM undergoing thermal freeze-out consists of stable particles
x with no initial asymmetry between particles and anti-particles nor large self-interactions,
the abundance can be solved simply by considering annihilation and inverse annihilation
processes, xX <> SM. For asymmetric DM and the effect of large self-interactions, see e.g.
Ref. [243, 244] and Refs. [245-248], respectively.

Integrating Eq. (3.1) over momentum, one finds that the evolution of the DM number
density is governed by [249, 250]

% +3Hny = —(voy) [ni — (n;q)2] , (3.4)

where (voy) is the thermally-averaged total DM annihilation cross section times velocity [251],
ny is the actual DM number density and ny! is the DM equilibrium number density.

By defining the commonly used dimensionless variables Y = n, /s and = m, /T, where
s and T are the entropy density and temperature of the visible sector heat bath, respectively,
and m, is the DM particle mass, and assuming the number of relativistic degrees of freedom
remains constant, Eq. (3.4) can be cast in the form

<32)2 _ 1] , (3.5)
eq

where I' = ny'(voy) is the effective interaction rate between DM and bath particles and Yeq
is proportional to the number of DM particles in equilibrium. Exceptions to the vanilla DM
freeze-out are the coannihilation, the annihilation into forbidden channels and the annihila-
tion near poles [252]; as well as the semi-annihilations [253-255] and the co-scatterings [256,
257].

The DM freeze-out is depicted in the left panel of Fig. 2, which shows the evolution
of the comoving DM number density for different values of the interaction rate I". As long
as H < T, equilibrium between the visible sector and DM particles is maintained. The DM
abundance follows the equilibrium number density, ¥ ~ Y, until the annihilations shut off
at H ~ I', and the DM abundance freezes out. After that the comoving DM number density
remains constant, n, o a~3. This is true for scenarios where the so-called DM cannibalization
phase is absent. This refers to a case where number-changing interactions, such as yxx — xx
or YxxXx — XxXx scatterings, modify the DM abundance even after it has fallen out of thermal
equilibrium with the baryon-photon fluid [245]. In this Section we neglect these processes for
simplicity but turn back to this issue in Section 3.4.

The standard approximate solution for the present-day DM abundance then becomes [239]

xdy T

Yoq dv ~ H

Vs 1 -1
Qb ~ 5.36 x 109 Y9 T [+ 1) GeV (3.6)
gws Ty Mp (voy)

where g.s and g, are the effective numbers of relativistic degrees of freedom related to the
entropy and energy densities, respectively, T corresponds to the freeze-out temperature,
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Figure 2. The two basic mechanisms for DM production: the freeze-out (left panel) and freeze-in
(right panel), for three different values of the interaction rate between the visible sector and DM
particles x in each case. The arrows indicate the effect of increasing the rate I' of the two processes.
In the left panel 2 = m, /T and gray dashed line shows the equilibrium density of DM particles. In

the right panel x = m, /T, where o denotes the particle decaying into DM, and the gray dashed line

shows the equilibrium density of . In both panels Y = n, /s, where s is the entropy density of the
baryon-photon fluid.

n = 0 for s-wave annihilation, n = 1 for p-wave annihilation, and so on. Here we assumed
that the freeze-out occurs when DM is non-relativistic.

Eq. (3.6) has an important feature: the present abundance is inversely proportional to
the DM annihilation cross section. This can be understood by recalling that in the freeze-out
scenario DM particles are initially in thermal equilibrium with the visible sector and the
stronger the interaction between them is, the longer the DM particles remain in equilibrium

and thus the more their abundance gets diluted before the eventual freeze-out. This can also
be seen in the left panel of Fig. 2.

3.3 Freeze-in

The above discussion was based on the assumption that the DM initially reached thermal
equilibrium with the visible sector. However, if the coupling between the visible sector and
DM particles is very small, typically y ~ O(1077) or less [258, 259], interactions between them
are not strong enough for DM to reach thermal equilibrium and freeze-out cannot happen.

Instead, the observed DM abundance can be produced by the freeze-in mechanism [15, 19].
In this case, the particle undergoing the freeze-in is referred to as a FIMP (Feebly Interacting
Massive Particle) [19], as opposed to the WIMP.

In the simplest case, the initial number density of DM particles is either zero or negligibly
small, and the observed abundance is produced by bath particle decays, for instance by
o — xX, where o is a particle in the visible sector heat bath [15, 17-19, 240, 260-265].
The freeze-in yield is active until the number density of ¢ becomes Boltzmann-suppressed,

ne x exp(—mey/T'). The comoving number density of DM particles x then becomes a constant
and the DM abundance freezes in. This is depicted in the right panel of Fig. 2.
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If the initial DM number density is small compared to the equilibrium number density
the backreaction term in the Boltzmann equation (3.1) can be neglected, and the evolution
of n, is given by

dn Ki(my/T

- t3Hn =2 PHXX[W@Q : (3.7)
where K are modified Bessel functions of the second kind, I',_, is the decay width and
ng! is the equilibrium number density of o. In deriving Eq. (3.7), we assumed that the o
particles obey Maxwell-Boltzmann statistics, f, = exp(—E,/T). Defining then Y = n, /s
and x = m, /T, and assuming again that the number of relativistic degrees of freedom remains
constant during DM production, Eq. (3.7) can be rewritten as

. dY Doy Ki(x)

— =2 —. 3.8
Y, 4 dx H Ks(x) (38)
The approximate solution to this is [19]
Mp T,
Oy h? ~ 4.48 x 108—J2__ Tx P - oo (3.9)

Gxs1/9x GeV m2

where g, is the intrinsic number of degrees of freedom of the o field and the expression is
evaluated around T ~ m,-.

Taking then, for example, g.s = g« and T'y_sy, =~ y?m,/(87), where y is the coupling
strength between y and o, Eq. (3.9) yields a parametric estimate for the coupling sufficient
to produce a sizable DM abundance

y~ 1012 (Qxhz)lﬂ (&)3/4 (ma>1/2' (310)
0.12 100 My

The implied small coupling value is compatible with the key assumption of the freeze-in
scenario that the DM particles have not thermalized with the bath particles above T' 2 m,,.
From Eq. (3.10) one can also see that the effect for the freeze-in yield in increasing the
interaction rate between the visible sector and DM particles is opposite to that of the freeze-
out scenario, where larger interaction rate implies smaller final abundance. This is illustrated
in Fig. 2, and is further emphasized in Fig. 3, where a schematic representation of the DM
relic density as a function of the coupling y between DM and the visible sector is shown. It
should be noted that Eq. (3.10) gives an estimate of the magnitude of the coupling y in the
case where the initial DM abundance was zero or negligibly small. If this was not the case,

Eq. (3.10) should be taken as an upper bound for y.
As another example of freeze-in, consider a scenario where the observed abundance is
produced by 2 — 2 annihilations. If the FIMP is a scalar and interacts with three scalar

bath particles o1, o2, o3 via the operator  x o1 02 03, the final abundance can be shown to
be [19]

<2
Grs/Gx
where the expression is evaluated at T' ~ m,. In deriving Eq. (3.11) we assumed that the
masses of o particles are negligible compared to the mass of x and that the initial number
density of x was also negligible. To again generate a sizable DM abundance requires

O, R2\ Y%/ g, \3/4
~ 1n—11 X 9x
(=10 ( 0.12 ) (100) ‘ (3.12)

0Q,h% ~1.01 x 10** (3.11)
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Figure 3. A schematic representation of the DM relic density as a function of the coupling between
DM and the visible sector. The plot corresponds to a transition between regimes 1 and 2 in Fig. 1.

The required coupling values and assumptions of the initial abundance are not the only
differences between the freeze-in and freeze-out scenarios, as also the relation between the
relevant mass scale and the bath temperature at the time of DM production is different.
In the freeze-out mechanism the relic abundance is produced at m, /T >~ 10...30, whereas
for the freeze-in mechanism it arises during the epoch m/T" ~ 2...5 [19], where m is the
relevant mass scale in the DM production process. In the case of 0 — xx decays this is
mg, and for annihilations oo — xx it is max(m,,ms). Despite the fact that the decays
and annihilations of visible sector particles can start early and gradually build up the DM
abundance, the standard freeze-in involving only renormalizable operators is almost entirely
an IR process. This can be seen, in the simplest case where the DM is produced by decays of
bath particles, by either straightforwardly integrating Eq. (3.8) or considering the estimate
presented in Ref. [18], where in order to find the comoving DM number density at T' ~ m,,
one multiplies the number density of ¢ particles by its decay rate and the time available for
these decays to populate the DM abundance,

n
Xt Ty 2 Y —, (3.13)

where t ~ Mp/T? is the time-temperature relation for a radiation dominated Universe. The
result shows that the freeze-in is essentially an IR process, and is indeed consistent with
Eq. (3.9). The effect of annihilations at higher temperatures has been further discussed in
Refs. [15, 240, 262, 266, 267].

The above calculation assumed that the initial number density of DM particles is neg-
ligible. Because the DM particles are assumed to have not been in thermal equilibrium with
the visible sector particles in the early Universe, their production mechanism can be sensitive
to the effect of non-renormalizable operators, the so-called ultraviolet freeze-in [16, 19, 268
273], or to the initial conditions set by cosmic inflation [259, 274-276]. This is again in
contrast to the freeze-out mechanism, where thermal equilibrium destroys all dependence on
initial conditions. This important feature of the freeze-in mechanism can be used to constrain
different models of feebly interacting DM, as we will discuss in Section 5.
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Also similarities between the freeze-out and freeze-in arise. Most importantly, they can
both explain the observed DM abundance in a simple and yet predictive way. The simple form
of the solutions (3.9) and (3.11) and the justifiable assumptions made in their derivation show
that freeze-in is a perfectly adequate mechanism for generating the observed DM abundance.
Furthermore, as with frozen-out particles, in the freeze-in scenario the frozen-in particle(s)
may not be the particle(s) which comprise the final DM abundance: they may decay to
actual DM particles, for example to sterile neutrinos, at a later stage [17, 18, 277-285], as
recently reviewed also in Refs. [8, 286]. This option has recently become increasingly popular,
as the Dodelson-Widrow (DW) mechanism [237] has now been ruled out as the production
process for sterile neutrinos accounting for all of the observed DM abundance [8, 286]. Also,
the DM abundance can be produced by an asymmetric freeze-in [236, 287-290], or it can
consist of multiple components [276, 284, 291]. The frozen-in particles can also be related to
the inflationary dynamics; the possibility of a FIMP driving inflation was recently studied
in Ref. [292]. A dark sector not being in thermal equilibrium with the visible sector may
also accommodate complicated dynamics of its own [240, 241, 246, 284, 293, 294]. This
results in modifications in both the DM number density and its distribution function, with
possibly interesting consequences for both direct and indirect detection, collider signatures,
and cosmic structure formation. We will discuss these aspects in more detail in the following
sections.

3.4 Dark Freeze-out

In the first studies of the freeze-in mechanism, the effect of interactions in the dark sector
was neglected when calculating the DM abundance [15, 19, 262, 263, 295, 296]. However,
it has later been shown to be important for both determining the initial conditions for DM
production [259, 275, 276] and the subsequent evolution of DM number density after the yield
from the visible sector is completed [240, 241, 284, 293, 294, 297]. Here we concentrate on
the evolution of DM abundance produced initially by the decays and annihilations of visible
sector particles and discuss the effect of dark sector couplings on the initial conditions for
production in Section 5.

If the interactions in the DM sector are large, the DM particles may thermalize among
themselves and other dark sector particles. This can happen independently of their inter-
actions with the visible sector and does not require or imply that the dark sector particles
would thermalize with the visible sector particles. In case the DM particles reach thermal
equilibrium within the dark sector, their final abundance may become determined not by
the initial freeze-in but by a freeze-out mechanism operating within the dark sector; the
so-called dark freeze-out [240, 241, 245, 284, 293, 294, 298, 299]. If the number-changing
interactions are fast, they will lead to chemical equilibrium within the dark sector. This can
happen even if the dark sector consists of only one particle species, i.e. the DM itself. The
number-changing processes reduce the average momentum (temperature) of DM particles
and increase their number density until equilibrium is reached. Both the DM abundance and
its momentum distribution function may therefore change even though the coupling between
the visible and dark sector has been effectively shut off.

For example, in case of DM self-interactions of the type Ax?*, it can be shown that
thermalization of the dark sector within itself through 2 — 4 scatterings® (See Fig. 4) takes

“For small y the number density of DM particles at the time the initial freeze-in production ends is smaller
than the corresponding equilibrium number density. Thus chemical equilibrium within the dark sector is
reached by increasing the DM number density.
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Figure 4. Examples of Feynman diagrams for the 2 — 4 scalar self-annihilation process.

place if the self-coupling exceeds a critical value Acit. = Acrit. (¥, Mo, my) [240, 245, 284],
where the parametric dependence assumes that the y particles were produced by o — xx.
For A\ < Agit., the usual freeze-in picture is sufficient. If the self-coupling is larger than the
critical value, the dark sector enters into thermal equilibrium with temperature Tp, which in
general differs from temperature 7" of the baryon-photon fluid. In that period, the 2 — 4 and
the 4 — 2 processes occur at the same rate. The 2 — 4 scatterings shut off when the DM
particles become non-relativistic but the 4 — 2 annihilations maintain the number density
in its equilibrium value in a process called cannibalization [245]. During the cannibalization
era, the DM particles increase their average momentum while their number density decreases.
This increase of the momentum counteracts the effect of the redshift caused by the expansion
of the Universe, resulting in a logarithmic scaling of the dark sector temperature as a function
of the scale factor. The cannibalization era ends when the 4 — 2 annihilation rate drops below
the Hubble rate and the number density freezes out. As was first discussed in Ref. [245], the
freeze-out temperature of the cannibal phase is determined by the conservation of entropy in
the dark sector, since in this case there are no other particle species available into which the
DM could deposit its entropy as it becomes non-relativistic.

The above picture relies on the conservation of entropy within the single DM species,
but depending on the matter content of the dark sector, more intricate dynamics may arise.
If the dark sector consists not only of one initially frozen-in particle, but has a more compli-
cated structure, transfer of entropy between the various species becomes possible. The final
DM abundance then depends on the hierarchy of coupling and mass values, both between the
frozen-in particle and the visible sector, and within the dark sector. For example, a frozen-in
dark sector particle which decays into actual DM particles may or may not undergo thermal-
ization and subsequent dark freeze-out before the final DM abundance is produced; these two
scenarios are illustrated in Fig. 5. There, two examples of DM evolution due to a particular
dark sector dynamics are shown: the red thin curve is the DM abundance and the blue thick
curve is the comoving number density of a particle which reaches thermal equilibrium within
the dark sector. In the upper panel it is shown the case where the coupling between the
DM particle and the particle in equilibrium is very small; the particle production is domi-
nated by the dark freeze-out and eventual decay of the particles in equilibrium. In this case
freeze-in operating within the dark sector (the dark freeze-in) provides only a subdominant
contribution to the final DM abundance. However, in the lower panel it is shown the case
corresponding to larger coupling values (but small enough for the DM particles not to ther-
malize with the particles in equilibrium), where the final DM abundance is given by the dark
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Figure 5. Two examples of DM evolution due to dark sector dynamics: The red thin curve is the
DM abundance and the blue thick curve is the comoving number density of a particle which reaches
thermal equilibrium within the dark sector. Upper panel: If the coupling between the DM particle and
the particle in equilibrium is very small, the particle production is dominated by the dark freeze-out
and eventual decay of the particles in equilibrium. In this case freeze-in operating within the dark
sector (the dark freeze-in) provides only a subdominant contribution to the final DM abundance.
Lower panel: For larger coupling values — but small enough for the DM particles not to thermalize
with the particles in equilibrium — the final DM abundance is given by the dark freeze-in. The figure
is from Ref. [284].

freeze-in. These aspects have been investigated further in Refs. [240, 241, 284, 293, 294, 300).

3.5 Reannihilation

The final possibility we consider here is the one where DM abundance changes due to a
process dubbed reannihilation [240, 241, 260, 261]. This is a scenario where the dark sector
thermalizes within itself but the dark freeze-out would occur already before the yield from
the visible sector has ended. In that case, the on-going particle yield keeps increasing the DM
relic abundance and thus resumes annihilations of dark sector particles. The DM number
density first follows the equilibrium density and then the so-called quasi-static equilibrium
density, until it intercepts a critical value Yoy ~ (vo)sYZ/H, (see e.g. Ref. [240]), and
finally freezes out. This is illustrated in Fig. 6.

The reannihilation mechanism was introduced in Ref. [260] and has then been studied
in various contexts including supersymmetry [261], Higgs portal [240, 241], kinetic mixing
portal [240], and hidden vector DM models [241]. Further details on how the process depends
on properties of DM and the possible mediator between the dark and visible sectors can be
found from the above references.
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Figure 6. Example of the evolution of DM abundance in the case of reannihilation. Shown are the
actual abundance (black solid line), equilibrium abundance (gray dashed line), frozen-out abundance
(red dashed line), and frozen-in abundance (blue dashed line).

4 Models for Freeze-in

Many beyond the SM scenarios feature candidates for particle DM. Results from precision
electroweak tests and flavor physics provide stringent constraints for models where the new
degrees of freedom feel the SM gauge interactions. To alleviate these constraints, one turns to
model building utilizing new states which are neutral under the SM gauge interactions. The
new degrees of freedom can thermalize with the SM fields provided that suitable mediators
between the visible and dark sectors exist. On the other hand, if the coupling is feeble
enough, the dark sector remains out of equilibrium or may thermalize among itself if strong
enough particle number-changing self-interactions exist, as discussed in Section 3.

In this Section we will briefly review some general frameworks for frozen-in DM. We
will start with a short overview of portal models where the coupling between a hidden singlet
sector and the visible SM sector arises from the interactions with the Higgs scalar or from the
mixing between a new hidden U(1) gauge boson and the SM hypercharge. The DM particle
itself in these cases can be a scalar, a fermion or a vector. Then, we will discuss in more
detail the specific possibility that the DM particle is a singlet fermion, i.e. a sterile neutrino,
possibly with a small mixing with the active neutrino species. We will also briefly consider
other model building paradigms where the freeze-in mechanism has been applied to explain
the observed DM abundance.

4.1 Portal Models
4.1.1 Higgs Portal

A simple paradigm for hidden sectors minimally coupled with the SM is a singlet scalar
interacting with the SM only via the Higgs field [301-303], i.e. via the Higgs portal. Models
of this type can be extended by considering the DM candidate to be a singlet vector or a
fermion. The interaction between the DM and the visible sector is via the Higgs field ® and
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can, in the simplest form, be parametrized by one of the following operators:

Ans

5 |PI%s%, A%@PW and AhA\(I)FAMA”. (4.1)

2

In addition to the above portal coupling the assumed mass of the DM particle will enter the
cross sections for the relevant interaction rates. While these effective operators provide a
simple parametrization of DM interactions, there are several immediate shortcomings.

First, in the above effective theory formulation an ad hoc discrete symmetry for scalar
DM candidate must be postulated in order to guarantee its stability. Second, the Lagrangian
for the singlet fermion is non-renormalizable and requires a UV completion. Third, while
the vector Lagrangian looks renormalizable, it is really not the case as the vector mass must
be put in by hand. This in turn leads to undesirable high energy behavior and violation of
unitarity. Also this model can be UV completed to resolve these problems, and due to larger
particle content, any UV completion will imply very different phenomenology than the simple
effective theory form. More complete models also allow one to address further problems, like
the order of the electroweak phase transition, in addition to the existence of DM [304-306].

As a concrete example of freeze-in production of DM in such a model, let us consider a
real scalar singlet s which is odd under a Zy symmetry while all the SM particles are even.
The most general renormalizable scalar potential reads

2
V(@) = gRIB + y(@1)? 4 12y 2ty A2, (4.2)

where H is the usual SM Higgs doublet with the standard kinetic terms. If the portal coupling
is very weak, A\ps < 1077, the singlet sector does not equilibrate with the SM. Furthermore,
if 2mg < my,, the abundance of s particles is produced via freeze-in through the Higgs boson
decay channel h — ss. The final s abundance is

Qh?
0.12

N 21 12 M
~ 5.3 x 1021 A, <GeV) : (4.3)
in analogy with Eq. (3.9). If the mass hierarchy is reversed, ms > my,, the result is given
by an expression similar to Eq. (3.11). However, as discussed in Section 3.4, the whole
picture can change considerably if the 2 — 4 scalar self-interactions are active, i.e. if Ay was
sufficiently large. In that case, the s particles may thermalize within itself after the initial
DM production from the SM sector has ended and the DM number density can change even
after the coupling between DM and the SM has been effectively shut off. That being the
case, the final DM abundance is determined not only by the freeze-in, but also by the dark
freeze-out occurring in the hidden sector [240, 241, 284, 293, 294].

From Eq. (4.3) one can see that obtaining the correct DM abundance generically requires
a very small coupling, A\,s < 1072, One might worry that the smallness of the portal coupling
poses a naturalness problem and makes this scenario unappealing for model building. How-
ever, as the running of Ay is usually negligible (see e.g. Ref. [276]), the requirement of having
Aps < 1 at the scale where DM production takes place does not impose a fine-tuning prob-
lem. Furthermore, it has been argued that the small coupling connecting a nearly isolated
hidden sector to the SM can be seen as technically natural due to the enhanced space-time
symmetry group in the limit of decoupling [307].

As an extension of the simplest framework, Eq. (4.2), consider the case where the hidden
sector consists of a real singlet pseudoscalar field s and a fermion 1, invariant under the parity

17 -



transformation s(¢, ) — —s(t, —z) and (¢, x) — v (¢, —x) [276]. The fermionic part of
the portal sector is

Ly =10 —my)Y+igsys¢, (4.4)
and we again assume the form (4.2) for the scalar potential. In principle, the fermion could
be interpreted as a special case of a sterile neutrino. Here we will take this particular model
just as a simple illustrative case and consider sterile neutrino DM in more detail in the next
Subsection. If the singlet scalar is light enough, 2mgs < my, the final yield becomes

Qpah?
DM (4.5)

=53 x 102 A5, N <mDM) .

GeV
If DM is composed of singlet scalar, ms < 2m,,, then mpm = mg and N = 1. On the other
hand, if DM is the fermion, mg > 2my, then mpy = my and N = 2 accounts for the fact
that in each subsequent s decay two fermions ¢ are produced. However, this result can again
change if the number-changing interactions in the hidden sector are sizable [284].

Similarly, one can consider Higgs portal vector DM [241, 253, 308, 309]. To have a well
defined UV theory, one assumes that the vector is a gauge boson of a hidden gauge symmetry
which in the simplest case is SU(2). This is an appealing choice, since then there is a residual
SO(3) symmetry guaranteeing the stability of the vector DM. Furthermore, in comparison
to the U(1) gauge symmetry there is no mixing with the SM hypercharge which would need
to be tuned to be small to agree with experiments [310-312], as we will discuss below.

One interesting subset of portal models consists of scale invariant theories. Such models
have been applied to explain dynamically the origin of the electroweak scale and connect the
electroweak and DM scales, see e.g. Refs. [307, 313-328] and references therein. They have
also attracted some further attention within the context of producing the DM abundance via
the freeze-in mechanism [15, 296, 329, 330]. One attractive feature of this approach is that
as the number of free parameters is reduced, the predictability of the model increases. Let
us briefly review this model building paradigm with an example of a self-interacting, scale
invariant hidden sector consisting of a real singlet Zo-symmetric scalar.

The singlet scalar is coupled to the SM via the usual Higgs portal, Eq. (4.2). For the
scalar self-interaction, one assumes Ag > 0 for stability and for the portal coupling Aps > 0
in order not to induce a vev for the singlet scalar s. The coupling between the dark and
visible sectors is assumed small, Aps < 1077 Scale generation in the dark sector is driven by
the spontaneous symmetry breaking in the Higgs sector, which we here parametrize with the
vacuum expectation value v of the Higgs field.> As v/2® = (0,v + h), where v = 246 GeV,

the singlet gains a mass
A
ms =4/ % v. (4.6)

The DM abundance, produced via the freeze-in mechanism, is in this case
Oh? s
0.12 10 MeV

Requiring the abundance to match the observed relic density implies Ay ~ 3 x 10710 and
mg ~ 2 MeV. Finally, the strength of singlet scalar self-interactions is

os _ N o (e YT ) em? (48)
ms  32rmd ~ T\ 1079 0.1 g '
°In a more complete setting within the classically scale invariant framework, also this scale should be
dynamically generated, and various realizations can be found in the references above.

~ 5 x 10 )2, ( ) ~ 6 x 108 \)/2 (4.7)
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Taking for example, o5/ms = 1 cm?/g (as discussed in Section 2.4) we see that this scenario
uniquely fixes all model parameters: \s ~ 0.13, A\ps ~ 3 x 10719 and mg ~ 2 MeV. Because
of this feature, the scenario has been called the FIMP miracle [15, 296, 329].

However, the situation is more complicated than originally studied in Refs. [15, 296, 329]
if the DM self-interactions are large. In that case the hidden sector may again thermalize
within itself and the DM number density can change after the yield from the visible sector
has completed. This changes the requirements for the model parameters and renders the
FIMP miracle to a WIMP miracle of the second kind. This was originally pointed out in
Ref. [293] and studied in detail in Ref. [330].

4.1.2 Kinetic Mixing Portal

Another portal paradigm arises if the hidden sector consists of a new U(1) gauge field, a dark
photon. Then the Lagrangian will include a gauge invariant term

LD EF#VFDHV, (4.9)

where F¥” and F}” are the field strengths of the SM hypercharge and the new dark U(1)
interaction, respectively, and the mixing parameter ¢ < 1. The dark photon is assumed to
have mass, myp, induced in a gauge invariant way by the Stiickelberg mechanism [331] or
by a dark Higgs. If the dark photon is light, ma < 2me,, as required by stability, then the
DM abundance can be produced by the freeze-in mechanism through photon scattering with
electrons and positrons or through electron-positron annihilation [332, 333]. In the relevant
mass range, the required magnitude of the coupling € is already in the ballpark tested by
direct detection searches [310].

On the other hand, such feebly interacting vector DM abundance can also be produced
by quantum fluctuations during inflation [334],

Qah? ma \1/2 H,
~ 4.1
0.12 (1keV) <1012 GeV) ’ (4.10)

where H, denotes the inflationary scale. In this case the vector is produced with a power
spectrum peaked at intermediate wavelengths. This suppresses the small wavelength isocur-
vature perturbations below the observed level, while at long wavelengths the perturbations
are the usual nearly scale-invariant adiabatic perturbations of the inflaton field. This is in
stark contrast to the scalar case [275, 276, 284|, as we will discuss further in Section 5.4.

The setting (4.9) can be also enlarged by adding matter fields (either scalar or fermion)
charged under the hidden U(1) and singlet under the SM interactions. These new matter
fields will provide new DM candidates. The freeze-in production of the DM abundance in
such setting has been investigated in Refs. [58, 240, 335-337].

4.1.3 Other Portal Models

If the dark sector has scalar and fermion fields, it is possible to have portals via right-handed
SM leptons as in e.g. Ref. [338]. A further realization of such leptonic portal arises in the
so-called scotogenic model (or radiative seesaw model) [339] and its variants [340]. This
model is particularly appealing as it connects DM with the neutrino phenomenology. We
will review models of this type in more detail in the next Subsection.

Before concluding this Subsection, we note that hidden sectors, coupled with the SM
via a scalar portal, could be also composite [341-343], with UV description in terms of
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gauge and fermion fields singlet under all the SM charges.® In general there are many

reasons which make composite DM an appealing alternative: First, stability of DM can arise
automatically from global symmetries in the underlying theory. Second, strongly coupled
theories are natural candidates for self-interacting DM required to address issues observed
in small scale structure formation. Third, the DM scale arises similarly as the confinement
scale in QCD and is therefore natural. Fourth, the rich spectrum expected to arise in any
strongly coupled composite theory may provide unique observational cues. As an alternative
and much studied model building paradigm hidden sectors also appear in the context of
supersymmetric theories [345].

4.2 Sterile Neutrinos

Sterile neutrinos are the most studied DM candidates in the context of freeze-in mechanism.
They are a well-motivated extension of the SM, because they may not only comprise the
observed DM abundance but also accommodate a mechanism for generating Majorana masses
for the active SM neutrinos, for example by the seesaw mechanism. For a comprehensive list
of references on sterile neutrinos, we refer to a recent review [8]. Our discussion on sterile
neutrinos as frozen-in DM will also overlap with Ref. [286]. However, we will provide updates
by taking the newer literature into account, and include discussion on typical initial conditions
and number-changing interactions.
In the context of freeze-in production of DM, consider the Lagrangian

LOyL® vr +mvr + 508 (ys +iyp) vr + hc. + V (D, ), (4.11)

where L = (e,v,)” and ® = e®*, where € is the antisymmetric SU(2) invariant tensor and
® is again the SM Higgs doublet. The first term in Eq. (4.11) gives rise to a Dirac after
the electroweak symmetry breaking, the second term is a Majorana mass and the third term
describes both a scalar and pseudo-scalar interactions between a singlet scalar s and a sterile
neutrino vg. The last term is the scalar potential, which we leave unspecified. Here both s
and v are assumed to be sterile, i.e. singlets under the SM gauge symmetries.”

There are essentially two ways of producing sterile neutrino DM in this model setup:
via the weak interaction if the sterile neutrinos mix with the active neutrinos, or by decays
or (semi-)annihilations of the scalar s. Although the first mechanism does not actually fulfill
our definition of freeze-in (non-thermal DM density produced by decays and annihilations of
particles in thermal equilibrium), it is worth discussing here as a property of a generic sterile
neutrino model. The main production mechanism in the case of a sizable mixing angle 0 is
the DW mechanism, which non-resonantly generates the sterile neutrino abundance around
T ~ 150 MeV [237]. This means that sterile neutrino properties can be constrained both
by indirect detection experiments and their free-streaming length, i.e. observations of small
scale structure formation. Indeed, measurements of the Lyman-« forest have been shown to
rule out m,, < 16 keV if the DW-produced sterile neutrinos account for all DM [348]. On
the other hand, the active-sterile mixing allows for vg to decay into an active neutrino and
a photon, and observations of the X-ray sky have been shown to rule out m,, 2 4 keV if

51t is also possible that hidden sector contains millicharged fields, and this possibility also results in viable
DM candidates [344].

" Another possibility is to introduce a new electromagnetically charged scalar, so that the freeze-in pro-
duction of sterile neutrinos occurs via decay of the charged scalar to a sterile neutrino and a charged SM
lepton [346]. A related scenario, where an unstable FIMP decays into sterile neutrino DM in a similar model,
was studied in Ref. [347].
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all DM consists of DW-produced sterile neutrinos [349]. It is therefore evident that sterile
neutrinos produced by the DW mechanism cannot account for all DM, although it has been
claimed that they can still comprise O(10)% of the observed abundance [350, 351].

In contrast to the DW mechanism, the freeze-in mechanism where the DM abundance
is produced by decays and (semi-)annihilations of the singlet scalar allows for the mixing
angle to be arbitrarily small. This both alleviates the Lyman-o and X-ray constraints® and
makes the sterile neutrinos stable in the limit & — 0. As a finite mixing angle allows for
decays of vg into the SM particles, the DW mechanism can at the same time produce sterile
neutrinos whose lifetime is longer than the age of the Universe and which account for all DM
only when their mass is not larger than m,, ~ O(1) keV. Introducing a new scalar s and
considering the freeze-in as a production mechanism for sterile neutrinos then allows them
to have basically any mass, which opens up the parameter space and new possibilities for
model building.

Introducing the scalar as a mediator also allows for the possibility that the typical sterile
neutrino momenta are much smaller than in the DW scenario, as they can now be produced
at earlier times. This has immediate consequences for cosmic structure formation and leads
to less severe constraints on sterile neutrino properties. Also, if freeze-in is responsible for
producing most of sterile neutrino DM but one also allows for a small non-zero mixing angle,
the scenario can lead to indirect astrophysical signatures, as we will discuss in more detail in
Section 5.1.

For these reasons frozen-in sterile neutrinos have been studied in a number of papers
during the recent years. Early studies on the topic include Refs. [277, 352, 353] and [17, 18],
where the authors considered decays and annihilations of the inflaton field or a generic scalar
s as a production mechanism for sterile neutrinos, respectively. More recent studies have
considered similar scenarios where the scalar s either decays into sterile neutrinos while in
equilibrium [271, 280, 283, 285, 306, 340, 354-363], or where it first undergoes a freeze-in
itself [271, 279, 281-285, 330, 354, 358, 361, 362]. Recently, sterile neutrinos undergoing or
related to freeze-in have also been studied in supersymmetric models [272, 278, 361, 364]. A
useful estimate for the DM abundance in these scenarios can be given as [17, 18]

Quy y \3(s)
0.12 _<10—8> ms’ (4.12)

when the scalar with mass ms decays into sterile neutrinos while in equilibrium, and as [283]

Qeh? 30 Ans ) (4.13)
012~ gu(Tproa) \ 10712 '

when the scalar itself first undergoes freeze-in. Here )¢ is again the coupling between the
singlet scalar and the Higgs doublet, as in Eq. (4.2).

However, similarly to what was discussed in the previous Section, production of frozen-
in sterile neutrinos can be sensitive to physics at higher energy scales. In Refs. [276, 284] it
was shown that cosmic inflation sets generic initial conditions for sterile neutrino production
also in the case where s is not the inflaton but an energetically subdominant spectator field.
Constraints on the model parameter space following from the non-observation of primordial
DM isocurvature in the CMB were derived in the same works. Furthermore, as discussed in

8Also other ways to resurrect the sterile neutrino as a viable DM candidate accounting for all of the
observed abundance exist. They have been discussed exhaustively in Refs. [8, 286].
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Section 3.4, if the dark sector exhibits sufficiently large (self-)interactions, the sterile neu-
trino abundance produced from the SM sector energy density may subsequently change due
to number-changing interactions such as ss — vrR, invalidating the estimates of Eqs. (4.12)
and (4.13) and requiring a more detailed dark freeze-out calculation as described in Sec-
tion 3.4. These aspects were recently studied in Refs. [284, 330], where it was shown that
also in this case sterile neutrinos can comprise all DM.

Even though frozen-in sterile neutrinos have been shown to easily account for all DM
and can in certain cases lead to observable signatures (see Section 5.1), their effect on cosmic
structure formation is currently not clear. The determination of DM momentum distribution
function is important not only for astrophysics in ascertaining the exact effect that DM has on
cosmic structure formation, but also because such structure formation may be the only way to
test models where DM interacts only feebly with the SM sector. Regarding this, an important
step forward was taken in Refs. [273, 282, 283, 285, 362, 365], although they neglected the
effects of thermalization within the dark sector, namely the subsequent evolution of DM
number density due to number-changing interactions as discussed above in Section 3.4, or
thermal corrections to particle decay rates as discussed in Ref. [267]. However, in Ref. [283]
an important fact was pointed out: frozen-in sterile neutrinos cannot, in general, be simply
defined as ‘hot’, ‘warm’, or ‘cold’ DM, as in reality the average momentum as a measure
of the free-streaming length can be too naive an estimate for determining the effect that
frozen-in sterile neutrinos have on cosmic structure formation. Determining the origin and
properties of sterile neutrino DM and their implications on structure formation are currently
under active study.

4.3 Other Models

Finally, we will briefly review other models considered in the literature. In the minimal
supersymmetric SM model the neutralino as the lightest supersymmetric particle is a well-
studied WIMP candidate. However, as the WIMP scenario has become very constrained, also
in supersymmetric models the freeze-in mechanism has been considered as the production
mechanism for DM abundance. These include studies on neutralino and axino DM [366-370],
goldstino DM [371], gravitino DM [372-379] and photino DM [380]. Also frozen-in decaying
DM [278] and asymmetric freeze-in production of DM generating also the baryon asymmetry
in the Universe [287] have been considered in a supersymmetric framework.

Other studies on asymmetric freeze-in include Refs. [288-290]. In these scenarios the
dark and visible sectors are in thermal equilibrium with themselves but not with each other.
The out-of-equilibrium condition necessary for baryogenesis is provided by the temperature
difference between the two sectors and the baryon and DM number asymmetries are then
produced by CP violating decays or annihilations from one sector to another. In Refs. [16,
19, 268-273] freeze-in via non-renormalizable operators was considered, while in Ref. [381]
an alternative scenario where the mass of the portal scalar is larger than the reheating
temperature was proposed. In these scenarios the DM abundance is produced during the
transition from inflaton domination to radiation domination. Also, Ref. [382] considered
freeze-in production of radiative light DM.

In Ref. [383] it was shown that freeze-in is a viable production mechanism for a Majoron
DM particle, which is a pseudo-Nambu-Goldstone boson resulting from spontaneous breaking
of a global U(1)p_1, symmetry. Similar pseudo-Nambu-Goldstone boson DM production via
freeze-in was studied in Ref. [384]. Freeze-in in the context of U(1)p_r and U(1)r, L,
symmetry was also considered in Refs. [363, 385] and [386], respectively. In Refs. [385, 387]
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frozen-in DM particle is a right-handed neutrino, whereas in Ref. [388] DM is produced
non-thermally via decays of right-handed neutrinos. Furthermore, Refs. [389, 390] studied a
bimetric theory, which contains in addition to the massless graviton a second spin-2 particle
which is massive. It was shown that the new massive spin-2 particle can be DM and its
abundance can be produced via freeze-in. Finally, in Refs. [389-392] it was shown that
gravitational DM can be produced by the exchange of gravitons via the ultraviolet freeze-in
mechanism.

5 Observational Properties of Frozen-in Dark Matter

The defining property of frozen-in DM is the weakness of the coupling between the SM and
the DM particle. By construction, the coupling must be so feeble that the DM particle never
reaches thermal equilibrium with the visible sector. On the first look it therefore appears
that such models must be exceedingly difficult to experimentally observe by means other
than gravity. However, as we shall discuss below, even these feebly coupled models may be
subjected to experimental scrutiny, and features of frozen-in dark sectors can be uncovered
via terrestrial and astrophysical experiments.

5.1 Direct and Indirect Detection Signatures

FIMP DM scenarios are characterized by tiny couplings with the SM particles. They are
therefore very challenging to test at colliders or fixed-target experiments, but novel low-
threshold direct detection techniques have a particularly important opportunity to probe
them in the near future. In fact, light DM has to have a large number density in order
to match the measured DM abundance, enhancing therefore the detection rates. Multiple
experimental setups have recently been suggested for the detection of elastic and inelastic
scatterings of DM in the mass range from keV to MeV [55-61, 63-71, 77, 78]. In particular,
the typical DM-electron cross sections for an MeV FIMP DM could be tested by some next
generation experiments [9, 55, 61, 294]. Finally, due to the possibility of absorbing a dark
photon, the direct detection constraints for light vector DM in the U(1) vector portal model
extend down to values of the kinetic mixing coupling constant e relevant for freeze-in [310].

Indirect detection signals can result from decay or annihilation processes of DM par-
ticles. The feeble couplings characteristic for freeze-in models can result in very long life-
times, so that decaying DM can be naturally embedded in the freeze-in paradigm. This
idea has been pursued in the context of frozen-in heavy neutrino DM, where energetic SM
neutrinos could be observed in the IceCube as DM decay products [393-395]. Decaying DM
interpretation of a spectral feature at E ~ 3.55 keV observed in X-ray observations from
several DM dominated sources [97, 396] has been studied in the context of frozen-in DM in
Refs. [272, 282, 329, 356, 397-399]. In general, X-ray and gamma-ray observatories provide
a powerful and independent probe of light DM, in the ballpark relevant for FIMP DM [400].

Due to the smallness of the couplings between the DM and the SM particles in the
typical freeze-in models, the annihilation signal from DM DM — SM SM processes is usually
very suppressed and not observable. However, it is possible that annihilation processes take
place within a frozen-in dark sector, where stable DM particles x annihilate into unstable
mediator particles ¢, which in turn decay into the SM. In this case, the cross section of
the process xx — ¢&¢ does not have to be very much suppressed, while the dark sector
remains secluded from the SM due to small couplings between the mediator ¢ and the SM.
Such mechanism has been applied in the context of the galactic center gamma ray excess in
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Ref. [401]. A model that is able to fit both the X-ray line and the gamma-ray excess with a
frozen-in DM sector was presented in Ref. [402]

5.2 Collider Signatures

There are intensive searches for WIMP DM at colliders. Typical analyses follow model-
dependent scenarios based on full or simplified models, as well as more model-independent
searches for a mono-X accompanied by missing energy, as discussed in Section 2.3. These
experiments are typically not sensitive to freeze-in models, due to the small production cross
section implied by the small couplings inherent in this framework.

However, in some cases the freeze-in scenario could result in visible collider signals. A
unique signature of a feebly coupled dark sector is the appearance of particles with macro-
scopic lifetimes [403—407]. These can be searched for in collider experiments with designated
searches for the so-called displaced signatures: tracks appearing away from the collision axis,
long-lived particles decaying in the calorimeter, or disappearing tracks. Searches for long-
lived particles have been presented both by ATLAS [408, 409] and CMS [410, 411]. These
effects have been considered in a scenario where the freeze-in mechanism operates during an
early matter-dominated era after inflation [370, 412]. In this case the initial DM abundance
produced via the freeze-in mechanism is diluted due to entropy production at the onset of
the following radiation dominated era, resulting in a stronger than usual coupling between
the dark sector and the SM in order to yield the correct DM abundance.

In many cases, the frozen-in DM is coupled to the SM via a mediator particle, which
itself is not necessarily feebly coupled to the visible sector. This mediator particle could then
produce observable signatures in collider experiments. These signatures have been considered
in Refs. [266, 340, 356, 404-406].

For lower mass DM, the strongest constraints follow from limits on anomalous scattering
at proton and electron fixed-target experiments such as LSND [413-415] and E137 [416, 417],
and on proton beam dump measurements with MiniBooNE [418]. For specific mass ranges,
limits on invisible pion [419], kaon [420, 421] and J/W¥ [422] decays are also significant.

5.3 Astrophysical Signatures

As discussed in Section 2.4, the observed small scale structure of the Universe may not be
correctly reproduced within the collisionless cold DM paradigm. A potential solution to the
small scale problems is given by warm DM, where structure formation is suppressed below the
free-streaming scale of the light DM particles in the early Universe. However, warm DM is
severely constrained by the Lyman-a forest data [423]. This discrepancy could be alleviated
if the DM velocity distribution is not thermal, which is possible if DM is produced via freeze-
in. Such possibility has been explored in Refs. [273, 282, 283, 285, 362, 365]. Another way
to suppress the formation of structures at small scales is provided by late kinetic decoupling
of DM [424-427]. In this scenario the DM particles are kept in kinetic equilibrium with
relativistic species, either from the visible or the dark sector, until a sufficiently late time,
leading to similar effects as the warm DM free streaming. An attempt to capture all relevant
particle physics input for the formation of small scale structure has recently been carried out
in the effective theory of structure formation (ETHOS) framework [428, 429].

The models for warm DM typically contain light DM particles, with mpy ~ O(keV).
Fermion DM below this mass scale is constrained by considerations of the phase space density
in small halos, the so called Tremaine-Gunn bound: mpy 2 0.5 keV [430, 431]. A slightly

— 24 —



less constraining bound has been obtained in a recent analysis, where assumptions of the
scaling of the DM halo radius with respect to the stellar component were relaxed [432].

Self-interacting DM produced via the freeze-in mechanism has been considered in Refs. [15,
241, 284, 293-296, 330]. In this scenario it is important to account for the number-changing
interactions within the dark sector, which play an important role in determining the DM
abundance as discussed above in Section 3.4. Observations of the small scale structure and
cluster mergers may provide important insight into the non-gravitational interactions inside
the dark sector, allowing us to probe the properties of DM regardless of the weakness of the
coupling between the dark and visible sectors.

The production and emission of feebly interacting light particles can also be constrained
by observations of certain astrophysical objects like stars and supernovae. For DM particles
lighter than ~ 100 keV, energy losses from stars dominate the constraints [310-312], whereas
MeV-scale DM is also constrained by supernovae; for the latest bound see Refs. [433, 434].

5.4 Cosmological Signatures

The defining feature of the freeze-in scenario is that the DM never enters thermal equilibrium
with the SM heat bath. An important consequence is that the dark sector remains sensitive
to primordial initial conditions, as opposed to the WIMP scenario, where thermal equilibrium
erases any information about the possible non-thermal initial state of the system. This leads
to unique observational constraints on the dark sector, that are not present for models where
DM is a frozen-out thermal relic.

First, if the inflaton field couples directly to the DM particles, reheating of the dark
sector may result in an overabundance of DM. This feature can be used to set limits on the
strength of the inflaton-DM coupling, as discussed in Refs. [233, 236, 277, 352, 435]. For a
scenario where a frozen-in DM particle is the inflaton, see Ref. [292].

Second, even in the absence of any direct coupling between the DM and inflaton fields,
the dark sector fields may be light spectator fields during inflation, and they will generally
obtain non-vanishing primordial field values in different Hubble patches. In the absence of
DM thermalization with the visible sector, any such primordial perturbations in the DM
density spectrum are not washed out but remain physically observable, leaving an imprint
in the CMB. These isocurvature fluctuation modes are a generic feature of models where
feebly coupled scalar fields exist in the dark sector [275, 276, 284]. They arise from density
fluctuations of dark sector scalar fields, in the case that the energy density stored in a scalar
field at the end of inflation is deposited into DM. These modes are severely constrained by
the CMB power spectrum [436].

The amplitude of the isocurvature signal is controlled by the flatness of the dark sec-
tor scalar potential. Therefore the upper bound on the isocurvature perturbations can be
expressed as a lower limit on the scalar self-coupling [276, 284]:

mpm \ 8/3 H, 4
>
As 2 0.008 ( GeV) <1O11 GeV) ’ (5-1)

in the scalar potential of Eq. (4.2). If the scalar itself is the DM particle, this imposes
a lower limit on the DM self-interaction strength, as depicted in Fig. 7. However, these
limits depend on the currently poorly constrained value of the Hubble rate at the end of
inflation, H,, resulting in significant uncertainty on the constraints that can be drawn from
these considerations. Future probes of the primordial tensor perturbation spectrum will be
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Figure 7. The self-interaction bound and isocurvature constraints for the scalar DM scenario. The
self-interaction limit, opy/mpym < 1 ¢cm?/g, is shown by the yellow shaded region in the top left
corner together with the opy/mpy = 10, 0.1 cm? /g contours (dashed and dotted, respectively), and
the isocurvature constraints by the black contours for H, = 103, 10'2, 10!, 10'° GeV from left to
right. The region to the right of the isocurvature contours is ruled out by the CMB constraint, for
the given values of the inflationary scale H,. For details, see Ref. [284].

important for probing the scale of inflation, and therefore also constraining freeze-in models
via the isocurvature limit.

Due to the feeble couplings generically present in the freeze-in scenario, long lived
particles are a rather common feature in these models. If they decay into the SM, the
energy deposited into the SM photon bath between BBN and photon decoupling eras can
lead to observable effects in the light element abundances or in the CMB [437]. These effects
have been considered in the context of freeze-in models in Ref. [335]. Constraints from BBN
and CMB for a frozen-in millicharged DM have been considered in Refs. [336, 438].

Finally, the recent experimental success in observing gravitational waves has opened up
a new avenue for observational cosmology, which will be further enhanced by, for example, the
upcoming LISA mission [439]. Gravitational waves produced in dark sector phase transitions
could be observed with the LISA experiment, regardless of the weakness (or even absence) of
non-gravitational interactions between the dark and visible sectors [440, 441], thus providing
an additional observational handle on an otherwise secluded dark sector, such that appears
in models of freeze-in.

6 Summary

Despite the decades spanning program to search for DM, its interactions with ordinary mat-
ter, beyond gravity, remain unknown. The lack of a confirmed experimental detection signal
is a crucial challenge to the WIMP DM paradigm. However, the FIMP scenario, where DM is
a very weakly interacting particle produced by the freeze-in mechanism in the early Universe,
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remains as a perfectly adequate framework for explaining what are the properties of DM and
how was its observed abundance generated.

In this review we presented the freeze-in mechanism and its known variations, dark
freeze-out and reannihilation, and gave a summary of research conducted in the field so
far. We discussed various model frameworks, including portal models, sterile neutrinos,
asymmetric and supersymmetric FIMPs. We also discussed the observational properties and
general testability of very weakly interacting DM.

We stress that the mechanisms and models considered in this review are both well-
motivated and viable candidates for explaining the observed DM abundance. As discussed
above, seeking further for their signatures in particle physics experiments and both astro-
physical and cosmological observations may lead to unexpected new probes in the future and
finally reveal what DM is.
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