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Abstract: Dark matter (DM) could be a relic of freeze-in through a light mediator, where the DM is
produced by extremely feeble interactions of Standard Model particles dominantly at low temperatures. In
the simplest viable models, the DM has a small effective electric charge and is born with a non-thermal,
high-velocity phase space distribution. This DM candidate can cause observable departures from standard
cosmological evolution. Current experiments probing the cosmic microwave background (CMB), Lyman-
a forest, quasar lensing, stellar streams, and Milky Way satellite abundances can constrain freeze-in DM
masses up to tens of keV. Freeze-in DM masses up to ~ 100 keV can be explored with the Hydrogen Epoch
of Reionization Array and the Vera Rubin Observatory. The cosmological probes are highly complementary
with proposed direct detection efforts to search for this DM candidate. In this Letter, we advocate for this
theory of DM as a key benchmark of cosmological probes of DM and direct DM searches.



Theory Motivations: Dark matter (DM) could couple to particles in the Standard Model (SM) through
a light mediator. In the limit of small DM-mediator and mediator-SM couplings, g, and gsy respectively,
this portal could be responsible for producing the observed DM abundance through a mechanism known as
freeze-in, where DM is produced from SM particles in the thermal bath of the early Universe annihilating
and decaying [1-6]. For SM temperature 7', the freeze-in rate via a light mediator scales like gi ggMT while
the Hubble expansion rate scales like 72 /Mp;. This scaling indicates that freeze-in will predominantly occur
at the lowest kinematically accessible temperatures, making the relic abundance independent of UV initial
conditions. Producing the observed DM relic abundance implies a tiny value for the coupling constants,
which is difficult to target with accelerator searches. However, the light mediator also aids in experimen-
tal observability of this candidate in direct detection experiments, since scattering will scale like v=* for
velocity v, which is v ~ 107 3¢ at the Earth’s location in the Milky Way (MW). Determining the requisite
DM-SM couplings for the relic abundance, as we did in [7], then provides a highly predictive benchmark
for direct searches for DM where the same couplings determine the relic abundance and laboratory signals.

There are strong stellar emission and fifth force constraints on many kinds of light mediators coupled to
the SM [8, 9]. Therefore, the only light mediators that can be responsible for freeze-in for DM masses below
1 MeV are the SM photon or a kinetically mixed ultralight dark photon, which is not excluded by existing
searches. Thus, DM made by freeze-in below 1 MeV will effectively have a small electromagnetic charge.
This is the simplest allowed way to make charged DM, since the charges required for DM production via
freeze-out are excluded by many orders of magnitude [10]. Charged DM has recently been the subject of
keen interest in the context of the EDGES anomaly [11, 12] and can also play a role in energy loss from
stellar environments [13]. The scenario involving a dark photon is also of theoretical interest, as ultralight
bosons are generically expected as states in the spectrum of various string theories [14, 15].

Because of the small couplings involved, freeze-in DM never achieves a thermal number density in the
early Universe. This means that freeze-in is one of the few allowed ways of making DM from the SM thermal
bath with a mass below 1 MeV. Most other thermal production mechanisms below the MeV DM mass scale
are excluded (there are some exceptions to this, see e.g. [16—18]) because the DM carries substantial energy
and entropy density which can substantially alter N and Big Bang Nucleosynthesis (BBN). Note that
ultralight dark photon mediators are not produced abundantly by the SM bath in the early universe because
of an in-medium suppression of the coupling [19], which means the dark photons do not affect N or BBN.

Early Universe Origins: For sub-MeV dark matter, the main channels for freeze-in production are
from annihilation of electrons e™e~ — ¥ and from plasmon decays v* — X (the decay of photons
that acquire an effective in-medium plasma mass, see e.g. [20]). In [7], we found that plasmon decays
are a dominant channel for DM production for sub-MeV DM masses, and including this channel leads to a
significant reduction in predicted couplings and corresponding signal strength for DM searches. Accounting
for production from both plasmon decays and annihilations of SM fermions, the DM is born with a highly
non-thermal phase space distribution which can have typical momenta that is an O(1) fraction of the photon
momenta at the freeze-in epoch (since the DM inherits the kinematic properties of the photons from which
they are born). Depending on the value of g,, DM might be able to efficiently self-thermalize in its own
secluded sector. This requires raising g,, which can be compensated by lowering gsm to give the same
freeze-in abundance. To avoid bounds from self interaction (for instance from merging galaxy clusters,
see e.g. [21]), g, cannot be too large. However, there is a finite window in parameter space where the
self-interaction bounds are not violated but where the DM can self-thermalize before recombination [7].

Interactions with Baryons: The portal responsible for making DM gives rise to a non-gravitational
drag force between the dark matter and the photon-baryon fluid with a cross section that scales as v~
This drag force leads to a damping in the amplitude of acoustic oscillations, corresponding to a suppres-
sion of the CMB power spectrum for multipoles ¢ 2> 300 [22]. Because of the strong velocity scaling of
DM-baryon scattering in this theory, the initial conditions are relevant in determining the strength of the
effect. Millicharged DM with cold initial conditions, considered in previous works (e.g. [22-24]), will have



the strongest effect. Meanwhile, DM with the non-thermal freeze-in phase space distribution will give a
slightly weaker effect and DM with the thermalized freeze-in phase space distribution will be even weaker.
Current CMB observations, for instance from Planck 2018, can exclude parts of the low-mass freeze-in DM
parameter space, with the exact number depending on whether the DM has self-thermalized. In the future,
the Simons Observatory and CMB-S4 will be able to probe freeze-in up to higher masses [25].

Effects of the Initial Velocity on Clustering: Because the phase space of freeze-in DM is initially
inherited from electron-positron pairs and plasmons, sub-MeV DM is produced with a relatively high-speed
phase space distribution, leading to a suppression in gravitational clustering below the free-streaming scale
(in analogy to warm DM [26-28]). If the primordial phase space is preserved and the DM does not self
thermalize, then the DM will stream freely through nascent cosmological structures. If DM has strong
enough self couplings to thermalize, then it behaves more as a fluid with non-negligible sound speed.

Observational probes of small-scale clustering can already constrain freeze-in [25]. Recently, limits on
warm DM have been set using the Lyman-a forest [29-31] and inferences about the subhalo mass function
from quasar strong lensing [32, 33], stellar streams [34, 35], and MW satellite galaxies [36, 37]. Freeze-in
does not yield the exact same suppression of the matter power spectrum as warm DM, but based on estimates
derived from matching the point where structure is suppressed by 1/2 (following e.g. [38]), current limits
should be able to exclude part of the freeze-in parameter space, again with the exact constraints depending
on whether the DM has self-thermalized. In the future, probes of small-scale clustering should considerably
improve the reach. Inferences about low-mass halos from 21 cm cosmology with the Hydrogen Epoch of
Reionization Array [39] and from observations of subhalos with the Vera Rubin Observatory [40] should be
able to probe freeze-in masses up to ~ 100 keV. Cosmological simulations with freeze-in initial conditions
should be performed to confirm these estimates, which come from the nonlinear regime of clustering.

Status as a Direct Detection Benchmark: Since the (dark) photon mediator couples to charged
SM fermions, the DM can scatter off of electrons or nuclei. The detectability of the freeze-in benchmark
in semiconductor or atomic targets was first pointed out in Refs. [41-43], and recently there has been an
acceleration in experimental efforts to observe electron recoils in those targets with energy as low as ~
eV [44-47]. These can probe halo dark matter down to about 0.5 MeV-1 MeV, limited by the available
kinetic energy of the DM candidate. To access even lower mass DM and push into the sub-MeV regime,
new experimental techniques and proposals are needed. There are proposals to use lower gap materials, for
example Dirac materials with O(meV) electronic band gap [48—50]. The dark matter could also excite opti-
cal phonons [51-53], through the interaction of the mediator with the ions in a solid state material. Optical
phonons are gapped excitations with O(30 — 100) meV energy that are well-suited for the DM kinematics in
this mass range, and could also provide a directional signal because the phonon properties depend on crystal
direction. This approach would extend existing phonon-based direct detection experiments to much lower
thresholds. Another recent proposal uses EM fields to induce small currents in the DM passing through
the Earth, which is then observed with a shielded magnetometer [54]. These approaches will be provide
complementary ways to search for sub-MeV freeze-in.

Outlook: Sub-MeV freeze-in via a light vector mediator sits at the nexus of many interesting possible
DM properties. Freeze-in is the only minimal way to make millicharged DM and is one of very few ways
to make sub-MeV DM from a SM thermal process in the early Universe. This DM candidate is dominantly
born from the decay of plasmons (collective excitations in the primordial plasma) and has a nonthermal,
high-velocity phase space distribution, making it behave somewhat like warm DM. It later can scatter with
baryons either in the primordial plasma prior to recombination or in the lab, where its highly predictive
signal strength makes it a key benchmark for proposed sub-MeV direct detection experiments. All of these
features make this theory of great interest to the particle physics community in the near term future.
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