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Dark Matter Direct Detection Experiments Are Sensitive to the Millicharged Background
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We show that dark matter direct detection experiments are sensitive to the existence of particles with a
small effective charge (for instance, via couplings to a kinetically mixed, low-mass dark photon). Our
forecasts do not depend on these particles comprising a significant fraction of the dark matter. Rather, these
experiments are sensitive to the irreducible abundance produced in the early Universe through the freeze-in
mechanism. We find that ongoing and proposed direct detection experiments will have world-leading
sensitivity to effective charges Q ~ 10712 across 9 orders of magnitude in mass, corresponding to a dark

matter subfraction as low as ~1073.
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Introduction—The need for physics beyond the standard
model (SM)—including an explanation for the existence of
dark matter (DM)—strongly motivates the study of dark
sectors that are only weakly coupled to the SM. One
minimal example of such a sector is comprised of particles
that are charged under a dark U(1)’ gauge group (see, e.g.,
Refs. [1-5]). Kinetic mixing between the dark and SM
gauge bosons through kF**F),, provides the weak coupling
between this dark sector and the SM [6-8]. This dimension-
four operator can originate from a range of UV scenarios,
including string theory models where extended gauge
sectors are ubiquitous [9—12]. For ultralight U(1)" gauge
bosons, the kinetic mixing can be rotated away such that the
dark sector particles pick up a small effective electromag-
netic charge (millicharge) under the SM U(1) in the low-
energy limit,

LD eQyyyA* + y(igd —m,)y. (1)

where the Dirac fermion y is a millicharged particle (MCP)
with dark charge g, and millicharge Q = kg, /e.

These theoretical considerations have made MCPs and
dark photons a key benchmark for a range of collider and
astronomical searches. Sub-MeV MCPs and dark photons
can be produced copiously in stellar interiors and super-
novas, impacting stellar evolution and other observables
[13-20], while colliders can employ missing energy and
displaced vertex techniques to search for the production of
MCPs and dark photons [21-25]. Meanwhile, if MCPs are
additionally assumed to comprise the observed DM of our
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Universe with Qpyh? = 0.12 [26], they also pose a
key experimental target for ongoing DM direct detection
searches including SENSEI [27] and DAMIC [28], as well
as the proposed OSCURA experiment [29]. In fact, MCPs as
DM are also one of the main theoretical motivations for new
approaches to sub-MeV direct detection [30], for instance,
proposals involving direct deflection [31], polar materials
(GaAs and Al,O3) [32,33] (which can include a multi-
phonon response [34,35] detectable with SPICE [36]), Dirac
materials (ZrTes, YbsPbO, and BNQ-TTF) [37,38], doped
semiconductors [39], or superconductors (Al SC) [40,41].

As summarized in Fig. 1, in this Letter we point out that if
MCPs exist as particle states in the spectrum, then some
MCP abundance will inevitably be produced in the early
Universe, leading to an irreducible cosmic MCP back-
ground. In particular, MCPs can be produced non-thermally
via freeze-in, where annihilations and decays of SM
states generate a stable density of MCPs. MCP freeze-in
is IR-dominated and proceeds until the process is either
kinematically disallowed or until the abundance of SM
initial states is depleted by the expansion of the universe. For
0 ~ 107!, this slow accumulation of MCPs can account
for the observed DM abundance [42—45], providing a target
for DM direct detection experiments. At even larger values
of Q, the irreducible MCP abundance is larger than the DM
abundance, effectively ruling out the parameter space [46].
Meanwhile, for lower values of the millicharge, the MCP
background constitutes a small sub-component of the
DM. We note that similar arguments have previously been
applied to axions and sterile neutrinos [47], as well as real
scalars [48], resulting in stringent constraints based on their
freeze-in abundance. Notably, axion freeze-in can be UV
dominated and is sensitive to the reheating temperature of
the Universe, whereas sub-MeV MCP freeze-in happens
roughly at the same time as big bang nucelosynthesis,
regardless of the reheating temperature.
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FIG. 1. Experimental reach of searches for MCPs. The solid

lines represent the freeze-in relic abundance of MCPs normalized
to the DM abundance. The shaded regions represent constraints
from the TRGB [20], SENSEI [27], DAMIC [28], and supernova
1987A [17]. The dotted lines correspond to proposed direct
detection searches for MCP scattering, while the dashed lines
correspond to the forecast sensitivity of direct deflection [31]
(including a solar MCP basin [49]). Each of the direct detection
lines were shifted taking into account the variable MCP abun-
dance in the Q—m, plane. The parameter space to the right of the
vertical line could be affected by nonstandard early-Universe
scenarios that result in low reheating temperatures, which are
constrained by observation to be at least T, = 10 MeV [50-52].

Strikingly, as summarized in Fig. 1, a MCP subcompo-
nent of DM will still be accessible with any DM direct
detection searches that have sensitivity to couplings below
the freeze-in target, resulting in general bounds on the
existence of MCPs regardless of whether MCPs make up a
significant fraction of the DM of our Universe. We find that
traditional direct detection searches for MCP-SM scattering
(whose sensitivity scales linearly with the MCP density)
will be able to constrain a fractional MCP abundance as low
as ~1073 for keV-TeV masses. Meanwhile, sub-keV MCPs
will be most readily accessible to a direct deflection
approach (whose sensitivity scales like the MCP density
squared), potentially reaching fractional MCP densities 8
orders of magnitude below the DM density.

Irreducible MCP density—For sub-MeV masses we
extend the freeze-in calculation of Ref. [45] to arbitrary
abundances, including sub-keV MCP masses. The produc-
tion of sub-MeV MCPs occurs via two main interactions: the
annihilation of electron-positron pairs, ete™ — yy [53,54]
and the in-medium decay of plasmons [45,55]. The abun-
dance of MCPs can then be calculated by solving the
Boltzmann equation,

std—X - 2(”%<"U>e+e‘—w? +ny <F>7*—w?)’ (2)

where Y, = n,/s is the comoving MCP number density, H
is the Hubble rate, s is the entropy density, x = m, /T, and
the two terms on the right are the thermally averaged
annihilation and plasmon decay rates, respectively. The
factor of 2 accounts for the abundance of both y and y. We do
not include a term that captures the backreaction of MCP
annihilation or coalescence into SM particles, as we have
explicitly checked that the number density of MCPs is
always highly suppressed compared to that of SM particles
during freeze-in.

MCP production via annihilation occurs until 7 ~
max (m,,m,), corresponding to temperatures when the
electrons either freeze-out of the thermal bath or lack
sufficient energy to produce MCPs. On the other hand,
plasmon decay remains active until the effective plasmon
mass (which is similar to the plasma frequency ) drops
below twice the MCP mass. At early times 7 2 1 MeV,
the plasma is relativistic so @, ~ eT/3, whereas for T <
1 MeV the plasma frequency depends primarily on the
ambient electron density @’ ~ e’n,/m,. For sufficiently
low-mass MCPs, this means that production occurs in a
regime where the chemical potential of electrons y, cannot
be neglected. We therefore include the electron chemical
potential in our calculations, which we obtain by equating
the net electron density to the baryon density at all times. At
late times when the plasma is nonrelativistic, we find that
the electron chemical potential can be approximated as

me T _3/2
U, = Tarcsinh [17 @ T3eT <ML> } , (3)
P

2

in agreement with other treatments in the literature [56].

Although we solve Eq. (2) numerically, including the
effects of finite temperature and chemical potential, the
relative contribution of the two channels as a function of
temperature can be understood using simple scaling argu-
ments. The rates for both annihilation and plasmon decay
scale as ~T whereas the Hubble rate scales as ~T2, indicating
that freeze-in is most active at the lowest temperatures that
are kinematically accessible (or that have a sufficient
abundance of SM initial states). It is therefore possible to
approximate freeze-in as happening at a particular temper-
ature to compute the yield using the relevant collision term in
the Boltzmann equation. For e*e~ annihilation, {(cv)n2 ~
e*Q?T* and the lowest temperature where the process is
active is T ~ max(m,,m,), giving a comoving MCP abun-
dance that scales as

- i 0 \2 1 MeV
ee o
et =110 (10—12) (maX<mpme>>' Y

On the other hand, the plasmon decay term scales

as ([),_ 1, ~eQ%w,T°. As the temperature of the

Universe decreases, the plasma frequency decreases with a
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FIG. 2. Evolution of the relic MCP abundance for several MCP
masses with values of Q chosen such that Qy;cp = Qpy. The curves
converge at lower MCP masses, where plasmon decay becomes
inefficient at 7'~ 0.1 MeV primarily due to the exponentially
falling plasma frequency (shown in the inset) rather than due to
the kinematic threshold w,, > 2m, (illustrated with vertical dotted
lines for two choices of m,,). MCP production is thus complete by
T ~0.1 MeV at the very latest, regardless of the MCP mass.

nontrivial scaling (shown as an inset plot in Fig. 2),
quenching the plasmon decay channel at a characteristic
temperature that depends on m,,. For MCPs above a mass of
m, 2 10 keV, plasmon decay ceases at the kinematic thresh-
old, w,(T) ~2m,. For a ~10 keV MCP, this threshold
occurs at 7'~ 0.2 MeV, when the plasma is still fairly
relativistic. This results in a comoving abundance,

2 (1 MeV
%2> <e> if m, > 10keV. (5)
10 m,

Y, =2x 10—10<

For MCPs with lower masses, MCP production is still
kinematically allowed during electron freeze-out, which
results in an exponential suppression of the plasma fre-
quency. In this case, the electron depletion is primarily
responsible for quenching plasmon decay. The production
of the MCP background is therefore completed by
T ~0.1 MeV at the very latest, just before the strong
exponential suppression of the electron density, regardless
of MCP mass or production channel. This results in a
comoving MCP abundance proportional to

0
10—12

. 2
Yj;:3x10‘8< ) if m, <10 keV,  (6)

in agreement with Ref. [55]. Equations (4)—(6) make it
apparent that when m, 2 100 keV, the electron-positron
annihilation rate dominates over plasmon decay. Conse-
quently, the total MCP abundance, Qyicp = m,, (Y- +
Y,)so/pf scales as Qycp ~ Q? for m, 2 10 keV and as

Qnicp ~ sz)( for m, < 10 keV, reproducing the scaling
seen in Fig. 1.

For MCP masses m, > 1 MeV, freeze-in production
primarily happens through SM fermions ff — yz, as
calculated in Ref. [43]. We ignore the effect of Fermi-
Dirac statistics, which can shift lines of constant relic
abundance by O(10%) [57]. Since the abundance through
these channels is proportional to Q2, one can straightfor-
wardly generalize these results to arbitrary values of Q witha
simple rescaling, Qyicp = Qpm(Q/Opm)?, Where Qpy is
the millicharge required to produce the observed DM
abundance Qpy;. Note that at energies near or above
the electroweak scale, MCPs additionally couple to the
SM Z boson [58]. Consequently, MCPs in the mass range
1 GeV <m, Smy/2 are produced through the decay
channel Z — yj, resulting in the drop in Q required for a
fixed abundance as computed in Ref. [57]. Note that the
same finite-temperature effects that result in modified
photon mixing properties can also affect the Z. However,
these corrections are expected to be very small [59,60], and
therefore should not substantially impact our result. For
m,, 2 200 GeV, production will dominantly happen before
the electroweak phase transition, where finite-temperature
effects may require a more careful treatment beyond the
scope of this Letter.

Our calculations of the MCP abundance are subject to
the caveat that the MCPs cannot be substantially depleted
after their production. Notably, the presence of an ultralight
A’ in the spectrum implies that the MCP abundance can be
depleted through yy — A’A’. Since this process scales as
gj}, it can potentially be efficient despite the subthermal
abundance of MCPs. Ensuring that this process is always
inefficient implies that our calculations are valid when
g, <3x 107 x (m,/1 MeV)"?(Qpy/Qpcp) /. Small
values of the dark gauge coupling, combined with the
freeze-in values of Q and implied kinetic mixing parameter
k may be bolstered by UV considerations [61,62]. This
bound on the dark gauge coupling is also similar to the one
obtained through constraints on self-interacting DM
(SIDM) that apply when MCPs are assumed to make up
all of the dark matter [63,64]. We finally note that it is
possible to entirely avoid the depletion of MCPs by
considering the “pure” millicharge case where the MCPs
have a small SM hypercharge and thus have a direct
coupling to the SM photon. In this case, the only annihi-
lation channel yy — yy is suppressed like Q* and is
therefore safely neglected in the entire parameter space.

Experimental reach—By accounting for the variable
relic abundance of MCPs in the Q — m, plane, we can
recast existing forecasts and constraints that assume MCPs
are all of the DM into constraints and forecasts on the mere
existence of MCPs. Smaller abundances of MCPs corre-
spond to reduced overall experimental sensitivity due to the
reduced flux of particles passing through the detector. We
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assume that MCPs produced in the early Universe have the
same gravitational clustering dynamics as the DM, which
would imply that the local MCP density corresponds to the
rescaled DM density,

Quicp(Q.my)
Qpym '

()

pMCP(Qv m)() = DM

where ppy ~ 0.3 GeV/cm? is the local mass density of
DM in the Milky Way [65,66]. We also assume the MCP
background has the same velocity distribution as the DM
for similar reasons (most often, direct detection analyses
are performed assuming a Maxwellian distribution). To be
consistent with these assumptions about the local MCP
density and phase space, we only consider MCP masses
above ~1 eV, since even lighter MCPs would have still
have substantial free-streaming velocities at the present day
(MCPs lighter than ~10~* eV would still be relativistic).

Ongoing and proposed sub-GeV direct detection experi-
ments provide a key avenue for constraining the irreducible
MCP background at intermediate MCP masses. Existing
analyses and forecasts for these experiments place a bound
on the electron scattering cross section,

5, = ]671'6!2Q2,u)2ﬂ, (8)
(am,)*

as a function of m,, (where p,,, is the MCP-electron reduced
mass) under the assumption that MCPs make all of the DM.
The event rate at these experiments, which determines their
sensitivity, scales as R « ppy6&,/mpy- For the MCP back-
ground, we can therefore interpret existing limits on &, as
limits on &, X (pmep/Pom ), Which can be straightforwardly
projected onto the Q — m,, plane.

For heavier MCP masses, the experimental program
targeting weakly interacting massive particles (WIMPs) via
nuclear recoils can be repurposed to search for MCPs. In
the mass range m,, Z GeV, MCPs can be detected via their
interaction with the protons in the target nucleus. Generally,
bounds on the DM-proton cross section assume a heavy A’
such that ¢, is suppressed by mgf‘. However these bounds
can be reinterpreted for the case of an ultralight A’ or a pure
millicharge, resulting in an enhancement at low recoil
energies,

B 16ﬂa2Q2/,t)2{p
P (2myER)

©)

o

where ,uf » 1s the MCP-proton reduced mass, myy is the mass
of the target nucleus, and Ej is the recoil energy. Despite
the fact that the differential event rate for a fixed DM mass
is different for heavy and light mediators, Ref. [67] pointed
out that the two differential event rates can be similar for
distinct DM masses. Therefore constraints assuming a

heavy mediator can be reinterpreted as constraints on
MCPs [including the fractional abundance of Eq. (7)] by
ensuring that the differential event rates are the same in the
two cases [67].

New detection strategies, such as direct deflection [31],
are necessary to access sub-keV MCP parameter space.
Notably, it would be challenging to detect energy deposi-
tion from single-particle scattering at the ~1 meV scale,
corresponding to a keV-mass particle orbiting in the MW.
Direct deflection assumes that the “MCP wind” passing
through earth acts like a continuum, and the signal arises
due to the collective deflection of the entire wind in an
oscillating background electric field, which sources an
alternating millicharge electric field downstream of the
deflector. The millicharge-induced electric field scales as
E, ~ pmcpQ?/my, and the signal power integrated over the
shielded detector region scales as E; ~ pycp(Q/m,)*. We
can thus appropriately rescale the sensitivity of DM
searches using direct deflection to searches for MCP states
in the spectrum. The same direct deflection setup would
also be sensitive to the MCPs generated by the Sun that are
trapped in the solar basin [49]. The sensitivity to the solar
basin MCPs is stronger due to the higher local number
density and slower kinematics of basin-generated MCPs
compared to frozen-in MCPs.

Astrophysical and cosmological constraints—The over-
production bound shown in Fig. 1 can be understood as the
parameter space where the abundance of MCPs produced via
freeze-in would be larger than the observed abundance of
DM, as discussed in Ref. [46] (or, e.g., Ref. [68] in the case
of scalars). We note that this overproduction bound is
alleviated for g, 2 10~* when MCP annihilation to dark
photons becomes efficient, which opens up the parameter
space. Furthermore, throughout this Letter, we have assumed
that the reheating temperature of the Universe is much larger
than any of the other relevant temperature scales. However,
nonstandard early-Universe scenarios could result in lower
reheating temperatures that are constrained by observation to
be at least ~10 MeV [50-52]. The vertical line in Fig. 1
shows the approximate parameter space where we expect this
assumption to affect our calculation [69]. Lowering the
reheat temperature could alleviate the overproduction bound
for heavy MCPs, as discussed in Ref. [46]. Additionally,
frozen-in MCPs never have a thermal abundance and thus
never possess substantial entropy, indicating that they do not
impact the measured value of N, in contrast to freeze-out
scenarios [46].

There are many methods to constrain MCPs, for instance
from anomalous energy loss from stars and supernovae
[17,20]. Direct detection searches would provide comple-
mentary constraints in the low-mass parameter space, which
is particularly important since stellar magnetic fields could
trap MCPs in stars, in violation of the assumptions typically
made in setting stellar energy-loss constraints. Dedicated
work is required to understand magnetic trapping in stars,
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but studies of the Sun suggest that parameter space above
Q = 107! could be impacted [70]. Additionally, if MCPs
are assumed to make up all of the DM, they can leave
imprints in many astrophysical environments. For in-
stance, the initial phase space distribution from freeze-
in production can result in suppressed structure formation
on small scales [71]. Nontrivial MCP magnetohydrody-
namics may also affect the internal properties of galaxies
and galaxy clusters [72-74], particularly accounting for
ambient magnetic fields and supernova remnant shocks
that may alter the local density and phase-space distribu-
tion of MCPs in our Galaxy [75-79]. However, fully
characterizing these dark plasma effects (including pos-
sible screening due to a finite dark photon mass) remains a
challenging problem. The scattering of frozen-in MCPs
with baryons can also affect the cosmic microwave
background [71] and the 21 cm global signal [80-83].
We expect that the these effects will be significantly
diminished if MCPs are a small fraction of the total DM
abundance. For instance, it has been shown that MCP
fractions less than 0.4% cannot be constrained from DM-
baryon scattering in the CMB [84] (assuming cold initial
conditions). We finally note that fermionic MCPs will not
be subject to bounds from Pauli blocking in dwarf galaxies
(see, e.g., Ref. [85]) if they only constitute a small DM
fraction.

Conclusions—MCPs arise as parts of minimal dark
sectors that are weakly coupled to the SM. If MCPs exist
in nature, they may not constitute a substantial fraction of
the DM. Regardless, in this Letter we have shown that DM
direct detection experiments are sensitive to the existence
of MCPs (even if they are a tiny subfraction of DM) due
to the irreducible MCP density produced in the early
Universe. In the context of freeze-in production, smaller
couplings result in smaller DM fractions (this is in contrast
to the freeze-out mechanism, where the opposite is true).
Thus, any experiment that has sensitivity below the tradi-
tional freeze-in target can probe the existence of a frozen-in
MCP background. Notably, we find that direct detection
experiments will be able to achieve world-leading sensi-
tivity to MCPs with Q ~ 1072 and with masses spanning 9
orders of magnitude. This is highly complementary to other
direct detection searches for MCPs that do not require
MCPs to be all of the DM, for instance, direct detection
searches for Q ~ 10~ MCPs (that lie outside of the freeze-
in regime considered in this Letter) produced in nearby
fixed-target experiments [86,87]. This sensitivity to
dark sectors further motivates the future direct detection
program.

Our results are conservative in the sense that we do not
include channels for MCP production outside of freeze-in,
which would only increase the MCP density and strengthen
the experimental reach. For instance, fully nonthermal
production channels like misalignment may also contribute
substantially to the ambient density of low-mass MCPs [88].

Our results can also be extended to consider other thermal
histories, for instance, with an initial dark sector abun-

dance [89].
This analysis made use of Numpy [90], Scipy [91],
Matplotlib [92], WebPlotDigitizer [93],

Jupyter [94] and Mathematica [95].
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