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A terrestrial population of millicharged particles that interact significantly with normal matter can arise if
they make up a dark matter subcomponent or if they are light enough to be produced in cosmic-ray air
showers. Such particles thermalize to terrestrial temperatures through repeated scatters with normal matter
in Earth’s environment. We show that a simple electrified shell (for example, a Van de Graaff generator)
functions as an efficient accumulator of such room-temperature millicharged particles, parametrically
enhancing their local density by as much as 12 orders of magnitude. This can be used to boost the
sensitivity of any detector housed in the shell’s interior, such as ion traps and tests of Coulomb’s law. In a
companion paper, we apply this specifically to Cavendish tests of Coulomb’s law, and we show that a well-
established setup can probe a large region of unexplored parameter space, with sensitivity to the irreducible
density of millicharged particles generated from cosmic rays that outperforms future accelerator searches

for sub-GeV masses.
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I. INTRODUCTION

Although many theories have been proposed to solve the
plethora of outstanding puzzles indicating that the Standard
Model (SM) is incomplete, the new particles predicted by
these theories have yet to be directly observed [1]. It is
widely believed that this is a consequence of these particles
possessing either a feeble coupling beyond the sensitivity
of precision experiments or a mass above the reach of high-
energy colliders [2—4].

There is, however, a simple and largely unconstrained
extension to the SM that does not involve extremely small
interactions or large masses. There are theories that predict
new particles y with a small effective electromagnetic
charge ¢q, < 107!, referred to as millicharged particles
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(mCPs). Such particles can naturally arise from the kinetic
mixing between a new long-ranged U(1) gauge boson and
the SM photon [5]. They also are viable dark matter (DM)
candidates and have been invoked to explain a multitude of
experimental anomalies [6—12]. This minimal extension to
the SM is largely unexplored despite decades of scrutiny,
with viable parameter space remaining for charges as large
as q, ~ 107! for GeV-scale masses.

For a large range of couplings and masses, mCPs are
strongly coupled to the SM due to the long-ranged nature of
the interaction. For instance, if present on Earth, these
particles can rapidly scatter off of terrestrial matter, thereby
thermalizing down to ambient temperatures and building up
to non-negligible densities [13,14]. Such a terrestrial
population can arise if, for example, mCPs make up a
small subcomponent of the total Galactic DM density, or if
they are light enough to be produced on Earth in nuclear
decays [15] or cosmic-ray air showers [16]. Note that in the
latter case, a search for this irreducible population is
equivalent to testing the model itself, akin to an accelerator
search, and it does not require the mCPs to make up any of
the DM.

Since ambient temperatures of 300 K ~ 25 meV are well
below the energy thresholds of typical experimental sen-
sors, a dense terrestrial population of strongly coupled

Published by the American Physical Society
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FIG. 1. A schematic of our experimental proposal. An outer
large “accumulator shell” of radius R, is charged to strong
negative voltage, ¢. This attracts positively charged millicharged
particles ¥+, which lose energy after scattering on any material
inside the shell and become electrically trapped within the cavity
of the shell, parametrically enhancing their local density. Here,
we model the material inside the accumulator shell as a solid
sphere. In a real experiment, an mCP detector (not shown here)
would be placed somewhere inside the accumulator shell to detect
this millicharge overdensity (see Ref. [21]). The trajectories of
various millicharged particles are shown with arrows, with the
color of the arrow used to show regions where the particles are
moving with greater (red) or smaller (blue) kinetic energy.

mCPs remains an untested possibility. Various detection
strategies have been investigated [17-20], with the strong-
est current limits arising from considerations of anomalous
heating in ion trap experiments [17,18].

In this work, we propose a simple modification that
drastically increases the sensitivity of any of these exper-
imental strategies. In particular, the local density of mCPs
(irrespective of their origin) can be enhanced by enclosing a
detector within a shell of fixed voltage. As shown sche-
matically in Fig. 1, this electrified shell functions as a trap
by dragging ambient mCPs inwards where they scatter,
become electrically bound to the interior region, and
accumulate to much larger densities. We find that such
an accumulator operating for a time ¢ can enhance the local
density of mCPs by as much as ~10'? x (¢/yr) compared
to the average terrestrial value.

Since the interior of the accumulator experiences neg-
ligible electric fields (aside from that sourced by mCPs), it
can, in principle, house a precision detector sensitive to the
induced millicharge overdensity. While we focus on the
general implementation of an accumulator in this work, we
note that it can enable various search strategies to probe a
large region of unexplored parameter space. In a companion
paper [21], we apply this to a simple experimental setup with
the goal of measuring the small electric field sourced by the
millicharge overdensity. As shown there, an accumulator
paired with decades-old detection technology can enable

sensitivity to the irreducible mCP density generated from
cosmic rays, at a level which outperforms future accelerator
searches for sub-GeV masses.

The rest of this paper is organized as follows: In Sec. II,
we provide an overview of mCP models. In Sec. III, we
discuss how such particles behave on Earth, and we
calculate the irreducible density of mCPs sourced by
cosmic rays. In Sec. IV, we discuss how mCPs accumulate
within an electrified shell. We present our final results in
Sec. V, and we conclude in Sec. VI. Appendixes are
referred to throughout the main text, which provide addi-
tional technical details of our analysis.

II. MODEL OVERVIEW

Particles with small effective electromagnetic charge
arise naturally within the context of dark sectors charged
under a new dark photon A’ that kinetically mixes with the
SM photon [5]:

LD SF P = A, (1)
where F), and F,, are the dark and SM field strengths, € is
the small dimensionless kinetic mixing parameter, and jj, is
the dark current arising from particles y directly charged
under the A’.

The kinetic mixing term can be diagonalized to leading
order in ¢ < 1 by the field redefinition A’ - A’ + €A,
where A is the SM photon field. As a result, y picks up an
effective charge under the SM photon of eq, ~ ee’, where ¢’
is the dark gauge coupling. We note that similar conclusions
hold if the dark photon has a nonzero mass m,. However, in
this case, y behaves as though it has an effective electro-
magnetic charge only on length scales smaller than the dark
photon’s Compton wavelength NmZ,l, since at greater dis-
tances any long-ranged interaction mediated by the A’ is
exponentially screened [14,22]. In this work, we will take the
interaction to be long-ranged on laboratory scales, corre-
sponding to m, <1 m~!' ~ 1077 eV, and will comment on
the impact of particular values of m, when relevant.

In the simplest models, ¢ is generated by loops of N
generations of heavy particles charged under both sectors,
such that € ~ Ne'e/(4x)* and hence g, ~ No' /47, where
o = e'?/4r is the dark fine-structure constant. It is there-
fore natural to expect millicharges of size g, ~ N x 1073
for a dark gauge coupling comparable to ones in the SM.
Millicharges parametrically smaller than this value are also
possible in scenarios where ¢’ < e, or those in which € is
generated to leading order at two-loops or via higher-
dimensional operators [23,24].

Alternatively, y may couple directly to the SM photon if it
carries an electric charge under electromagnetism [25-28]. In
this scenario, gauge transformations under the SM U(1) are
well-defined provided that both the mCP and electron
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charges, ¢, and gq,, take integer values with respect to some
fundamental charge unit. The small coupling of the mCP then
arises from taking e <1, so that eq, < 1 while g, > 1.
Unlike models with massive dark photons, here the inter-
action is arbitrarily long-ranged in vacuum. When relevant,
we will discuss how our analysis depends on these model-
specific details.

III. TERRESTRIAL POPULATION

We now provide a brief overview of how a terrestrial
mCP population can arise. For a more detailed discussion,
see Refs. [13,14].

For sufficiently large charges, mCPs that pass through
the Earth drastically slow down due to collisions with
terrestrial atoms. The minimum coupling required for this
to occur within an Earth radius R, is shown in Fig. 2 for
various choices of the mCP’s initial boost times velocity
Y,V For y,v,>1, we follow the standard analytic
estimates for stopping power via ionizing scatters (as in
Ref. [29]), while for y,v, < 1, we adopt the calculation
from Ref. [14] for energy loss through elastic atomic
scatters; in this case, mCP-nuclear scattering is suppressed
for m, < az'/v,, where az ~ (10 keV)™" is the Thomas-
Fermi radius. For intermediate values y,v, ~ 1, we adopt
the results from the data-driven analysis in Ref. [30].

For couplings g, 2 m,/u,y, negatively-charged mCPs
are efficiently captured into bound states with atomic
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FIG. 2. The minimum coupling ¢, required for a millicharged
particle of mass m, to cool down to room temperature within an
Earth radius after scattering with terrestrial atoms, for various
choices of the particle’s initial boost times velocity y,v,
(v, = 1073 for millicharged dark matter, and Y,v, 2 1 for
relativistic millicharged particles, such as those created by cosmic
rays). In gray, we also show existing limits from accelerator
probes [29,31-38] and SN1987A [39].

nuclei, where m, is the electron mass and u,y is the
mCP-nuclear reduced mass [13,14]. We note that calcu-
lations in Secs. IV and V partially extend into this region of
parameter space. However, since our treatment assumes
that mCPs are unbound, our results should be applied only
to positively-charged mCPs, which exist as a free plasma
on Earth throughout most of our parameter space of
interest; since even this ceases to be true if g, 2

/(300 Km,)/(Ryu,,) ~4 x 1072 for m, > m, (in which
case positively-charged mCPs form room-temperature
bound states with electrons), we refrain from considering
such charges entirely. In the above expression, Ry is the
Rydberg constant and u,, is the mCP-electron reduced
mass. We also note that various searches limit the abun-
dance of mCPs bound to terrestrial matter [19,40-42], but
these typically apply to larger couplings or larger ambient
densities than we consider here.

For m, > 1 GeV, these mCPs become gravitationally
bound and accumulate on Earth after slowing down, leading
to large overdensities [13,14]. Conversely, for m, <1 GeV,
their thermal velocity at room temperature exceeds the
terrestrial escape velocity. Thus, absent any additional
interactions, such particles evaporate off of the Earth.
Even in this case, however, the increased residence time
spent by mCPs as they slowly diffuse throughout the Earth
before evaporating can lead to a large overdensity [14].

For any mass, the terrestrial density of positively-
charged mCPs can be further enhanced by the trapping
effects of the atmospheric electric field [14], which pos-
sesses a typical value of Eg ~ 1V /cm near the surface. Eg
exists throughout the atmosphere, giving rise to an average
voltage difference ¢pg ~ 0.3 MV between the ionosphere
and crust. This value of ¢g is the typical one during fair
weather conditions and is maintained by the global atmos-
pheric electrical circuit. During thunderstorms or geo-
magnetic activity, the potential profile of ¢gq is locally
distorted on small scales, but is otherwise stable between
the crust and ionosphere. We thus do not expect weather
activity to change these conclusions, although a detailed
study is beyond the scope of this work.

Therefore, positively-charged mCPs with ¢, 2 (300 K)/
(0.3 MeV) ~ 1077 are trapped by ¢ after thermalizing to
room temperature and reside primarily below the crust,
extending a height ~300 K/(eq,Eg) ~ 1 mm x g;' above
the surface. However, for interactions mediated by a
kinetically-mixed dark photon, this electrical trapping
saturates once the accumulation of positively-charged
mCPs sources a significantly strong repulsive dark electric
field to overcome the effect of Earth’s visible field,
corresponding to a volume-averaged density of

3eq,Eq - B q 1071\ 2
L~ 6/2;®~105cm3x<ﬁf3 — . (2

n
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For models involving kinetically-mixed dark photons,
Eq. (2) corresponds to the maximal value of the mCP
density (averaged over the Earth) that can be bound by the
atmospheric electric field. Strictly speaking, this is a bound
on the difference between the positive and negative mCPs
(n,+ —n,-), and hence n,+ +n,- can exceed this upper
limit. However, in this case, there is no benefit from the
trapping effect of Eg,.

For kinetically mixed models, the self-repulsive force
from this dark electric field repels the mCPs to the Earth’s
surface before the density saturates to the average value
shown in Eq. (2) (this effect vanishes for mCPs directly
coupled to the photon due to the conductivity of the Earth).
This occurs once the dark repulsion overcomes the mCP’s
thermal kinetic energy as well as Earth’s gravitational field
Jg. corresponding to volume-averaged densities of

10712
~ 10712 cm™3 x < > > (3)

300 K
n, ~
“ (e/Rea)z

and

3m,gg m 1071\ 2
- ~ 101" em=3 P 4
1y €'2R€B 0 cm = x GeV e ’ ( )

respectively. Once the average mCP density (more pre-
cisely, the asymmetry n,+ —n,-) exceeds both of these
values, this population of mCPs will reside primarily near
the surface. More specifically, energy conservation (i.e.,
that the total thermal kinetic energy of the mCPs is
comparable to the work required to change the radius
occupied by this population) implies that such particles
occupy an annulus of radius Rg and radial thickness
o6r, ~ 300 K/(e'(n,)Rg), where (n,) is the mCP density
volume-averaged over the Earth. As a result, the local
density near the surface is significantly enhanced compared
to the volume-averaged one by Rg/8r, ~ (mp))* R, > 1,
where (m/,) is the mCP’s contribution to the volume-
averaged Debye mass of the dark photon.

Furthermore, the symmetric abundance of mCPs can be
affected by mCP annihilations into electrons or dark
photons, provided that negatively charged mCPs do not
efficiently bind to nuclei. However, this depends on the
particular size of the terrestrial density and is generally not
relevant for the populations that we consider in this work.

In the subsections below, we apply the above consid-
erations to two example sources of a terrestrial overdensity
of mCPs. This corresponds to mCPs that make up a DM
subcomponent, and the irreducible density that is produced
in cosmic-ray air showers. Below, we focus primarily on
mCPs that couple directly to the SM photon, since models
involving kinetic mixing introduce additional dynamics
that can significantly enhance or suppress the terrestrial
density, depending on the particular value of the dark
photon mass and gauge coupling. Therefore, the results

shown in the figures below apply predominantly to direct
mCP-photon interactions; modifications that arise in mod-
els involving kinetically mixed dark photons will be
explicitly discussed when relevant.

A. Dark matter subcomponent

For g, 2 1077 x (m,/GeV)!/2, corresponding to most of
the parameter space of interest, mCPs equilibrate with the
SM bath in the early Universe when the radiation temper-
ature is T 2 m,. These large couplings also imply that
mCPs remain tightly coupled to the photon-baryon fluid
during the epoch of recombination, which is highly con-
strained by measurements of the cosmic microwave back-
ground if mCPs constitute an O(1) fraction of the DM
density. However, cosmological data does not preclude the
possibility that a subpercent DM subcomponent interacts
strongly with the SM [43-46].

Thus, the thermal cosmological abundance of strongly
coupled mCPs must be depleted to a small fraction fpy <
1 of the total DM density. This can occur if, for example,
they efficiently annihilate to pairs of SM fermions or dark
photons, which is possible for g, > 107 x (m,/GeV) or
¢’ > 1072 x (m,/GeV)'/2. More generally, mCP annihi-
lations to lighter states that saturate perturbative unitarity
can reduce the thermal abundance to fractional densities as
small as fpy ~ 10710 x (m,,/GeV)? [47]. This fraction can
be further reduced to exponentially smaller values if, for
instance, the initial reheat temperature of the Universe is
significantly less than m,, in which case mCPs do not
efficiently thermalize with the SM bath [48-51].

Strongly coupled relics with fpy < 1 are also relatively
unconstrained by terrestrial direct-detection experiments
searching for DM scattering. For instance, these experi-
ments are signal-limited for DM fractions of fpy < 1078
[13]. Typical experiments are also insensitive to any value
of fpm if g, 2 107 x (m,/GeV)'/?, in which case mCP
DM scatters and rapidly cools down to room temperature,
well below threshold, before encountering near-surface
detectors. A detailed analysis of the sensitivity of direct-
detection experiments in this strongly coupled regime was
performed in Ref. [52], which ignored model-dependent
long-distance effects arising from the solar wind and
terrestrial magnetic fields.

Upon cooling down to room temperature, the local phase
space of mCP DM is drastically modified compared to the
Galactic population. As shown in Fig. 2, an incoming
millicharged DM particle with velocity v, ~ 1073 and
charge g, 2 few x 1078 x (m,/GeV)!/? scatters with ter-
restrial matter and sheds an O(1) fraction of its kinetic
energy on Earth [14]. By conservation of flux, this leads to
large local overdensities. For m, > 1 GeV, these particles
are gravitationally bound and accumulate on Earth over
terrestrial timescales to densities as large as ~10'® times
their Galactic density for a large range of couplings [14].
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For m, <1 GeV, their increased residence time spent on
Earth before evaporation can result in overdensities as large
as ~108 [14].

The predicted size of these overdensities can be
significantly modified if y couples to electromagnetic
fields on planetary or solar length scales, which in turn
depends on the particular value of the A’ mass [14,52,53].
For instance, for my < Rg' ~107'% eV or my < Rg' ~
107! eV (where Ry and R are the solar and Earth radii,
respectively), mCPs can efficiently couple to the long-
ranged magnetic field generated by the solar wind or the
Earth, reducing their ability to penetrate into Earth’s
environment. For my < hgl ~ 10712 eV (where hy, is
the height of the ionosphere) and g, > 1077, the coupling
of mCPs to the atmospheric electric field can instead
enhance the trapping of positively charged mCPs below
the atmosphere, as discussed in detail above.

Due to the strong model dependence of these long-ranged
electromagnetic effects, we remain agnostic regarding their
importance for mCP DM by parametrizing the abundance of
mCP DM solely in terms of its local terrestrial number
density, denoted as n,,. Translating this to the mCP’s Galactic
density requires specification of the A’ mass and detailed
modeling of Galactic, solar, and terrestrial electromagnetic
fields, which is beyond the scope of this work.

B. Irreducible cosmic-ray population

Independent of the Galactic population, an irreducible
density of terrestrial mCPs arises from cosmic-ray air
showers. In particular, for m, < 10 GeV, the dominant
production mechanism is through the decay of secondary
cosmic-ray mesons. The salient feature of this production
mechanism is that it is independent of model-dependent
details regarding the early Universe and propagation
through the solar and terrestrial magnetic fields, since such
particles are produced locally in Earth’s atmosphere.

The relativistic population of cosmic-ray mCPs has been
worked out in detail in Refs. [16,29,30,54,55], where it was
shown that neutrino and DM detectors have some sensi-
tivity to these particles, ultimately limited by the small flux.
Although most of these mCPs are produced relativistically,
they can efficiently scatter in Earth’s crust, thermalizing to
terrestrial temperatures. Even if the resulting nonrelativistic
population eventually evaporates from the Earth, its slow
diffusion throughout the atmosphere implies an enhance-
ment to the mCP density.

In this work, we use the results of Ref. [14], which
calculated this nonrelativistic population of mCPs pro-
duced by cosmic rays. For the sake of brevity, we simply
quote here the main relevant results. If mCPs are not bound
by Earth’s gravitational or electric fields, then they even-
tually evaporate. In this case, the resulting density of
nonrelativistic mCPs at a depth x > 0 below the top of
the atmosphere is [14]

dq))((CR) @ min (X, Xn) — Xg5
nx(x):/dEZ iE, Pry D, . (5)

where x;, > 0 is the depth below the top of the atmosphere
at which an initially produced mCP cools down to ambient
temperature through repeated scattering, and x;gg > 0 is
the depth of the “last scattering surface”—i.e., the point at
which an outgoing thermalized mCP stops scattering and
free-streams away from the Earth. Above, the integral is

over the initial energy E, of the mCP, d);((CR) is the flux of

mCPs generated by cosmic rays, Pr® is the probability that
an mCP cools down to the ambient temperature of Earth,
and D, is the diffusion coefficient of the thermalized mCP
(parametrically, the product of the collisional mean free
path and thermal velocity).

Millicharged particles can instead accumulate on Earth if
they become gravitationally or electromagnetically bound.
In the former case, this is possible for m, > 1 GeV.
However, cosmic-ray production of particles much heavier
than a GeV is rare, and so this applies only to a small part of
parameter space. It is thus more generic for mCPs produced
by cosmic rays to become electromagnetically bound to the
Earth [14]. As discussed above, the degree to which this can
occur depends on the nature of the interaction. Unlike mCP
DM, however, mCPs produced by cosmic rays are initially
relativistic, such that they can easily enter Earth’s envi-
ronment, independent of their couplings to long-ranged
magnetic fields.

After such mCPs scatter and thermalize to room
temperature, their small energy can suppress their ability
to overcome Earth’s electromagnetic fields. For instance,
for g, 2107 x \/m,/MeV, their gyroradius in Earth’s
magnetic field is much smaller than Rg, meaning that
such particles remain confined, except possibly near the
poles. More importantly, as discussed above, positively
charged mCPs remain bound by the atmospheric electric
field for 4, 2 10~7. However, due to modifications that
can arise in kinetically mixed models, we will instead
consider the two extremes where mCPs do or do not
become trapped by Earth’s electromagnetic fields over the
age of the Earth,' 75 ~4.5 x 10° yr.

In the case that thermalized mCPs produced by cosmic
rays become gravitationally or electromagnetically bound,
they accumulate for a time 7. The density of this population,
volume-averaged over the Earth, is given by [14]

(cR)
o
n,~>8 [ 4g, "~

Pr®.
REB X dEX rth (6)

'Direct evidence in the form of fulgurites shows that the global
atmospheric electrical circuit has been active for at least
~(0.25-0.5) x 10° yr, while indirect evidence points to much
longer timescales, comparable to fg [56].
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The radial profile of this density depends on the nature of the
mCP interaction. For instance, if mCPs directly couple to the
SM photon, then their density is approximately uniform
below the crust for m, < few x GeV, or it is highly peaked
near Earth’s center for m, > few x GeV (due to Earth’s
gravitational field) [14]. Instead, if mCPs interact through a
kinetically mixed dark photon and become electromagneti-
cally bound by Earth’s atmospheric voltage, the repulsive
effect from the resulting dark electric field can cause mCPs to
reside primarily near the surface, parametrically enhancing
their local density [see the discussion near Eqgs. (3) and (4)].
Due to the significant model dependence of this effect, we
will focus on mCPs that couple directly to the SM photon in
our results below.

Using the full formalism outlined in Ref. [14], we
determine the thermalized mCP density produced by cosmic
rays. We improve upon the analysis of Ref. [14], however, by
making use of the publicly available code of Ref. [29] for
determining ¢;(( , which includes the dominant contribu-
tions for sub-GeV mCPs arising from decays of z, , p, , @,
and J/y mesons. We have also supplemented this with T
decays, following the semianalytic procedure of Ref. [55].
Although we do not include other processes, we note that for
masses m,, 2 10 GeV, the Drell-Yan process dominates the
total yield [55].

It has also recently been claimed in Refs. [54,55] that
proton bremsstrahlung is the dominant production

Cosmic Ray mCPs, Eg = 0, Depth = 1 m
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FIG. 3.

mechanism for mCPs in the (0.1 — 1) GeV mass range,
since it benefits from the resonant enhancement of photon—
vector meson mixing. However, this resonant enhancement
corresponds to one subprocess of vector meson production.
Since the latter has already been incorporated in our analysis,
as well as in other studies, it remains unclear as to why
bremsstrahlung is found to yield significantly larger fluxes.
For this reason, we conservatively choose not to incorporate
bremsstrahlung into our analysis. However, it remains a
possibility that bremsstrahlung processes populate a forward
region of kinematic phase space that is not otherwise
accounted for in more data-driven models. In this sense,
the inclusion of such processes could substantially enhance
the predicted mCP flux in the 100 MeV-1 GeV mass range,
making our results conservative in this part of param-
eter space.

Our results for the irreducible nonrelativistic density of
mCPs sourced by cosmic rays is shown in Fig. 3, evaluated
at a depth of 1 m below the surface of the crust (these
results also apply to the density inside a conducting
building above the surface). In the left panel, we assume
that mCPs do not couple to the atmospheric electric field,
such that they do not remain bound to the Earth after
thermalizing to room temperature. In this case, there is
substantial depth dependence to n,, with greater densities
further underground. This is because such mCPs are not
bound to the Earth and thermalize to room temperature very

Cosmic Ray mCPs, Eg # 0, Depth = 1 m

1072

accelerators

107° cm™

dy 108 cm™

SN1987A

1073 1072 107! 1

The terrestrial density n, of positively charged millicharged particles that are produced by cosmic rays and thermalize to room

temperature through scattering with Earth’s environment, as a function of the particle’s mass m, and charge g, . In gray, we also show
existing limits from accelerator probes [29,31-38] and SN1987A [39]. In the left panel, “Eg = 0” means we ignore the coupling of
millicharged particles to the atmospheric electric field. In the right panel, “Eg # 0” means we instead assume that the millicharged
particles couple to the atmospheric electric field, such that positively charged particles can become electrically bound below the
atmosphere. In both panels, we evaluate the density at a depth of 1 m below the crust (these results also apply to the density inside a
conducting building above the surface). In the left panel, there is substantial depth dependence to n,, with greater densities further
underground. In the right panel, there is negligible depth dependence below the crust.
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deep (> 1 km) underground, leading to the approximately
linear scaling with depth in Eq. (5).

In the right panel, we instead take the mCPs to couple
directly to the atmospheric electric field Eg ~ 1V/cm,
such that they are trapped below the atmosphere for
q, > 10~7. This drastically enhances the terrestrial den-
sity of sub-GeV mCPs that would otherwise evaporate

from the Earth and results in densities as large as n, ~

107° cm™ x (¢,/107*)? for m, <1 GeV. In this case,
such mCPs remain bound to the Earth, and for sub-GeV
masses, there is little depth dependence to n,. Note that
the densities are the same in both panels for m, > 1 GeV,
since in this case mCPs are gravitationally bound to the
Earth independently of their coupling to terrestrial electro-
magnetic fields.

We see the enhancing effect of the atmospheric electric
field Eq by comparing the right panel of Fig. 3 to the left
panel. If mCPs directly couple to the SM photon, neglect-
ing Eg is overly pessimistic, and we expect a more detailed
analysis to result in densities comparable to the right panel
of Fig. 3. As discussed above, for interactions instead
mediated by a dark photon, this local density can be
suppressed or enhanced compared to the right panel of
Fig. 3, but it is strictly greater than the densities shown in
the left panel. For instance, the effect of Eg, is shorted out if
the mCP density grows to the point that it sources a dark
electric force of comparable strength, corresponding to a
maximal electrically bound mCP density as given above in
Eq. (2). However, even in this case, Earth’s magnetic field
can still suppress the evaporation of light mCPs.
Furthermore, as discussed near Eqgs. (3) and (4), the
repulsive effect of the dark electric field can significantly
increase the local mCP density near the surface.

It is important to emphasize that the mCP population
generated by cosmic rays is irreducible and solely a
function of the particle’s charge and mass. Hence, testing
this local density is equivalent to testing the model itself,
akin to an accelerator search. In the rest of this work, we
discuss ways to enhance the local density of such mCPs.

IV. ACCUMULATION IN THE LAB

Here, we explore a simple setup to enhance the local mCP
density in the lab relative to the average value on Earth. As
depicted in Fig. 1, this can be achieved by holding an open-air
spherical shell of radius R, at a fixed voltage ¢, < O relative
to ground,2 analogous to a standard Van de Graaff generator.3
This “accumulator shell” traps mCPs from the immediate
environment and can be independently operated prior to the

*We will often abuse this notation and take eq,$o > 0, but it
should be understood that ¢ is an attractive potential.

3Holding the voltage fixed requires continuous charging of the
device, since the conductivity of the atmosphere would otherwise
discharge the shell within minutes.

running of a dedicated experiment to detect the collected
mCPs. A detector placed on the interior of the trap is
immersed in a larger local mCP density n,, enhancing
its sensitivity to the terrestrial mCP population.

Crucially, the shell shields against SM charges, such that
only mCPs can penetrate into the interior. In particular, the
separation of nuclear and electronic wave functions at
conducting surfaces generally leads to a potential barrier of
the order of a few eV [18]. As a result, room-temperature
particles with charge much greater than 300 K/eV ~ few x
1072 cannot efficiently penetrate metal barriers. This allows
for the effective exclusion of SM ions by the accumulator,
while still allowing mCPs to diffuse into its interior. This is
the main differentiating factor between mCPs and free SM
ions. Furthermore, while mCPs can bind to the macro-
scopic electrostatic potential of the accumulator, in the
parameter space we consider they do not bind with
individual SM particles (see Ref. [13]).4

Thus, for T,/(e¢y) < q, < T,/eV, mCPs of temper-
ature T, can diffuse into the interior cavity of the charged
shell, lose energy via scattering in the material, and become
electrically bound to its electrostatic potential. In general,
terrestrial mCPs accumulate within the trap shell at a rate
set by the electric accumulation velocity V. The density
accumulated in a time ¢ is given by

Nirap = 38trapn;(vEt/R0' (7)

Above, gy, < 1 is a dimensionless efficiency factor that is
O(1) for an endless supply of mCPs that are strongly coupled
enough to collisionally thermalize within the shell (this will
be discussed later in Secs. IVA and IV B). As derived in
Appendix A, the accumulation velocity V is related to the
electric field E, = ¢po/R, at the shell’s surface by

Vo~ eq,Ey/m,
E= (air) ’
max(I'y " B, v /2Ry)

(8)

where rﬁj‘“) is the momentum exchange rate for mCP-atomic

collisions in air, and vy, ~ /37,/m, is the mCP thermal
velocity at temperature T, (which, due to rapid scattering
with nuclei, is approximately equal to the environment’s
temperature). In the denominator of Eq. (8), the first term in
the “max” applies to highly collisional mCPs, whereas the
second quantity applies to ballistically free-streaming par-
ticles. Thus, the incorporation of the collision rate FE,"M) only
serves to reduce the total accumulation rate compared to that
in the ballistic regime.

“This same distinguishing behavior between mCPs and SM
ions implies that whatever charging mechanism is utilized for the
accumulator will not strongly impact the density of mCPs in the
interior. For instance, in the case of a Van de Graaff generator,
the motorized belt used to carry SM charges onto the shell is
unable to form bonds with room-temperature mCPs for g, < 0.1.
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In Eq. (8), we have also introduced the dimensionless
parameter g, which accounts for screening effects of the
shell’s electric field from the local environment. As derived
in Appendix A, for an electric field that scales as a
monopole (r~2) or dipole (r~3) at far distances, fp =~ 1

or g~ \/meq,po/(2T,) > 1, respectively. For instance,
in the absence of any nearby image charges induced by the
shell (such as if the shell is placed indoors near the center of
a much larger enclosing conducting structure), the electric
field is purely that of a monopole wherever it is nonzero.
However, if the shell is placed outdoors near Earth’s
surface, the conducting nature of the crust generates an
image charge below its surface, leading to a dipole-like
field at sufficiently far distances.

As an example, let us consider a monopole-like electric
field, corresponding to i ~ 1. In this case, in the highly
collisional regime, l"g,a") > vy, /Ro, Eq. (8) is simply the
terminal velocity of an mCP as it is attracted by the electric
field and collides with surrounding air molecules. Instead, for
Fﬁ,alr) < v/ Ry, this gives Vg & v2. /vy, > vy, Where v iS
the electrical escape velocity of the shell, corresponding to
the Sommerfeld-enhanced capture rate of ballistically free-
streaming mCPs in a long-ranged potential.

To calculate the collision rate Fg,a“), we follow the
approach of Ref. [14]. In particular, we employ semi-
analytic solutions to the Schrodinger equation from
Refs. [57,58] with an mCP-atomic interaction governed
by the Thomas-Fermi nuclear potential. Parametrically,
rﬁf“) ~ (u,n/ ml)n,%“%md, where nﬁj“r) is the number
density of ambient atoms in the air, o7 is the transfer
cross section for mCP-atomic collisions, and v, is the
relative thermal velocity.

In Eq. (7), we introduced the efficiency factor &,,. We
now further decompose this as

Etrap = €room€bound- (9)

The first factor, &,,,m, accounts for the finite size of the
laboratory room (if the accumulator is placed indoors),
whereas the second factor, &,,,,4, accounts for the ability
for mCPs to scatter and become electrically bound to the
accumulator. In the following subsections, we discuss each
of these in turn.

A. Indoors vs outdoors

In our estimates, the voltage of the accumulator shell is
held fixed for a time # = 1 yr. In order to maximize the
sensitivity for such timescales, the accumulator should
ideally be operated outdoors, since the total number of
ambient mCPs that it is able to collect is ultimately limited
by the size of the largest enclosure dictating the range of the
electric field.

For instance, let us take the electric field of the
accumulator to be confined to a room of radius Ry,

whose walls are of thickness AR, and with a ventilation
opening of area A,., that pushes air (and collisionally
coupled mCPs) into the room at velocity V... The total
number N, of mCPs collected in the accumulator over a
time ¢ is limited by the number of particles originating in
the room, entering through the ventilation, and diffusing in
through the walls. As derived in Appendix B, this requires
imposing that

R AventV
2 room vent ¥ vent
Ntrap 5 n)(4ﬂRroomt< 3t + 477,'R2
room

(wall) (air)
D)( v!]
—_ 1
T ARy | 4 ) 1o

where Df,wau) =T,/ (mxl"g,wa") ) is the mCP diffusion coef-

ficient in the room’s walls and V™ = g /T is the
mCP’s drift velocity in Earth’s gravitational field’ Jg- We
incorporate the requirement of Eq. (10) into the efficiency
factor of Eq. (9) by taking

Eroom = mln[l ’ nggm/VE]’ (1 1)

where we define the effective velocity
eff — Rroom 2 Rroom
Vroom = RO 37 +

It is worth examining the various terms of Eq. (12) for a
concrete setup consisting of an accumulator operated for a
time t = 1 yr in a room of radius R, = 10 m, walls of
thickness AR,,, = 1 m, and a vent of area A,, = | m?
and air speed V., = 10 m/s. In this case, the first term in
Eq. (12) is negligible compared to the second term:
Rioom/t~1075 cm/ sec < AyenVyent/ (47R% o) ~ 1 cm/ sec.
For sufficiently small charges, the third and fourth terms of
Eq. (12) take simple approximate forms. In particular, for
q, < 107, we find that for m, < 1 GeV,

Avent Vvent D )((Wdl) V!Sair))

_|_
4ﬂRr200m ARI‘OOH] 4

(12)

SNote that V™ is the gravitational drift velocity in air, not the
wall. This accounts for the fact that in steady-state, conservation
of flux implies that mCPs can develop an overdensity in the

ceiling of the building at the level of Véa“) / ngau) > 1. This
occurs provided that mCPs pass through the ceiling before
diffusing transversely to the building’s side walls, which is
possible if the transverse length scale of the roof is greater than

~A\/ AR oo Vil E,Wﬂ“) / FE,air) . We have checked that for reasonable

parameters, this is satisfied throughout the majority of the
relevant parameter space. We do not incorporate the loss of
mCPs from the sides of the roof in our estimates, but it would
have at most a minor effect, and only for the largest masses and
smallest charges that we consider.
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(wall) -6\ 2 5/2
D 10 MeV\ 5/
2 s () (S (13)
ARroom S ('I;( m,
and
V(dll’)

10—6 2 'M Vv 3/2
~ 1028 <—> ( ¢ > . (14
S qy my,

while for m, > 1 GeV, we have

(wall) —6\ 2
D 10
r 07 s (o (15)
ARI‘OO]‘H S q)(
and
v cm  [(107°\2/ m
~10“x< > ( 2)( ) (16)
S qy 10~ GeV

In the case that diffusion through the walls, correspond-
ing to the third term of Eq. (12), dominates over the other
terms, it is a limiting experimental factor if the naive
rate of electrical accumulation in the trap is larger than

the rate of new particles diffusing into the room—i.e.,

11
VeR2 = D

smaller than

2 .
Rioom/ARoom- This occurs for a room

(wall) ir)
room < \/ROARroomnN /nN ”esc/”th

%{ ¢0 RO ARroom
~10 k —L—— — 17
TVI0MY m T m (17)
where ng\}"a“) and nl(f,’ir) are the nuclear density of material in

the wall or air, respectively. Thus, operating the trap
indoors degrades the accumulated density for any reason-
ably sized indoor environment. Note, however, that this can
be mitigated by efficient air ventilation (especially for
larger charges) or running the accumulator outdoors well
before the operation of an enclosed mCP experiment.

B. Electrical trapping

In order for an mCP to become electrically bound to the
accumulator, we will take the condition that the energy
eq,¢o > T, gained in the shell’s potential well must be lost
through collisions with atoms nearby the shell. As dis-
cussed in Ref. [14], the energy-exchange rate I'y for mCP-
atomic scattering is related to the momentum-exchange rate
[, by g =~ (u,5/my)l,, where my is the atomic mass. An
mCP can lose an O(1) fraction of its energy in a region of
material of length AR if

I'zAR?/D, 2 1. (18)

For example, we find that in a meter of room-temperature
iron, Eq. (18) requires ¢, 2 107> x (MeV/m,)>/* for m, <
1 GeV and ¢, 2 107 x (m, /10* GeV)"/* for m, > 1 GeV

The probability Prt(; *) that mCPs thermahze in the shell
can be O(1) if Eq. (18) is satisfied after summing over all

elements of the accumulator. In this case, the specific form

of Prf}fheu) then depends on the mCP’s collisional mean free

path in air, £ E,air) ~ v,/ rﬁf‘ir). For instance, if Z ;air) <R,
mCPs undergo a tightly coupled random walk with a strong

bias to remain close to the shell, such that Prt(;heu) ~1 if

Eq. (18) is satisfied.

Instead, if fﬁfﬂ) > Ry, then even mCPs that encounter
the shell may reflect off and free-stream away a significant
distance before fully thermalizing. In this case, such mCPs
may escape entirely by diffusing out of the enclosing room
or being carried away by a gust of wind. This is increas-
ingly likely for lower-mass particles, since many momen-
tum exchanges (~my /) are required for efficient energy
transfer. As a result, the chance that mCPs reflect off of the
accumulator before exchanging a meaninful amount of
energy becomes significant for m, < my. As derived in

Ref. [14], we can account for this by taking Prﬁﬁheu)

erf(y/3m,/4my) if Eq. (18) is satistied and fg,alr > R,.
Along these lines, also note that an mCP only needs to

lose a small fraction of its incoming energy to become
electrically bound, which is weaker than the O(1) energy-
loss requirement of Eq. (18). However, thermalized mCPs
satisfying Eq. (18) remain close to the accumulator, and
they are less subject to effects of the environment at further
distances that could remove them from the immediate
vicinity. In this sense, our analysis is conservative and
ignores mCPs that become weakly bound to the accumu-
lator and are able to propagate out to far distances.

Even after mCPs efficiently thermalize with the shell,
they may still evaporate. After a time ¢, the fraction of
mCPs that remain bound to the shell can be approximated
by (1 — e Tew’)/(Teypt), where the evaporation rate is
roughly [14]

3 /2T eq, o
r 1+ 20 peaydo/ T, 19
evap 2R0 ( + T;( e ( )

Thus far, we have taken the electric force from the
accumulator to be the dominant long-ranged force acting
on the terrestrial mCP population. This is valid, provided
that the electric force from the shell dominates over Earth’s
gravitational field—i.e.,

0> Mo 1012 x [ kV/cm (20)
e EO GeV EO ’
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If this is not satisfied, mCPs are gravitationally stripped
from the shell (which could be overcome by running the
setup in free fall). In our analysis, we refrain from
considering couplings less than 3 times this critical value.
From Eq. (20), we see that this is unimportant for light
mCPs produced by cosmic rays but is potentially relevant
for mCP DM with m, 2 1 TeV.

Even for mCPs that are not stripped from the shell,
Earth’s gravitational field can still significantly perturb the
distribution of mCPs in the interior. For instance, instead of
being uniformly distributed throughout the shell, mCPs will
tend to sit toward the bottom of the interior cavity if
m, 2 T,/(9aRo) ~ 250 TeV x (T,/300 K)(m/R,). For
masses a few orders of magnitude larger, mCPs reside
within the barrier of the shell, making their detection
increasingly difficult. Since Eq. (7) assumes a uniformly
distributed charged density, we refrain from considering
mCPs heavier than 100 TeV.

We incorporate the requirements of Egs. (18), (19), and
(20) into the efficiency factor of Eq. (9) by taking

T evant
shell) | — €7 e
Ebound = PI'E; ¢ )1—‘77 (21)

evap t

if g, > T,/(e¢o) and Eqs. (18) and (20) are satisfied, and
Epound — 0 if not.

Throughout this discussion, we have treated mCPs as an
ideal gas. However, this may not always be the case.
Positively charged mCPs, which remain unbound with
nuclei, move more freely than negatively charged mCPs.
Thus, the former accumulate first inside the shell. As the
density of positively charged mCPs increases, their elec-
trical repulsion pushes them outwards toward the shell’s
interior boundary. This effect is negligible when the self-
potential is less than the mCP’s kinetic energy, such that the
density remains approximately uniformly distributed
throughout the interior cavity. However, if enough pos-
itively charged mCPs accumulate, the energy gained by
another mCP occupying the central region will eventually
exceed the temperature.

Therefore, if only positively charged mCPs accumulate,
this can hinder the growth of the millicharge density near a
detector placed in the center of the cavity, since, in this
case, all further accumulated particles will tend to occupy a
small region near the shell wall. However, the accumulating
population of positively charged mCPs will also attract
negatively charged SM particles (electrons or ions). This
equilibrium configuration corresponds to zero net charge
density in the interior cavity, with the positive millicharge
being canceled by negative SM charge. On timescales
much greater than a day, we expect that this equilibrium
configuration can be attained, since all materials compos-
ing the apparatus have some finite conductivity. Of course,
if needed, it should also be possible to purposely engineer a
faster way for these negative SM charges to reach the

interior. This neutralizing SM population would generally
not interfere with the mCP detectors discussed in Sec. VD
and Ref. [21] (such as ion traps or Cavendish experiments)
because of their differing ability to penetrate dense
material.

V. RESULTS

Using the formalism described above, we determine the
mCP overdensity ny,,/n, collected by the accumulator
over a time ¢ = 1 yr. In particular, we consider a room-
temperature setup consisting of a trap shell of radius R, =
2 m and thickness 1 mm that encloses a solid sphere of
radius 0.5 m, the latter of which enhances the likelihood for
mCPs to collisionally thermalize and become electrically
bound [see Eq. (18)]. For concreteness, we take all material
to be made of iron. The outer shell is held at a fixed voltage
of ¢pg = —1 MV relative to ground (the sign of ¢y < 0 is
chosen to target positively charged mCPs, which remain
unbound with atomic nuclei, as discussed in Sec. III). Note
that these parameters are well within what is achievable
today, comparable to large existing open-air Van de Graaff
generators on public display [59].

In Fig. 4, we show the overdensity n,,/n, of mCPs
accumulated for different experimental configurations,
which shows that this setup can enhance the local density
by as much as 12 orders of magnitude. We take the
accumulator to be placed outdoors (left) or indoors (right);
in the latter case, we take the enclosing room to be of radius
R.oom = 10 m with walls of thickness AR,,,, = 30 cm and
with a vent of area A, =1 m?> and air speed
Vyent = 10 m/s. We have checked that more conservative
assumptions, such as much smaller room sizes and com-
plete lack of ventilation, degrade the predicted overden-
sities for an indoor setup by an order of magnitude at most.

For either of these setups, the overdensity is suppressed
at very small or very large masses. For m, < 10 GeV, the
kinematic mismatch between the mCP mass and the masses
of typical nuclei means that mCPs are less able to
efficiently exchange energy with material in the interior
of the accumulator [see Eq. (18)]. Instead, the dominant
suppression at high masses arises from the fact that Earth’s
gravitational field overtakes the effect of the trap’s electric
field, hindering the collection of mCPs [see Eq. (20)].

The overdensities are also suppressed at sufficiently
small or large charges. For very small charges, the
evaporation rate ', of Eq. (19) becomes non-negligible,
and mCPs do not efficiently bind to the shell. This can be
seen in Fig. 4, which shows a falloff in n,,/n, for charges
only slightly greater than the critical value g, ~ T,/ (ed).

Instead, for very large charges, the overdensity is
ultimately limited by the formation of mCP-electron bound
states (see Sec. III), as well as the inability of positively
charged mCPs to penetrate the repulsive voltage difference
present near the surface of any conducting material [18]
[see the discussion above Eq. (7)]. For the former, we
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FIG. 4. The overdensity 7y,,/n, of millicharged particles accumulated by an electric trap (compared to the average nearby terrestrial
density), as a function of the millicharge ¢, and mass m,. The trap consists of a room-temperature shell of radius Ry = 2 m, held at a
voltage of ¢po = —1 MV for a time r = 1 yr. We consider a setup operated outdoors (left) or indoors (right). In gray, we also show
existing limits from accelerator probes [29,31-38] and SN1987A [39]. The region of parameter space for which overdensities can
develop is limited to a finite region of masses and couplings: at small masses, millicharged particles are less efficient at thermalizing in
the shell through scattering, and at large masses, Earth’s gravitational field overtakes the effect of the accumulator’s electric field; for
small charges, millicharged particles are not electrostatically bound to the shell, whereas for large charges, they form bound states with

electrons and cannot freely penetrate conducting surfaces.

refrain from considering couplings larger than ~,/T, /Ry,
while for the latter, we incorporate the fraction of mCPs
that are able to overtake a surface barrier of ~5 eV as a
simple Boltzmann factor dictated by the mCP temperature.
As discussed in Sec. IV, if the accumulator is placed
outdoors, then image charges generated by Earth’s crust
result in the accumulator’s electric field scaling as a dipole
at far distances [this enters in the form for S in Eq. (8)].
Despite this suppression, an outdoor setup accumulates a
larger overdensity due to the approximately endless supply
of mCPs nearby. This is evident in Fig. 4, which shows that
the accumulated overdensity is suppressed by a couple
orders of magnitude for a setup operated indoors. Note that
for large masses, the gravitational pull of mCPs through the
ceiling of the enclosure mitigates this suppression.

A. Experimental variations

Here, we briefly comment on experimental variations
away from the baseline parameters adopted above. For
instance, although we have focused on a geometrically
large accumulator, parametrically smaller setups retain
many of the benefits of this proposal. In fact, for an electric
field E, fixed to a value below the dielectric strength of air
(~3 MV/m), the scaling ny,, « Ey/R in Eq. (7) implies
that smaller radii Ry can even enhance the accumulated
mCP density. However, in this case ¢, is also reduced,
increasing the minimum charge for which mCPs can
efficiently bind to the accumulator. Although a smaller

accumulator possesses less material to facilitate mCP
energy loss through scattering, only a small amount of
material is needed for the larger values of g, considered in
this work. As a result, a compact tabletop version of our
proposal involves limited drawbacks and is ideal for a pilot
experiment.

The accumulator could also be run at cryogenic temper-
atures, which offers various advantages and disadvantages.
At lower temperatures, more feebly coupled mCPs are
trapped at a fixed voltage, enhancing the accumulated
density at small coupling. However, the introduction of a
specialized refrigeration system would require additional
shielding, likely limiting the range of the accumulator’s
electric field. We therefore do not consider this possibility
further.

In the analysis above, we showed that the accumulation
of mCPs can be hindered if operated indoors, such as if the
accumulator is enclosed within a larger conducting struc-
ture, since this limits the range of the shell’s electric field.
Indeed, this is what was assumed for our setup labeled
“indoors,” which showed reduced accumulation overden-
sities in Fig. 4. However, this is not necessarily the case for
a realistic experiment. For instance, this suppression can be
significantly mitigated if the walls of the surrounding
enclosure are partially insulating, such that the accumu-
lator’s electric field can penetrate out to substantially larger
distances. Thus, if an O(1) solid-angle fraction of the
enclosure involves insulating material, an indoor setup will
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instead accumulate overdensities at a level more compa-
rable to what is shown for the “outdoors” projection
in Fig. 4.

B. Dark matter and cosmic-ray millicharges

Figure 4 describes the overdensity of mCPs that an
electrified shell can accumulate compared to the average
terrestrial density n,, regardless of the origin of n,. As
mentioned in Secs. III A and III B, this ambient terrestrial
population can arise from, for example, a Galactic DM
subcomponent, or locally from cosmic-ray air showers. In
the former case, Ref. [14] showed that n, can be larger than
the Galactic density of mCPs by as much as ~10'® over a
wide range of couplings and masses. The results shown in
Fig. 4 therefore imply that, compared to the Galactic value,
the density of an mCP DM subcomponent can be locally
enhanced in the laboratory by as much as 28 orders of
magnitude.

The irreducible terrestrial density of mCPs produced by
cosmic rays was shown in Fig. 3, depending on whether or
not mCPs efficiently couple to the atmospheric electric
field. These results can be multiplied by the overdensity in
Fig. 4 to obtain the irreducible mCP density accumulated
within an electrified shell. This is shown in Fig. 5 for an
outdoor or indoor setup. In these cases, the accumulated
density of mCPs can be as large as n, ~10° cm™ or
~10* cm™3, respectively, if mCPs efficiently couple to the
atmospheric electric field, and n, ~ 1072 cm™ if not.

For the outdoor setup, we take the accumulator to be
placed at a height 4 ~ 1 m above the ground. However, a
population of mCPs coupled to the atmospheric electric
field resides dominantly below the crust, extending a
distance ~T,/(eq,Eq) above the surface. We conserva-
tively incorporate this effect as a Boltzmann factor
n, « exp[—eq,Egh/T,], which suppresses n,, in the
top-left panel of Fig. 5 for g, 2 O(107*). Note, however,
that this is overly pessimistic, as the value of the electric
field at the crust is dominated by Ej > Eg near the
accumulator. Instead, for the indoor setup, we assume that
the accumulator is placed 1 m underground, such that there
is no suppression for such couplings (this is qualitatively
similar to operating inside of a conducting building slightly
above ground).

C. Kinetically mixed models

For most of the above discussion, we treated mCPs as
genuinely charged under the SM photon. However, when
the interaction is mediated by an ultralight dark photon,
such that g, = ee’/e, mCPs effectively couple to both the
dark and visible photons. In Sec. III, we discussed how
such additional interactions can modify the population of
mCPs trapped on Earth by the atmospheric electric field.
For instance, the repulsive effect of the dark electric field
can result in mCPs residing predominantly near Earth’s

surface, parametrically increasing the local density com-
pared to what was assumed in generating Fig. 5. Similar
considerations apply to the role of the accumulator as well.
In this case, the accumulated mCPs backreact and prevent
further accumulation of charge once they source a dark
electric field E' whose force on the incoming mCPs
overcomes that of the visible field. This occurs once

¢'E' ~ e ny,yRy ~ eq,Ep. (22)
corresponding to an mCP-induced visible electric field
E)( ~ eqxntrapRO ~ (e%(/e/)zEO ~ €2EO' (23)

As a result, the accumulation of charge quenches once the
mCPs screen an €* fraction of the shell’s visible electric
field. For the accumulation of a single charge species,
analogous to Eq. (2), this occurs when the accumulated
mCP density grows to

3eq, ¢y B q 1071\ 2
Mirap Ne’z—};?%N 10° cm—3 x 10{3 " (24)

for Ry =2 m and ¢y = 1 MV. Thus, at the perturbative
limit € < 1 where ¢’ ~ eq,, this model dependence does not
affect the results of Fig. 5. However, for large values of the
dark gauge coupling, the accumulated density could
saturate before reaching the largest values of n,, shown
in Fig. 5.

Even if the effect of E, overcomes that of E’ and mCPs
are successfully attracted to the accumulator, the force from
E' may repel the mCPs to the shell’s interior boundary. This
depends on the mCP’s kinetic energy and occurs for
densities larger than

T /012
ntrap ~ m"’ 1 cm 3 X (7) (25)

for Ry =2 m and T, = 300 K. This corresponds to the
largest density that freely diffuses through the interior
cavity of the shell. Note, though, that in the next section (as
well as in Ref. [21]), we discuss detection strategies that are
sensitive to densities much smaller than those in Eqs. (24)
and (25), so this model dependence does not strongly
impact the projected experimental sensitivity.6

As discussed in Sec. IV B, the accumulation of positively
charged mCPs inside the shell will likely bring in excess
negatively charged SM particles (for example, electrons) to
cancel the net visible charge. However, in a kinetically
mixed model, the situation is more complicated. An

®For densities smaller than Eq. (25), two-stream plasma
instabilities do not develop, since the length scale ~m/y! of
the fastest-growing mode is larger than R, where m/, is the
mCP’s contribution to the dark photon’s Debye mass [60,61].
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Accumulator Density of Cosmic Ray mCPs (Eg # 0, indoors)
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Using the results of Figs. 3 and 4, we determine the accumulated density n,, of positively charged millicharged particles

initially produced by cosmic rays. In the top row, the notation “Eg # 07 indicates that we take the millicharges to efficiently couple to
the atmospheric electric field, whereas in the bottom row “Eg = 0” indicates that the role of the atmospheric electric field is neglected
(this is shown for the purpose of illustrating the enhancing effect of Eg). For millicharged particles that couple directly to the photon, we
expect that detailed modeling will result in densities similar to the results for “Eg # 0.” These results can be significantly modified if the
interaction is mediated by a kinetically mixed dark photon, potentially yielding densities that are parametrically larger than those shown
here, depending on the specific model parameters. In gray, we also show existing limits from accelerator probes [29,31-38] and
SN1987A [39]. In the left column, “outdoors” means that the accumulator is operated 1 m above the crust, whereas in the right column
“indoors” means that the accumulator is operated inside a room 1 m below the crust (this latter scenario is qualitatively similar to

operating inside a conducting building slightly above ground).

overdensity of positive millicharges has not only a net
visible charge, but also a net dark charge that is generically
much greater, since ¢’ > ee’ = eq,. These positive mCPs
thus may also attract negative mCPs that cancel the total
dark charge. Although the negative mCPs may be bound to
nuclei (which is possible in certain regions of parameter
space), they may still diffuse into the interior of the shell
(for example, if the vacuum is imperfect) and build up to a

density that cancels the dark field in the interior cavity of
the shell.

Therefore, we should actually regard Eqgs. (24) and (25)
as being limits on the net mCP asymmetry rather than on the
total number density; a symmetric millicharge population
can accumulate in the interior cavity to a total number
density that is larger than Egs. (24) and (25), since as
negative mCPs enter, they reduce the total dark charge,
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allowing more positive mCPs to enter as well. This is
relevant, since many detector technologies (for example,
ion traps or Cavendish experiments, as discussed below)
are sensitive to the fofal number density of mCPs, not to the
asymmetry. Thus, the signals in such detectors could be
much larger than the naive limits from Eqs. (24) and (25)
(for example, if the ambient density of millicharges exceeds
those limits). However, note that this larger density is
irrelevant if the detectors are already sensitive to densities
below those in Egs. (24) and (25), which we show is
possible in Ref. [21]. Regardless, for detectors that are not
sensitive to the densities in Eqgs. (24) and (25), it is
advantageous to pursue schemes that facilitate both species
of millicharge to enter the accumulator, since this will
significantly boost their ultimate discovery potential.
Aside from the collective effects discussed above,
momentum exchange from scattering between single pairs
of y© and y~ introduces an additional drag on the
accumulating positively charged mCPs. This amounts to
including an additional contribution to the momentum
exchange rate I', from such processes, and so it is only
important when this dominates over mCP-SM scattering.
Since the local mCP number density is typically parametri-
cally smaller than the ambient density of atoms, this is a
small effect for most scenarios considered here. More
generally, mCP self-scattering is irrelevant when the
corresponding mean free path is greater than the size of
the experiment, (a’*n,/T2)Ry <1, which is a weaker
requirement than demanding n, to be smaller than the
density shown in Eq. (25) by a factor of TRy ~ 10°.

D. Detection prospects

Several detection strategies can be employed to search
for the mCP population accumulated within the electro-
static trap. Here, we provide a short overview of various
approaches. More details regarding one of these strategies
are provided in a companion paper [21], while other
approaches will be developed further in upcoming work.

A well-established method for measuring ambient mCPs
involves ion traps [17,18]. These experiments exploit the
stability of trapped ions in shallow potential wells to search
for heating from mCP Rutherford scattering. lon traps have
been shown to be sensitive to mCP densities as small as
n, ~1 cm™ for GeV-scale masses [18]. The number
densities shown in Fig. 5 fall within this existing sensitivity
range, provided such an ion trap can be implemented inside
the electrostatic accumulator. We defer a detailed assess-
ment of an ion-trap-based detector housed within an
accumulator to future work.

A second method for detecting mCPs relies on their in-
medium effects on the photon’s dispersion relation. This
principle has previously been applied in the context of
resonant detectors to search for mCP DM [20,22] and for
mCPs produced in the Sun [62,63]. In a companion paper

[21], we investigate how a local thermalized population of
mCPs can be detected using Cavendish-type experiments
originally designed to probe deviations from Gauss’s law.
In particular, century-old experiments measuring electric
fields inside a shell driven with an oscillating voltage
achieved sensitivity to electric fields that could be sourced
by charge densities as small as g,n, ~ 107 cm™ [64].
Reproducing such experiments within an electrostatic
accumulator would thus gain orders of magnitude of
new sensitivity to terrestrial mCPs, including those pro-
duced by cosmic rays.

A third method for detecting a thermalized mCP pop-
ulation was proposed in Ref. [13]. In this case, the potential
difference of a dc electrostatic accelerator is used to
accelerate thermalized mCPs to higher energies. These
accelerated mCPs are then directed into existing low-
threshold sensors. As shown in Ref. [13], this approach
is sensitive to cosmic-ray-produced mCPs even without the
use of an electrostatic trap. The feasibility of integrating
such a dc accelerator within the trap considered here, to
further enhance its sensitivity, will be investigated in
future work.

VI. CONCLUSION

In this work, we have demonstrated that a conducting
shell held at a large voltage (such as a Van de Graaff
generator) can act as a powerful accumulator for a local
room-temperature population of millicharged particles
(mCPs). Such a device is capable of enhancing the local
density of mCPs by up to 12 orders of magnitude compared
to the ambient terrestrial population. This dramatic ampli-
fication should enable a broad range of existing detection
strategies—such as ion traps, Cavendish-type experiments,
and electrostatic acceleration techniques—to achieve sen-
sitivity well beyond current limits.

The overdensity generated within the accumulator
extends to both cosmologically produced mCPs and the
population locally sourced by cosmic rays. The latter
represents an irreducible population (i.e., probing it is a
direct probe of the particle, agnostic to its cosmological
abundance). For realistic experimental configurations, we
find that accumulated densities can fall within the reach of
precision ion-trap measurements, Cavendish experiments,
and electrostatic accelerator experiments, highlighting the
near-term feasibility of probing previously unexplored
parameter space.

Our results open a new direction in the search for light
particles beyond the Standard Model and is a complementary
approach to accelerator-based searches. In a companion
paper [21], we show how a simple Cavendish test housed
within an accumulator can probe currently unexplored
parameter space, outperforming future accelerator searches
for sub-GeV mCPs. Future work will focus on the integration
of other concrete detection strategies within the accumulator
and potential optimizations such as cryogenic operation.
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Together, these efforts chart a clear experimental path toward
the discovery or exclusion of mCPs across a vast range of
masses and couplings.
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APPENDIX A: ACCUMULATION

In this appendix, we derive the form of the accumulation
velocity Vg in Eq. (8). Let us first investigate the highly
collisional regime, in which case mCPs can be approxi-
mated as an ideal fluid. The Euler equation in the presence
of external electric E and gravitational g fields is then

e \Yx
0V, +(Vy V)V, +T,V, = —LE +g— L,

(A1)
¥ ny,n,

where V, is the mCP bulk velocity and P, ~T,n, is the
mCP pressure. As derived in Ref. [14], the momentum-
exchange rate from mCP-atomic collisions is

37—}%<’Urel/0T>_1
Fp ~ ny X _on_1 3
(mN/m;()(?’”o) (orv7)

(m, < my)
(m, > my) ’
(A2)

where o is the transfer cross section; the brackets refer to a
thermal average of the relative velocity v, with a Maxwellian
distribution of variance 7§ = T, /m, + Ty /my;and ny, my,
and Ty are the nuclear density, mass, and temperature,
respectively. In the highly collisional limit, we can ignore
the first two terms on the left-hand side of Eq. (A1), which
then gives

eq, E D
V, ~ EL U St 4 Vn,, (A3)
m, ), Ty ny

where D, = T,/(m,T",) is the diffusion coefficient, and we
approximated the mCP temperature 7', as uniform. The first
two terms in Eq. (A3) correspond to the bulk drift velocity in
an external electric or gravitational field, whereas the third
term is simply the bulk motion due to thermal diffusion away
from pressure gradients.

Equation (A3) is valid in the limit that mCPs rapidly
scatter off of atoms, such that their temperature closely
tracks the temperauture 7'y of the immediate environment.
This requires both the momentum-exchange rate I, and the
energy-exchange rate I'y = (u,y/my )T, to be large. In our
analysis, we take the incoming mCPs to have an initial
temperature T, =~ T'y; hence, we have ignored the fact that
for the smallest masses and couplings considered in this
work, the suppression in 'z implies that mCPs can gain
kinetic energy greater than 7, after accelerating into the
accumulator. We have checked that the main effect of such
acceleration is to increase the rate for mCP-atomic scatter-
ing, since the nuclear charge is less screened by atomic
electrons for larger momentum transfer. Our approximation
in Eq. (A3) is therefore conservative.

If eq, E > m,g, then we can ignore the second term in
Eq. (A3), in which case the induced current of mCPs is

eq,E

mZF

J,~eq, <”)( - va”x) . (A4)

p

The standard diffusion equation then follows directly from
continuity of this current, eq,d;n, +V-j, =0. In the
steady-state limit, we can ignore the first term involving
the time derivative, which in the case of spherical symmetry
yields

eq,E constant

r2

n
¥
n,lp

-D,Vn, = (AS)

Equation (AS5) can be analytically solved for the number
density n, in the simple case that the electric field scales as
E = —Ey(Ry/r)™"t for r > Ry, where R is the radius of
the shell and n is some positive integer. In doing so, we
normalize the number density to a constant at a distance far
from the shell, lim,_,,,n,(r) = ny, and enforce an absorb-
ing boundary condition at the shell, n,(R,) = 0, corre-
sponding to a perfectly efficient electric trap. Substituting
the solution for n, back in Eq. (A4), we find that for n = 2
or n =3 (corresponding to a monopole or an approxi-
mately dipole electric field, respectively),
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(1—e ce)~1

J (r) = _lea S nEy <R0> #x

m Ly r VeE/2)

where in the second equality of each line we take
cg =eq,po/T, > 1, corresponding to mCPs that are
efficiently bound to the shell. Identifying the accumulation
velocity as Vg = j,(Ry)/(eq,ns), we see that Eq. (A6)
reproduces Eq. (8) in the limit that mCPs are highly
collisional and strongly bound to the shell. Note that this
applies only to spherically symmetric potentials; for a
dipole, we thus expect O(1) corrections, accounting for the
fact that the electric field is not radial for an O(1) fraction
of solid angles.

Now, let us consider the ballistic limit, in which case we
can ignore collisions between mCPs and air before they
accumulate in the potential ¢, of the driven shell. In this
case, we can derive the accumulation of particles for a
general spherically symmetric electric potential. We
write the electric potential energy of an mCP as

e%{‘ﬁ(r) =-3 m)(vgsc|¢<r)/¢0| where ¢O |¢(R0)| and
= \/2eq,po/m,, is the electrical escape velocity of the
shell. The trajectory of an mCP with initial velocity vy, =
\/3T,/m, is determined by the one-dimensional effective
potential energy,

vCSC

1
2
5 m;( Vesce

$(r)
bo

where b is the mCP impact parameter with respect to the
center of the potential. At the mCP’s distance of closest
approach rpin, Uey is equal to the mCP’s initial kinetic

energy, yielding
) 1/2

Taking r;, = Ry then determines the maximum impact
parameter for which an mCP passes through the shell,

2 \1/2
v
bmax = RO(l + U82SC> :
th

Vih b

2727

Ueff(r) = (A7)

2

b — mln (1 + UCQC
”th

¢(rmin)
$o

(A8)

(A9)

Thus, for v, > vy, the accumulation rate is dictated by

Vesc 2
Uthbmax = UthRO » =

th

(2) w , (A10)
vn/2Rq
corresponding to the ballistic regime of Eq. (8). Once again,
this applies only to a spherically symmetric potential. In the
case of a dipole, which is not symmetric or purely radial,
we thus expect that this is not a good approximation when

~1 _ )
T T op = St (A6)
IL'(,E 7cE = T)(

T'min = R, in which case an incoming mCP traverses a large
range of solid angles before its closest approach to the shell.
However, this is not a concern for the majority of the
parameter space that we consider, since for r;, < Ry,
mCPs follow approximately radial trajectories, leading to
only O(1) corrections.

APPENDIX B: DIFFUSION AND DRIFT

In Eq. (10), we used the fact that the diffusion flux
through a barrier of thickness Ax scales as D, /Ax, and that
the flux induced by gravity scales as V, = g/I",. This can
be seen from the fluid equations

atp)( +V 'j)( =0,

. eq,E g
~ £)-b,vp,
T p)f(mxrp“Lrp) x VP

(B1)

where p, and j, are the millicharge and millicurrent
densities. Above, the first line is simply continuity of
mCPs. The second line follows from the Euler equation, as
in Eq. (A4), but now including the gravitational term.

If the gravitational field dominates, then j, ~p,V,,
where V, = g/I", is the gravitational drift velocity. We
next take the current density j, in Eq. (BI) to be dictated
solely by diffusion, j, = —D,Vp,. Define the region of the
barrier as x € (xg, Xups), Where xg,, —xo = Ax and an
electric absorber (trap) is placed at x,,. We denote the
outside air (x < xp) as region 1 and the interior of the
barrier as region 2. We also take the diffusion coefficient to
be constant in each region. Integrating from x; in region 1
to x, in region 2, we then have

pol52) = pyl1) = jx(’“’"‘w"z‘“). (82)

D)((xl) D)((x2>

Enforcing the absorbing boundary condition n(x,,) = 0,
this reduces to

ot a (<)
p)((x) = -])( X Xahs—X . (B3)
e (X0 < X < Xaps)

Now, we demand that for x < x, p,(x) =~ p,, where p, is
the ambient charge density. Using this in the expression
above and solving for j, then gives
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. _ X0 4
]I _pl D){(xl)

Xabs — x0> - Nﬁ D}((XZ)
D)((XZ) “

Ax (B4)

where in the second equality, we took D, (x,) < D, (x;) due to the much larger density of the barrier compared to air.
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