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In recent years, the sensitivity of optomechanical force sensors has improved leading to increased
interest in using these devices as particle detectors. In this study we consider scenarios where dark matter
with mass close to the Planck scale may be probed by a large array of optomechanical accelerometers. We
motivate a macroscopic mechanical search for ultraheavy dark matter, exemplified by the efforts of the
Windchime Collaboration, by providing a survey of the model space that would be visible to such a search.
We consider two classes of models, one that invokes a new long-range unscreened force and another that is
only gravitationally interacting. We identify significant regions of well-motivated, potentially visible
parameter space for versatile models such as Q-balls, composite dark matter, relics of gravitational
singularities, and gravitationally produced ultraheavy particles.
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I. INTRODUCTION AND MOTIVATION

Optomechanical detectors are sensitive to a previously
unprobed region of dark matter (DM) parameter space [1].
In general, an array of macroscopic accelerometers can be
sensitive to heavy DM interacting through a long range force
[2]. Specifically, a DM candidate that acts as a mesoscopic
(ng to μg scale) compact particle coupling to some
unscreened charge of ordinary matter can leave detectable
tracklike signatures in these detectors. Recently, there has
been an increase of interest in using force sensors to search
for beyond the Standard Model (BSM) physics [1–9]. The
pioneering Windchime experiment, modeled after the pro-
posal detailed in [2], is a prime example of this effort. The
advent of new direct detection methods motivates a closer
inspection of the models occupying the mesoscale parameter
space and urges an investigation into the sensitivity of
impulse-sensing experiments to DM candidates predicted by
these models.
The goal of this study is to explore the range of models

that a large three-dimensional array of force sensors might
be sensitive to in the context of Planck-scale DM. As the
mesoscale particle travels through the detector volume, it

imparts a series of small correlated impulses on the sensors
closest to its trajectory. By monitoring the dynamics of
macroscopic oscillators, one gains directional information
and can robustly reject backgrounds that are relevant to other
techniques [2]. The sensitivity of such an approach is
determined by the physical parameters of the array as well
as by the mass and noise inherent in the individual sensors.
Here, we consider the fundamental noise floor set by
thermal and quantum noise.We discuss an idealistic detector
design that, while beyond immediate experimental capabil-
ities, represents a possible ultimate goal and direction for the
Windchime Collaboration.
There have previously been searches and proposals for

the detection of electrically charged DM candidates at the
Planck scale (1016 GeV≲Mχ ≲ 1022 GeV) [10,11]. Here,
we examine electrically neutral Planck mass DM that
interacts either through a new long-range force or simply
through gravity. We consider the search for tracklike
impulse signatures of these DM candidates. When the dark
matter–nucleon cross section is much less than the geo-
metric cross section of the dark matter state, existing
searches for Planck-scale DM become blind to the collision
observables. Previous searches for such heavy DM have
taken place at large detectors directly [12–16] or through
observation of energy loss signatures within neutrino
detectors [17] and resonant-bar gravitational wave detectors
[18] as well as by looking for characteristic defects left
within ancient target materials such as mica or meteorites
[19,20]. Fifth-force searches [21–23] and existing bounds on
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DM self-interaction [24] also provide stringent constraints
on this parameter space.
In this study we intend to provide a nonexhaustive

survey of the possible Planck-scale DM candidates that
can be probed using large arrays of accelerometers. While
we mention suggested production mechanisms for the DM
candidates in the model classes we examine, we do not
consider these in the context of constraints and instead
focus on the direct detection features of the model.
We first discuss the general sensitivity of accelerometer

arrays and motivate the types of models that could be
explored. We consider two broad classes of models, those
in which the DM interacts with the Standard Model (SM)
through a new unscreened long-range force, and those in
which the DM interacts with the SM only through gravity.
We find that models with a new force require a significant
amount of the new charge to be confined into the pointlike
DM and discuss two generic and complementary model
classes that can achieve this. In the first case, such charge
confinement is realized via the formation of bound states of
constituent fundamental particles. These constituents may
be SM particles [25,26] or be part of a dark sector [27–36].
In the second case, charge is confined into states that are
nonfundamental particles, specifically nontopological sol-
itons. We discuss these solutions to the field equations in
the context of three types of Q-balls [37,38], and present a
simplified unifying family of models.
In the case where the DM interacts with the SM only

gravitationally, the parameter space can be split into two
regions, sub-Planckian and super-Planckian DM. The DM
candidate is only expected to be a fundamental particle when
its mass is below the Planck mass. Since the only parameter
visible in these models is the DM mass, the model classes
are limited only by production mechanisms, which we do
not aim to constrain here. Therefore, we simply discuss
models that can generate DM at these scales. We discuss
sub-Planckian candidates in the context of superheavy,
nonthermal, weakly interacting particles (WIMPZILLAs)
[39,40], though we note that it is increasingly difficult to
produce such particles within 2 orders of magnitude of the
Planck mass since the reheating temperature can only be
pushed up to inflationary scales. We identify the Planck-
scale relics of extremal black holes [10,23,41–45] as ideal
DM candidates to look for with this approach. These relics
may be produced above the Planck mass and therefore
bracket the second region of parameter space. We finally
note that, indeed, mechanical arrays are ideally suited to
look for these relics and, as of writing this document, are the
only proposed type of detector to do so.
The paper is structured as follows. In Sec. II, we describe

the strategy of heavy DM searches with an array of
accelerometers and describe the general features of visible
models. In Sec. III we discuss the model space for the new-
force case and gravitational coupling case. Finally, in
Sec. IV, we discuss the regions of parameter space that
could be explored with this strategy and conclude.

II. DETECTION OF HEAVY DM WITH
OPTOMECHANICAL OSCILLATORS

Arrays of macroscopic accelerometers can be used to
probe long-range interactions between heavy DM and the
SM. Generically, large DM masses and long-range inter-
actions are needed in order to observe a given model more
readily. Planck-scale dark matter with gravitational cou-
plings is a benchmark model that could be seen with large
arrays instrumented with billions of sensors and with
spacings of centimeters (cm) to millimeters (mm) [2]. As
we will discuss, for smaller arrays (i.e., fewer sensors),
larger couplings or heavier DM masses are needed in order
to acquire a significant signal-to-noise ratio. Therefore, we
focus on models that predict dark matter candidates with
mass mDM > MP × 10−3, where the Planck mass is MP ¼
1.2 × 1019 GeV ¼ 21.8 μg.
Here, we will consider two types of forces, gravity and a

long-range dark force. In the case of a dark force, we invoke
a light boson as the force mediator, generating a potential
given by

V ∼
g2ϕQSMQDM

r
e−mϕr; ð1Þ

where mϕ is the mass of the light mediator which mediates
the DM-SM interaction, gϕ is the coupling constant for the
interaction mechanism, QDM and QSM are the charges of
the interacting DM and SM particles under this interaction,
and r is the interaction distance between the DM and the
SM charge. This generic Yukawa potential has a character-
istic length rϕ ¼ m−1

ϕ ≈ 0.2 μmðeV=mϕÞ. Thus, at ranges
within about a centimeter and mediator masses lighter than
≈1 μeV, the interaction is essentially Coulombic, i.e.,
giving a force

F ∼
g2ϕQSMQDM

r2
∼
GmsensormDM

r2
; ð2Þ

where G is given by

G ¼ g2ϕλSMλDM
4π

: ð3Þ

Here, gϕ is the dark-force coupling and λSMðDMÞ is the SM
(DM) charge-to-mass ratio. The gravitational case is recov-
ered when g2ϕλSMλDM ¼ ð4πM2

PÞ−1. Despite the Coulombic
analogy, the charges discussed in this study belong to a new
dark-gauged sector that are independent and different from
the SM electric charge.
Following the discussion in Ref. [2], when a dark matter

particle of chargemDM passes by a detecting mass of charge
msensor at a distance of closest approach b, the transverse
component of the force is given by
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F⊥ ¼ GmsensormDMb

ðb2 þ v2t2Þ3=2 ; ð4Þ

where v ≈ 220 km=s is the mean DM velocity [46]. Note
that for a densely packed array, the point of closest
approach is essentially the same as the impact parameter.
From here on, we consider b as the impact parameter.
The force felt by a sensor is given by

FðtÞ ¼ FintðtÞ þ FthðtÞ þ FmeasðtÞ; ð5Þ

where Fth is the thermal noise, Fmeas is the noise induced
via measurement, and Fint ¼ F⊥ is the force due to the
interaction with DM as in Eq. (4). Fmeas is bounded from
below by the quantum measurement limit, and Fth is
characteristic of Brownian motion and is dependent on
the physical characteristics of the individual sensors. The
physical observable in these types of detection schemes is
the impulse imparted on the accelerometer by a passing
DM particle, given by

I ¼ F̄⊥τ; ð6Þ

where τ ∼ b=v ≈ 10 nsðb=1 mmÞ is the duration of the
interaction and F̄⊥ is the average force over that time
given by

F̄⊥ ¼ 2GmDMmsensor

b2
: ð7Þ

Given a thermal noise that is proportional to the square
root of measurement time,

ΔI2 ¼ αtmeas; ð8Þ

the signal-to-noise ratio (SNR) of an interaction across
N ∼ L=b such sensors is given by

SNR2 ¼ NF̄2⊥τ
α

; ð9Þ

when the measurement is done for a time during the
interaction tmeas ≈ τ and where α is the proportionality
constant relating the measurement time to the noise
inherent in an impulse measurement.
Assuming that the measurement-induced noise is

subdominant to the thermal noise of the accelerometer,
a mechanically coupled sensor at temperature T has a
characteristic α given by the following:

αmech ≈ 4msensorkBTγ; ð10Þ

where γ is the sensor’s mechanical damping rate.
In an array of side length L where the sensors are

separated by a spacing d ∼ 2b, the SNR is then given by

SNR2 ¼
�
g2ϕλSMλDMhc

4π

�2 msensorm2
DML

d4vkbTγ

¼ G2
Nmsensorm2

DML
d4vkbTγ

≈ 102
�
mDM

1 mg

�
2
�
msensor

1 mg

��
1 mm
d

�
4

; ð11Þ

where we take an experiment such as the one discussed in
Ref. [2] with a side length L ¼ 1 m, cryogenic dilution-
fridge temperature T ¼ 10 mK, and mechanical damping
rate γ ¼ 10−8 Hz [1]. In the second line of Eq. (11) we have
used the gravitational coupling limit. In order to make a
statistically significant detection, the signal-to-noise ratio
must be greater than 5 after correcting for the false-positive
rate. An SNR of 5 corresponds approximately to a 5σ event
assuming uncorrelated noise between the sensor masses
(i.e., SNR ≈ μ=σ). This serves as a minimum benchmark for
the statistical significance of an event which we will call
visible.
Searches for long-range fifth forces have set stringent

constraints on the coupling gϕ [21–23]. From these searches,
we see that, for a force mediator with rϕ ∼ 1 cm, the
constraint on a coupling to baryon number (i.e., λSM ¼
NA ¼ 1=proton ¼ 1 GeV−1 ¼ 6.02 × 1023 g−1) is g2ϕ ≲
2 × 10−42. From these constraints we can conclude that if
the coupling to the SM is proportional to the baryon content
of ordinary matter, which is common for unscreened forces,
then the dark matter charge-to-mass ratio must be at least

λDM ≳ 6.5 × 1033 g−1

∼ 1200 GeV−1
�

T
10 mK

�
1=2

�
γ

10−8 Hz

�
1=2

ð12Þ

in order for a transit through the detector array to have a SNR
greater than 5. Figure 1 shows the dependence of the signal-
to-noise ratio with respect to sensor mass and separation,
along with contours of expected event rates. As expected,
instrumenting the array with sensors toward the gram scale
and sensor separation at or below about a millimeter would
drastically improve sensitivity.

A. Flux limit

The rate R of such DM particles transiting the detector is
determined by the flux through the detector:

R ¼ aρDMvL2

mDM

≈ 1 yr−1
�
MP

mDM

��
L
1 m

�
2
�
a
1

�
; ð13Þ

where ρDM ¼ 0.3 GeV=cm3 is the local DM energy density
and a is a flux factor related to the mass fraction of the DM
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made up by the candidate in question defined as a ¼ 1

when ρcandidate ¼ 0.3 GeV=cm3 [46]. While a is generally
assumed to be unity, it is useful to parametrize situations
where the DM candidate presents in either overabundance
or underabundance. For example, if the DM candidate is a
subcomponent of the total DM, then a < 1, while if the DM
candidate makes up all the DM and there is a local
overdensity, then a > 1. We therefore have to limit our
search down to dark matter candidates with masses less
than the Planck mass in order to observe at least one event

during a year long search with this ideal 1 m3 detector
when a ¼ 1.

III. MODELS AND RELEVANT
PARAMETER SPACE

Neutral mesoscale (ng to μg scale) and microscale (mg)
dark matter is well motivated in a variety of different models.
We take a broad survey of models which predict DM with
mass 1016 GeV≲Mχ ≲ 1022 GeV. We begin by discussing
models where a new long-range force mediates the inter-
action between the DM and the SM in a phenomenologically
accessible way. We consider models where the dark matter is
a composite state of constituent particles carrying the new
charge and which are bound by an attractive potential. These
constituents may belong to the SM, as is the case for
strangelets and nuclearites [25,26], or they may belong to a
dark sector, as with models of dark quark nuggets or dark
nuclei [27–36]. We then examine the case where the dark
charge is carried (i.e., confined) in a nonfundamental particle
solution to the field equations. Such is the case of non-
topological soliton (local self-reinforcing wave) solutions, so
called Q-balls [47,48]. Q-balls (and nontopological solitons
in general) are predicted in the context of supersymmetric
extensions to the SM [49–51] or other models with flat
field directions in their potential [52–60] such as models
with scalar fields carrying a conserved-U(1) charge. These
charge-carrying field configurations can be produced
through phase transitions [61] in the early universe via
the fragmentation of scalar condensates and could be a by-
product of baryogenesis [62–64].
We then move on to scenarios where the DM is only

accessible to our detector through its gravitational inter-
action. We need only consider the mass of such DM
candidates but introduce these objects in the context of
Planck/GUT-scale particles produced nonthermally in the
early universe, i.e., WIMPZILLAs [39,40,65–75], primor-
dial black holes (PBHs) [76–78], and the Kerr relics of
PBHs [10]. While these models can be made to interact
with the SM through a new mediator, we note that the
unscreened or fundamental charge carried by these objects
is naturally small (or in the case of a global U(1) in PBHs,
nonexistent). Though not exhaustive, this model survey
aims to span the phenomenological breadth of mesoscale
DM which could be probed using arrays of optomechanical
accelerometers.
The case of dark-charge confinement is subject to a

variety of experimental probes depending on the nature of
the DM candidate. Depending on the interaction proper-
ties of the mesoscale DM, particles moving nonrelativisti-
cally can leave characteristic signatures of deposited
energy in ancient mica and meteorites [20,79] or reso-
nant-bar gravitational wave detectors [18,19]. Similarly,
the energy losses expected in certain models of composite
mesoscale DM and Q-balls can generate tracks which may
be visible in large neutrino detectors [12,17], air-shower

FIG. 1. The top frame shows the dependence of the SNR
with respect to the sensor mass along contours of constant
event rates while the bottom frame shows the dependence of the
SNR with respect to the sensor separation along contours of
constant event rates. In the top frame, sensor separation is 1 mm
and in the bottom frame the sensor mass is 1 g, both for a dark
matter mass of Mp. The SNR of 5 is also highlighted in both
frames.
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cosmic-ray detectors [14,15], and other track detectors
[13,16]. Furthermore, bounds on exotic fifth forces
provide strong and quasi-model-independent constraints
on models which interact through a new long-range force
[21–23]. Finally, mesoscopically extended DM is subject
to a generic self-interaction bound as derived from
astrophysical observations [37,80,81].
The arguments in the preceding section clarify what kind

of massive particles we are looking for. We will consider
two cases, one in which the DM interacts through a long-
range dark force and another in which the DM interacts only
gravitationally. In the former, we look for DM candidates in
which the charge-to-mass ratio is much bigger than that of
the SM. In fact, the relevant parameter space is where the
dark sector confines charge in DM to densities about
10 million times greater than the SM. In the latter, it is
sufficient to look for DM candidates with masses around the
Planck mass.

A. Charge confinement

In order for the DM to reach the large charge-to-mass
ratios described above, the dark sector must confine huge
charges into mesoscopic volumes (r≲ 1 mm). Here, we
discuss two options: one in which constituent particles of
mass μ0 form a bound state with mass mDM (composite
models), and one in which the total charge Q is confined
into the volume through a nontopological soliton field
configuration, e.g., Q-balls. These two generally span the
kinds of models where large charges can be confined in
small volumes. Even at larger radii, arrays of sensors are
expected to be an effective way of looking for these heavy
DM candidates [82].
If the DM interacts with the SM through an unscreened

long-range force which couples to baryon number or
some other quantum number proportional to it, e.g., the
difference in baryon and lepton number (B-L charge),
then the SM charge-to-mass ratio remains of order
OðNAÞ ∼ 6 × 1023=g. This means that the charge-to-mass
ratio of the DM must be at least λDM ≳ 1200 GeV−1 in
order for a DM transit to be visible (SNR > 5) in a
detector array such as the one described in Sec. II.
Generically, these models have the following physical

parameters:

QDM; the total charge of the DM;

mDM; the total mass of the DM;

RDM; the radius of the DM: ð14Þ

Since the charge in the DM is confined into a non-
fundamental particle, RDM may be some mesoscopic scale.
We restrict our discussion to DM which appears pointlike
to our detectors, i.e., RDM ≲ 1 mm.
Note that the cross section for DM-SM interactions

cannot be assumed to saturate the geometric cross section.

The nonrelativistic DM-nucleon cross section for a Yukawa
potential is given by the following:

σχn ¼
16πm2

ng4ϕm
2
DMm

2
SMλ

2
DMλ

2
SM

m2
ϕðm2

ϕ þ 4p2Þ

≈ 10−30 cm2

�
mDM

MP

�
2
�
1 μeV
mϕ

�
2
�

gϕ
10−21

�
4

;

wheremn ∼ 1 GeV is the mass of the nucleon andmϕ is the
mass scale of the Yukawa interaction. Finally, p ≈ 1 MeV
is the momentum of a nucleon with v ≈ 300 km=s in the
center of mass (c.o.m.) frame of the DM-SM interaction.
We see that this is, in fact, much smaller than the geometric
cross section.
Furthermore, over the parameter space we consider,

σχn ≲ 7 × 10−21 cm2, which is smaller than the minimum
detectable cross section for the MACRO experiment and
ancient-mica searches [83–86], as well as the cross section
expected to be hazardous to biological organisms.

B. Composite models

For a composite DM model, the charge-to-mass ratio of
the DM is given by the following:

λDM ¼ Q
mDM

¼ κq0
κμ̄0

¼ q0
μ̄0

; ð15Þ

where κ is the constituent particle number in the composite
DM, q0 is the fundamental charge, and μ̄0 ¼ μ0 − Ebind=κ is
the mass per constituent of the composite state. Here, μ0 is
the mass of the constituents and Ebind is the binding energy.
We would naturally expect the fundamental dark charge to
be carried by these constituents to be the same as the
fundamental dark charge of the SM (e.g., B-L), thus
q0 ∼Oð1Þ. The charge-to-mass ratio is then given by

λDM ≈
1

μ̄0
: ð16Þ

We can then rewrite Eq. (11) in terms of the
constituent particle number in composite DM, κ ¼ mDM=
μ̄0 ¼ mDMλDM,

SNR2 ¼
�
g2ϕλSMhc

4π

�2msensorκ
2L

d4vkbTγ

≈ 25 × 10−50κ2; ð17Þ

where we have used the ideal experimental parameters of
the last section. Therefore, an ideal detector would be
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sensitive to composite models where the constituent
particle number is at least

κ ≳ 1025: ð18Þ

For mDM less than the Planck mass, we have

μ̄0 ≲ 1 keV: ð19Þ

In Fig. 2 we show the region of sensitivity in the
composite DM parameter space for an optomechanical
sensing array such as the one discussed in Sec. II, i.e.,
with characteristic length L ¼ 1 m, cryogenic dilution-
fridge temperature T ¼ 10 mK, and mechanical damping
rate γ ¼ 10−8 s−1. Each sensing mass is taken to be
msensor ¼ 1 mg. We find that when gϕ saturates existing
bounds, that is, g2ϕ ¼ 2 × 10−42, such an array is sensitive to
DM masses between 1016 GeV and 1020 GeV when the
constituent mass is below about 104 eV.
Depending on the details of the confinement in the dark

sector, models with such light constituents could be in
tension with measurements of the abundances of light
nuclei. To be specific, these light species must be either
nonthermal in origin or should be confined into non-
relativistic clumps well before T ∼MeV in order to not
significantly affect the number of relativistic degrees of
freedom during big bang nucleosynthesis (BBN), ΔNeff .

In models of composite DM, it is usual to have a dark
sector in which a strongly confining interaction holds the
composite state together and a light mediator which
generates a long-range Yukawa potential of the form
of Eq. (1).
Since the charge is held together by a second dark

interaction which binds the charge tightly, we can conclude
that this interaction has some gauge coupling, gc ≫ gϕ. In
the limit of bound state saturation, where κ is very large and
the characteristic size of the bound state scales with κ1=3, the
geometric radius of the composite state becomes much larger
than the effective range of the strong binding force. In this
limit, the cross section for velocity-independent elastic self-
scattering between composite states is expected to saturate
the geometric limit. The self-interaction cross section is
σSIDM ¼ ξπR2

DM, where ξ is a model-dependent Oð1Þ
parameter. As discussed in, e.g., Ref. [34], these interactions
are subject to strong bounds, namely σSIDM=mDM ≲
1 cm2 g−1. The self-interaction bound together with the
SNR requirement can be recast as a lower bound of the rest
energy per constituent, μ̄0,

σSIDM=mDM ≲ 1 cm2 g−1 ¼ 10−24 cm2 GeV−1;

ξπR2

μ̄0κ
≲ 10−24 cm2 GeV−1;

μ̄0 ≳ 3 eV

�
R
μm

�
2
�
1025

κ

�
2

: ð20Þ

In other words, composite models with submicron radius
and electron-volt-scale mass per constituent could be
visible to a detector such as the one discussed above,
while remaining well below the self-interaction bound.
We point out that these parameters are well-motivated by
generic dark composite models. Additionally, while
masses at or above the Planck scale begin to come into
conflict with constraints—depending on the thermal
history of the DM—these constraints can be relieved if
the temperature at which the composite states form is
significantly greater than μ̄0 [34]. Despite the model-
dependent nature of the interactions between composite
states and the SM, these interactions may be constrained
with existing direct detection measurements, particularly
for masses below about 1017 GeV [87,88]. We find that,
indeed, an optomechanical detector would be comple-
mentary to these existing searches insofar as it would
extend the mass reach to Planckian masses and probe
scenarios in which the DM-SM interaction is weak and
long range, as opposed to strong and pointlike. It is worth
noting that for certain long-rage mediators, the heating of
interstellar clouds could also provide visible signals when
the DM has a mass around or above the Planck mass
[89]. Such searches offer particularly interesting com-
plementary channels.

FIG. 2. The blue shaded region is the projected region of
sensitivity of a mechanical sensing array with characteristic length
L ¼ 1 m, cryogenic dilution-fridge temperature T ¼ 10 mK, and
mechanical damping rate γ ¼ 10−8 s−1. The sensors have mass
msensor ¼ 1 mg and are spaced by d ¼ 1 mm. The red line is the
upper bound on qϕ from searches for long-range fifth forces gϕ
[21–23].
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C. Q-balls

The classification of Q-balls is generally ascribed from
the behavior of the particles’ scalar field energy potentials,
as described in [37,38]. Here, we will examine each of the
three Q-ball classes introduced in these papers. The first
section will explore the requirements for visible Q-balls,
and then we will provide a survey of each Q-ball type in
terms of its properties. We also consider a simplified Q-ball
model covering the two limiting cases of Q-balls under a
single description. We determine the regions of parameter
space that are pointlike to an array of sensors such as the
one discussed in Sec. II. Among the limits examined will be
the black hole radius and mass constraints, the established
charge to mass ratio minimum, the self-interaction con-
straints, and the pointlike requirement for a sensor array
experiment. We will show that Q-balls can exist within a
confined charge-to-mass region which the Windchime
experiment could provide limits for.

1. Requirements for visible Q-balls

The constraint that the Q-ball must be smaller than the
spacing of the detector in order to appear pointlike, i.e.,
∼1 mm, is

R < 1 mm ¼ 1012 GeV−1: ð21Þ

Furthermore, the constraint that the Q-ball transit must be
visible (SNR > 5) is

Q
M

≳ 6.5 × 1033 g−1

∼ 1200 GeV−1
�

T
10 mK

�
1=2

�
γ

10−8 Hz

�
1=2

: ð22Þ

Generically, Q-ball models feature a model-dependent
scale φ0 which is related to the characteristic vacuum
expectation value of the Q-ball field. The nonobservation of
new physics at the LHC implies that we should not expect
new nonsecluded physics at scales below about 10 TeV.
However, model-specific LHC observables are beyond the
scope of this paper. Therefore, we cannot strictly require
than φ0 > 10 TeV and instead point out regions where φ0

may fall below 10 TeV.
Finally, we require that the radius of the Q-ball be greater

than its Schwarzschild radius, Rsch ¼ 2GM. We find that in
all of the relevant parameter space, this bound on the Q-ball
radius is satisfied. See Appendix for a discussion of the
parameter space in which the black hole condition is
relevant. We note that other constraints on Q-balls exist,
coming from, e.g., white dwarf detonation [90], at these
extreme masses and charges although they do not apply in
our parameter space.

2. Simplified Q-balls

Q-ball models can be parametrized by how their mass
and radius scales with their charge, Q. Q-ball solutions are
bracketed by the limiting cases of thick-walled and thin-
walled Q-balls. Generically, the mass and radius of these
nontopological solitons are given by the following:

M ¼ 4π

3

ffiffiffi
2

p
φ0Qp;

R ¼ Qp=3ffiffiffi
2

p
φ0

; ð23Þ

where φ0 is a mass scale set by the second derivative of the
potential at the vacuum expectation value of the field. For
a thick-walled Q-ball p ¼ 3=4, while for a thin-walled
Q-ball p ¼ 1.
Immediately, we can use these parameters to restate the

requirement that the charge-to-mass ratio has a minimum
value,Q=M > 1200 GeV−1, in order for the DM candidate
to be visible,

Q
M

¼ 3R
4π

Qð3−4pÞ=3 > 1200 GeV−1: ð24Þ

Similarly, since the analysis herein applies only for particles
that appear pointlike, the radius of the Q-balls must be
smaller than the scale of the sensor separation,

R < d ¼ 1 mm;

R ¼ 4πQ4p=3

3M
≲ 5 × 1012 GeV−1: ð25Þ

These are experiment-dependent requirements, of course.
Second, since these objects are mesoscopic, their self-

interaction cross section saturates to the geometric cross
section, σSIDM ¼ ξπR2, where ξ is an order-one number
which parametrizes how effectively solid-sphere-like the
Q-ball is. Here it is taken to be 1 for thin-walled Q-balls and
2 for thick-walled Q-balls [37]. The generic self-interaction
bound can be expressed as follows [24,37,80,81]:

σSIDM
M

¼ ξ16π3Q
8p
3

9M3
≲ 3 × 104 GeV−3; ð26Þ

Q≲ 7 × 1029
�
M
MP

�
3=2

; thick-walled Q-ball;

Q≲ 3 × 1022
�
M
MP

�
9=8

; thin-walled Q-ball: ð27Þ

Q-balls must also be stable to decay into free particles
which can carry away their mass and charge. A minimal
requirement for this stability is that their mass-to-charge
ratio must be less than that of any charge-carrying
particle, e.g.,
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M
Q

<
mSM

B

QSM
B

∼ 1 GeV;

for a baryon number-carrying Q-ball. Note that this is
already guaranteed by the visibility condition which
imposes Q=M > 1200 GeV−1.
Figure 3 shows the regions of parameter space which are

already excluded and those which would be visible to an
ideal optomechanical array. We find that such a search
would be sensitive to a significant portion of the parameter
space, probing several orders of magnitude lower in charge
than generic SIDM bounds [37].
Since the thin-walled Q-ball radius scales with Q1=3,

whereas the thick-walled Q-ball radius scales as Q1=4, the
thin-walled Q-balls grow larger for a given charge. This
means that for a given mass, the geometric cross section
breaches the SIDM bounds at lower charges for the thin-
walled case. Similarly, thin-walled Q-balls exceed the
pointlike maximum radius at lower charge. This ultimately
means that there is a significantly smaller visible and
pointlike region of parameter space for thin-walled Q-balls.
While optomechanical arrays are not effective in the

detection of thin-walled Q-balls, there is a sizable region of
parameter space in which thick-walled Q-balls are visible to
a detector such as the one described in Sec. II.

3. Thin-walled Q-balls

By setting the vacuum expectation value of the Q-ball
field close to φ0, the Q-ball model approaches the thin wall
approximation [38]. Note that φ0 is a model-specific
parameter proportional to the φ discussed in the preceding
subsection. In this regime, the radial profile of the Q-ball is
essentially steplike, i.e., an infinitely thin transition “wall.”
The governing equation for this Q-ball type can then be
expressed as

Q
M

≡ const ¼ 8

3
πφ2

0Q
−1R3; ð28Þ

where Q is the charge, M is the Q-ball mass, and R is the
radius of the Q-ball. This shows that the mass grows
linearly with the charge for a given choice of model
parameters. Setting the maximum radius for the Q-ball
equal to the scale of the proposed sensor spacing (i.e.,
1 mm), we find that the region for the Q-ball parameters
which is visible to a detector such as that discussed in
Sec. II contains the Planck mass. As expected, the charge
in this region of parameter space at the Planck scale is
relatively large, but possible to accommodate by the choice
of model.
Figure 4 shows the parameter space of thin-walled

Q-balls. We find that there exists a region of parameter
space which is both visible and pointlike to a detector such
as the one discussed in Sec. II for charges between about
1020 and 1023. In the figure, φmin, the minimum value for

the model dependent parameter φ0 is obtained by setting
the Q-ball radius to 1 mm. Note that the visible pointlike
parameter space below the green line and above the red line

FIG. 3. The excluded and visible parameter space for two
simplified Q-ball models. The blue shaded regions are the visible
and pointlike regions where λDM < 1200 GeV and R > 1 mm.
The red shaded regions cover model space where the SIDM
bounds are exceeded, i.e., σSIDM=M > 1 cm2=g [24,34,37]. The
top frame shows the simplified thin-walled Q-ball model space
while the bottom frame shows the simplified thick-walled Q-ball
model space.
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lies within the region where φ might fall below 10 TeVand
could potentially produce visible signatures at the LHC.
The final constraint to check is the black hole limit,

which can be expressed as

Rsch <

�
3Q2

8πMφ2
0

�
1=3

: ð29Þ

Therefore, the Q-ball’s charge must be large enough for a
given mass and φ in order to prevent the Q-ball from
becoming a singularity,

Q >

�
64πφ2

0G
3M4

3

�
1=2

: ð30Þ

Assuming φmin ¼ 10 TeV, this condition is met everywhere
in the parameter space shown in Fig. 4.

4. Thick-walled Q-balls with flat potential

Thick-walled Q-balls are gauge mediated field configu-
rations with flat potentials in which the radial profile
decreases monotonically to zero from its maximum at the
Q-ball center [37]. These are fuzzier analogs of thin-walled
Q-balls which can be a feature of many BSM models
[49,91]. In supersymmetric examples of these models,

e.g., Ref. [49], baryonic Q-balls survive until the present
day when they confine a baryon charge of 108–1020.
Likewise, lepton balls require some nominal charge in
these models to survive until the present day. Thick-walled
Q-balls can also be cast into simple Higgs-portal models.
The mass and characteristic radius of thick-walled

Q-balls are [37]

M ¼ 4π

3

ffiffiffi
2

p
Q3=4φ and ð31Þ

R ¼ Q1=4ffiffiffi
2

p
φ
; ð32Þ

which can be rearranged to find the charge-to-mass ratio,

Q
M

¼ 3

4π
ffiffiffi
2

p
φ
Q1=4: ð33Þ

Figure 5 shows the analogous parameter space for thick-
walled Q-balls. We find that within the visible pointlike
region around the Planck scale there is a broad range of
charges that are accessible to a detector such as the one
discussed in Sec. II. We find that there exists a region of
parameter space which is both visible and pointlike to our
detector for charges between about 1020 and 1030 and
masses between about 1016 GeV and 1026 GeV.
Next, we compute the parameters which push the Q-ball

into forming a black hole. For this, it is helpful to rearrange

FIG. 4. Here we show the parameter space of thin-walled
Q-balls. The blue shaded region above the red line and below the
dashed green line is where the visible pointlike parameter space
lies. The dashed black lines are contours of constant φmin, which
is the model-dependent mass scale. These values are computed
for a Q-ball radius of 1 mm. The solid black line is a contour
along φmin ¼ 10 TeV. The red line represents the minimum
charge-to-mass ratio visible to a sensor array such as that
discussed in Sec. II, and the green line is the contour where
the Q-ball radius is 1 mm, i.e., the largest pointlike radius. The
yellow line is at the Planck mass.

FIG. 5. Same as Fig. 4 but for thick-walled Q-balls with flat
potentials. The black dashed lines are contours of constant φ0,
which is the model-dependent mass scale. The blue shaded region
between the (dashed) green and red lines is the visible pointlike
parameter space (where both lines are the same as in Fig. 4). The
yellow line is the Planck mass.
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the expressions in Eq. (32) into a model-independent
expression for the charge-to-mass ratio,

Q
M

¼ 3

4π
R: ð34Þ

Using the equations above and Rsch, we can then determine
the limit on the Q-ball radius and its charge-to-mass ratio.
The two equivalent bounds are given by

R >

�
8πGQ

3

�
1=2

and Q >
3GM2

2π
: ð35Þ

This condition is met everywhere in the parameter space
shown in Fig. 5.

5. Thick-walled Q-balls with logarithmic potential

As the thick-walled Q-balls previously discussed, these
Q-balls are thick-walled “fuzzy” field configurations.
However, these Q-balls have logarithmic potentials and
are exemplified by gravitationally mediated models [37].
The salient feature of this type of Q-ball is the model
dependent constant radius. That is, given a small-scale mass
(which is proportional to scalar field constants in the model),
we get the following constant radius:

R≡ κφ−1
0 ¼ κ

Q
M

; ð36Þ

where κ is a positive model-dependent parameter [37].
Figure 6 shows the parameter space of thick-walled

Q-balls with a logarithmic potential. We find that there

exists a region of parameter space which is both visible and
pointlike to our detector for charges between about 1020

and 1030. However, the range of the φ0 parameter expected
in the visible pointlike region of both thick-walled models
discussed here is exceptionally small compared to the weak
scale. Therefore, these thick-walled Q-ball models may
also produce visible signatures at the LHC.
The black hole limit for thick-walled Q-balls with

logarithmic potentials is

Rsch ¼
2GκQ
R

; ð37Þ

and the resulting bound on Q is

Q >
2GM2

κ
: ð38Þ

Therefore, the model-dependent parameter κ must be
sufficiently small for large Q. We find that this condition
is met everywhere in the parameter space shown in Fig. 6
for 10−2 ≲ κ ≲ 102.

D. Superheavy DM candidates

DM candidates that interact purely gravitationally can
be produced in many ways. Here we considered two
general production mechanisms. In the first case, particle
dark matter up to the Planck scale is produced through its
coupling to gravity. In the second case, the DM candidate
is the extremal relic left behind after the evaporation of
a gravitationally collapsed object such as a primordial
black hole.
We note that for primordial black holes composing

most of the dark matter, the literature focuses on the
parameter space where the mass of the PBH is above a
bound set by cosmological and galactic observations. In
particular, the minimum PBH dark matter mass which is
set by the CMB signatures of the evaporation of these
candidates is around 1016 kg [92,93]. Since this lower
bound is much larger than the Planck scale, we consider
the extremal primordial black hole relics left behind after
PBH evaporation.
Figure 7 shows the rates and signal-to-noise ratios that

could be expected for gravitationally interacting Planck-
scale DM for an idealized optomechanical array of sensors
such as those discussed in Sec. II. We find that since the
SNR increases with DM mass and the rate decreases, one
must maximize the side length and minimize the sensor
spacing in order to explore the mass range around the
Planck scale. We note that the finite material density drives
the sensor mass down as you decrease the sensor separation
since the size of the accelerometer also needs to be smaller.
Additionally, even mild local overdensities can signifi-
cantly improve the mass reach of these setups. We note that

FIG. 6. As in Fig. 5 but for thick-walled Q-balls with loga-
rithmic potentials.
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such overdensities can be the result of astrophysical
mechanisms such as local streams or gravitational focusing.
While the details of such mechanisms are beyond the scope
of this study, the density of DM in the solar system is
subject to very large uncertainties, and values of a up to 103

are not ruled out [94,95].

1. Gravitationally produced particle DM

WIMPZILLAs are superheavy candidates for dark matter
that are the result of the gravitational production of particles
during or immediately after the inflationary epoch [74].
For example, for nonthermal production mechanisms [40],
which presume a nonequilibrium state at freeze-out, a
sufficient condition to obtain a DM candidate is that the
annihilation rate be smaller than the expansion rate.
Furthermore, WIMPZILLA candidates are not fundamen-
tally constrained to a particular charge range [39]. The
WIMPZILLA charge is completely model dependent,
although the phenomenologically large charges required
for visibility would be increasingly difficult to justify from a
fundamental particle point of view. While the proposed
production mechanisms depend on model-dependent details
of the thermal history of the universe, primarily the
reheating temperature to arrive at the correct relic abun-
dance, it should be noted that producing WIMPZILLAs

within 1 or 2 orders of magnitude of the Planck mass is
increasingly difficult.
Gravitational production of ultraheavy DM up to the

Planck mass has also been proposed through the evapora-
tion of black holes after an epoch of black hole domination
in the early universe [96]. This relatively simple scenario is
one in which a population of black holes that comes to
dominate the early universe populates the dark sector via
Hawking radiation. Since gravity couples universally to
mass, DM and dark radiation can be produced readily when
the temperature of the black hole is above the mass of the
dark particle and can therefore generate DM up to the
Planck scale.

2. Extremal relics of evaporating singularities

Models of Planck-scale gravitational relics can follow
from the assumption that the evaporation process of
Hawking radiation halts near the Planck scale, where
quantum gravity effects become important. This could
leave behind a DM candidate in the form of a black hole
relic [10,41,42,44] or the Planck-scale relic of the black
holelike end point of gravitational collapse [43,45].
An extremal relic is the result of Hawking radiation that

evaporates a singularity containing a conserved charge.
Generically, the equilibrium-seeking evaporation process
dynamically drives this charge to be of order 1. Specifically,
the preferential Hawking radiation of particles with charge
such as that of the collapsed object drives the charge of the
relic to be order 1. Although the extremal relic contains a
conserved charge, the magnitude is tiny. Therefore, we focus
on the gravitational interaction of the relic and subject these
to the discussion of the gravitational limit in Sec. II.
While exclusively gravitationally interacting PBH relics

were previously discussed as undetectable [10,97], we
propose that the Windchime experiment would be ideally
suited to detect and identify these DM candidates. Notably,
the mass of these relics should range from the Planck scale
and up, making them particularly well-motivated super-
Planckian DM candidates for Windchime.

IV. CONCLUSION

There is a variety of unexplored DM models within the
sensitivity bounds of an optomechanical experiment such
as Windchime. Because of their experimental design,
optomechanical arrays must look for tracks left by pointlike
heavy particles. By choosing the sensor mass and separa-
tion, one can improve the probability of obtaining a
significant event rate during a given exposure. We find
that Planck-scale DM coupling in the Coulombic regime
through an unscreened new force and Planck-scale DM
coupling purely gravitationally both leave similar visible
signatures in these detectors. We have shown that there
exist significant regions of parameter space which are

FIG. 7. The black lines are contours of constant SNR, and the
red lines are contours of constant event rate. The green line is the
Planck mass. These rates and signal-to-noise ratios are calculated
for an array of optomechanical sensors such as those discussed in
Sec. II with a side length L ¼ 3 m and sensor spacing d ¼ 1 μm
for an exposure of 5 years.
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visible to experiments such as Windchime and are well-
motivated while remaining reasonably model independent.
If the DM interacts via a new long-range force satu-

rating current fifth-force constraints [21–23], the sensi-
tivity lies in a region of large charge-to-mass ratio,
λDM ≥ 1200 GeV−1, which can be realized in the context
of composite DM or nontopological soliton models. These
classes of models can efficiently confine large charges
into tiny volumes without necessitating huge fundamental
charges. There exist other models of compact composite
objects, such as axion stars, that might be visible to
optomechanical arrays. However, these objects are not
pointlike at the scale of the detector, and so we leave such
discussions for future work.
Composite models that confine a charge greater than

about 1025 and have a mass per constituent of less than
around 1 keV would be visible to the optomechanical arrays
discussed here. Such models are safe from cosmological
constraints if they confine that charge before BBN. We
conclude that while Windchime-like detectors have a com-
paratively smaller sensitivity window to thin-walled Q-balls,
thick-walled Q-ball models may be visible for charges
between 1020 and 1030 and for masses above 1016 GeV.
When the DM only interacts gravitationally with the

detector’s sensors, the limiting factors become the event rate
and the signal-to-noise ratio. Generally, nonfundamental
candidates such as extremal gravitational relics motivate
searching for DM above the Planck mass. WIMPZILLAS
and other gravitationally produced particles occupy the
parameter space below that. While we have not investigated
all possible gravitationally coupled Planck-scale candidates,
the general conclusions we have drawn in Sec. III D are
expected to apply to any interacting particle that couples to
the SM only through gravity. We also note that sensitive
impulse-based searches such as Windchime remain the only
proposed method for directly detecting such Planck-scale
gravitationally interacting DM candidates.
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APPENDIX: EXTENDED Q-BALL PARAMETER
SPACE

We show in Figs. 8–10 the extended parameter space of
thick- and thin-walled Q-balls. This is to include the
regions where the black hole limits become relevant.
Here we have added a magenta line representing the black
hole constraints of each model. The black hole limit is a
maximum mass constraint for a given charge indicating an
allowed parameter space above the line. In all three cases
the parameter space where the Q-ball is visible and
pointlike lies within the allowed regions. Therefore, point-
like Q-balls that are visible to arrays of optomechanical
sensors such as Windchime are not in danger of gravita-
tional collapse.

FIG. 8. This is the same plot as Fig. 4, with the extended
parameter space to show the regions excluded by the
black hole limit.
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