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Large panels of etched plastic, situated aboard the Skylab Space Station and inside the Ohya quarry near
Tokyo, have been used to set limits on fluxes of cosmogenic particles. These plastic particle track detectors
also provide the best sensitivity for some heavy dark matter that interacts strongly with nuclei. We revisit
prior dark matter bounds from Skylab, and incorporate geometry-dependent thresholds, a halo velocity
distribution, and a complete accounting of observed through-going particle fluxes. These considerations
reduce the Skylab bound’s mass range by a few orders of magnitude. However, a new analysis of Ohya data
covers a portion of the prior Skylab bound, and excludes dark matter masses up to the Planck mass.
Prospects for future etched plastic dark matter searches are discussed.
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I. INTRODUCTION

Dark matter (DM) is critical to the formation of the early
universe and the structure of galaxies, and determining dark
matter’s mass and couplings to visible matter is a high
priority of modern science. While many searches for dark
matter focus on finding a weakly interacting massive
particles (WIMPs), with a mass adjacent by a few orders
of magnitude to Standard Model particles, it has been
known for decades that heavier and more strongly inter-
acting dark matter could make up the cold material that
forms the bulk of matter in our universe. In particular, it was
well appreciated that dark matter could be a nuclear
material, with a large mass and nuclear scattering cross
section [1–5]. Some “nuclearite” models have since been
excluded, but essentially the same considerations apply to
models of heavy composite dark matter [6–32]. In this
paper we will consider the detection of strongly interacting
massive particle dark matter (SIMPs) using prior data
collected by plastic etch detectors searching for cosmo-
genic particles.
Unlike WIMPs, SIMPs often have such a large inter-

action cross section with normal matter that their energy is
depleted along their path to a detector. As a consequence,
after repeatedly scattering while traveling through the
Earth’s atmosphere and crust, SIMPs are slowed and the
kinetic energy they can impart to electrons and nuclei in

underground detectors is reduced. If the SIMP cross section
is large enough, its underground interactions will not
overcome the energy threshold of underground dark matter
searches. This makes above-ground searches for SIMPs
beneficial, although in practice this results in additional
particle interaction backgrounds from cosmic rays. On the
other hand, because SIMPs interact very strongly, com-
paratively simple detectors are capable of detecting them.
In this work we will study bounds on dark matter

interactions with nuclei, obtained from prior searches for
cosmogenic particles in etched plastic track detectors. We
will be particularly focused on plastic track detectors
employed aboard the Skylab space station to search for
cosmic rays [33] and underground in the Ohya quarry to
look for monopoles, nuclearites, and exotic particles [34].
When a particle passes through plastic polymer, its inter-
actions with nuclei and electrons can break the plastic’s
molecular bonds binding them together. The resulting
microscopic damage can be enlarged and observed by
treating the plastic material with acid. After acid treatment,
the damage paths can be observed as holes in the plastic—
in the case of many plastic layers, the orientation of
consecutive holes left by a particle’s passage can be used
to validate that particle’s path and even determine its energy
as it traveled through the plastic [35,36]. However, plastic
etch detectors require large particle energy deposition for
detection, around ∼ GeV=cm, compared to underground
dark matter experiments, which can require as little as a
single ∼eV energy deposition for detection. Compared to
sensitive underground dark matter search experiments,
etched plastic polymer detectors are relatively easy to
assemble and maintain, and as a consequence the scale
and mass reach of these detectors achieved in the early
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1990s still exceeds the scale of modern underground dark
matter search experiments, albeit for sensitivity to much
larger dark matter cross sections than those being searched
for underground.
Etched plastic track detectors have been used previously

to constrain strongly interacting dark matter. Reference [37]
analyzed Skylab’s plastic track data [33] to bound dark
matter’s spin-independent interactions with nucleons. This
bound was rederived in [38] and later adapted for large
composite dark matter models in [13]. Ohya quarry data
[34] was also considered in Ref. [38]. After these deriva-
tions, the Skylab nucleon cross section bound that has
appeared most in the literature was first presented in
[39,40], before subsequently being reproduced in many
papers that considered heavy strongly interacting dark
matter, e.g., [27,30,32,41–47]. Our purpose in this note
will be to provide a detailed bound on dark matter’s
interactions using plastic track detectors, by incorporating
a realistic dark matter flux, the geometry and composition
of the detector and overburden, and an accurate energy
threshold in the case of [34]. We will find that using a
Maxwell-Boltzmann (MB) dark matter halo velocity dis-
tribution (instead of a fixed DM velocity ∼10−3 c) and
carefully accounting for background events, appreciably
changes plastic etch bounds, lessening the previously
reported Skylab mass reach by orders of magnitude, while
somewhat improving low cross section sensitivity.
The remainder of this note is organized as follows. In

Sec. II, we detail the distribution and detection of dark
matter at plastic track experiments. In Sec. III we provide a
detailed set of bounds on dark matter’s cross section with
nuclei using data from Skylab and Ohya [33,34]. In Sec. IV
we conclude. Appendix provides a review of plastic track
detectors and thresholds.

II. DARK MATTER AT ETCHED PLASTIC
TRACK DETECTORS

As it traverses a polymer, dark matter can scatter against
nuclei, breaking apart molecules in a fashion that can later
be detected. In this work, we will assume two forms for
dark matter interactions with nuclei. The first is a spin-
independent nuclear scattering cross section, whereby dark
matter interacts coherently with all nucleons in a nucleus.
The nuclear cross section in this case is customarily defined
in terms of a per nucleon cross section σχn as

σχA ¼ A2
μ2χA
μ2χn

σχn; ðspin − independentÞ ð1Þ

where A is the number of nucleons in a nucleus, μχA is the
DM-nucleus reduced mass and μχn the DM-nucleon
reduced mass. Here we have omitted nuclear form factors
[48], as they will have a subdominant effect on our
treatment.

Our second model encompasses the case where that dark
matter interacts with the nucleus through a monotypical
contact interaction. This is appropriate if the dark matter is
much larger than the nucleus, and opaque to nuclei
[13,27,46]. I.e., if dark matter’s radius is much larger than
the nuclear radius, and all incident nuclei scatter, then the
cross section is independent of the size or constitution of
the nuclei. In this case for a contact cross section we
will use

σC; ðcontactÞ ð2Þ

where this also assumes that the DM composite’s structure
does not affect scattering.
In terms of these quantities, the energy imparted to nuclei

by dark matter with massmχ passing through a background
of nuclei with number density nA is

dE
dx

¼ 2E
mχ

X
A

μ2χA
mA

nAσχA; ð3Þ

where the summation includes all background nuclei
with A nucleons, and E ¼ mχv2=2 is the dark matter
kinetic energy. The above expression applies to the spin-
independent case. Here and in all that follows, equivalent
expressions for σC are obtained by substituting σχA → σC.
Note that in Eq. (3) we have averaged over elastic

scattering angles. An averaged energy loss will be appro-
priate here, since we consider SIMPs that scatter many
times while traversing detector and shielding material.
Integrating this equation, we obtain an energy loss rate
for a dark matter particle traversing a material over
distance x,

EðxÞ ¼ Eð0Þ exp
�
−2

x
mχ

X
A

nA
μ2χA
mA

σχA

�
ð4Þ

where Eð0Þ ¼ mχv2=2 is the initial energy of the dark
matter particle. In practice, we will want to consider the
dark matter’s energy after traveling fully through an over-
burden length xO and detector length xD,

EðxOþ xDÞ

¼Eð0Þexp
�
−2
mχ

�
xO

X
A⊂O

nA
μ2χA
mA

σχAþ xD
X
A⊂D

nA
μ2χA
mA

σχA

��

ð5Þ

where the sums are taken over nuclei A in overburden
material O and detector material D.
It remains to determine the velocity and density distri-

bution of dark matter, which is an important input to
determine the speed and frequency of dark matter particles
incident on plastic track detectors. We will adopt a standard
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[48] flux-normalized Maxwell-Boltzmann distribution with
v0 the Milky Way’s circular speed and v⃗E the earth’s
velocity in galactic rest frame,

fðv⃗; v⃗EÞd3v¼
2π

N
v3 exp

�
−
ṽ2

v20

�
Θðvesc− ṽÞsinθdθdv ð6Þ

where

ṽ2 ≡ v2 þ v2E þ vvE cos θ ð7Þ

is the velocity of the dark matter particle in the rest frame
of the galaxy, N is a normalization constant such thatR
fðv⃗; v⃗EÞd3v ¼ 1, the Heaviside theta function Θ enforces

a cutoff such that dark matter’s speed does not exceed the
galaxy’s escape speed vesc at Earth’s position, and the factor
of 2π indicates the assumption of no azimuthal angular
dependence. We use the following speeds, where in an aim
to be conservative in setting bounds we take the 1σ lowered
value for each of these measured quantities. For the
escape speed from the Milky Way galaxy we take vesc ¼
503 km s−1 [49], for the Milky Way circular velocity at the
Sun’s position v0 ¼ 222 km s−1 [50] (applying their 3%
systematic uncertainty), and for the Sun’s relative motion
we take vE ¼ 232 km s−1 [51]. For additional discussion,
especially of the last quantity, see [52–55].
Now we are ready to specify the flux of dark matter at

plastic track detectors. With a flux-normalized velocity
distribution, the average velocity for incident dark matter is

vave ¼
Z

∞

0

vfðv⃗; v⃗EÞd3v; ð8Þ

where it is important to note that fðv⃗; v⃗EÞ includes a Θ
function cutting off the escape velocity, meaning the
integral is truncated well before v ¼ ∞. The flux (in
one direction) across a planar detector with area A is then

Φχ ¼
ρχ
mχ

vaveAfg ð9Þ

where ρχ ¼ 0.3 GeV=cm3 is the dark matter energy density
[50] and fg ¼ πð1 − cos2 θDÞ=ð4πÞ is a geometric flux
acceptance factor appropriate for a planar detector that
accepts particles inside a zenith angle θD, where θD ¼ 0 is
the angle normal to the plane. In order to produce accurate
and conservative bounds, we use Eq. (9) to determine the
DM flux. This means we only consider the DM flux that
enters the planar detector from above—we do this because
Skylab and Ohya only provided detailed information about
the material above their detectors.
We are now prepared to discuss dark matter searches at

planar plastic track experiments. Both experiments we
consider in the next section will have a planar design,
and each observed Nc > 10 candidate events (most likely

cosmic rays) that we will treat here as indistinguishable
from SIMPs to conservatively set bounds on a potential
dark matter flux. To set bounds on dark matter-nuclear
interactions using plastic track detectors, we must require
that more dark matter than Nc would have passed through
the material above the detector and the detector itself, with
an energy large enough to leave observable polymer
damage during the entire passage, cf., Eq. (5). Using the
formulas derived in this section, we find it is possible to set
plastic track bounds on dark matter detectors in two steps.
(1) The maximum dark matter mass an experiment is

sensitive to is found by matching the number of
events observed at the plastic detector, Nc, to the
expected dark matter flux over time t, Nc ¼ Φχt,

mmax
χ ¼ ρχvaveAfgt

Nc
: ð10Þ

(2) Plastic track detector damage energy thresholds will
favor detection of the fastest-moving SIMPs in the
MB distribution cf., Eq. (6). As mentioned above, to
remain conservative we have selected 1σ slow values
for our velocity distribution parameters. In addition,
for each dark matter mass we determine a slow initial
velocity vi, defined by

Nc ¼ Φχt
Z

∞

vi

fðv⃗; v⃗EÞd3v ð11Þ

For the calculations that follow we use vi, which is
the slowest speed of the high velocity portion of dark
matter’s MB distribution required to produce Nc
events in the detector over time t. Then substituting
Eq. (5) into (3), we arrive at

dE
dx

����
th
¼ 2Ei

mχ

�X
A⊂O

μ2χA
mA

nAσχA

�

× exp

�
−2
mχ

�
xO

X
A⊂O

nA
μ2χA
mA

σχA

þ xD
X
A⊂D

nA
μ2χA
mA

σχA

��
; ð12Þ

where dE
dx jth is the energy threshold for a plastic track

detector and Ei ¼ mχv2i =2. This equation requires
the DM energy to just exceed the detector threshold
during its entire transit through the overburden and
detector. Fixingmχ , detector, and overburden param-
eters, and solving this equation for σχA will yield two
real solutions for σχA, for all validly bounded mχ

masses. Along with mmax
χ , this defines the region of

plastic track detection sensitivity.
Equation (12) deserves some discussion, since it is a

departure from prior treatments, which separately estimated
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the threshold and overburden cross section. As just men-
tioned, for fixed mχ there will be two σχA solutions to
Eq. (12). The larger cross section solution corresponds to
what has been called the overburden cross section, and
describes a SIMP that scatters a lot with the overburden, but
still deposits sufficient energy to leave etchable plastic
tracks because of its relatively large cross section. The
lower cross section corresponds to what has been called the
threshold cross-section, and describes a SIMP that scatters
less with the overburden, and in so doing has enough
energy to trigger the detector during its passage. What is
important, is that both of these cross sections depend on the
dark matter scattering enough with the detector to leave a
visible signature, which is encapsulated by Eq. (12),
whether SIMP detection is limited by excessive overburden
scattering or a small cross-section. We will see that even in
the latter case, overburden scattering can still appreciably
affect the cross section bound. In the next section we will
use this formula to set bounds on dark matter using Skylab
and Ohya.

III. DARK MATTER AT SKYLAB AND OHYA

We now use the procedure outlined in Sec. II to derive
bounds from plastic track particle searches at Skylab and
Ohya. For each experiment we will describe the number of
events Nc that cannot be ruled out as SIMPs, threshold
energies dE

dx jth, along with detector and overburden
material. Below we also include a brief description of
the etching process in both experiments. Table I provides a
summary of all essential experimental parameters. For
further details about the etching process, see Appendix.
The Skylab plastic track search was conducted on board

the Skylab space station, primarily to study the high Z
composition of cosmic rays [33]. The detector was a
1.17 m2 array of 36 modules of Lexan plastic track
detectors sheets kept onboard for an observation time of
2.19 × 107 s. Each Lexan module contained thirty-two
stacked 250 μm thick Lexan sheets. Assuming uniform

stacks laid on top of each other, this amounted to a total of
0.80 cm of Lexan, which has the following composition by
weight [56]

fH;C;Og ¼ f0.0555; 0.756; 0.189g: ðLexanÞ

The overburden for Skylab was a 0.37 cm aluminumwall to
which the Lexan modules were mounted. We conserva-
tively assume that all Skylab events entered the aluminum
and Lexan stack at the θD ¼ 60° maximum acceptance
angle, and hence took the longest possible path through
both the overburden material and detector. For a particle
entering at a zenith angle of 60° this corresponds to a
distance of 0.74 cm through the aluminum and 1.6 cm
through the Lexan. After etching, [33] identified 150 events
in the zenith angle range θD ≤ 60° which passed largely
undeflected through the Lexan sheets. While a future
analysis might be able to conclusively attribute these events
to high-Z cosmic ray fluxes, here we will treat them as
unreduced background events (Nc).
The detector threshold at Skylab was determined

using fast ion calibration. Matching the Skylab high-Z
ion-scattering threshold using the Bethe formula yields
dE
dx jth ≈ 0.5 GeV=cm.

A. Skylab etching

For Skylab, starting from sheet number two, every fourth
sheet in each module (except one which was used for
calibration purposes) were etched for 160 hours at 40°C in
NaOH solution to which 0.057% Dowfax surfactant had
been added. If a track was observed at coincident sites in
multiple sheets, it was assumed that the particle passed
through all the sheets in between. Around 150 events were
observed that passed through all etched sheets.
The Ohya experiment was undertaken to search for

supermassive relics, nuclearites, and other exotic particles
using a 2442 m2 array of CR-39 plastic track detectors,
consisting of modules of CR-39 placed underground in

TABLE I. Summary of the two planar etched plastic track experiments considered in this work, Skylab and Ohya.
Along with material elemental compositions given in the text, the quantities shown are sufficient for setting bounds
on dark matter interactions using Eqs. (10) and (12). θD is the maximum zenith angle of acceptance. For Ohya the
value of dE

dx jth ¼ 0.3 GeV=cm corresponds to the 10% efficiency threshold for nuclearites in Fig. 2 of [34].

Skylab Ohya

Area A 1.17m2 2442m2

Duration t 0.70 yr 2.1 yr
Zenith cutoff angle θD ¼ 60° θD ¼ 18.4°
Detector material 0.25 mm thick Lexan × 32 sheets 1.59 mm thick CR-39 × 4 sheets
Detector density 1.2 g cm−3 Lexan 1.3 g cm−3 CR-39
Detector length at θD 1.6 cm 0.66 cm
Overburden density 2.7 g cm−3 Aluminum 2.7 g cm−3 Rock
Overburden length at θD 0.74 cm 39 m
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three caverns located at the Ohya stone quarries in Japan for
767 days [34]. Each CR-39 module contained four stacked
1.59 mm thick CR-39 sheets. This amounted to a total of
0.64 cm of CR-39 with the chemical formula C12H18O7

indicating the following composition by weight

fH;C;Og ¼ f0.066; 0.526; 0.408g: ðCR-39Þ

The overburden for Ohya was reported as 104 g cm−2 of
rock. Assuming a rock density of ∼2.7 g cm−3, this
corresponds to 37 meters of rock. For rock’s elemental
fractions by weight, we use standard values for Earth’s
crust [57],

fO; Si;Al; Fe;Ca;Na;K;Mg;Ti;Pg
¼ f0.48; 0.28; 0.08; 0.05; 0.03; 0.03; 0.03; 0.02; 0.004g:
ðRockÞ

We conservatively assume that all Ohya events entered the
rock and CR-39 stack at a θD ¼ 18.4° maximum accep-
tance angle, and hence took the longest possible path
through both the overburden material and the detector. A
particle inbound along this zenith angle traverses 39 m of
rock and etches 0.66 cm of CR-39. After etching, 94
coincident holes were identified, of which 74 were ruled
out as manufacturing defects due to their irregular shapes.
We therefore consider the remaining 20 holes as candidate
dark matter events (Nc). We note that [34] determined that
only a few of these 20 events could be cosmogenic based on
the relative angles of the etched holes. We nevertheless
assume Nc ¼ 20 candidate events in placing dark matter
scattering limits to remain conservative.
The threshold energy deposition at Ohya was explicitly

reported for DM particles that scatter elastically with nuclei.
This threshold was given in terms of isotropic flux accep-
tance, where less flux was accepted for lower thresholds,
attained when particles impact the detector from a normal
angle (see Appendix). Here, in order to maximize the
accuracy of our overburden modeling and remain
conservative, we will use the Ohya 10% isotropic flux
detection efficiency,which implies the aforementioned zenith
cutoff angle θD ¼ 18.4°. The threshold for detection inside
this zenith angle was reported to be dE

dx jth ¼ 0.3 GeV cm−1.

B. Ohya etching

For Ohya, the etching process involved treating the first
two sheets in each module using a NaOH at a temperature
of 90° C. For 19% of these, one or two of the sheets were
either overetched or broken and replaced by the corre-
sponding third and/or fourth layers for the etching. The
etching process at [34] was slightly different than [33] in
that [34] required the etching process be strong enough to
fuse two adjacent cones from an etch pit into a hole.

The important quantities required to set DM bounds
using Skylab and Ohya data are summarized in Table I. We
note that, as discussed following Eq. (9), we only consider
the downward-going DM flux when setting bounds, since
both Ohya and Skylab only provide information about the
material directly above their detectors. Figures 1 and 2
show bounds obtained for both spin-independent and
contact dark matter scattering on nuclei.
A few features are worth noting in Figs. 1 and 2. First,

the incorporation of a realistic MB velocity distribution for
dark matter improves the lower DM cross-section sensi-
tivity of these experiments by an order of magnitude
(compared to assuming a fixed DM velocity ∼0.001 c).
This is because our analysis has accounted for the high
velocity component of the DM distribution, although we
stress that care has been taken not to overstate this
component: see discussion following Eq. (6) and preceding
Eq. (12). Second, we note that the mass reach of Skylab is
substantially reduced as compared to prior estimates
appearing in the literature. This is partly because we have
accounted for the ∼150 events observed at Skylab as
background events that cannot be ruled out as SIMPs,
and partly because we have properly required more dark
matter’s low velocity component to trigger the detector, as
the flux becomes more limited at high DM masses (rather
than assuming that when the bound is becoming flux-
limited, all DM particles will still have v ∼ 0.001 c).

DAMA

Mica

Gas
 C

lou
d

CM
B

Sky
lab

Ohy
a

FIG. 1. Skylab and Ohya bounds are obtained for a spin-
independent dark matter per-nucleon scattering cross section σχn,
using a DM halo velocity distribution, accounting for background
events, and other refinements detailed in the text. The prior
Skylab bound [37], here reproduced from [39], is shown with a
dotted line. The Mica bound is from [22,58]. The DAMA bound
is from [59]. We also show the CMB distortion [60,61] and gas
cloud heating [42] bounds from dark matter scattering in the
early Universe and in cold gas clouds. For additional comple-
mentary bounds at lower cross sections from XENON1T and
MAJORANA, see [31].
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Finally, we note that requiring the DM maintain enough
energy to trigger Skylab during its entire transit through the
detector, and using a MB distribution when deriving the
bound, has lessened the upper cross section reach by a
small amount and altered its scaling with dark matter mass.

IV. CONCLUSIONS

This work has provided a detailed derivation of con-
straints on dark matter’s nuclear interactions in etched
plastic track detectors, located on board the Skylab space
station and forty meters underground in the Ohya quarry.
While as compared to previous estimates, the dark matter
mass reach of these experiments has been reduced by a few
orders of magnitude, the lower cross section sensitivity has
improved by an order of magnitude for some dark matter
masses.
Both Skylab and Ohya continue to place leading limits

on heavy SIMP dark matter’s interactions more than three
decades after they collected data. In both cases these
experiments appear to have been primarily motivated by
searches for non-DM particles (cosmic rays and monop-
oles). Since there exist many dark matter models
(e.g., [6–19,21–26,28,29,32]) that could have large cross

sections and masses, and given the uncharted interaction
space evident at high massses in Figs. 1 and 2, it may be
prudent to pursue a purpose-built high mass dark matter
search program based on plastic track detectors, located
both above and below ground, like Skylab and Ohya.
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APPENDIX: ACID ETCHED PLASTIC
TRACK DETECTORS

Plastic track detectors consist of sheets of polymers that
can be damaged by incident fluxes of cosmic rays and other
particles, which interact with nuclei and electrons in the
material, breaking the bonds binding the constituent mono-
mers together, causing localized damage. The damaged
plastic is then cured by immersing it in an acid etching
solution. Particle detection is possible, since the curation
rate will not be the same across the entire plastic sheet; at
the damaged sites the track etch rate, vt, is different from
the bulk etch rate vb, which is the rate at the undamaged
sites. The etching process leaves behind conically shaped
damage pits. One can either scan adjacent plastic sheets for
coincident pairs of conical pits, as in [33], or alternatively,
if the acid etching process is rigorous enough, adjacent pits
can merge and form holes that are later observed with a
microscope—this was the procedure adopted in [34].
Neither method of analysis is without complication. Care
must be taken to avoid misidentifying manufacturing
defects, which are often irregularly shaped as compared
to signal events, which have either conical or spherical
shapes depending on the etch method. Coincident etched
sites across multiple plastic sheets are needed to establish a
particle event. Because of these difficulties, the identifica-
tion process has an efficiency that depends on the size and
orientation of the etched hole.
As one might anticipate, the rate of acid etching where

particle damage has occurred (vt) depends on the energy
deposited by the cosmic ray at a damage site. This
relationship can be obtained through calibration with a
beam of ions, typically iron [33]. The process involves
firstly relating vt, obtained by dividing the measured size of
etch pits by the total etch time [33], to the effective charge
and velocity of the incident beam of charged particles
through a power law phenomenological formula. This can
then be related to the energy transfer per unit length, dE

dx,
using, e.g., the Bethe-Bloch formula.

DAMA
DAMA
DDDDDADADAAMAMMMMAMAMAAAA
DADDDDDDDDAAAADADADADDDD

MMAMAMAMAM
DADADADDAMAAAMAMAMMAMAMAMAMAAMAMAAAAAAMAMAMMMMAAAAAMAMAMMMMMAMMAMAMAAAAAMAMA

XENON1TMAJORANA

Gas C
loud

CDMS-ICRESST
MAJORMMMAAAAAAJAJJOOOOOORRRM RMMAM RRMAJORRRMAJORRROOROOJOOAJAJAAAAM RRAJORRRJORRROROROORRORRR

SSSSSSSSSSSSSSSSTSSSTTTTTTSTSSTSTTTSTTTSTSTTTTTTSTSTSSTSST Chicago

Mica

CMB

Skyl
ab

as Css CCs Cloud
Clloooudd
CCCCCC

ouuuddd
Cl

Ohya

FIG. 2. Skylab and Ohya bounds are obtained for a fixed
contact DM scattering cross section for all nuclei σc (2), for DM
mass mχ . The Chicago bound is taken from Ref. [46] and the
Mica bound from Ref. [30]. The limits on contact interactions
from DAMA [59] were derived in [30], using a conversion
between spin-independent and contact interactions for the lower
limit, and an overburden analysis for the upper limit. The CDMS-
I and CRESST bound was obtained with a modified version of
the code VERNE [62,63] which accounts for the dark matter flux
and overburden [30]; recently reported bounds from XENON1T
and MAJORANA are also indicated [31]. We also show the CMB
distortion [60,61] and gas cloud heating [30] constraints arising
from dark matter nuclear scattering in the early Universe or in
cold gas clouds.
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The plastic etch method has a threshold, since the
process will not identify etch pits below a certain size,
implying that the damage done at a site needs to exceed
some amount. This sets the minimum amount of energy
transfer for detection. For etch holes to form after curation,
vt must be greater than vb. The exact criterion is given by
an expression that depends on the zenith angle θc along
which the particle passes through the sheet, since the acid
will not etch oblique damage paths as efficiently as for
damage paths that are normal to the plastic sheet [34],

θc ¼ cos−1
�
vb
vt

D
D − d

�
: ðA1Þ

Here D and d are the thickness of the plastic track before
and after the etching process respectively and θc defines a
minimum zenith angle below which damaged pits cannot
be observed. We note in passing that in the limit d ≪ D this
is the same requirement set by Shirk and Price in [33]: that
the horizontal component of the track etch rate equals the
bulk etch rate.
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