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We explore paleo-detectors as an approach to the direct detection of weakly interacting massive particle
(WIMP) dark matter radically different from conventional detectors. Instead of instrumenting a (large)
target mass in a laboratory in order to observeWIMP-induced nuclear recoils in real time, the approach is to
examine ancient minerals for traces of WIMP-nucleus interactions recorded over timescales as large as
1 Gyr. Here, we discuss the paleo-detector proposal in detail, including background sources and possible
target materials. In order to suppress backgrounds induced by radioactive contaminants such as uranium,
we propose to use minerals found in marine evaporites or in ultrabasic rocks. We estimate the sensitivity of
paleo-detectors to spin-independent and spin-dependent WIMP-nucleus interactions. The sensitivity to
low-mass WIMPs with masses mχ ≲ 10 GeV extends to WIMP-nucleon cross sections many orders of
magnitude smaller than current upper limits. For heavier WIMPs with masses mχ ≳ 30 GeV cross sections
a factor of a few to ∼100 smaller than current upper limits can be probed by paleo-detectors.
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I. INTRODUCTION

Following our recent work [1], we explore paleo-detec-
tors as a radical alternative to conventional direct detection
techniques for dark matter (DM). Current strategies for
the direct detection of weakly interacting massive particle
(WIMP) DM employ large target masses, which are
instrumented to observe nuclear recoils in real time
[2–4]. Such experiments have set impressive upper limits
on the strength of interactions of WIMPs with atomic
nuclei [5–12], but so far failed to report conclusive
evidence for DM. The long-standing exception is the
DAMA/LIBRA experiment [13–15], reporting evidence
for an annual modulation signal [4,16,17] compatible with
DM for more than a decade [18–26]. However, the claimed
signal is in tension with null-results from other direct
detection experiments [22,27–30].
Currently, there are two major trends in the evolution of

direct detection: experiments primarily aimed at WIMPs
with masses mχ ≳ 15 GeV plan to utilize larger target
masses, approaching the 100 t scale [31–35]. Such experi-
ments use liquid noble gas targets and are sensitive to

nuclear recoils with energies larger than Oð1Þ keV. For
lighter WIMPs with masses mχ ≲ 15 GeV, the main
challenge is to observe nuclear recoils with small energies.
Experiments using new approaches have been proposed,
including cryogenic bolometric detectors that aim for target
masses of a few kg and recoil energy thresholds of
Oð100Þ eV [36,37].
Further, there is a major effort [38–46] to develop

directional detectors [16], where the ability to determine
the direction of the nuclear recoil would allow for powerful
background rejection. Other recent proposals for direct
detection include nm-scale detectors [47,48] and concepts
using molecular biology [49,50].
Paleo-detectors are radically different from conventional

direct detection experiments: Instead of instrumenting a
(large) target mass in a laboratory in order to observe
WIMP-induced nuclear recoils in real time, we propose to
examine ancient minerals for traces of WIMP-nucleus
interactions recorded over timescales as large as 1 Gyr
[1]. Recoiling nuclei leave damage tracks in certain classes
of minerals, so-called solid state track detectors (SSTDs).
Once created, these tracks are preserved over time scales
larger than a billion years. WIMP-induced recoils would
leave damage tracks with lengths up to Oð500Þ nm in
typical natural targets. Hence, in paleo-detectors the chal-
lenge is to reconstruct such nano-scale features in natural
minerals instead of an Oð1Þ number of phonons, electrons,
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or photons as typically done in conventional direct detec-
tion experiments.
Our work on paleo-detectors builds on a long history of

experiments. The idea to replace large detector masses with
long exposure times goes back to searches for magnetic
monopoles accumulated in ancient rocks [51–59]. In a
different approach, Refs. [60–64] searched for damage
tracks accumulated in ancient minerals from throughgoing
monopoles; see Ref. [65] for an early review of damage
tracks in ancient minerals. In a related idea, Ref. [66]
proposed to search for highly ionizing particles via the
formation of Buckminister fullerenes (C60). Snowden-Ifft
et al. were the first to look for signatures of WIMP DM in
muscovite mica [67]. These authors used atomic force
microscopy to search for WIMP-induced nuclear recoil
tracks after cleaving and chemical etching of such mica
samples. Other early work on the subject can be found in
Refs. [68–70].
Our proposal has several advantages compared to these

earlier works. First, in the intervening decades, there has
been enormous progress in nano-scale read-out technology.
This potentially allows both for much larger sample
volumes to be studied, i.e., larger exposures to be obtained,
and better background mitigation. Second, we propose to
use materials obtained from depths larger than ∼5 km to
shield from cosmogenic backgrounds. Third, we explore a
wide variety of target materials beyond muscovite mica.
With these improvements, paleo-detectors could probe
WIMP-nucleon cross sections far below the upper limits
obtained in Ref. [67].
In this paper, we give a detailed description of the paleo-

detector proposal. In Sec. II, we describe the calculation of
the WIMP-induced spectrum of damage tracks. In particu-
lar, we show a semianalytical calculation of the track length
as a function of recoiling nucleus, target material, and recoil
energy in Sec. II B and compare it with the usually
employed numerical calculation.
In Sec. III we discuss some generalities of solid state

track detectors and a number of possible read-out methods.
We identify two realistic, though ambitious, read-out
scenarios. The first scenario is particularly geared towards
searching for low-massWIMPs with massesmχ ≲ 10 GeV.
Using helium-ion beam microscopy, we estimate that target
masses of Oð10Þ mg can be read out with ∼1 nm spatial
resolution. Reconstructing tracks as short as Oð1Þ nm,
corresponding to Oð100Þ eV nuclear recoil energy thresh-
olds, allows for thresholds comparable to conventional
direct detection experiments employing cryogenic bolo-
metric detectors. However, assuming a 1 Gyr old sample,
the exposure in paleo-detectors for Oð10Þ mg of target
material is ε ¼ 0.01 kgMyr. In order to achieve the same
exposure with a conventional direct detection experiment,
one would need to observe a target mass of 103 kg for 10 yr.
The second read-out scenario is more suitable for heavier

WIMPs, mχ ≳ 10 GeV, sacrificing some spatial resolution

for larger exposure. Using small-angle x-ray scattering
(SAXs), spatial resolutions of 15 nm are achievable. We
estimate a feasible target mass of Oð100Þ g for paleo-
detectors. The corresponding exposure for a lifetime of the
sample of 1 Gyr is ε ¼ 100 kgMyr. The nuclear recoil
energy threshold corresponding toOð10Þ nm long tracks is
of the order of keV, similar to what is achievable in
conventional direct detection experiments using liquid
noble gas targets. However, the required target mass to
achieve ε ¼ 100 kgMyr with an integration time of 10 yr
would be 107 kg in conventional direct detection experi-
ments. Note that other read-out methods exist beyond what
is discussed here.
In Sec. IV we discuss the most relevant background

sources for DM searches with paleo-detectors. For the
classes of target materials considered here, we identify
(broadly speaking) two different background regimes: For
low-mass WIMPs with masses mχ ≲ 10 GeV, the largest
contribution to the background budget comes from nuclear
recoils induced by coherent scattering of solar neutrinos. For
heavier WIMPs, the largest background source is nuclear
recoils induced by fast neutrons. Depending on the target’s
chemical composition, the dominant source of neutrons is
either spontaneous fission of heavy radioactive contami-
nants, or ðα; nÞ-reactions of the α-particles from the decays
of the heavy contaminants with the material’s nuclei. Note
that cosmogenic backgrounds can be avoided for paleo-
detectors by using minerals obtained from sufficient depth.
Conventional direct detection experiments must be operated
in accessible underground laboratories. The deepest current
laboratory, CJPL located in China, has an overburden of
∼2.4 km rock. For paleo-detectors we envisage using
comparatively small target volumes ≲ð10 cmÞ3, which
can be obtained from much larger depths. For example,
target materials may be obtained from the bore-cores of
ultradeep boreholes used for oil exploration and geological
R&D. Existing boreholes have depths up to 12 km [71].
Cosmogenic backgrounds are exponentially suppressed with
depth and will play virtually no role for target materials
obtained from depths larger than ∼5 km.
In Sec. V we discuss which minerals are best suited as

targets for paleo-detectors. In order to suppress back-
grounds induced by radioactive contaminants, we propose
to use minerals found in marine evaporites or in ultrabasic
rocks. Such minerals have significantly lower concentra-
tions of radioactive contaminants, e.g., uranium, than
typical minerals found in the Earth’s crust. For searches
for WIMPs with masses mχ ≳ 10 GeV where the back-
ground budget is dominated by neutrons from radioactive
processes, target minerals containing hydrogen, e.g.,
hydrites, are particularly useful. This is because hydrogen
is an effective moderator of fast neutrons, reducing the
number of neutron-induced nuclear recoil events.
In Sec. VI, we present sensitivity projections for paleo-

detectors in the benchmark read-out scenarios described
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above. Sensitivity projections for canonical spin-indepen-
dent (SI) WIMP-nucleus interactions have already been
presented in Ref. [1]. Here, we present results for a larger
selection of target materials. In addition, we show the
prospects of paleo-detectors for exploring spin-dependent
(SD) WIMP-nucleus interactions. For ease of comparison
with existing limits and future projections of conventional
direct detection experiments, we present sensitivity pro-
jections in the proton-only and neutron-only coupling
scenarios usually employed in the direct detection liter-
ature. Both in the SI and the two SD scenarios considered
here, paleo-detectors can probe low-mass WIMPs with
masses mχ ≲ 10 GeV even for WIMP-nucleon cross sec-
tions many orders of magnitude below current upper
bounds. For heavier WIMPs mχ ≳ 30 GeV the projected
sensitivity is better than current limits by a factor of a few to
∼100, depending on the type of interaction and target
material. Note that since the dominant background source
for such WIMP masses is radioactivity, the sensitivity may
be improved substantially with respect to what is presented
here if target materials with lower concentrations of
uranium than assumed in this work can be obtained.
We reserve Sec. VII for a summarizing discussion.

II. DM SIGNAL

The differential nuclear recoil rate per unit target mass
for elastic scattering of WIMPs with mass mχ off nuclei T
with mass mT is

�
dR
dER

�
T
¼ 2ρχ

mχ

Z
d3vvfðv; tÞ dσT

dq2
ðq2; vÞ: ð1Þ

Here, ER is the recoil energy of T, ρχ the local WIMP
density, fðv; tÞ theWIMP velocity distribution and dσT=dq2

the differential WIMP-nucleus scattering cross section with
the (squared) momentum transfer q2 ¼ 2mTER. Taking into
account canonical spin-independent (SI) and spin-dependent
(SD) interactions only, the differential scattering cross
section can be written as [72–76]

dσT
dq2

ðq2; vÞ ¼ 1

v2

�
σSIT ð0ÞF2

SIðq2Þ
4μ2T

þ SSDT ðq2Þ
2J þ 1

�
Θðqmax − qÞ;

ð2Þ

where μT is the reduced mass of the WIMP-nucleus system,
σSIT ð0Þ the spin-independent WIMP-nucleus scattering cross
section at zero momentum transfer, FSI the nuclear form
factor for SI scattering, SSDT parametrizes the SD WIMP-
nucleus scattering cross section, and J is the nuclear spin.
The HeavisideΘ-function accounts for the maximal momen-
tum transfer qmax ¼ 2μTv and can be traded for a lower
cutoff vmin ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mTER=2μ2T

p
in the velocity integral. Note

that more general WIMP-nucleus scattering operators can

lead to velocity dependence different from dσT=dq2 ∝ v−2,
see e.g., the non-relativistic effective field theory approach to
direct detection [77,78].
With Eq. (2), the differential recoil rate in Eq. (1) can be

written as

�
dR
dER

�
T
¼ 2ρχ

mχ

�
σSIT ð0ÞF2

SIðq2Þ
4μ2T

þ SSDT ðq2Þ
2J þ 1

�

×
Z
vmin

d3v
fðv; tÞ

v
: ð3Þ

For this work, we adopt a Maxwell-Boltzmann distribution
truncated at the galactic escape velocity vesc and boosted
to the Earth’s rest frame for the velocity distribution as
in the standard halo model [4,17,79]. The remaining
velocity integral in Eq. (3) can be calculated analytically,
cf. Refs. [80,81],

Z
vmin

d3v
fðv; tÞ

v
¼ 1

Nesc

�
1

2vE

�
erf

�
vþffiffiffi
2

p
σv

�
− erf

�
v−ffiffiffi
2

p
σv

��

−
�

vþ − v−ffiffiffiffiffiffi
2π

p
vEσv

�
e
−v2esc

2σ2v

�
; ð4Þ

with the normalization factor accounting for the truncation
of the Maxwell-Boltzmann distribution

Nesc ¼ erf

�
vescffiffiffi
2

p
σv

�
−

ffiffiffi
2

π

r
vesc
σv

e
−v2esc

2σ2v ; ð5Þ

and

v� ≡min ðvmin � vE; vescÞ: ð6Þ

We adopt fiducial values of σv ¼ 166 km=s for the velocity
dispersion and vesc ¼ 550 km=s for the escape velocity.
Since the exposure time of paleo-detectors to WIMP-
induced nuclear recoils is much larger than the orbital
period of the Earth around the Sun, we can neglect the
relative motion of the Earth with respect to the Sun. Then,
the speed of the detector with respect to the galactic rest
frame is given by

vE ¼ v⊙; ð7Þ

and we adopt v⊙ ¼ ffiffiffi
2

p
σv þ 13 km=s ¼ 248 km=s.

Note that for exposure timesOð1Þ Gyr the relative speed
of the Sun with respect to the galactic rest frame may
become time dependent. In addition, including the motion
of the Earth may have (minor) impact on the sensitivity: the
Earth’s orbital motion would lead to a broadening of the
WIMP induced recoil (and in turn track length) spectra. We
leave the investigation of such effects for future work.
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A. WIMP-nucleus interaction cross section

In Eq. (2), we parametrized the differential WIMP-
nucleus cross section in terms of the SI and SD cross
sections. The zero-momentum WIMP-nucleus SI cross
section can be further parametrized as

σSIT ð0Þ ¼
4

π
μ2T ½ZTfp þ ðAT − ZTÞfn�2; ð8Þ

where AT (ZT) is the number of nucleons (protons) in the
target nucleus and fp (fn) is the effective WIMP-proton
(WIMP-neutron) coupling. Many WIMP models exhibit
nearly isospin-conserving WIMP-nucleon couplings
fp ≈ fn, leading to the typical σSIT ð0Þ ∝ A2

T enhancement
in theWIMP-nucleus scattering cross section. The couplings
fp (fn) are related to the WIMP-nucleon cross sections σSIp;n
(the quantity in which experimental results and projections
are often quoted) by σSIp;n ¼ 4μ2p;nf2p;n=π with μp (μn) the
WIMP-proton (WIMP-neutron) reduced mass.
We use the Helm nuclear form factor [79,82,83] for

SI scattering

FSIðq2Þ ¼ 3
sinðqrnÞ − qrn cosðqrnÞ

ðqrnÞ3
e−ðqsÞ2=2; ð9Þ

with the effective nuclear radius r2n ≈ c2 þ 7
3
π2a2 − 5s2

where a≈0.52 fm, c≈ð1.23A1=3
T −0.6Þ fm, and s≈0.9 fm.

Note that more refined calculations of the form factors
are available, although only for a few isotopes, see e.g.,
Refs. [84–87].
For SD interactions it is useful to decompose the

interactions into an isoscalar (ST00), an isovector (ST11),
and an interference term (ST01) [75,76]

SSDT ðq2Þ ¼ a20S
T
00ðq2Þ þ a21S

T
11ðq2Þ þ a0a1ST01ðq2Þ; ð10Þ

with the effective isoscalar and isovector couplings

a0 ≡ ap þ an; a1 ¼ ap − an: ð11Þ

The effective SD WIMP-nucleon couplings are related to
the WIMP-nucleon scattering cross section as σSDp;nð0Þ ¼
12μ2p;na2p;n=π.
Where available1 we use the structure functions STij as

tabulated in [76]. For target nuclei where such structure
functions do not exist, we use the simplified parametriza-
tion of the SD WIMP-nucleon cross section

SSDT ðq2Þ ¼ ð2J þ 1Þ
π

ðJ þ 1Þ
J

F2
SDðq2Þ½aphST

pi þ anhST
ni�2;
ð12Þ

where hST
pi and hST

ni are the proton and neutron spin,
respectively, averaged over the nucleus. We use values for
the hST

i i as tabulated in Ref. [75]. Note that there are
considerable differences for these values when calculated in
different nuclear models; we follow the recommendations
given in Ref. [75] for which set of values to use for each
isotope.
For the nuclear structure function, we use the form given

in Ref. [79]

F2
SDðqrnÞ ¼

�
0.047; for 2.55 ≤ qrn ≤ 4.5;

sin2ðqrnÞ=ðqrnÞ2; else;

ð13Þ

with the effective nuclear radius rn ¼ 1.0A1=3
T fm. As in

the SI case, more refined calculations of the form
factors are available for some target isotopes, see e.g.,
Refs. [85,88–90].

B. Track-length estimate

From the differential recoil rate for given target nuclei we
compute the associated spectrum of damage track lengths.
In obtaining our results, track lengths are obtained using
numerical calculations described below. To illustrate the
relevant characteristics of the track length calculation, we
begin by presenting a semianalytic approximation here.
The stopping power for a recoiling nucleus T incident on an
amorphous target V with atomic number density nV can be
estimated by [91]

�
dE
dx

�
TV

¼ nV
πa2TVγTV
CTV

SðϵTVÞ; ð14Þ

with the reduced energy

ϵTV ¼ μðTVÞ
mT

aTVE
αZTZV

: ð15Þ

ZT=V denotes the number of protons in T=V, CTV ¼ ϵTV=E,
γTV ¼ 4μTV where μðTVÞ is the reduced mass of the T–V
system, and α is the fine-structure constant. The reduced
stopping power S can be derived from a screened inter-
atomic Coulomb potential with screening length

aTV ¼ 0.8853a0=ð
ffiffiffiffiffiffi
ZT

p
þ

ffiffiffiffiffiffi
ZV

p
Þ2=3; ð16Þ

where a0 is the Bohr radius. For an average of various
interatomic potentials, the reduced stopping power can be
parametrized as [91]

1For the isotopes f19F; 23Na; 27Al;29Si; 39K; 73Ge; 93Ni;123Te;
125Te; 127I; 129Xe; 131Xe; 207Pbg
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SðϵÞ ≈ 1

2

lnð1þ ϵÞ
ðϵþ AϵBÞ þ k

ffiffiffi
ϵ

p
; ð17Þ

where the parameters A ¼ 0.14120, B ¼ 0.42059 and
k ¼ 0.15 yield a reasonable fit to data for a wide variety
of T=V combinations. Note that the first term arises from
nuclear stopping and dominates when ϵ ≪ 1, while the
second term arises from stopping due to the electrons
associated with the target nuclei.
For a composite material, the stopping power is

obtained by summing over the contributions from different
constituents V,

dE
dxT

¼
X
V

�
dE
dx

�
TV
; ð18Þ

and the track length for a recoiling nucleus with energy
ER is

xTðERÞ ¼
Z

ER

0

dE

�
dE
dxT

ðEÞ
�

−1
: ð19Þ

The track length spectrum for WIMP-induced nuclear
recoils within a target mineral is then given by a sum over
constituent nuclei,

dR
dx

¼
X
T

ξT
dER

dxT

�
dR
dER

�
T
; ð20Þ

where ξT is the mass fraction of the nuclei.
While illustrative of the electronic and nuclear stopping

of recoiling nuclei in amorphous targets, the parametriza-
tion of the stopping power used in the semianalytic
approximation outlined above, in particular the functional
form of the reduced stopping power Eq. (17) and the values
of the numerical coefficients appearing therein, are only
matched to previous experimental data for particular nuclei
and energy ranges. In obtaining our results, we instead use
the stopping power obtained from the SRIM code [92,93]
and calculate the associated track lengths using Eq. (19).
Although the SRIM code improves the semianalytic treat-
ment by taking into account data from a more complete
collection of nuclei at much wider ranges of energy, these
results strictly still hold for amorphous targets only, i.e.,
neglect effects from the crystalline nature of our targets
such as channeling [94,95].
We show the track length as a function of recoil

energy for the different target nuclei in nchwaningite
[Mn2þ2 SiO3ðOHÞ2 · ðH2OÞ] in the top panel of Fig. 1.
Note that lighter nuclei give rise to significantly longer
tracks than heavier nuclei for the same recoil energy
because the stopping power increases with the charge of
the nucleus, cf. Eqs. (14)–(17). Such figures look similar
for other target nuclei, with quantitative differences mainly
arising from varying molecular number densities between

different target minerals. In general, lower molecular
number densities yield longer tracks for the same recoiling
nucleus and recoil energy, cf. Eq. (14).
The top panel of Fig. 1 also indicates the smallest nuclear

recoils which could be detected with paleo-detectors: If
tracks as short as Oð1Þ nm can be reconstructed, paleo-
detectors are sensitive to nuclear recoils as small as
Oð100Þ eV. Read-out methods with somewhat worse
spatial resolution, say Oð10Þ nm, would correspond to a
recoil energy threshold of order keV.
In the bottom panel of Fig. 1 we show the relative

difference of the track length spectra calculated with the
semianalytic approximation outlined above and with the
SRIM code. In the most relevant recoil energy range
0.1 keV≲ ER ≲ 100 keV both results differ by less than
10% for nuclei other than hydrogen. We find larger

FIG. 1. Top: Track length xT as a function of nuclear recoil
energy ER for the different target nuclei in nchwaningite
[Mn2þ2 SiO3ðOHÞ2 · ðH2OÞ] calculated with SRIM. Bottom: Rel-
ative difference of xanaT ðERÞ from the semianalytic calculation and
xSRIMT calculated with SRIM. Note that for hydrogen the relative
difference is rescaled by a factor 1=10. For recoil energies outside
of 0.1 keV≲ ER ≲ 100 keV the differences between the semi-
analytic calculation and the SRIM results become sizable. Further,
the two computations differ widely for low-Z nuclei such as
hydrogen. As discussed further in the text, this stems from the
semianalytic calculation being matched to experimental data only
for larger-Z nuclei and recoil energies 0.1 keV≲ ER ≲ 100 keV,
while the SRIM results describe experimental data well for larger/
smaller recoil energies and a larger variety of nuclei.
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differences outside of this energy range as well as for low-Z
nuclei such as hydrogen. Note that the stopping power in
the semianalytic calculation is not fit to data outside of this
energy range or for low-Z recoils, while the results of the
SRIM code still describe experimental data well in this
region.
In Fig. 2, we show the track length spectra induced by

WIMPs in different target materials together with back-
ground spectra discussed in the following section. We show
spectra induced in two marine evaporites (MEs), halite
(NaCl) and epsomite [ MgðSO4Þ · 7ðH2OÞ] and two ultra-
basic rocks (UBRs), olivine [Mg1.6Fe

2þ
0.4ðSiO4Þ] and nickel-

bischofite [NiCl2 · 6ðH2OÞ].2 For both MEs and UBRs
this selection contains one mineral with and one without
hydrogen. Note that we do not include tracks from

hydrogen in the track length spectra shown in Fig. 2, cf. the
discussion in Sec. III. Also, heavier WIMPs give rise to
harder track length spectra than lighter WIMPs because
heavier WIMPs induce more energetic nuclear recoils.
Note that the track length discussed above is strictly the

range of nuclei in the material. In the following, we will
assume that this range coincides with the measured track
length modulo errors induced by the finite spatial resolution
of the particular read out method. In principle, this
assumption can be violated either if permanent damage
only arises in part of a nucleus’ range, or if the nucleus loses
energy via hard scatterings such that the shape of the track
deviates significantly from a straight line. Both cases could
lead to reconstructed tracks appearing much shorter than the
range calculated above. Measured track lengths shorter than
the calculated range could lead to diminished sensitivity of
paleo-detectors, although such effects can be partly mitigated
by improved spatial resolution or larger exposures.
In any case, our studies using SRIM indicate that

corrections to the tracks lengths due to inconsistent

FIG. 2. Track length spectra from recoiling nuclei in halite (NaCl; top left), epsomite [MgðSO4Þ · 7ðH2OÞ; top right], olivine
[Mg1.6Fe

2þ
0.4ðSiO4Þ; bottom left], and nickelbischofite [NiCl2 · 6ðH2OÞ; bottom right] induced by the neutrino (ν) and neutron (n)

background and WIMPs with mχ ¼ f5; 50; 500g GeV, assuming σSIp ¼ 10−45 cm2. The vertical gray line indicates the track length of
72 keV 234Th nuclei from ð238U → 234Thþ αÞ decays. Halite and epsomite are MEs for which we assume a 238U concentration
of C238 ¼ 0.01 ppb in weight while for the UBRs olivine and nickelbischofite we assume C238 ¼ 0.1 ppb. See Sec. IV for a discussion
of the background sources.

2Here and in the remainder of this paper, for brevity, we refer to
minerals in marine evaporite deposits as “marine evaporites”
(MEs) and to minerals in ultrabasic rocks as “ultrabasic rocks”
(UBRs).
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appearance of persistent damage or to significant scattering
of nuclei are small. In particular, they play a role only at
the end of the track when the nucleus has already lost most
of its energy and traversed most of its range. The effect of
such corrections is a question which currently cannot be
answered quantitatively; detailed experimental studies are
required for each target material, which we leave for future
work. To the best of our knowledge, reliable estimates exist
only for the particular case of reconstructing tracks in
muscovite mica after cleaving and chemical etching [68].

III. READ-OUT METHODS

In order to be suitable for paleo-detectors, target minerals
must satisfy a few basic criteria. Foremost, nuclei with
energies of order ER ¼ 0.1–100 keV should give rise to
damage tracks in the material, and such tracks must persist
over sufficiently long time scales. Materials with such
properties are commonly referred to as solid state track
detectors (SSTDs) [65,96–98].
The exact mechanism for track formation by ions in

solids is not fully understood; popular models include the
thermal spike model [99] and the ion explosion model
[100]. Which ions leave permanent tracks in which
materials remains a question that can only be answered
semiempirically. In general, materials must be insulators (or
poor semiconductors) with electrical resistivity larger than
∼2000 Ω cm to record tracks, see Ref. [98] for a more
detailed discussion of track formation criteria. Much of
research using SSTDs has employed optical microscopy to
read out tracks after chemical etching. Tracks from ions
with charge Z ≳ 10 and energies larger than a few keV are
easily etchable in virtually all insulating materials studied.
For tracks from lighter nuclei, in particular α-particles
(4He2þ ions), the situation is less clear. Proton (1Hþ) tracks
have been demonstrated to be etchable only in plastics [98].
However, tracks from α-particles with ∼5 MeV energies
have been measured in (Al2O3∶C;Mg) crystals without
etching using confocal laser scanning and structured
illumination microscopy [101,102]. In this work we remain
agnostic about the question of low-Z particles leaving
tracks in the targets, but will instead consider two scenar-
ios: with-low-Z tracks, where we assume that all ions leave
tracks, and without-low-Z tracks where we assume that
only ions with Z ≥ 3 leave observable tracks.3 Which
scenario applies will have to be determined experimentally
for each combination of target material and read-out
method.
Besides recording tracks in the first place, materials also

have to preserve tracks over geological time scales of
0.1–1 Gyr in order to be suitable for use as paleo-detectors.

The fading, or annealing, of tracks is thought to be
due to the diffusion of atoms from the vicinity of the
damaged region into the tracks. The annealing time scale is
exponentially suppressed with the temperature T of the
material [97,98]

tann ∝ eEann=kT; ð21Þ

where Eann is the so-called activation energy for annealing
and k the Boltzmann constant. Typically, Eann ∼ kTm,
where Tm is the melting temperature. For most minerals
the annealing time at room temperature is much larger than
1 Gyr. For typical low melting-point crystals, e.g., calcite,
annealing times are t≳ 109 yr at room temperature.
Because of their high melting temperatures, refractory
materials are of particular interest because they typically
display large Eann and in turn annealing times, e.g., for
diopside (CaMgSi2O6) the annealing time has been esti-
mated to be t ∼ 1059 yr at room temperature [97]. Note that
reported temperatures at the bottom of ultradeep boreholes
vary from ∼100 °C to ∼300 °C, depending on the depth and
local geology. Thus, depending on the temperatures at the
sites from where target materials for paleo-detectors will be
obtained, track annealing may play a role for low melting-
point materials. In refractory materials, annealing times are
larger than 1 Gyr even at temperatures of a few hundred
degrees Celsius.
Damage tracks which persist over geological time scales

have been studied extensively for fission track dating,
typically making use of tracks caused by the Z ∼ 50

fragments from spontaneous fission of 238U. A commonly
used mineral for fission track dating is muscovite mica,
which can be cleaved into thin slices. Fission tracks are
then read out with e.g., electron microscopy (EM) or after
chemical etching with optical microscopes. Note that the
∼nm resolution of EM allows the imaging of fission tracks
without prior enlargement by chemical etching. However,
chemical etching is often used for EM read-out in order to
stabilize tracks against thermal annealing caused by the
incident electron beam. [97].
Previous searches for DM-induced nuclear recoil tracks

used techniques similar to those of fission track dating,
employing an atomic force microscope (AFM) to scan the
surfaces of cleaved and etched samples of muscovite mica
[67]. These past experiments were limited by both the small
throughput allowed by the extensive time required for
sample preparation and the manifestly two-dimensional
nature of the ion track reconstruction.
We propose to read out samples with recently developed

helium ion beam microscopy (HIM) [103], which has
spatial resolution similar to EM. However, it causes less
sample damage than EM [104] and is capable of subsurface
imaging to depths of Oð100Þ nm. Further progress with
respect to the two-dimensional readout with EM or AFM
can be made by using a focused ion beam (FIB) of either

3For paleo-detectors the most relevant distinction is if hydro-
gen nuclei leave tracks or not. Recovering tracks from α-particles
or not has almost no effect on the projected sensitivity of the
materials considered here.
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neon or gallium ions for sample preparation (e.g., see [105]).
The FIB can both be used for initial sample preparation and
for realizing three dimensional reconstruction of samples by
sequentially imaging a surface layer with HIM and then
sputtering away the read-out layer using the FIB [106].
Much faster ablation of the read-out layer is achievable by
using pulsed lasers in addition to the FIB [107–109]. We
estimate that combining HIM with pulsed laser ablation,4

target volumes of a few mm3, corresponding to masses of
Oð10Þ mg, should be possible. Although the target masses
which can be read out with HIM are particularly small, we
see from Fig. 2 that, for mχ ≲ 10 GeV, WIMP-induced
recoils yield ≲10 nm long nuclear recoil tracks at higher
rates when compared to heavier WIMPs. Thus, the ∼nm
spatial resolution possible with HIM read-out is ultimately
more relevant for sensitivity to low mass WIMPs since, as
with conventional DD experiments, paleo-detectors become
limited by the threshold of the detector rather than its
exposure.
Alternatively, for higher mass WIMPs with significantly

longer induced nuclear recoil tracks, small angle x-ray
scattering (SAXs) at synchrotron facilities should be
capable of fully three dimensional imaging of bulk samples
with minimal sample preparation [110]. Ion tracks have
been revealed without etching in crystalline materials using
SAXs, although only after imaging the sample along the
direction of the recorded track [111]. Also, SAXs tomog-
raphy has achieved ∼15 nm three-dimensional spatial
resolution [112] but not for resolving damage from ion
tracks, which cause only small variations in electron
density of the target material. Thus, while we are proposing
a particularly challenging application of SAXs and the
available beam time can be limited, we estimate a total
target volume of a few tens of cm3, corresponding to
Oð100Þ g, can be imaged at synchrotron facilities. The
∼104 increase in exposure relative to HIM allows for SAXs
to probe much lower WIMP-nucleon scattering cross
sections for WIMPs with mχ ≳ 10 GeV despite the loss
of spatial resolution.
Even larger target volumes can be handled by confocal

laser scanning microscopy (CLSM) or structured illumi-
nation microscopy (SIM), although at the cost of worse
spatial resolution of the order of 100 nm. Reliable read
out of α-particle tracks with sufficient spatial resolution
to allow for energy spectroscopy of the incident α-flux
has been demonstrated with CLSM and SIM without
prior chemical etching in particular target materials

(Al2O3∶C;Mg) [101,102]. Somewhat better spatial resolu-
tion may be achievable with ultraviolet microscopy (UVM).
Read-out methods which can process comparatively

large target volumes such as CLSM, SIM, or UVM are
particularly useful to prescreen target materials for paleo-
detectors and identify subvolumes which are low in radio-
actively induced backgrounds. Such subvolumes could
then be interrogated for traces of WIMP interactions with
higher resolution read-out methods such as SAXs or HIM.

IV. BACKGROUND REJECTION

In order to be sensitive to DM signals, a number of
background sources must be mitigated or controlled to a
sufficient level in paleo-detectors. Most of the background
sources are the same as in the conventional direct detection
approach. However, the relative importance of the respec-
tive background sources is different in paleo-detectors
and conventional direct detection experiments due to three
reasons:
(1) Paleo-detectors use long exposure times

[≲Oð109Þyr] and small target masses [≲Oð1Þ kg]
while conventional direct detection experiments use
short exposure times [≲Oð10Þ yr] and large target
masses [≲Oð104Þ kg].

(2) The experimental observable in paleo-detectors is
1–500 nm long damage tracks from recoiling nuclei,
while conventional direct detection experiments
observe the ionization charge, the scintillation light,
or the heat (phonons) produced by the recoiling
nucleus.

(3) Paleo-detectors measure events integrated over the
exposure time while conventional experiments have
precise timing information.

In the remainder of this section, we discuss the dominant
sources of backgrounds and how to mitigate or control
them. Note that natural crystal imperfections are either
single-site or span across the entire (mono-)crystalline
volume and are thus easily rejected. All relevant back-
grounds are damage tracks from charged particles being
stopped in the material.

A. Cosmogenic

Cosmic rays can scatter off target nuclei, leading to
recoils similar to WIMP-induced nuclear recoils. Similar to
conventional direct detection experiments, such back-
ground can be mitigated by using target samples obtained
from far below the Earth’s surface. The dominant cosmo-
genic background will then be due to muons interacting
with nuclei in the vicinity of the target volume, giving rise
to fast neutrons, which in turn scatter off target nuclei,
inducing nuclear recoils.
In conventional direct detection experiments, such

neutron-induced nuclear recoils can be mitigated further
by rejecting coincident events: fast neutrons have mean free

4In practice, one would use a combination of pulsed-laser and
ion-beam ablation. Most of the previously read-out layer can be
ablated with pulsed lasers to maximize throughput. However,
laser ablation potentially also causes substantial local thermal
annealing of damage tracks. Thus, one would use ion-beams of
descending Z-nuclei to ablate the remaining portion of the
previously read-out layer, minimizing thermal annealing in the
layer to be read-out next.
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paths of Oð1Þ cm in typical detector materials and usually
scatter multiple times in the detector volume. Note that
because the neutron’s mass is much smaller than the mass
of typical target nuclei, neutrons lose only a small fraction
of their energy in a single scattering event. Due to the lack of
timing information, such suppression strategies cannot be
employed in paleo-detectors.
However, conventional detectors must be operated in

(large) underground laboratories. The deepest such
laboratories currently available (Snolab, Canada and
CJPL, China) have an overburden of ≲2 km of rock
corresponding to ≲7 km.w.e. (km water equivalent). At
such depths, the neutron flux is Oð10−2Þ m−2 yr−1 ¼
Oð103Þ cm−2 Gyr−1 [113]. While a neutron flux of this
magnitude is acceptable for a conventional direct detection
experiment it would pose a severe problem for paleo-
detectors due to the large exposure and the lack of timing
information. However, the neutron flux is exponentially
suppressed with the overburden. Target materials for paleo-
detectors can be obtained from depths much larger
than 2 km, e.g., from ultradeep boreholes as used for
geological R&D and oil exploration. The neutron flux at
depths of {5, 7.5, 10} km rock overburden is of order
f1; 10−4; 10−8g cm−2Gyr−1, making cosmogenic back-
ground negligible for materials obtained from depths larger
than ≳5 km. Note that both MEs (e.g., see [114]) and
UBRs (e.g., see [115]) with ages ≳500 Myr have been
found in cores from ultradeep boreholes.
Due to the comparatively small size of the target sample,

near-surface storage of the minerals between when they are
obtained from deep in the Earth and read out does not lead
to problematic levels of irradiation with cosmic rays. For
example, the induced neutron flux in a ∼50 m deep storage
facility is smaller than ∼0.2 cm−2 yr−1.

B. Radioactive decays

Any target sample used for paleo-detectors will be
contaminated by traces of radioactive materials. The
mitigation of the corresponding background is crucial
for the success of the proposed search. Similar to conven-
tional direct detection experiments, it is crucial to select
materials with the lowest possible concentrations of radio-
active materials. We discuss typical contaminations of
target materials further in Sec. V. The most relevant
contaminant is 238U. As a benchmark value, we will assume
238U concentrations of C238 ¼ 0.01 ppb (part per billion) in
weight in the following discussion.
The 238U decay chain is

238U→
α 234Th→

β−
234mPa→

β−
234U→

α 230Th

→
α 226Ra→

α 222Rn→
α
… → 206Pb: ð22Þ

We quote the half-lives for the most relevant decays in
Table I.

In paleo-detectors, there are qualitative differences
between α-decays and β=γ-decays: α-decays are
(N → N0 þ α) 2-body decays, giving rise to a mono-
energetic nuclear recoil and an α-particle. For the α-decays
of heavy nuclei in the uranium and thorium decay chains,
the energies of the α-particles are a few MeV, and the
induced nuclear recoils have energies of 10–100 keV. Both
the recoiling nucleus and the α-particle lose their energy
mostly via ionization and elastic scattering off other nuclei,
and may give rise to a damage track in the target material. β
(γ) decays are 3-body (2-body) decays where the nucleus
emits an electron and a neutrino (a photon). Since the mass
of the electrons/neutrinos/photons is negligible with respect
to the mass of the nucleus, the light decay products carry
most of the excess energy of the decay. The recoil energy
of the daughter nucleus from the decay is EN0

R ≲Oð10Þ eV.
The emitted electron is relativistic and does not deposit
enough energy in a material to create a persistent damage
track. Similarly, γ-rays lose their energy by scattering off
electrons or by electron pair creation, again giving rise to
relativistic electrons which do not induce tracks.
In summary, α-decays give rise to a (heavy) recoiling

nucleus with energies 10–100 keV and an α-particle with a
few MeV of energy, both of which give rise to potentially
observable tracks. β and γ-decays on the other hand give
rise to relativistic electrons which leave no persistent
damage in materials and recoils of the (heavy) nuclei with
energies of order 10 eV. Such low-energy recoils give rise
to unobservably short damage tracks. Hence, only α-decays
give rise to potential background events.
Recalling the 238U decay chain, cf. Eq. (22), and

considering the half-lives of the involved nuclei listed in
Table I we find that the half-life of the initial 238U decay is
comparable or somewhat larger than the integration time
of paleo-detectors. The subsequent decays are much
faster; the longest half-life of the nuclei in the decay chain
is for 234U. The accumulated half-life of the decays after

TABLE I. Half-lives T1=2 of selected nuclei in the 238U decay
chain [116–120]. For 238U we denote both the half-lives corre-
sponding to α-decays and spontaneous fission (SF). For 234mPa
we denote in addition the branching ratio for β−-decays and
isomeric transitions (IT).

Nucleus Decay mode T1=2

238U α 4.468 × 109 yr
SF 8.2 × 1015 yr

234Th β− 24.10 d
234mPa β− (99.84%) 1.159 min

IT (0.16%)
234Pa β− 6.70 d
234U α 2.455 × 105 yr
230Th α 7.54 × 104 yr
226Ra α 1600 yr
222Rn α 3.8325 d
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222Rn not listed in Table I is <23 yr and the decay chain
contains 4α-decays between 222Rn and the stable 206Pb.
Thus, almost all 238U nuclei which underwent the

initial (238U → 234Thþ α) decay will have decayed further
along the decay chain to stable 206Pb. Such events will
manifest in the mineral as a sequence of 8 spatially
connected ER ¼ Oð100Þ keV recoils of the heavy daughter
nuclei in the decay chain accompanied by 8 α-tracks.
Note that the typical range of an α-particle with energies of
order MeV is larger than a few μm in the target minerals of
interest.
The characteristic pattern of nuclear recoil tracks can be

used to efficiently mitigate 238U decay events even under
the pessimistic assumption that the damage track from the
α-particles does not create sufficient damage in the target
material to be resolved when reading out the material.
However, due to the relatively long half-life of 234U, the

second α-decay in the 238U decay chain, there will be a
population of events in the target sample which has
undergone only a single α-decay. This background posed
a significant problem [121,122] in the original attempt
to search for DM induced damage tracks in ancient mica
[67–70]. In [67] the authors used atomic force microscopy
(AFM) to search for damage tracks after cleaving and
chemically etching a mica sample. In mica, α-tracks are not
etchable, hence, only the recoil track of the 72 keV 230Th
nucleus from the (238U → 234Thþ α) decay would be
detectable. Due to etching the sample and using AFM as
read-out which can only scan the surface of the material,
the track length resolution in Ref. [67] was relatively poor.
Thus, the characteristic length of the 234Th induced track
could not be used for rejection of that background.
However, the advances in read-out technology in the last
decades now allow to efficiently mitigate the single-α
background.
The number of single-α decays in a target sample is

given by

N238
1α ðtÞ ¼ N0

238

λ238
λ234 − λ238

ðe−λ238t − e−λ234tÞ; ð23Þ

where λ238 (λ234) is the decay constant of 238U (234U) related
to the half-life as λ ¼ lnð2Þ=T1=2 and t is the age of the
mineral. The initial number of 238U atoms in the sample,
N0

238 is given by

N0
238 ¼ MTC238NA=mmol

238; ð24Þ

where MT is the mass of the target mineral, C238 the
fraction of 238U in the target material in weight, NA the
Avogadro constant, and mmol

238 the molar mass of 238U.
For T234

1=2 ≲ t≲ T238
1=2, the age of most minerals of interest

for paleo-detectors, the number of single-alpha events per
unit target mass is well approximated by

n2381α ≡ N238
1α

MT
≃
N0

238

MT

λ238
λ234

¼ 109 kg−1
�

C238

0.01 ppb

�
: ð25Þ

Such large numbers of background events require
effective background suppression in order to retain sensi-
tivity to hypothetical DM signals. In principle, there are
two options to mitigate the single-α background depending
on the read-out scenario discussed in Sec. III: (1) in the
with-low-Z tracks scenario, the coincident detection of an
α-induced track and the damage track from the recoiling
234Th nucleus make background suppression trivial. The
α-particle has a characteristic energy of 4.2 MeV, giving
rise to tracks longer than 10 μm in all target material
considered. Such tracks are 1–2 orders of magnitude longer
than WIMP-induced tracks. (2) in the without-low-Z tracks
scenario, only the track of the 234Th nucleus is visible.
Then, one has to rely on the monochromatic 72 keV recoil
energy of the 234Th nuclei, cf. Fig. 2 for the corresponding
track lengths. Note that the finite track length resolution
will turn mono-chromatic recoils into a Gaussian spectrum
(after reconstruction) with width given by the track length
resolution. As we will see in Sec. VI, the impact on
the projected sensitivity of paleo-detectors is negligible
since the corresponding narrow feature in track length is
easily rejected for high-resolution read-outs such as HIM.
For read-out methods with worse resolution such as SAXs,
the single-α background depreciates the sensitivity to low
mass WIMPs, while the sensitivity to heavier WIMPs is
retained.

C. Neutrons

A small fraction of the 238U atoms in the target sample
will undergo spontaneous fission (SF) instead of α-decays.
The fission event itself is an easily rejected background:
Spontaneous fission gives rise to two (heavy) daughter
nuclei which recoil against each other and subsequently
decay to stable nuclei. Such events will give rise to
signatures even more spectacular than the 8 α-decays in
the usual 238U decay chain discussed above.
However, SF of 238U nuclei also gives rise to ∼2 fast

neutrons with typical energies of ∼1 MeV. Fast neutrons
lose their energy predominantly via elastic scattering off
target nuclei. The mean free path for fast neutrons in typical
target minerals is of the order of a few cm, making it
difficult to connect the induced recoil of a target nucleus
with the SF event. Furthermore neutrons lose only a small
fraction of their energy when elastically scattering off the
typically much heavier target nuclei due to the scattering
kinematics. Typically, neutrons will undergo 100–1000
elastic scatterings before losing enough energy to not be
able to give rise to nuclear recoils with energies similar to
WIMP induced recoils. In conventional direct detection
experiments, such multiple scatterings are used to
reject neutron induced recoil events. However, since
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paleo-detectors have no timing information, such an
approach cannot be used for background rejection.
The number of spontaneous fission events per unit target

mass in a target mineral of age t from 238U contamination is
given by

n238SF ¼ N0
238

MT
ð1 − e−λ238tÞ T238

1=2

T238;SF
1=2

; ð26Þ

with the initial number of 238U atoms in the sample, N0
238

given by Eq. (24),MT the mass of the target mineral, λ238 ¼
lnð2Þ=T238

1=2 the decay constant of 238U, and T238
1=2 (T238;SF

1=2 )

the (SF) half-life of 238U reported in Table I. For mineral
ages short compared to the 238U half-life, the number of SF
events is well approximated by

n238SF ≃ 2 × 106 kg−1
�

C238

0.01 ppb

��
t

1 Gyr

�
: ð27Þ

Fast neutrons are also produced in so-called ðα; nÞ-
reactions, emission of fast neutrons from interactions of
α-particles with heavier nuclei. Although only a small
fraction of α-particles will lead to neutron emission,
ðα; nÞ-reactions yield a sizeable contribution to the neutron
flux in the target since the number of α-particles is ∼107
times larger than the number of neutrons from SF events.
Depending on the composition of the target material,
the neutron spectrum can either be dominated by neutrons
from SF events or by neutrons from ðα; nÞ interactions.
Generally, the lighter the target nuclei are, the more relevant
the ðα; nÞ contribution becomes. However, the strong
dependence of the ðα; nÞ cross section on the nuclear
structure of the target isotopes makes general statements
difficult.
We use the SOURCES-4A code [123] to calculate the

neutron spectra from SF of all nuclei in the 238U decay
chain and ðα; nÞ reactions induced by α-particles from the
238U decay chain. From these spectra, we calculate the
induced nuclear recoil spectra using the neutron-nucleon
cross sections tabulated in the JANIS4.0 database [124].5

We take only elastic neutron-nucleon scattering into
account. Thus, the obtained background is a conservative
estimate: including additional processes such as inelastic
scattering, neutron absorption, or ðn; αÞ processes lowers
the background, since neutrons lose a larger fraction of
their energies in such interactions than in elastic scatterings,
or are absorbed.
Due to the scattering kinematics, neutrons lose only a

small fraction of their energy when elastically scattering off
heavy nuclei. However, when scattering off light targets,
the energy transfer is much more efficient: On average,

a fast neutron from SF or ðα; nÞ-reactions will give rise to
∼4 (∼7) nuclear recoils with ER ≳ 10 keV (ER ≳ 1 keV)
when scattering off hydrogen with mT ∼ 1 GeV. When
scattering off nuclei with mT ∼ 10 GeV, the same neutrons
give rise to ∼20 (∼50) recoils with energies ER ≳ 10 keV
(ER≳1 keV). For even heavier nuclei, with mT ∼100GeV,
fast neutrons induce ∼30 (∼200) recoils with energies
ER ≳ 10 keV (ER ≳ 1 keV). Because of the kinematic
match of the neutron and proton (i.e., H nuclei) masses
and because the neutron-hydrogen elastic scattering cross
section is large compared to those of most heavier nuclei,
fast neutrons will scatter efficiently off hydrogen in a target
and lose a large fraction of their energy in each interaction.
This leads to a large reduction of the number of energetic
neutron induced nuclear recoils, in particular recoils of
nuclei heavier than hydrogen, even if hydrogen comprises
only a relatively small fraction of the target molecules, as
can be seen by comparing the left and right panels of Fig. 2.
In addition, depending on the target material and read-out
method, the hydrogen recoils themselves may not give rise
to observable tracks, cf. the discussion in Sec. III.
On the other hand, ðα; nÞ cross sections are typically

large for the lightest target nuclei with Z ≥ 3. Thus, target
minerals containing lithium or beryllium are not well suited
for paleo-detectors.
We show the track length spectra induced by neutrons in

Fig. 2 together with the WIMP-induced spectra. Trivially,
the neutron induced background is lower in materials
with lower concentration of 238U. However, the difference
between target minerals with and without hydrogen is
much larger, suppressing the neutron induced background
by more than two orders of magnitudes between otherwise
similar target minerals.

D. Neutrinos

Neutrinos emitted in the Sun, supernovae explosions,
and cosmic ray interactions in the atmosphere can coher-
ently scatter off the target nuclei giving rise to nuclear
recoils; the same process which gives rise to the neutrino
floor for DD experiments [129]. The differential recoil
spectrum per unit target mass induced by neutrinos is given
by [129,130]

�
dR
dER

�
T
¼ 1

mT

Z
Emin
ν

dEν
dσ
dER

dΦν

dEν
; ð28Þ

where Emin
ν ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

mTER=2
p

is the minimum neutrino energy
required to induce a nuclear recoil with energy ER, similar
to the maximum momentum transfer in Eq. (2). The
differential cross section for coherent neutrino-nucleus
scattering is

dσ
dER

ðER; EνÞ ¼
G2

F

4π
Q2

WmT

�
1 −

mTER

2E2
ν

�
F2ðERÞ; ð29Þ5We use values from TENDL-2017 [125–128] for neutron-

nucleon cross sections.
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where GF is the Fermi coupling constant, [QW ≡
ðAT − ZTÞ − ð1 − 4 sin2 θWÞZT] with the weak mixing
angle θW , and FðERÞ is the nuclear form factor. We take
the neutrino flux dΦν=dEν from Ref. [130]; for Eν ≲
20 MeV the neutrino flux is dominated by solar neutrinos,
for 20 MeV≲ Eν ≲ 30 MeV by the diffuse supernova
neutrino background (DSNB), and for larger energies
Eν ≳ 30 MeV by atmospheric neutrinos. The nuclear recoil
spectrum due to the neutrino background is converted to an
ionization track length spectrum analogously to the WIMP
induced recoil spectra; we show the resulting spectrum
together with those induced by WIMPs and neutrons in
Fig. 2 for a selection of target materials.

E. Background discussion

In Fig. 2, we compare the track length spectra induced by
the respective backgrounds with those induced by WIMPs.
A more detailed comparison including the uncertainty
of the background and the effects of finite track length

resolution on the spectra is shown for epsomite in Fig. 3, for
low-mass WIMPs and in Fig. 4 for heavier WIMPs. In the
upper panels of these figures, we indicate the neutrino,
neutron, and single α-decay induced backgrounds with the
solid, dashed, and dashed-dotted black lines, respectively.
The shaded bands around the lines show the systematic
and statistical errors, added in quadrature, of the respective
backgrounds. Colored lines show the WIMP-induced
spectra for a variety of WIMP masses and benchmark
WIMP-nucleon scattering cross sections, cf. the captions of
Figs. 3 and 4. In addition, the bottom panels show the ratio
of the number of signal to background events for each
WIMP benchmark together with the relative uncertainty of
the total background.
The relevant background quantity is not the total number

of events, but the uncertainty of the number of background
events in the signal region. Here, we assume that back-
grounds induced by neutrinos suffer from much larger
uncertainties than radioactivity induced backgrounds. The

FIG. 3. Binned recoil spectra (upper panels) and ratio of signal (S) to background (B) events per bin (lower panels) in epsomite
[ MgðSO4Þ · 7ðH2OÞ], assuming an exposure of 0.01 kgMyr and a 238U concentration of C238 ¼ 0.01 ppb in weight. The colored lines
are for WIMPs with (5, 10, 15, 50) GeV mass assuming a WIMP-nucleon cross section of σSIn ¼ 10−42 cm2 as indicated in the legend.
Upper panels: The solid, dashed, and dash-dotted black lines are for the neutrino (ν), neutron (n), and single-α (1α) induced background
spectra, respectively. The gray shaded bands around the respective lines indicate the statistical and systematic errors, added in
quadrature, of the respective backgrounds. Note that the uncertainty bands of multiple backgrounds overlap where the shaded area
appears darker. Lower panels: Ratio of signal (S) to total background (B) events per bin. The gray shaded area indicates the relative
uncertainty of the total background per bin, i.e., the ratio of the (quadratic sum of the statistical and systematic errors of all components)/
(sum of all background events) per bin. The signal-to-noise ratio, as defined in Eq. (32), per bin is obtained by dividing S=B for the
respective signal with the relative uncertainty of the background. The left panels show spectra calculated with low-Z tracks, i.e., under
the assumption that tracks from low-Z nuclei, including hydrogen, are visible. Thus, the single-α induced background can be rejected
based on the appearance of the α-tracks. The spectra in the right panels are calculated without low-Z tracks. Thus, we assume that low-Z
nuclei such as hydrogen and helium (α-particles) do not leave visible tracks. Hence, the monochromatic 234Th recoils from the single-α
background appear as broadened spectra due to the finite track length resolution.
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main uncertainty on the neutrino induced backgrounds
stems from the normalization of the neutrino fluxes.
Today’s fluxes are known to an accuracy of a few percent
for solar neutrinos, while the DSNB and atmospheric
neutrino fluxes are only known within some tens of
percent [130]. However, paleo-detectors would measure
the time-integrated neutrino induced background over a
period of as large as a billion years, entailing further
uncertainties from extrapolating the current neutrino
fluxes over such time scales. As in Ref. [1] we account
for such uncertainties by assuming a relative systematic
error of Σν ¼ 100% for the number of neutrino induced
background events. Note that a spectral analysis would
allow one to significantly reduce this error since such an
analysis would use a control region dominated by
neutrino induced events to measure the normalization
of the neutrino induced background [131]. It should be
kept in mind, however, that the normalization of the
neutrino induced backgrounds from the different compo-
nents of the solar neutrino fluxes, DSNB, and atmos-
pheric neutrinos may fluctuate independently such that
each component must be measured individually.
The normalization of the radioactive backgrounds on

the other hand is determined solely by the initial con-
centration of radioactive materials in the target mineral
and the exposure time. There is no external source which
may fluctuate with time as for the neutrino induced
backgrounds. Hence, the normalization can be predicted
much better, e.g., from measuring the number of full
238U decay chains in the target mineral. We assume a

systematic uncertainty of 1% on the single-α and neutron
induced backgrounds.
For the assumed benchmark 238U concentration of

C238 ¼ 0.1 ppb (C238 ¼ 0.01 ppb) for UBR (ME) miner-
als, we can identify two (broadly speaking) background
regimes. For tracks shorter than some tens of nm, the
background uncertainty is dominated by recoils induced by
solar neutrinos. For longer tracks, the neutrino induced
background is dominated by DSNB and atmospheric
neutrinos, both of which have much smaller fluxes than
solar neutrinos. Thus, for tracks longer than some tens of
nm, neutron induced events are the dominant contribution
to the background uncertainty. Note that the value of the
track length below (above) which solar neutrinos (neutrons)
dominate the background budget is target dependent.
The single-α background plays a role only if α-tracks

cannot (reliably) be reconstructed by the chosen read-out
method. However, the impact on the signal-to-noise ratio
remains small as can be seen by comparing the left and
right bottom panels of Figs. 3 and 4, respectively.

V. MINERAL OPTIMIZATION

As discussed in Sec. IV, one of the major sources of
backgrounds in paleo-detectors is decays of radioactive
contaminants, in particular 238U. In order to suppress this
background, materials with as low 238U concentration as
possible must be chosen as target materials. The typical
uranium concentration in the Earth’s crust is of the order of
parts per million (ppm) in weight, which would lead to

FIG. 4. Same as Fig. 3 but for an exposure of 100 kgMyr and assuming a track length resolution of σx ¼ 15 nm. WIMP signal are
shown for masses of (5, 50, 500, 5000) GeV and assuming WIMP-nucleon cross sections of ð10−42; 10−47; 10−46; 10−47Þ cm2,
respectively. Note that the bin-width is 10 nm instead of 1 nm in Fig. 3 and that the scales of the axes are different.
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unacceptably large backgrounds. Much lower concentra-
tions of uranium are found in the Earth’s mantle and in
seawater. Thus, promising target materials for paleo-
detectors are ultrabasic rocks (UBRs), formed in the
Earth’s mantle, and marine evaporites (MEs), formed at
the bottom of evaporating oceans.6 The most common
example of an UBR is olivine [Mg1.6Fe

2þ
0.4ðSiO4Þ], and the

most common MEs are halite (NaCl) and gypsum
[CaðSO4Þ · 2ðH2OÞ]. Note that further purification of the
materials may arise from chemical expulsion of contam-
inants during the growth of crystals. However, the effect
of such purification can not be quantified in general, see
e.g., [132].7 Here, we use benchmark values for the 238U
concentrations of 0.01 ppb (parts per billion) in weight for
MEs and 0.1 ppb for UBRs.
As discussed in Sec. IV C, neutron induced backgrounds

are further suppressed by the presence of hydrogen in the
material since hydrogen is an effective moderator of fast
neutrons. Suppression of the neutron induced background
is particularly relevant to maintain sensitivity to WIMPs
with mass mχ ≳ 10 GeV. Examples of UBRs containing
hydrogen are nchwaningite [Mn2þ2 SiO3ðOHÞ2 · ðH2OÞ] and
nickelbischofite [NiCl2 · 6ðH2OÞ], while MEs containing
hydrogen are e.g., gypsum [CaðSO4Þ · 2ðH2OÞ] or epso-
mite [MgðSO4Þ · 7ðH2OÞ].
Further gains in sensitivity can be made by choosing

materials which are optimal for particular ranges of WIMP
masses or WIMP-nucleus interaction types. For example,
for low-massWIMPs one would preferentially use minerals
with low mass density and low-mass target nuclei. In such
targets, tracks are relatively long, such that recoils induced
by low-mass WIMPs are more easily read out. On the other
hand, light nuclei have comparatively large ðα; nÞ cross
sections, rendering neutron-induced backgrounds in such
targets challenging.
For probing SI interactions of WIMPs with masses

mχ ≳ 10 GeV, it is advantageous to have as many heavy
target nuclei in the target material as possible since the
WIMP-nucleus cross section is coherently enhanced with
the number of nucleons, σSIT ∝ A2

T . However, MEs and
UBRs containing both hydrogen and nuclei heavier than Ni
are quite rare.
For probing SD interactions, the target material must

contain nuclei with large nuclear spin. Interesting target
elements for WIMP-proton SD interactions are e.g., H, B,
F, Na, Al, K, or Mn. Note that out of the first two, hydrogen
is only useful as a target in the with low-Z tracks scenario.

Boron is a good target for WIMP-proton SD scattering;
however, it also leads to relatively large backgrounds
from (α, n)-interactions. Examples of UBRs containing
such nuclei are nchwaningite [Mn2þ2 SiO3ðOHÞ2 · ðH2OÞ]
and phlogopite [KMg3AlSi3O10FðOHÞ], while borax
[Na2ðB4O5ÞðOHÞ4 · 8ðH2OÞ] and mirabilite [Na2ðSO4Þ·
10ðH2OÞ] are examples of MEs.
The situation is worse for WIMP-neutron SD scattering,

as natural targets do not usually contain sizeable fractions
of target isotopes with unpaired neutrons. The most
interesting target elements are Mg, Si and Zr. Note that
O offers some sensitivity to WIMP-neutron scattering as
well, although the abundance of the relevant isotope 17O is
small. Examples of UBR targets are baddeleyite [ZrO2]
and phlogopite [KMg3AlSi3O10FðOHÞ], Example of
MEs are cattiite [Mg2.92Fe0.01ðPO4Þ2.01 · 22.05ðH2OÞ]
and epsomite [MgðSO4Þ · 7ðH2OÞ].
Besides the materials mentioned above and on which we

will focus in this work, other classes of materials may be
promising for particular applications. For example, natural
plastics such as evenkite (C24H50) are excellent SSTDs.
Since they are comprised of relatively light target nuclei,
natural plastics would be interesting targets for low-mass
WIMPs mχ ≲ 10 GeV in particular. However, little is
known about typical uranium concentrations in natural
plastics such that we do not consider them as targets in this
work. Another interesting material is diamond, samples of
which can be extremely radiopure [133]. However, the
diamond sample would have to be much larger than the few
cm mean free path of fast neutrons in order for the sample
to not be contaminated by nuclear recoils induced by
neutrons originating from the surrounding material. In
reverse, the background of neutron induced recoils may
be suppressed in general if a target mineral of linear
dimensions smaller than a few cm is embedded in a
uranium-poor environment, e.g., ice or pure salt deposits.
In such a situation, the neutrons originating within the
sample would mostly scatter outside of the target volume,
while the average neutron flux through the sample would
be reduced due to the lower radioactivity in the surrounding
material.

VI. SENSITIVITY ESTIMATION

From the track length spectra for the signal and the
different background components discussed in Secs. II
and IV, respectively, we estimate the sensitivity of paleo-
detectors using a simple cut-and-count analysis.
For each WIMP mass hypothesis, we account for the

finite track length resolution by sampling the spectra and
smearing the track length of each event as

xsmear ¼ xtrue þ ΔxðσxÞ; ð30Þ

where xsmear (xtrue) is the smeared (true) track length andΔx
a random number with dimensions of length drawn from a

6Recall that for brevity, we refer to minerals in marine
evaporite deposits as “marine evaporites” and to minerals in
ultrabasic rocks as “ultrabasic rocks”.

7Once obtained, concentrations of radioactive trace elements in
target samples of interest for paleo-detectors can be measured
reliably to levels as low as ∼10−15 in weight using e.g.,
inductively coupled plasma mass spectroscopy.
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normal distribution with standard deviation σx given by the
track length resolution of the respective read-out method.
We then assume a signal region

xmin < xsmear < xmax; ð31Þ

and count the number of signal (background) events S (B)
in that signal window. The signal-to-noise ratio is calcu-
lated as

SNR ¼ Sffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Bν þ Σ2

νB2
ν þ BSF þ Σ2

SFB
2
SF þ…

p ; ð32Þ

where Σi is the relative systematic error of the background i
and the “…” indicate additional background components,
e.g., the single-α events.
The number of signal events is proportional to the

WIMP-nucleon interaction cross section. For each signal
region satisfying

σx=2 ≤ xmin ≤ xmax − 2σx; xmax ≤ 103 nm; ð33Þ

we find the smallest interaction cross section for which

SNR > 3 and S ≥ 5; ð34Þ

thus finding the signal region for each mass hypothesis
yielding the best projected sensitivity in terms of the
smallest WIMP-nucleon cross sections which could be
probed.
In the remainder of this section, we present sensitivity

projections for different benchmark assumptions: We use
a high resolution (σx ¼ 1 nm), low throughput (ε¼
0.01 kgMyr) scenario, and a low resolution (σx¼15 nm),
large throughput (ε ¼ 100 kgMyr) scenario. The first
scenario may e.g., be realized by reading out 10 mg of a
1 Gyr old sample with helium ion beam microscopy (HIM).
The latter scenario could be realized by reading out 100 g of
a 1 Gyr old sample with small angle x-ray scattering
(SAXs); see Sec. III for a discussion of read-out methods.
For both scenarios we discuss sensitivity projections both
under the assumption that all nuclei give rise to reconstruc-
tible tracks (with-low-Z tracks) and under the assumption
that only nuclei with Z ≥ 3 yield reconstructible tracks
(without-low-Z tracks). In particular, in the latter case we
assume that hydrogen nuclei and α-particles (He nuclei) do
not give rise to reconstructible tracks. We note that our
analysis only extends down tomχ ≃ 0.5 GeV since WIMPs
with mass any lower would not give rise to a significant
number of nuclear recoil tracks ≳1 nm in any of the target
minerals considered here.
As discussed in Sec. IV E, we assume a relative

systematic error of Σν ¼ 100% for the neutrino induced
background. For the backgrounds induced by radioactivity,
in particular the neutron and single-α decay induced

backgrounds, we assume a relative systematic error of
Σn ¼ Σ1α ¼ 1%.

A. Spin-independent interactions

In Fig. 5, we show sensitivity projections for spin-
independent (SI) WIMP-nucleus interactions in six differ-
ent target minerals. We pick three examples of MEs: The
two very common evaporites halite (NaCl) and gypsum
[CaðSO4Þ · 2ðH2OÞ] and the less common evaporite epso-
mite [ MgðSO4Þ · 7ðH2OÞ]. Halite is an example for an
evaporite not containing hydrogen while gypsum and
epsomite do. Likewise, we choose three examples of
UBRs: The very common olivine [Mg1.6Fe

2þ
0.4ðSiO4Þ], and

two minerals containing hydrogen, nchwaningite
[Mn2þ2 SiO3ðOHÞ2 · ðH2OÞ] and nickelbischofite.
Comparing the different panels of Fig. 5, we can first

note, that in general, for low-mass WIMPs with masses
mχ ≲ 10 GeV good spatial resolution is crucial, while for
heavier WIMPs large exposure is more relevant. This is
because lighter WIMPs give rise to less energetic recoils
and hence shorter tracks than heavier WIMPs. As discussed
in Sec. IV E, for the assumed 238U concentrations of C238 ¼
0.01 ppb (C238 ¼ 0.1 ppb) for MEs (UBRs), the dominant
background source for WIMPs withmχ ≲ 10 GeV are solar
neutrinos. Hence, for this mass regime, the sensitivity of
MEs and UBRs as well as targets containing or not
containing hydrogen is comparable. We find that the typical
sensitivity extends to SI WIMP-nucleon cross sections as
small as σSIn ∼ 10−43 cm2 for WIMP masses mχ ∼ 1 GeV
and to cross sections approximately one order of magnitude
smaller for WIMPs with masses mχ ∼ 10 GeV.
For heavier WIMPs with masses mχ ≳ 10 GeV, we find

appreciable differences between targets containing or not
containing hydrogen as well as between MEs and UBRs.
This is because for such WIMP masses, the background is
dominated by neutron induced recoils. Since the neutron
flux is proportional to the 238U concentration in the target
material, MEs are more promising targets assuming that
uranium concentrations in MEs are one order of magnitude
lower than in UBRs. Further, the sensitivity is significantly
increased in minerals containing hydrogen. If tracks from
low-Z nuclei, in particular hydrogen, are reconstructed
during read-out and cannot be differentiated from tracks
from heavier nuclei, only MEs containing hydrogen have
projected sensitivities beyond current limits for mχ ≳
10 GeV, cf. the top right panel of Fig. 5. If hydrogen
nuclei leave no reconstructible tracks or if hydrogen tracks
can reliably be differentiated from tracks from heavier
nuclei, both UBRs and MEs have projected sensitivities
better than current limits, cf. the bottom right panel of
Fig. 5. The sensitivity of MEs containing hydrogen such as
gypsum or epsomite are approximately a factor 10–100
better than current experimental limits for WIMPs with
masses mχ ≳ 100 GeV.
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Significant improvements with respect to these projected
sensitivities could be made by better control of the
systematic error of the neutron-induced background, or
by using materials with lower concentration of radioactive
materials such as 238U. For uranium concentrations C238 ≲
1 ppt (parts per trillion) in weight, paleo-detectors could
probe WIMP-nucleon cross sections within a factor 10 of
the Xe neutrino floor indicated in Fig. 5.

B. Spin-dependent interactions

We present sensitivity projections to spin-dependent
(SD) WIMP-nucleon interactions for two different cases:
neutron-only and proton-only couplings, corresponding
to ap ¼ 0 and an ¼ 0, respectively, in Eqs. (10), (12).

In principle, the sensitivity of paleo-detectors to SD
interactions is quite dependent on the ratio of the effective
WIMP-proton and WIMP-neutron couplings ap=an, since
typical target minerals will contain both elements sensitive
to WIMP-proton and to WIMP-neutron SD interactions.
We choose to present sensitivities for the neutron-only
and proton-only cases here in order to allow for easy
comparison to limits and projections from direct detection
experiments.

1. Neutron-only

In Fig. 6, we show the sensitivity to SD neutron-only
couplings for the MEs cattiite [Mg2.92Fe0.01ðPO4Þ2.01·
22.05ðH2OÞ], epsomite [MgðSO4Þ ·7ðH2OÞ], and mirabilite

FIG. 5. Sensitivity projection for spin-independent (SI) WIMP-nucleon scattering cross sections. The different colors are for different
target materials: Three examples of MEs, halite (NaCl), gypsum [CaðSO4Þ · 2ðH2OÞ], and epsomite [MgðSO4Þ · 7ðH2OÞ] and three
examples of UBRs, olivine [Mg1.6Fe

2þ
0.4ðSiO4Þ], nchwaningite [Mn2þ2 SiO3ðOHÞ2 · ðH2OÞ], and nickelbischofite [NiCl2 · 6ðH2OÞ]. For

reference, the light gray line indicates the conventional neutrino floor for Xe direct detection experiments [134]. The shaded area shows
current direct detection limits [5,9,11,12]. For the left (right) panels we assume a track length resolution of σx ¼ 1 nm (σx ¼ 15 nm) and
an exposure of ε ¼ 0.01 kgMyr (ε ¼ 100 kgMyr). The top panels are for the low-Z tracks scenario where we include tracks from all
nuclei. The bottom panels are for the without low-Z tracks scenario, for which we assume only tracks with Z ≥ 3 to give rise to
reconstructible tracks. We use 238U concentrations of C238 ¼ 0.01 ppb in weight for MEs and C238 ¼ 0.1 ppb for UBRs.
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[Na2ðSO4Þ · 10ðH2OÞ] and the UBRs baddeleyite (ZrO2),
nickelbischofite [NiCl2 · 6ðH2OÞ], and phlogopite
[KMg3AlSi3O10FðOHÞ]. Note that, as before, we assume
238U concentrations of C238 ¼ 0.01 ppb in weight for the
MEs and C238 ¼ 0.1 ppb for the UBRs baddeleyite and
nickelbischofite. For phlogopite, we assumeC238¼0.01 ppb,
since large samples of phlogopite have been found with
such 238U concentrations [135], although typical concentra-
tions of uranium in phlogopite are much larger.
Comparing the different panels, we find similar behavior

as for SI interactions, cf. the discussion in Sec. VI A.
Comparing the different target minerals, we find stronger
dependence on the particular chemical composition. This is
because the WIMP-nucleus cross section for any particular

target nucleus is no longer controlled by the number of
protons and neutrons, but by the nuclear spin and how
much of the spin is carried by the neutrons. Generally, it is
difficult to find good target materials with much of the
nuclear spin carried by the neutrons as this would require
an unpaired neutron. Such isotopes are quite rare in nature,
e.g., 17O only makes up 0.04% of natural oxygen. The most
promising isotopes which are relatively common in nature
appear to be 25Mg, comprising 10% of natural magnesium,
and 29Si, comprising 5% of natural silicon. Another isotope
with large nuclear spin is 91Zr, comprising 11% of natural
zirconium; however, zirconium is relatively rare in nature.
The best sensitivity out of the minerals shown in Fig. 6 is

found in the MEs cattiite and epsomite, which both contain

FIG. 6. Same as Fig. 5 but for SD scattering assuming neutron-only couplings. We show three examples of MEs: cattiite
[ Mg2.92Fe0.01ðPO4Þ2.01 · 22.05ðH2OÞ], epsomite [MgðSO4Þ · 7ðH2OÞ], and mirabilite [Na2ðSO4Þ · 10ðH2OÞ] and three examples of
UBRs: baddeleyite (ZrO2), nickelbischofite [NiCl2 · 6ðH2OÞ], and phlogopite [KMg3AlSi3O10FðOHÞ]. As before, we assume 238U
concentrations of C238 ¼ 0.01 ppb in weight for MEs and C238 ¼ 0.1 ppb for the UBRs baddeleyite and nickelbischofite. For
phlogopite, we assume C238 ¼ 0.01 ppb, since large chunks of phlogopite with linear dimension of order 1m and C238 ≲ 0.01 ppb have
been found in natural deposits [135]. The shaded area shows current upper limits from direct detection experiments [7,136], and the light
gray line indicates the neutrino-floor for SD neutron-only interactions in Xe [137]. Note that the lines corresponding to cattiite and
epsomite overlap for a wide range of WIMP masses in all panels shown. In the top-right panel the lines for cattiite, epsomite, and
phlogopite overlap for mχ ≳ 30 GeV.
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Mg. For lighter WIMPs, the sensitivity of phlogopite,
which contains magnesium and silicon, is comparable.
For heavier WIMPs, phlogopite is not competitive since it
contains only a small fraction of hydrogen, yielding too
little suppression of the neutron-induced background. For
comparison, we also show the ME mirabilite and the UBRs
baddeleyite and nickelbischofite. mirabilite and nickel-
bischofite do not display competitive sensitivity to neu-
tron-only interactions since they contain too few target
elements with nuclear spin carried by neutrons. Baddeleyite
does contain zirconium; however, it does not contain
hydrogen, rendering neutron induced backgrounds
too large.
Despite the difficulties in finding good target minerals

for neutron-only interactions, we can note that the sensi-
tivity of paleo-detectors to low-mass WIMPsmχ ≲ 10 GeV

extends to σSDn ∼ 10−38 cm2 for mχ ∼ 10 GeV and cross
sections approximately one order of magnitude larger for
mχ ∼ 1 GeV. For heavier WIMPs, paleo-detectors still
promise sensitivity better than current upper limits from
direct detection, but only in ME target minerals containing
hydrogen and elements with sizeable fraction of the spin
carried by neutrons, such as magnesium.

2. Proton-only

Compared to the neutron-only case, it is much easier
to find suitable target materials for SD WIMP-proton
interactions. Elements with unpaired protons and sizeable
nuclear spin are common in nature, e.g., H, B, F, Na, Al, K,
or Mn. In Fig. 7, we show the sensitivity for three examples
of MEs, borax [Na2ðB4O5ÞðOHÞ4 · 8ðH2OÞ], epsomite

FIG. 7. Same as Fig. 5 but for SD scattering assuming proton-only couplings. We show three example of MEs: borax
[Na2ðB4O5ÞðOHÞ4 · 8ðH2OÞ], epsomite [MgðSO4Þ · 7ðH2OÞ], and mirabilite [Na2ðSO4Þ · 10ðH2OÞ] and three examples of UBRs:
nchwaningite [Mn2þ2 SiO3ðOHÞ2 · ðH2OÞ], nickelbischofite [NiCl2 · 6ðH2OÞ], and phlogopite [KMg3AlSi3O10FðOHÞ]. As before, we
assume 238U concentrations ofC238 ¼ 0.01 ppb in weight for MEs andC238 ¼ 0.1 ppb for the UBRs nchwaningite and nickelbischofite.
For phlogopite, we assume C238 ¼ 0.01 ppb, since large samples of phlogopite with such concentrations have been found in natural
deposits [135]. The shaded area shows current upper limits from direct detection experiments [6,138], and the light gray line indicates
the neutrino-floor for SD neutron-only interactions in C3F8 [137].
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[MgðSO4Þ ·7ðH2OÞ], and mirabilite [Na2ðSO4Þ ·10ðH2OÞ],
and three UBRs, nchwaningite [Mn2þ2 SiO3ðOHÞ2 · ðH2OÞ],
nickelbischofite [NiCl2 · 6ðH2OÞ], and phlogopite
[KMg3AlSi3O10FðOHÞ]. As before, we assume 238U con-
centrations ofC238 ¼ 0.01 ppb in weight for the MEs borax,
epsomite, and mirabilite as well as for phlogopite, and
C238 ¼ 0.1 ppb for nchwaningite and nickelbischofite.
When comparing the different panels in Fig. 7, the same

arguments as for SI interactions in Sec. VI A apply.
However, note that for proton-only SD interactions, the
difference between the with low-Z tracks and the without
low-Z tracks scenarios is particularly large. This is because
hydrogen nuclei, i.e., protons, are excellent targets for SD
WIMP-proton scattering of low-mass WIMPs and in
addition, recoiling hydrogen nuclei have large ranges in
typical target materials, cf. Fig. 1. The resulting sensitivity
in the with low-Z tracks scenario extends to cross sections
as small as σSDp ∼ 10−42 cm2 for WIMPs with masses of a
few GeV. Due to the long range of hydrogen, the sensitivity
to low-mass WIMPs is retained when using read-out
methods with worse spatial resolution, e.g., SAXs; cf. the
top right panel of Fig. 7. The importance of the hydrogen
induced tracks also explains why all target materials shown
in Fig. 7 have similar sensitivity.
In the without low-Z tracks scenario, the behavior is

more similar to the SI and SD neutron-only cases. The best
targets, mirabilite and phlogopite, are those containing a
sizeable fraction of heavier target elements with large
nuclear spins and unpaired protons in addition to hydrogen,
e.g., F or Na, and having low concentrations of 238U.
The sensitivity to low-mass WIMPs extends to σSDp ∼
10−40 cm2 for mχ ∼ 10 GeV and approximately one order
of magnitude smaller cross sections for mχ ∼ 1 GeV
WIMPs. For heavier WIMPs with masses mχ ≳ 30 GeV,
the sensitivity is a factor 10–100 better than current limits.
Note that as discussed for SI interactions at the end of

Sec. VI A, the sensitivity of paleo-detectors to SD WIMP-
nucleus interactions may be improved significantly if
systematic uncertainties of the backgrounds are smaller
than we have assumed here, or if target materials with lower
concentrations of radioactive contaminants are available.

VII. DISCUSSION

In this article, we have given a detailed discussion of our
paleo-detector proposal. Paleo-detectors constitute a radi-
cally different approach to direct detection than conven-
tional experiments: instead of instrumenting a (large) target
mass in the laboratory and searching for WIMP-induced
nuclear recoils in real time, we propose to examine ancient
minerals for the traces of WIMP-nucleon interactions.
This proposal rests upon the principle of solid state track
detectors: in certain minerals, a recoiling nucleus will
induce a damage track which, once created, persists over
geological time-scales. Since paleo-detectors record

WIMP-nucleon interactions over time scales as long as
∼1 Gyr, reconstructing tracks in relatively small target
masses suffices to achieve exposures (the product of target
mass and integration time) orders of magnitude larger than
what seems feasible in conventional direct detection
experiments.
Here, we have identified two realistic, though ambitious

read-out scenarios: Reconstructing tracks with helium-ion
beam microscopy combined with ablation of read-out
layers with pulsed lasers, target masses of Oð10Þ mg
may be investigated with spatial resolutions of ∼1 nm.
Translated to conventional direct detection quantities, such
resolution would allow for nuclear recoil energy thresholds
Oð100Þ eV, comparable to what is achieved in cryogenic
bolometric detectors. Sacrificing some spatial resolution for
larger target masses, we propose to read out Oð100Þ g of
material with small-angle x-ray scattering, allowing for
spatial resolutions of 15 nm. Such spatial resolution would
allow for nuclear recoil energy thresholds of Oð1Þ keV,
similar to conventional direct detection experiments using
liquid noble gas targets. However, the corresponding
exposures are larger by a few orders of magnitude than
what conventional direct detection techniques envisage in
the next decades.
We have described the most relevant background sources

in detail in Sec. IV. One major advantage of paleo-detectors
compared to conventional direct detection experiments is
that the comparatively small target masses can be obtained
from depths much greater than those of the underground
laboratories in which conventional detectors must be
operated. This makes cosmogenic backgrounds all but
negligible. The dominant background sources in paleo-
detectors will be nuclear recoils induced by neutrons from
radioactive processes and by neutrinos. Broadly speaking,
we identify two background regimes: For low-mass
WIMPs mχ ≲ 10 GeV, the background budget is domi-
nated by solar neutrinos. For heavier WIMPs, the dominant
source of backgrounds are neutron induced nuclear recoils.
In our background calculation we include both the neutrons
induced by the spontaneous fission of heavy radioactive
contaminants, in particular 238U, and the neutrons induced
by ðα; nÞ-reactions of α-particles from decays of heavy
radioactive contaminants with the nuclei comprising the
target material.
The selection of target minerals for paleo-detectors

is heavily informed by our background study. Suitable
minerals must record tracks, preserve the tracks over
geological time-scales, and be as pure from radioactive
contaminants as possible in order to reduce backgrounds
induced by radioactivity to an acceptable level. We identify
two classes of material as suitable for paleo-detectors:
Minerals found in marine evaporite deposits and minerals
found in ultrabasic rocks. Both type of minerals are much
purer than typical materials found in the Earth’s crust.
When searching for heavier WIMPs where the background
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is dominated by neutron-induced recoils, it is advantageous
to use minerals which in addition contain hydrogen. This is
because hydrogen is an effective moderator of fast neu-
trons, thus, the presence of hydrogen significantly lowers
the background induced by the neutrons from radioactivity.
In Sec. VI, we present the projected sensitivity of paleo-

detectors for a range of target materials and for the two
different read-out scenarios discussed above. While we
have already presented prospects for probing canonical
spin-independent WIMP-nucleus interactions in Ref. [1],
we present results here for a larger selection of minerals.
In addition, we present projected sensitivities for spin-
dependent WIMP-nucleus interactions in the usual proton-
only and neutron-only interaction benchmark scenarios
used by conventional direct detection experiments. In all
cases, WIMP-nucleon cross section many orders of mag-
nitude smaller than current experimental upper bounds can
be probed for light WIMPs with massesmχ ≲ 10 GeV. For
heavier WIMPs where the dominant background source is
neutron induced recoils, the projected sensitivity strongly
depends on the presence of hydrogen. For the uranium
concentrations assumed in this work, WIMP-nucleon cross
sections a factor of a few to ∼100 smaller than current
experimental upper bounds can be probed with paleo-
detectors using target minerals which contain hydrogen.
Note that significant improvements with respect to these
projections are possible; e.g., if target materials with
uranium concentrations of less than approximately one
part per trillion in weight are available, the background for
heavier WIMPs would be dominated by nuclear recoils
induced by atmospheric and supernova neutrinos. In such a
situation, the sensitivity of paleo-detectors would extend to
cross sections more than one order of magnitude smaller
than what is shown here. The sensitivity may also be
improved by using more sophisticated analysis techniques
than the simple cut-and-count approach employed here,
e.g., a spectral analysis [131].
We would like to comment on some interesting pos-

sibilities arising from the paleo-detectors approach, which
we leave for future work. For example, using a series of
target materials of different ages it would be possible to
obtain information of the time variability of nuclear recoil
events over scales as long as 1 Gyr. In the case of WIMP
DM, such an approach would allow for studies of the
substructure of the DM halo: The age of the oldest
available minerals is larger than the period of rotation
of the Sun around the galactic center. While substructure

such as ultracompact mini-halos [139,140] or tidal
streams [141–143] typically renders conventional direct
detection experiments less sensitive due to a decrease in
the local DM density, in paleo-detectors, the signal may be
enhanced from the Earth passing through overdense DM
regions. Using target materials which recorded WIMP
signals over different times, it may be possible to obtain
information about such substructure of the DM halo.
The sensitivity and exposure time also makes paleo-

detector interesting for a host of applications beyond
WIMP DM searches. Examples include studying the
time-variability of the fluxes of cosmic rays, or of neutrinos
from the Sun or supernovae. Another example would be the
study of proton decay facilitated by the large exposure.
In order to pave the way towards paleo-detectors, we

plan to carry out a number of feasibility studies in the near
future. We intend to use natural minerals obtained from
close to the surface to demonstrate the reconstruction of
fossil tracks with the read-out methods described in this
work. In order to demonstrate the feasibility of paleo-
detectors for DM searches, we will create signals similar to
those which WIMP DM may induce by irradiating target
samples with neutrons.
Conventional direct detection experiments have been

carried out for approximately three decades. Despite detec-
tors becoming ever larger and more sophisticated, they have
not delivered (conclusive) evidence of WIMP-nucleon
interactions as yet. Conventional detectors will become
increasingly expensive and challenging to operate. Thus,
paleo-detectors are a timely proposal for an alternative
strategy to extend the sensitivity of direct detection experi-
ments to much of the remaining WIMP parameter space.
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