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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 instru-
menting a (large) target mass in a laboratory in order to observe WIMP-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 in-
duced by radioactive contaminants such as uranium, we propose to use minerals found in marine
evaporites or in ultra-basic 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
my S 10GeV extends to WIMP-nucleon cross sections many orders of magnitude smaller than
current upper limits. For heavier WIMPs with masses m,, 2 30 GeV cross sections a factor of a few
to ~ 100 smaller than current upper limits can be probed by paleo-detectors.

I. INTRODUCTION

Following our recent work [l], we explore paleo-
detectors as a radical alternative to conventional direct
detection techniques for Dark Matter (DM). Current
strategies for the direct detection of Weakly Interact-
ing 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 con-
clusive evidence for DM. The long-standing exception is
the DAMA /LIBRA experiment [13-15], reporting evi-
dence for an annual modulation signal [4, 16, 17] com-
patible with DM for more than a decade [18-26]. How-
ever, 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 evolu-
tion of direct detection: experiments primarily aimed at
WIMPs with masses m, 2 15GeV plan to utilize larger
target masses, approaching the 100t scale [31-35]. Such
experiments use liquid noble gas targets and are sensi-
tive to nuclear recoils with energies larger than O(1) keV.
For lighter WIMPs with masses m,, < 15GeV, the main
challenge is to observe nuclear recoils with small ener-
gies. Experiments using new approaches have been pro-
posed, including cryogenic bolometric detectors that aim
for target masses of a few kg and recoil energy thresholds
of O(100)eV [36, 37].
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Further, there is a major effort [38-46] to develop di-
rectional detectors [16], where the ability to determine
the direction of the nuclear recoil would allow for pow-
erful 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 conven-
tional direct detection experiments: Instead of instru-
menting 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
O(500) nm in typical natural targets. Hence, in paleo-
detectors the challenge is to reconstruct such nano-scale
features in natural minerals instead of an O(1) number
of phonons, electrons, or photons as typically done in
conventional direct detection 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 mag-
netic monopoles accumulated in ancient rocks [51-59]. In
a different approach, Refs. [60-64] searched for damage
tracks accumulated in ancient minerals from throughgo-
ing 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 (Cgo). 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
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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 technol-
ogy. This potentially allows both for much larger sample
volumes to be studied, i.e. larger exposures to be ob-
tained, and better background mitigation. Second, we
propose to use materials obtained from depths larger
than ~ 5km to shield from cosmogenic backgrounds.
Third, we explore a wide variety of target materials be-
yond 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. I1, we describe the calcu-
lation of the WIMP-induced spectrum of damage tracks.
In particular, we show a semi-analytical 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 meth-
ods. We identify two realistic, though ambitious, read-
out scenarios. The first scenario is particularly geared
towards searching for low-mass WIMPs with masses
m, S 10GeV. Using helium-ion beam microscopy, we
estimate that target masses of O(10) mg can be read out
with ~ 1nm spatial resolution. Reconstructing tracks
as short as O(1) nm, corresponding to @(100) eV nuclear
recoil energy thresholds, allows for thresholds compara-
ble to conventional direct detection experiments employ-
ing cryogenic bolometric detectors. However, assuming
a 1 Gyr old sample, the exposure in paleo-detectors for
O(10) mg of target material is € = 0.01 kg Myr. 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 10yr.

The second read-out scenario is more suitable for heav-
ier WIMPs, m,, 2 10 GeV, sacrificing some spatial reso-
lution for larger exposure. Using Small-Angle X-ray scat-
tering (SAXs), spatial resolutions of 15nm are achiev-
able. We estimate a feasible target mass of O(100) g for
paleo-detectors. The corresponding exposure for a life-
time of the sample of 1 Gyr is € = 100 kg Myr. The nu-
clear recoil energy threshold corresponding to O(10) 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 tar-
get mass to achieve ¢ = 100 kg Myr with an integration
time of 10yr would be 107 kg in conventional direct de-
tection experiments. 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 m, < 10GeV, the
largest contribution to the background budget comes

from nuclear recoils induced by coherent scattering of
solar neutrinos. For heavier WIMPs, the largest back-
ground 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 contaminants, or («,n)-reactions of
the a-particles from the decays of the heavy contami-
nants 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 acces-
sible underground laboratories. The deepest current lab-
oratory, CJPL located in China, has an overburden of
~ 2.4km rock. For paleo-detectors we envisage using
comparatively small target volumes < (10cm)3, which
can be obtained from much larger depths. For exam-
ple, target materials may be obtained from the bore-
cores of ultra-deep boreholes used for oil exploration and
geological R&D. Existing boreholes have depths up to
12km [71]. Cosmogenic backgrounds are exponentially
suppressed with depth and will play virtually no role
for target materials obtained from depths larger than
~ 5km.

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 pro-
pose to use minerals found in marine evaporites or in
ultra-basic rocks. Such minerals have significantly lower
concentrations of radioactive contaminants, e.g. ura-
nium, than typical minerals found in the Earth’s crust.
For searches for WIMPs with masses m, 2 10 GeV where
the background budget is dominated by neutrons from
radioactive processes, target minerals containing hydro-
gen, e.g. hydrites, are particularly useful. This is be-
cause 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 de-
scribed above. Sensitivity projections for canonical Spin-
Independent (SI) WIMP-nucleus interactions have al-
ready 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 projections in the proton-only and neutron-
only coupling scenarios usually employed in the direct
detection literature. Both in the SI and the two SD
scenarios considered here, paleo-detectors can probe low-
mass WIMPs with masses m, < 10 GeV even for WIMP-
nucleon cross sections many orders of magnitude below
current upper bounds. For heavier WIMPs m,, 2 30 GeV
the projected sensitivity is better than current limits by
a factor of a few to ~ 100, depending on the type of inter-
action and target material. Note that since the dominant
background source for such WIMP masses is radioactiv-



ity, 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 m,, off nuclei
T with mass mr is

dit — 2p dO‘T
(dER)T - m;/d‘gvvf(wt)dqz(q?,v). (1)

Here, Eg is the recoil energy of T', p, the local WIMP
density, f(v,t) the WIMP velocity distribution and
dor/dq? the differential WIMP-nucleus scattering cross
section with the (squared) momentum transfer ¢®> =
2m7 Er. Taking into account canonical spin-independent
(SI) and spin-dependent (SD) interactions only, the dif-
ferential scattering cross section can be written as [72-76]

@(qz U):i a7 (0)Fg(¢*) | S7°(4%) O (Gmax—0)
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(2)
where pr is the reduced mass of the WIMP-nucleus sys-
tem, 051(0) the spin-independent WIMP-nucleus scatter-
ing cross section at zero momentum transfer, Fgr the nu-
clear form factor for SI scattering, S3P parameterizes the
SD WIMP-nucleus scattering cross section, and J is the
nuclear spin. The Heaviside ©-function accounts for the
maximal momentum transfer ¢u.x = 2urv and can be
traded for a lower cutoff vy, = o /mTER/2u2T in the ve-
locity integral. Note that more general WIMP-nucleus
scattering operators can lead to velocity dependence dif-
ferent from dor/dg? < 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 \ _ 2py [07(0)F5(¢®) | S7P(°)
dER ) my Ayi3, 2J +1
X / d3'0 f(V, t)
=

For this work, we adopt a Maxwell-Boltzmann distribu-
tion truncated at the galactic escape velocity vesc and
boosted to the Earth’s rest frame for the velocity distri-
bution as in the Standard Halo Model [4, 17, 79]. The
remaining velocity integral in Eq. (3) can be calculated

analytically, cf. Refs. [80, 81],

/ B f(v, 1)
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with the normalization factor accounting for the trunca-
tion of the Maxwell-Boltzmann distribution
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and

We adopt fiducial values of o, = 166km/s for the ve-
locity dispersion and vesc = 550km/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 ne-
glect 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

Vg = Vg , (7)

and we adopt vg = V20, + 13 km/s = 248 km/s.

Note that for exposure times O(1)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.

A. WIMP-Nucleus Interaction Cross Section

In Eq. (2) we parameterized 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 parameterized as

o0) = 4 [Znfy + (Ar — Z0) i @)
where Ap (Zr) is the number of nucleons (protons) in the
target nucleus and f, (f,) is the effective WIMP-proton
(WIMP-neutron) coupling. Many WIMP models ex-
hibit nearly isospin-conserving WIMP-nucleon couplings
f» & fn, leading to the typical 051(0) o A2 enhance-
ment in the WIMP-nucleus scattering cross section. The
couplings f, (f,) are related to the WIMP-nucleon cross



sections 0’ L (the quantity in which experlmental results

and prOJectlons are often quoted) by Up,n =4p2  f2, /7
with p, (4n) the WIMP-proton (WIMP-neutron) re-
duced mass.

We use the Helm nuclear form factor [79, 82, 83] for SI
scattering

sin(qr,) — qrn cos(qrn) _ ., 2
FSI(QQ) -3 ( )(qr )3 ( )6 (gs)=/2 , (9)

with the effective nuclear radius r2 ~ ¢? + %’/TQG,Q — 5s?
where a ~ 0.52fm, ¢ ~ (1.2314;«/3 —0.6) 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 in-
teractions into an isoscalar (Sg;), an isovector (S%), and
an interference term (S&;) [75, 76]

) = %500( qz) , (10)

with the effective isoscalar and isovector couplings

5P (q° )+ a1S11 () + apar So (

ap = ap + ap , a1 = Gp — G, . (11)
The effective SD WIMP-nucleon couplings are related to
the WIMP-nucleon scattering cross section as O’ER(O) =
1242 a2, /7.

Where available! we use the structure functions SiT]- as
tabulated in [76]. For target nuclei where such structure
functions do not exist we use the simplified parameteri-
zation of the SD WIMP-nucleon cross section

(27 +1) (J +1)

S3°(¢%) = = -

(12)
where (S) and (ST) are the proton and neutron spin,
respectively, averaged over the nucleus. We use values for
the (ST) as tabulated in Ref. [75]. Note that there are
considerable differences for these values when calculated
in different nuclear models; we follow the recommenda-
tions 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]

0.047
sin® (qrn)/(an)2

FSQD(an) _ { , for 2.55 < gqr,, < 4.5,
, else,

(13)
with the effective nuclear radius r,, = 1.0A;/ *fm. Asin
the SI case, more refined calculations of the form factors
are available for some target isotopes, see e.g. Refs. [85
88-90].

1 For the isotopes { 1°F, 23Na, 27Al, 29Si, 39K, "3Ge, 93Ni, 123 Te,
125Te, 12717 129Xe, 131)(e7 207Pb}

F35(e%) [ap(ST) + an(SD)]7,

B. Track-Length Estimate

From the differential recoil rate for given target nu-
clei we compute the associated spectrum of damage track
lengths. In obtaining our results, track lengths are ob-
tained using numerical calculations described below. To
illustrate the relevant characteristics of the track length
calculation, we begin by presenting a semi-analytic ap-
proximation here. The stopping power for a recoiling nu-
cleus T incident on an amorphous target V with atomic
number density ny can be estimated by [91]

ey
dzx TV_ v

with the reduced energy

2
TV S(ery) (14)
Cryv

vy arvE
mr OéZTZV '

€Ty = (15)
Zrp/v denotes the number of protons in T/V, Cry =
erv/E, yrv = 4pry where pervy is the reduced mass
of the T-V system, and « is the fine-structure constant.
The reduced stopping power S can be derived from a
screened interatomic Coulomb potential with screening
length

ZV)2/3 . (16)

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

ary = 0.8853a0/ ( 77+

S(e) ~ ;712111;:) + ke, (17)

where the parameters A = 0.14120, B = 0.42059 and
k = 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 € < 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 ob-
tained by summing over the contributions from different
constituents V,

dE (dE>
() (1)
dxr ; dx ) pv

and the track length for a recoiling nucleus with energy

Er is
or(En) - | ERdE(dE ®) )

dLET

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

Z szf; (dﬁg) (20)
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FIG. 1. Top: Track length z7 as a function of nuclear re-
coil energy Er for the different target nuclei in Nchwaningite
[Mn3*Si03(0OH)s-(H20)] calculated with SRIM. Bottom: Rel-
ative difference of z7**(FRr) from the semi-analytic calcula-
tion and 257%™ calculated with SRIM. Note that for hydrogen
the relative difference is rescaled by a factor 1/10. For recoil
energies outside of 0.1keV < Er < 100keV 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 semi-analytic calculation being
matched to experimental data only for larger-Z nuclei and
recoil energies 0.1keV < Fr < 100keV, while the SRIM re-
sults describe experimental data well for larger /smaller recoil
energies and a larger variety of nuclei.

where &7 is the mass fraction of the nuclei.

While illustrative of the electronic and nuclear stop-
ping of recoiling nuclei in amorphous targets, the
parametrization of the stopping power used in the semi-
analytic 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 semi-analytic treatment by taking into account data
from a more complete collection of nuclei at much wider
ranges of energy, these results strictly still hold for amor-
phous 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
[Mn3"SiO3(OH)2-(Ho0)] 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. Eqgs. (14)-(17). Such figures look similar for other
target nuclei, with quantitative differences mainly arising
from varying molecular number densities between differ-
ent 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 small-
est nuclear recoils which could be detected with paleo-
detectors: If tracks as short as O(1)nm can be recon-
structed, paleo-detectors are sensitive to nuclear recoils
as small as O(100) eV. Read-out methods with somewhat
worse spatial resolution, say O(10) 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
semi-analytic approximation outlined above and with the
SRIM code. In the most relevant recoil energy range
0.1keV < Er < 100keV both results differ by less than
10% for nuclei other than hydrogen. We find larger dif-
ferences outside of this energy range as well as for low-Z
nuclei such as hydrogen. Note that the stopping power
in the semi-analytic 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 [Mg(SO4)-7(H20)] and two
ultra-basic rocks (UBRs), Olivine [Mg; ¢FeZ,(Si0O4)] and
Nickelbischofite [NiCly - 6(H20)].? 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 princi-
ple, this assumption can be violated either if permanent

2 Here 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 ultra-basic rocks as “ultra-basic rocks”
(UBRs).
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FIG. 2. Track length spectra from recoiling nuclei in Halite (NaCl; top left), Epsomite [Mg(SO4)-7(H20); top right], Olivine
[Mg1.6Fel,(SiO4); bottom left], and Nickelbischofite [NiCls-6(H20); bottom right] induced by the neutrino () and neutron
(n) background and WIMPs with m, = {5, 50, 500} GeV, assuming oj' = 10~*° cm?®. The vertical gray line indicates the
track length of 72keV #**Th nuclei from (***U — ?3*Th 4 a) decays. Halite and Epsomite are MEs for which we assume a
2381 concentration of C**® = 0.01 ppb in weight while for the UBRs Olivine and Nickelbischofite we assume C?*® = 0.1 ppb.

See Sec. IV for a discussion of the background sources.

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 ap-
pearing much shorter than the range calculated above.
Measured track lengths shorter than the calculated range
could lead to diminished sensitivity of paleo-detectors, al-
though such effects can be partly mitigated by improved
spatial resolution or larger exposures.

In any case, our studies using SRIM indicate that cor-
rections to the tracks lengths due to inconsistent appear-
ance 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 experimen-
tal 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 re-

constructing tracks in muscovite mica after cleaving and
chemical etching [68].

III. READ-OUT METHODS

In order to be suitable for paleo-detectors, target min-
erals must satisfy a few basic criteria. Foremost, nuclei
with energies of order Er = 0.1 — 100keV 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 in-
clude the thermal spike model [99] and the ion explo-
sion model [100]. Which ions leave permanent tracks in
which materials remains a question that can only be an-
swered semi-empirically. In general, materials must be
insulators (or poor semiconductors) with electrical re-



sistivity larger than ~ 2000 cm to record tracks, see
Ref. [98] for a more detailed discussion of track forma-
tion criteria. Much of research using SSTDs has em-
ployed optical microscopy to read out tracks after chem-
ical etching. Tracks from ions with charge Z 2 10 and
energies larger than a few keV are easily etchable in vir-
tually all insulating materials studied. For tracks from
lighter nuclei, in particular a-particles (*He?* ions), the
situation is less clear. Proton (YH*) tracks have been
demonstrated to be etchable only in plastics [98]. How-
ever, tracks from a-particles with ~ 5MeV energies have
been measured in AlyO3: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 scenarios: 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.® Which scenario ap-
plies 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 timescales
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 oc Pann/KT (21)

where F,,, is the so-called activation energy for anneal-
ing and k the Boltzmann constant. Typically, Ean, ~
kT,,, where T,, 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 ¢ = 10° yr at room tem-
perature. Because of their high melting temperatures,
refractory materials are of particular interest because
they typically display large E.,, and in turn annealing
times, e.g. for Diopside (CaMgSisOg) the annealing time
has been estimated to be ¢ ~ 10° yr at room tempera-
ture [97]. Note that reported temperatures at the bottom
of ultra-deep boreholes vary from ~ 100°C to ~ 300°C,
depending on the depth and local geology. Thus, depend-
ing on the temperatures at the sites from where target
materials for paleo-detectors will be obtained, track an-
nealing 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 Cel-
sius.

3 For paleo-detectors the most relevant distinction is if hydrogen
nuclei leave tracks or not. Recovering tracks from a-particles
or not has almost no effect on the projected sensitivity of the
materials considered here.

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 233U. 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 af-
ter 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 re-
quired for sample preparation and the manifestly two-
dimensional nature of the ion track reconstruction.

We propose to read out samples with recently devel-
oped 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
sub-surface imaging to depths of O(100)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 neon or gallium ions for sample
preparation (for example, see [105]). The FIB can both
be used for initial sample preparation and for realizing
three dimensional reconstruction of samples by sequen-
tially imaging a surface layer with HIM and then sput-
tering 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 esti-
mate that combining HIM with pulsed laser ablation®,
target volumes of a few mm3, corresponding to masses
of O(10) 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 m, < 10GeV, WIMP-
induced recoils yield < 10nm 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.

4 In 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.



Alternatively, for higher mass WIMPs with signifi-
cantly 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 tomography has achieved ~ 15nm three-
dimensional spatial resolution [112] but not for resolving
damage from ion tracks, which cause only small varia-
tions in electron density of the target material. Thus,
while we are proposing a particularly challenging appli-
cation of SAXs and the available beam time can be lim-
ited, we estimate a total target volume of a few tens
of cm?®, corresponding to O(100)g, can be imaged at
synchrotron facilities. The ~ 10* increase in exposure
relative to HIM allows for SAXs to probe much lower
WIMP-nucleon scattering cross sections for WIMPs with
my 2, 10 GeV despite the loss of spatial resolution.

Even larger target volumes can be handled by Con-
focal Laser Scanning Microscopy (CLSM) or Structured
Nlumination Microscopy (SIM), although at the cost of
worse spatial resolution of the order of 100 nm. Reliable
read out of a-particle tracks with sufficient spatial res-
olution to allow for energy spectroscopy of the incident
a-flux has been demonstrated with CLSM and SIM with-
out prior chemical etching in particular target materials
(Al;03:C,Mg) [101, 102]. Somewhat better spatial res-
olution may be achievable with Ultra-Violet Microscopy
(UVM).

Read-out methods which can process comparatively
large target volumes such as CLSM, SIM, or UVM
are particularly useful to pre-screen target materials for
paleo-detectors and identify sub-volumes which are low
in radioactively induced backgrounds. Such sub-volumes
could then be interrogated for traces of WIMP interac-
tions 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 back-
ground sources are the same as in the conventional direct
detection approach. However, the relative importance of
the respective background sources is different in paleo-
detectors and conventional direct detection experiments
due to three reasons:

1) Paleo-detectors use long exposure  times
[< O(10%) yr] and small target masses [< O(1) kg]
while conventional direct detection experiments
use short exposure times [< O(10)yr] and large
target masses [< O(10%) kg].

2) The experimental observable in paleo-detectors is

1—500 nm long damage tracks from recoiling nuclei,
while conventional direct detection experiments ob-
serve 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. Sim-
ilar to conventional direct detection experiments, such
background can be mitigated by using target samples
obtained from far below the Earth’s surface. The domi-
nant cosmogenic background will then be due to muons
interacting with nuclei in the vicinity of the target vol-
ume, 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 fur-
ther by rejecting coincident events: fast neutrons have
mean free paths of O(1)cm in typical detector mate-
rials 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 scat-
tering 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 lab-
oratories currently available (Snolab, Canada and CJPL,
China) have an overburden of < 2km of rock corre-
sponding to < Tkm.w.e. (km water equivalent). At
such depths the neutron flux is O(1073)m=2yr~! =
O(10%) cm—2 Gyr~! [113]. While a neutron flux of this
magnitude is acceptable for a conventional direct de-
tection 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 ex-
ponentially suppressed with the overburden. Target ma-
terials for paleo-detectors can be obtained from depths
much larger than 2km, e.g. from ultra-deep boreholes as
used for geological R&D and oil exploration. The neu-
tron flux at depths of {5, 7.5, 10} km rock overburden
is of order {1, 10=*, 1078} em~2 Gyr~!, making cosmo-
genic background negligible for materials obtained from



Nucleus Decay mode T2
235 a 4.468 x 107 yr
SF 8.2 x 10*° yr
234Th B 24.10d
osampy. 3 (99.84% .
Pa IT ((0.16 %)) 1.159 min
234py B~ 6.70d
Biy a 2.455 x 10° yr
230 a 7.54 x 10* yr
226Ra a 1600 yr
222Rn a 3.8325d

TABLE 1. Half-lives T} /> of selected nuclei in the ***U de-
cay chain [116-120]. For 2**U we denote both the half-lives
corresponding to a-decays and spontaneous fission (SF). For
234mpy we denote in addition the branching ratio for 8-
decays and isomeric transitions (IT).

depths larger than 2 5km. Note that both MEs (for ex-
ample, see [114]) and UBRs (for example, see [115]) with
ages 2 500 Myr have been found in cores from ultra-deep
boreholes.

Due to the comparatively small size of the target sam-
ple, 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 ~ 50m deep storage facility is smaller than

~0.2cm™2yr— L

B. Radioactive Decays

Any target sample used for paleo-detectors will be con-
taminated by traces of radioactive materials. The miti-
gation of the corresponding background is crucial for the
success of the proposed search. Similar to conventional
direct detection experiments, it is crucial to select materi-
als with the lowest possible concentrations of radioactive
materials. We discuss typical contaminations of target
materials further in Sec. V. The most relevant contami-
nant is 23%U. As a benchmark value, we will assume 238U
concentrations of €23 = 0.01ppb (part per billion) in
weight in the following discussion.

The 238U decay chain is

2381y _@, 234 B, 234mp, B, 2347y _@, 230y 22)

25 226Ra %5 222Rn % . — 290PD .

We quote the half-lives for the most relevant decays in
Tab. 1.

In paleo-detectors, there are qualitative differences be-
tween a-decays and (/v-decays: «-decays are (N —
N'+a) 2-body decays, giving rise to a mono-energetic nu-
clear recoil and an a-particle. For the a-decays of heavy
nuclei in the uranium and thorium decay chains, the en-
ergies of the a-particles are a few MeV, and the induced

nuclear recoils have energies of 10 —100keV. Both the re-
coiling nucleus and the a-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.
B () decays are 3-body (2-body) decays where the nu-
cleus 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 EN" < O(10)eV. The emitted electron is relativistic
and does not deposit enough energy in a material to cre-
ate a persistent damage track. Similarly, y-rays lose their
energy by scattering off electrons or by electron pair cre-
ation, again giving rise to relativistic electrons which do
not induce tracks.

In summary, a-decays give rise to a (heavy) recoiling
nucleus with energies 10—100keV and an a-particle with
a few MeV of energy, both of which give rise to potentially
observable tracks. [ and y-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 10eV. Such low-energy recoils give rise
to unobservably short damage tracks. Hence, only a-
decays give rise to potential background events.

Recalling the 2*®U decay chain, cf. Eq. (22), and
considering the half-lives of the involved nuclei listed in
Tab. I we find that the half-life of the initial 233U 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
222Rn not listed in Tab. I is < 23 yr and the decay chain
contains 4 a-decays between 222Rn and the stable 2°6Pb.

Thus, almost all 238U nuclei which underwent the ini-
tial (*3¥U — 234Th + «) decay will have decayed fur-
ther along the decay chain to stable 2°6Pb. Such events
will manifest in the mineral as a sequence of 8 spatially
connected EFr = O(100) keV recoils of the heavy daugh-
ter nuclei in the decay chain accompanied by 8 a-tracks.
Note that the typical range of an a-particle with ener-
gies of order MeV is larger than a few um in the target
minerals of interest.

The characteristic pattern of nuclear recoil tracks can
be used to efficiently mitigate 23*U decay events even
under the pessimistic assumption that the damage track
from the a-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 a-decay in the 238U decay chain, there will
be a population of events in the target sample which
has undergone only a single a-decay. This background
posed a significant problem [121, 122] in the original at-
tempt to search for DM induced damage tracks in ancient
Mica [67-70]. In [67] the authors used atomic force mi-
croscopy (AFM) to search for damage tracks after cleav-
ing and chemically etching a Mica sample. In Mica, a-



tracks are not etchable, hence, only the recoil track of the
72keV 239Th nucleus from the (38U — 234Th + a) de-
cay 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 23*Th 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-a background.

The number of single-a decays in a target sample is
given by

NEB(1) = Ny g2 (e hest — =) | (23)
A23a — A23s

where Mgz (A234) is the decay constant of 233U (2340)

related to the half-life as A = In(2)/T}/, and ¢ is the age

of the mineral. The initial number of 238U atoms in the

sample, N9y is given by

Ng38 = MTCQBSNA/mSE%I ) (24)

where My is the mass of the target mineral, C?3® the
fraction of 238U in the target material in weight, N4 the
Avogadro constant, and m3% the molar mass of 28U.
For T7}} <t < T7)5, the age of most minerals of
interest for paleo-detectors, the number of single-alpha
events per unit target mass is well approximated by
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Such large numbers of background events require effec-
tive background suppression in order to retain sensitivity
to hypothetical DM signals. In principle, there are two
options to mitigate the single-a background depending
on the read-out scenario discussed in Sec. ITI: 1) in the
with low-Z tracks scenario, the coincident detection of an
a-induced track and the damage track from the recoil-
ing 2%*Th nucleus make background suppression trivial.
The a-particle has a characteristic energy of 4.2MeV,
giving rise to tracks longer than 10 um in all target ma-
terial considered. Such tracks are 1 — 2 orders of magni-
tude longer than WIMP-induced tracks. 2) in the without
low-Z tracks scenario, only the track of the 23*Th nucleus
is visible. Then, one has to rely on the monochromatic
72keV recoil energy of the 34Th 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 fea-
ture 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-a background depre-
ciates the sensitivity to low mass WIMPs, while the sen-
sitivity to heavier WIMPs is retained.
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C. Neutrons

A small fraction of the 238U atoms in the target sam-
ple will undergo spontaneous fission (SF) instead of a-
decays. The fission event itself is an easily rejected back-
ground: Spontaneous fission gives rise to two (heavy)
daughter nuclei which recoil against each other and sub-
sequently decay to stable nuclei. Such events will give rise
to signatures even more spectacular than the 8 a-decays
in the usual 238U decay chain discussed above.

However, SF of 233U 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 nu-
cleus with the SF event. Furthermore neutrons lose only
a small fraction of their energy when elastically scatter-
ing 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
paleo-detectors have no timing information, such an ap-
proach cannot be used for background rejection.

The number of spontaneous fission events per unit tar-
get mass in a target mineral of age ¢ from 23U contami-
nation is given by

238
nZ38 — N3ss (1 _ 67,\23@) Tij (26)
ST Myp Ty

with the initial number of 238U atoms in the sample, N3¢
given by Eq. (24), M7 the mass of the target mineral,
A23g = 1n(2)/T12/328 the decay constant of 238U, and Tf/?’g

(T12/328;SF) the (SF) half-life of 238U reported in Tab. L.

For mineral ages short compared to the 238U half-life,
the number of SF events is well approximated by

238 6, —1( C*° t
~2x10° kg™ . 27
ey X & (0.01 ppb) (1 Gyr> (27)

Fast neutrons are also produced in so-called («,n)-
reactions, emission of fast neutrons from interactions of
a-particles with heavier nuclei. Although only a small
fraction of a-particles will lead to neutron emission,
(a, n)-reactions yield a sizeable contribution to the neu-
tron flux in the target since the number of a-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 (a,n)
interactions. Generally, the lighter the target nuclei are,
the more relevant the (o, n) contribution becomes. How-
ever, the strong dependence of the («,n) cross section on




the nuclear structure of the target isotopes makes general
statements difficult.

We use the SOURCES-4A code [123] to calculate the neu-
tron spectra from SF of all nuclei in the 223U decay chain
and (a, n) reactions induced by a-particles from the 238U
decay chain. From these spectra, we calculate the in-
duced nuclear recoil spectra using the neutron-nucleon
cross sections tabulated in the JANIS4.0 database [124].°
We take only elastic neutron-nucleon scattering into ac-
count. Thus, the obtained background is a conservative
estimate: including additional processes such as inelastic
scattering, neutron absorption, or (n, «) processes lowers
the background, since neutrons lose a larger fraction of
their energies in such interactions than in elastic scatter-
ings, or are absorbed.

Due to the scattering kinematics, neutrons lose only
a small fraction of their energy when elastically scatter-
ing off heavy nuclei. However, when scattering off light
targets, the energy transfer is much more efficient: On
average, a fast neutron from SF or (a,n)-reactions will
give rise to ~ 4 (~ 7) nuclear recoils with EFr 2 10keV
(Er 2 1keV) when scattering off hydrogen with mp ~
1 GeV. When scattering off nuclei with mp ~ 10 GeV, the
same neutrons give rise to ~ 20 (~ 50) recoils with ener-
gies Fr 2 10keV (Er 2 1keV). For even heavier nuclei,
with mp ~ 100 GeV, fast neutrons induce ~ 30 (~ 200)
recoils with energies Er 2 10keV (Er 2 1keV). 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 hy-
drogen 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, («,n) 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. Triv-
ially, the neutron induced background is lower in materi-
als with lower concentration of 238U. However, the differ-
ence between target minerals with and without hydrogen
is much larger, suppressing the neutron induced back-
ground by more than two orders of magnitudes between
otherwise similar target minerals.

5 We use values from TENDL-2017 [125-128] for neutron-nucleon
cross sections.
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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]

(), = ]
dER T mr Emin

where E™® = \/mrEg/2 is the minimum neutrino
energy required to induce a nuclear recoil with en-
ergy Eg, similar to the maximum momentum transfer

do dd,
Y'dER dE, "’

(28)

in Eq. (2). The differential cross section for coherent
neutrino-nucleus scattering is
do G2 mTER
——(Er,E,) = -£Q3 1—-— =" | F*(E
dEg PR ) = g QWmT( 2E? (Er),
(2

[[INS

where Gp is the Fermi coupling constant, [Qw
(Ar — Zr) — (1 — 45sin? 9W) Z7) with the weak mixing
angle Oy, and F(ER) is the nuclear form factor. We
take the neutrino flux d®,/dE, from Ref. [130]; for
E, < 20MeV the neutrino flux is dominated by solar
neutrinos, for 20MeV < E, < 30MeV by the diffuse
supernova neutrino background (DSNB), and for larger
energies F,, 2 30MeV by atmospheric neutrinos. The
nuclear recoil spectrum due to the neutrino background
is converted to an ionization track length spectrum anal-
ogously 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 un-
certainty 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 indi-
cate the neutrino, neutron, and single a-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.



Epsomite; £ = 0.01 kg Myr; c238 = 0.0Lppb

o, =1nm [

10° 3

=
é
2 g1
- 5, = 1%
100~ 1GeV; 10~%2 cm?
1---5GeV; 10 * cm?
10712 <10 GeV; 10742 cm?

1——=15GeV; 10~*? cm?

S/B

x [nm)]

12

Epsomite; £ = 0.01 kg Myr; c238 = 0.0Lppb

o, =1nm [

10° 4
1()43 L
~ 103AE L
2 i—v; 8,=100% ¥ AN
e 10td-——ni S =1% L \‘\' L
1——1la; B1a = 1% \\
100; —1GeV; 107%2 cm? “ L
1----5GeV; 1072 em? 7 .- \‘
10-1 1 10 GeV; 102 em? .\_‘ i
I_._ o 10—42 2 el 3
E 15GeV; 10~* cm "‘J‘\.\

T

1

Swighout low-Z tracks |
T

\

S/B

“102 ‘ 103

FIG. 3. Binned recoil spectra (upper panels) and ratio of signal (S) to background (B) events per bin (lower panels) in
Epsomite [Mg(SO4)-7(H20)], assuming an exposure of 0.01kg Myr and a ?*®U concentration of C?*® = 0.01ppb in weight.
The colored lines are for WIMPs with (5, 10, 15, 50) GeV mass assuming a WIMP-nucleon cross section of oSl = 107*2 cm?
as indicated in the legend. Upper panels: The solid, dashed, and dash-dotted black lines are for the neutrino (v), neutron
(n), and single-a (1) 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-a induced background can be rejected based on the
appearance of the a-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 (a-particles) do not leave visible tracks. Hence, the monochromatic ***Th recoils from the

single-a background appear as broadened spectra due to the finite track length resolution.

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 backgrounds induced by neutrinos suffer
from much larger uncertainties than radioactivity in-
duced backgrounds. The main uncertainty on the neu-
trino induced backgrounds stems from the normaliza-
tion 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 in-
duced 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 3, = 100 % for the number of
neutrino induced background events. Note that a spec-
tral 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
components of the solar neutrino fluxes, DSNB, and at-
mospheric 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 min-
eral and the exposure time. There is no external source
which may fluctuate with time as for the neutrino in-
duced 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 as-
sume a systematic uncertainty of 1% on the single-o and
neutron induced backgrounds.

For the assumed benchmark 238U concentration of
C?*%® = 0.1ppb (C?*® = 0.01 ppb) for UBR (ME) miner-
als, we can identify two (broadly speaking) background
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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 in-
duced background is dominated by DSNB and atmo-
spheric 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-a background plays a role only if a-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 radioac-
tive contaminants, in particular 238U. In order to sup-
press this background, materials with as low 233U con-
centration as possible must be chosen as target materi-
als. The typical uranium concentration in the Earth’s
crust is of the order of parts per million (ppm) in
weight, which would lead to unacceptably large back-
grounds. Much lower concentrations of uranium are
found in the Earth’s mantle and in seawater. Thus,
promising target materials for paleo-detectors are ultra-

basic rocks (UBRs), formed in the Earth’s mantle, and
marine evaporites (MEs), formed at the bottom of evap-
orating oceans.® The most common example of an UBR
is Olivine [Mg; ¢Fel,(Si04)], and the most common MEs
are Halite (NaCl) and Gypsum [Ca(SO,)-2(H320)]. Note
that further purification of the materials may arise from
chemical expulsion of contaminants during the growth
of crystals. However, the effect of such purification can
not be quantified in general, see e.g. [132].” Here, we use
benchmark values for the 233U 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 back-
grounds are further suppressed by the presence of hy-
drogen in the material since hydrogen is an effective
moderator of fast neutrons. Suppression of the neu-
tron induced background is particularly relevant to main-
tain sensitivity to WIMPs with mass m, 2 10GeV.
Examples of UBRs containing hydrogen are Nchwanin-
gite [Mn3*SiO3(OH)o(H20)] and Nickelbischofite [NiCly-
6(H20)], while MEs containing hydrogen are e.g. Gyp-
sum [Ca(S04)-2(H20)] or Epsomite [Mg(SOy4)-7(H20)].

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

7 Once obtained, concentrations of radioactive trace elements in
target samples of interest for paleo-detectors can be measured
reliably to levels as low as ~ 10~1% in weight using e.g. induc-
tively coupled plasma mass spectroscopy.



Further gains in sensitivity can be made by choos-
ing materials which are optimal for particular ranges of
WIMP masses or WIMP-nucleus interaction types. For
example, for low-mass WIMPs 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 com-
paratively large (a,m) cross sections, rendering neutron-
induced backgrounds in such targets challenging.

For probing SI interactions of WIMPs with masses
my 2 10GeV, 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, o5 o< A2.. 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 tar-
get elements for WIMP-proton SD interactions are for
example 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 (v, n)-interactions.
Examples of UBRs containing such nuclei are Nch-
waningite [Mn3"SiO3(OH), - (Ho0)] and Phlogopite
[KMg3A1813010F(OH)], while Borax [Nag(B4O5)(OH)4
8(H20)] and Mirabilite [Nag(SO4)10(H20)] are examples
of MEs.

The situation is worse for WIMP-neutron SD scatter-
ing, 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 scat-
tering as well, although the abundance of the relevant
isotope 170 is small. Examples of UBR targets are Bad-
deleyite [ZrO2] and Phlogopite [KMgsAlSizOq10F(OH)],
Example of MEs are Cattiite [Mga.goFeq g1 (PO4)2.01 -
22.05(H20)] and Epsomite [Mg(SOy4)-7(H20)].

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 (Co4Hsg) are excellent
SSTDs. Since they are comprised of relatively light tar-
get nuclei, natural plastics would be interesting targets
for low-mass WIMPs m,, < 10GeV in particular. How-
ever, little is known about typical uranium concentra-
tions in natural plastics such that we do not consider
them as targets in this work. Another interesting mate-
rial is diamond, samples of which can be extremely ra-
diopure [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
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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 out-
side 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 — mtrue + Am(am) , (30)

where 5 (7€) s the smeared (true) track length
and A, a random number with dimensions of length
drawn from a normal distribution with standard devi-
ation o, given by the track length resolution of the re-
spective read-out method.

We then assume a signal region

smear

Tmin < T < Zmax ) (31)

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

S

SNR = ;o (32)
/By +X2B2 + Bgr + Y23, B2 + . ...

where ¥; is the relative systematic error of the back-
ground ¢ and the “...” indicate additional background
components, e.g. the single-a events.

The number of signal events is proportional to the
WIMP-nucleon interaction cross section. For each sig-
nal region satisfying

Uw/z < LTmin < Tmax — 201 3 Tmax < 103 nm, (33)

we find the smallest interaction cross section for which
SNR >3 and S>5, (34)

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 sensi-
tivity projections for different benchmark assumptions:
We use a high resolution (¢, = lnm), low through-
put (¢ = 0.01kgMyr) scenario, and a low resolution
(0, = 15nm), large throughput (¢ = 100kg Myr) sce-
nario. The first scenario may for example be realized
by reading out 10 mg of a 1 Gyr old sample with Helium
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weight for MEs and C**® = 0.1 ppb for UBRs.

Ton beam Microscopy (HIM). The latter scenario could
be realized by reading out 100g of a 1Gyr old sample
with Small Angle X-ray scattering (SAXs); see Sec. I1I
for a discussion of read-out methods. For both scenarios
we discuss sensitivity projections both under the assump-
tion that all nuclei give rise to reconstructible 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 a-particles (He nuclei) do not give
rise to reconstructible tracks. We note that our analysis
only extends down to m, =~ 0.5GeV since WIMPs with
mass any lower would not give rise to a significant num-
ber of nuclear recoil tracks 2 1nm in any of the target

minerals considered here.

As discussed in Sec. IV E, we assume a relative sys-
tematic error of ¥, = 100% for the neutrino induced
background. For the backgrounds induced by radioactiv-
ity, in particular the neutron and single-a decay induced
backgrounds, we assume a relative systematic error of
Yp=%1a=1 %.

A. Spin-Independent Interactions

In Fig. 5 we show sensitivity projections for Spin-
Independent (SI) WIMP-nucleus interactions in 6 differ-
ent target minerals. We pick three examples of MEs:



The two very common evaporites Halite (NaCl) and Gyp-
sum [Ca(SO4) - 2(H20)] and the less common evapor-
ite Epsomite [Mg(SOy4)-7(H20)]. 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 [Mg; ¢FeZ’,(Si0,)],
and two minerals containing hydrogen, Nchwaningite
[Mn3"SiO3(OH), - (H20)] and Nickelbischofite.

Comparing the different panels of Fig. 5, we can first
note, that in general, for low-mass WIMPs with masses
my S 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 re-
coils and hence shorter tracks than heavier WIMPs. As
discussed in Sec. IVE, for the assumed 238U concen-
trations of C?3® = 0.01ppb (C?3® = 0.1ppb) for MEs
(UBRs), the dominant background source for WIMPs
with m, < 10GeV 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 ex-
tends to SI WIMP-nucleon cross sections as small as
oSl ~ 1073 cm? for WIMP masses m, ~ 1GeV and
to cross sections approximately one order of magnitude
smaller for WIMPs with masses m,, ~ 10 GeV.

For heavier WIMPs with masses m,, 2 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 neu-
tron flux is proportional to the 233U concentration in the
target material, MEs are more promising targets assum-
ing 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 differenti-
ated from tracks from heavier nuclei, only MEs contain-
ing hydrogen have projected sensitivities beyond current
limits for m,, 2 10 GeV, cf. the top right panel of Fig. 5.
If hydrogen nuclei leave no reconstructible tracks or if hy-
drogen tracks can reliably be differentiated from tracks
from heavier nuclei, both UBRs and MEs have projected
sensitivities better than current limits, c¢f. 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 m,, 2 100 GeV.

Significant improvements with respect to these pro-
jected sensitivities could be made by better control of
the systematic error of the neutron-induced background,
or by using materials with lower concentration of radioac-
tive materials such as 238U. For uranium concentrations
C?38 < 1ppt (parts per trillion) in weight, paleo detec-
tors could probe WIMP-nucleon cross sections within a
factor 10 of the Xe neutrino floor indicated in Fig. 5.
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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 a, = 0 and a,, = 0, respectively, in Egs. (10), (12).
In principle, the sensitivity of paleo-detectors to SD in-
teractions is quite dependent on the ratio of the effec-
tive WIMP-proton and WIMP-neutron couplings a,/an,
since typical target minerals will contain both elements
sensitive to WIMP-proton and to WIMP-neutron SD in-
teractions. 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 [Mgz.92Fe.01(PO4)2.01 -
22.05(H20)], Epsomite [Mg(SO4)7(H20)], and Mirabilite
[Naa(SO4) - 10(H20)] and the UBRs Baddeleyite
(ZrO2), Nickelbischofite [NiCly - 6(H20)], and Phlogo-
pite [KMgsAlSisO19F(OH)]. Note that as before we as-
sume 238U concentrations of C?3® = 0.01 ppb in weight
for the MEs and C?3® = 0.1ppb for the UBRs Badde-
leyite and Nickelbischofite. For Phlogopite, we assume
(238 = 0.01 ppb, since large samples of Phlogopite have
been found with such 238U concentrations [135], although
typical concentrations of uranium in Phlogopite are much
larger.

Comparing the different panels, we find similar behav-
ior as for SI interactions, cf. the discussion in Sec. VI A.
Comparing the different targets minerals we find stronger
dependence on the particular chemical composition. This
is because the WIMP-nucleus cross section for any partic-
ular 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 na-
ture, for example, 17O only makes up 0.04 % of natural
oxygen. The most promising isotopes which are rela-
tively common in nature appear to be 2°Mg, comprising
10 % of natural magnesium, and 2°Si, comprising 5% of
natural silicon. Another isotope with large nuclear spin
is ?1Zr, 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 Mg. For lighter WIMPs, the sensitivity of Phl-
ogopite, which contains magnesium and silicon, is com-
parable. For heavier WIMPs, Phlogopite is not com-
petitive since it contains only a small fraction of hy-
drogen, yielding too little suppression of the neutron-
induced background. For comparison, we also show the
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FIG. 6. Same as Fig. 5 but for SD scattering assuming neutron-only couplings. We show three example of MEs: Cattiite
[Mga.92Feq.01(PO4)2.01-22.05(H20)], Epsomite [Mg(SO4)-7(H20)], and Mirabilite [Naz(SO4)-10(H20)] and three examples of
UBRs: Baddeleyite (ZrO2), Nickelbischofite [NiClz6(H20)], and Phlogopite [KMgs AlSizO10F(OH)]. As before, we assume 23U
concentrations of C**® = 0.01 ppb in weight for MEs and C?*® = 0.1ppb for the UBRs Baddeleyite and Nickelbischofite. For
Phlogopite we assume C?*® = 0.01 ppb, since large chunks of Phlogopite with linear dimension of order 1 m and C**® < 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 m, 2 30 GeV.

ME Mirabilite and the UBRs Baddeleyite and Nickel-
bischofite. Mirabilite and Nickelbischofite do not display
competitive sensitivity to neutron-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 miner-
als for neutron-only interactions, we can note that the
sensitivity of paleo-detectors to low-mass WIMPs m,, <
10 GeV extends to o5° ~ 10738 cm? for m, ~ 10GeV
and cross sections approximately one order of magni-
tude larger for m, ~ 1GeV. For heavier WIMPs, paleo-
detectors still promise sensitivity better than current up-

per 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 magne-
sium.

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 size-
able 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 [Nag(B4O5)(OH)y -
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We show three example of MEs: Borax

[Naz(B4Os5)(OH)4-8(H20)], Epsomite [Mg(SO4)-7(H20)], and Mirabilite [Naz(SO4)-10(H20)] and three examples of UBRs:
Nchwaningite (Mn21SiO3(OH)2-(H20)), Nickelbischofite [NiClg-6(H20)], and Phlogopite [KMgsAlSizO10oF(OH)]. As before,
we assume 228U concentrations of C?*® = 0.01ppb in weight for MEs and C?3® = 0.1ppb for the UBRs Nchwaningite and
Nickelbischofite. For Phlogopite we assume C?3® = 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 CsFg [137].

8(H20)], Epsomite [Mg(SOy4)-7(H20)], and Mirabilite
[Nag(SOy4) - 10(H20)], and three UBRs, Nchwaningite
[Mn2"Si03(OH)»(H,0)], Nickelbischofite [NiCly6(H,0)],
and Phlogopite [KMg3AlSizO1oF(OH)]. As before, we as-
sume 238U concentrations of C?3® = 0.01 ppb in weight
for the MEs Borax, Epsomite, and Mirabilite as well as
for Phlogopite, and C?38 = 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 be-
cause 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 sen-
sitivity in the with low-Z tracks scenario extends to cross
sections as small as USD ~ 107*2 cm? for WIMPs with
masses of a few GeV. Due to the long range of hydrogen,
the sensitivity to low-mass WIMPs is retained when us-
ing 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 tar-
get 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 con-
taining 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 USD ~ 107%%cm? for m, ~ 10GeV and approxi-

mately one order of magnitude smaller cross sections for
my ~ 1GeV WIMPs. For heavier WIMPs with masses
my 2 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 sys-
tematic 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
radically different approach to direct detection than con-
ventional experiments: instead of instrumenting a (large)
target mass in the laboratory and searching for WIMP-
induced nuclear recoils in real time, we propose to ex-
amine ancient minerals for the traces of WIMP-nucleon
interactions. This proposal rests upon the principle of
solid state track detectors: in certain minerals, a recoil-
ing nucleus will induce a damage track which, once cre-
ated, persists over geological time-scales. Since paleo-
detectors record WIMP-nucleon interactions over time
scales as long as ~ 1 Gyr, reconstructing tracks in rela-
tively small target masses suffices to achieve exposures
(the product of target mass and integration time) orders
of magnitude larger than what seems feasible in conven-
tional 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 O(10) mg may
be investigated with spatial resolutions of ~ 1 nm. Trans-
lated to conventional direct detection quantities, such
resolution would allow for nuclear recoil energy thresh-
olds O(100) eV, comparable to what is achieved in cryo-
genic bolometric detectors. Sacrificing some spatial res-
olution for larger target masses, we propose to read out
0O(100) g of material with small-angle X-ray scattering,
allowing for spatial resolutions of 15nm. Such spatial
resolution would allow for nuclear recoil energy thresh-
olds of O(1) 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 tech-
niques 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 detec-
tion experiments is that the comparatively small tar-
get masses can be obtained from depths much greater
than those of the underground laboratories in which con-
ventional detectors must be operated. This makes cos-
mogenic backgrounds all but negligible. The dominant
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background sources in paleo-detectors will be nuclear re-
coils induced by neutrons from radioactive processes and
by neutrinos. Broadly speaking, we identify two back-
ground regimes: For low-mass WIMPs m, < 10GeV,
the background budget is dominated 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 23*U, and the neutrons induced by (o, n)-
reactions of a-particles from decays of heavy radioactive
contaminants with the nuclei comprising the target ma-
terial.

The selection of target minerals for paleo-detectors is
heavily informed by our background study. Suitable min-
erals must record tracks, preserve the tracks over geologi-
cal time-scales, and be as pure from radioactive contami-
nants 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: Min-
erals found in marine evaporite deposits and minerals
found in ultra-basic 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 is dominated by neutron-induced recoils, it
is advantageous to use minerals which in addition con-
tain hydrogen. This is because hydrogen is an effective
moderator of fast neutrons, thus, the presence of hydro-
gen 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 miner-
als. In addition, we present projected sensitivities for
spin-dependent WIMP-nucleus interactions in the usual
proton-only and neutron-only interaction benchmark sce-
narios used by conventional direct detection experiments.
In all cases, WIMP-nucleon cross section many orders
of magnitude smaller than current experimental upper
bounds can be probed for light WIMPs with masses
m, S 10GeV. For heavier WIMPs where the dominant
background source is neutron induced recoils, the pro-
jected sensitivity strongly depends on the presence of hy-
drogen. 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 improve-
ments with respect to these projections are possible; for
example, 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 sensi-
tivity 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 us-
ing more sophisticated analysis techniques than the sim-
ple cut-and-count approach employed here, for example
a spectral analysis [131].

We would like to comment on some interesting possi-
bilities 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 sub-
structure 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 sub-structure such as
ultra-compact mini-halos [139, 140] or tidal streams [141—
143], typically renders conventional direct detection ex-
periments less sensitive due to a decrease in the local
DM density, in paleo-detectors, the signal may be en-
hanced 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 sub-structure 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 neu-
trinos 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
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near future. We intend to use natural minerals obtained
from close to the surface to demonstrate the reconstruc-
tion 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 irradi-
ating target samples with neutrons.

Conventional direct detection experiments have been
carried out for approximately three decades. Despite
detectors 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 oper-
ate. Thus, paleo-detectors are a timely proposal for an
alternative strategy to extend the sensitivity of direct
detection experiments to much of the remaining WIMP
parameter space.

ACKNOWLEDGMENTS

The authors would like to thank F. Avignone, J. Blum,
J. Collar, J. Conrad, D. Eichler, R. Ewing, T. Ed-
wards, A. Ferella, A. Goobar, B. Kavanagh, C. Kelso,
D. Snowden-Ifft, L. Stodolsky, H. Sun, K. Sun, and
C. Weniger for useful discussions. SB, AKD, KF, and PS
acknowledge support by the Vetenskapsradet (Swedish
Research Council) through contract No. 638-2013-8993
and the Oskar Klein Centre for Cosmoparticle Physics.
SB, KF, and PS acknowledge support from DoE grant
DE-SC007859 and the LCTP at the University of Michi-
gan.

[1] S. Baum, A. K. Drukier, K. Freese, M. Gérski, and
P. Stengel, (2018), arXiv:1806.05991 [astro-ph.CO].

[2] A. Drukier and L. Stodolsky, Phys. Rev. D30, 2295
(1984).

[3] M. W. Goodman and E. Witten, Phys. Rev. D31, 3059
(1985).

[4] A. K. Drukier, K. Freese, and D. N. Spergel, Phys. Rev.
D33, 3495 (1986).

[5] G. Angloher et al. (CRESST), Eur. Phys. J. C76, 25
(2016), arXiv:1509.01515 [astro-ph.CO].

[6] C. Amole et al. (PICO), Phys. Rev. Lett. 118, 251301
(2017), arXiv:1702.07666 [astro-ph.CO].

[7] D.S. Akerib et al. (LUX), Phys. Rev. Lett. 118, 251302
(2017), arXiv:1705.03380 [astro-ph.CO].

[8] E. Aprile et al. (XENON), Phys. Rev. Lett. 119, 181301
(2017), arXiv:1705.06655 [astro-ph.CO].

[9] R. Agnese et al. (SuperCDMS), Phys. Rev. D97, 022002
(2018), arXiv:1707.01632 [astro-ph.CO].

[10] X. Cui et al. (PandaX-IT), (2017), arXiv:1708.06917
[astro-ph.CO)].

[11] F. Petricca et al. (CRESST), in 15th International Con-
ference on Topics in Astroparticle and Underground
Physics (TAUP 2017) Sudbury, Ontario, Canada, July
24-28, 2017 (2017) arXiv:1711.07692 [astro-ph.CO].

[12] E. Aprile et al. (XENON),
[astro-ph.CO].

[13] R. Bernabei et al. (DAMA), Eur. Phys. J. C56, 333
(2008), arXiv:0804.2741 [astro-ph].

[14] R. Bernabei et al, Eur. Phys. J. C73, 2648 (2013),
arXiv:1308.5109 [astro-ph.GA].

[15] R. Bernabei et al., (2018), arXiv:1805.10486 [hep-ex].

[16] D. N. Spergel, Phys. Rev. D37, 1353 (1988).

[17] K. Freese, M. Lisanti, and C. Savage, Rev. Mod. Phys.
85, 1561 (2013), arXiv:1209.3339 [astro-ph.CO].

[18] P. Gondolo and G. Gelmini, Phys. Rev. D71, 123520
(2005), arXiv:hep-ph/0504010 [hep-ph].

[19] F. Petriello and K. M. Zurek, JHEP 09, 047 (2008),
arXiv:0806.3989 [hep-ph].

[20] S. Chang, A. Pierce, and N. Weiner, Phys. Rev. D79,
115011 (2009), arXiv:0808.0196 [hep-ph].

[21] M. Fairbairn and T. Schwetz, JCAP 0901, 037 (2009),
arXiv:0808.0704 [hep-ph].

[22] C. Savage, G. Gelmini, P. Gondolo, and K. Freese,
JCAP 0904, 010 (2009), arXiv:0808.3607 [astro-ph].

[23] A. Bottino, F. Donato, N. Fornengo, and S. Scopel,
Phys. Rev. D78, 083520 (2008), arXiv:0806.4099 [hep-
ph].

[24] S. Baum, K. Freese,

(2018), arXiv:1805.12562

and C. Kelso, (2018),


http://arxiv.org/abs/1806.05991
http://dx.doi.org/10.1103/PhysRevD.30.2295
http://dx.doi.org/10.1103/PhysRevD.30.2295
http://dx.doi.org/10.1103/PhysRevD.31.3059
http://dx.doi.org/10.1103/PhysRevD.31.3059
http://dx.doi.org/10.1103/PhysRevD.33.3495
http://dx.doi.org/10.1103/PhysRevD.33.3495
http://dx.doi.org/10.1140/epjc/s10052-016-3877-3
http://dx.doi.org/10.1140/epjc/s10052-016-3877-3
http://arxiv.org/abs/1509.01515
http://dx.doi.org/ 10.1103/PhysRevLett.118.251301
http://dx.doi.org/ 10.1103/PhysRevLett.118.251301
http://arxiv.org/abs/1702.07666
http://dx.doi.org/ 10.1103/PhysRevLett.118.251302
http://dx.doi.org/ 10.1103/PhysRevLett.118.251302
http://arxiv.org/abs/1705.03380
http://dx.doi.org/10.1103/PhysRevLett.119.181301
http://dx.doi.org/10.1103/PhysRevLett.119.181301
http://arxiv.org/abs/1705.06655
http://dx.doi.org/10.1103/PhysRevD.97.022002
http://dx.doi.org/10.1103/PhysRevD.97.022002
http://arxiv.org/abs/1707.01632
http://arxiv.org/abs/1708.06917
http://arxiv.org/abs/1708.06917
http://inspirehep.net/record/1637341/files/arXiv:1711.07692.pdf
http://inspirehep.net/record/1637341/files/arXiv:1711.07692.pdf
http://inspirehep.net/record/1637341/files/arXiv:1711.07692.pdf
http://inspirehep.net/record/1637341/files/arXiv:1711.07692.pdf
http://arxiv.org/abs/1711.07692
http://arxiv.org/abs/1805.12562
http://arxiv.org/abs/1805.12562
http://dx.doi.org/10.1140/epjc/s10052-008-0662-y
http://dx.doi.org/10.1140/epjc/s10052-008-0662-y
http://arxiv.org/abs/0804.2741
http://dx.doi.org/10.1140/epjc/s10052-013-2648-7
http://arxiv.org/abs/1308.5109
http://arxiv.org/abs/1805.10486
http://dx.doi.org/10.1103/PhysRevD.37.1353
http://dx.doi.org/10.1103/RevModPhys.85.1561
http://dx.doi.org/10.1103/RevModPhys.85.1561
http://arxiv.org/abs/1209.3339
http://dx.doi.org/10.1103/PhysRevD.71.123520
http://dx.doi.org/10.1103/PhysRevD.71.123520
http://arxiv.org/abs/hep-ph/0504010
http://dx.doi.org/10.1088/1126-6708/2008/09/047
http://arxiv.org/abs/0806.3989
http://dx.doi.org/10.1103/PhysRevD.79.115011
http://dx.doi.org/10.1103/PhysRevD.79.115011
http://arxiv.org/abs/0808.0196
http://dx.doi.org/10.1088/1475-7516/2009/01/037
http://arxiv.org/abs/0808.0704
http://dx.doi.org/10.1088/1475-7516/2009/04/010
http://arxiv.org/abs/0808.3607
http://dx.doi.org/10.1103/PhysRevD.78.083520
http://arxiv.org/abs/0806.4099
http://arxiv.org/abs/0806.4099

arXiv:1804.01231 [astro-ph.CO)].

[25] S. Kang, S. Scopel, G. Tomar, and J.-H. Yoon, JCAP
1807, 016 (2018), arXiv:1804.07528 [hep-ph].

[26] J. Herrero-Garcia, A. Scaffidi, M. White, and A. G.
Williams, (2018), arXiv:1804.08437 [hep-ph].

[27] C. Savage, K. Freese, P. Gondolo, and D. Spol-
yar, JCAP 0909, 036 (2009), arXiv:0901.2713 [astro-
ph.CO].

[28] C. Savage, G. Gelmini, P. Gondolo, and K. Freese,
Phys. Rev. D83, 055002 (2011), arXiv:1006.0972 [astro-
ph.CO].

[29] C. McCabe, Phys. Rev. D84, 043525 (2011),
arXiv:1107.0741 [hep-ph].

[30] R. Catena, A. Ibarra, and S. Wild, JCAP 1605, 039
(2016), arXiv:1602.04074 [hep-ph].

[31] E. Aprile et al. (XENON), JCAP 1604, 027 (2016),
arXiv:1512.07501 [physics.ins-det].

[32] B. J. Mount et al, (2017), arXiv:1703.09144
[physics.ins-det].

[33] J. Aalbers et al. (DARWIN), JCAP 1611, 017 (2016),
arXiv:1606.07001 [astro-ph.IM].

[34] C. E. Aalseth et al., Eur. Phys. J. Plus 133, 131 (2018),
arXiv:1707.08145 [physics.ins-det].

[35] P. A. Amaudruz et al. (DEAP-3600), Submitted to: As-
tropart. Phys. (2017), arXiv:1712.01982 [astro-ph.IM].

[36] G. Angloher et al. (CRESST), (2015), arXiv:1503.08065
[astro-ph.IM].

[37] R. Agnese et al. (SuperCDMS), Phys. Rev. D95, 082002
(2017), arXiv:1610.00006 [physics.ins-det].

[38] E. Daw et al., Proceedings, 3rd Workshop on Directional
Detection of Dark Matter (CYGNUS 2011): Aussois,
France, June 8-10, 2011, EAS Publ. Ser. 53, 11 (2012),
arXiv:1110.0222 [physics.ins-det].

[39] J. B. R. Battat et al. (DRIFT), Phys. Dark Univ. 9-10,
1 (2015), arXiv:1410.7821 [hep-ex].

[40] Q. Riffard et al., in Proceedings, 48th Rencontres de
Moriond on Very High Energy Phenomena in the Uni-
verse: La Thuile, Italy, March 9-16, 2013 (2013) pp.
227-230, arXiv:1306.4173 [astro-ph.IM].

[41] D. Santos et al., Proceedings, 4th Workshop on Di-
rectional Detection of Dark Matter (CYGNUS 2013):
Toyama, Japan, June 10-12, 2018, J. Phys. Conf. Ser.
469, 012002 (2013), arXiv:1311.0616 [physics.ins-det].

[42] J. Monroe (DMTPC), Proceedings, 3rd Workshop on
Directional Detection of Dark Matter (CYGNUS 2011):
Aussots, France, June 8-10, 2011, EAS Publ. Ser. 53,
19 (2012).

[43] M. Leyton (DMTPC), Proceedings, 14th International
Conference on Topics in Astroparticle and Underground
Physics (TAUP 2015): Torino, Italy, September 7-11,
2015, J. Phys. Conf. Ser. 718, 042035 (2016).

[44] K. Miuchi et al, Phys. Lett. B686, 11 (2010),
arXiv:1002.1794 [astro-ph.CO)].

[45] K. Nakamura et al., PTEP 2015, 043F01 (2015).

[46] J. B. R. Battat et al. (DRIFT), Astropart. Phys. 91, 65
(2017), arXiv:1701.00171 [astro-ph.IM].

[47] A. Drukier, K. Freese, A. Lopez, D. Spergel, C. Can-
tor, G. Church, and T. Sano, (2012), arXiv:1206.6809
[astro-ph.IM].

[48] A. K. Drukier, A. Abramowicz, P. Bermuta, D. Q.
Adams, S. Rydstrom, M. Gorski, P. Karlowicz, A. Now-
icki, J. Piwowarski, and J. Topinski, in Proceedings,
14th Marcel Grossmann Meeting on Recent Develop-
ments in Theoretical and Fxperimental General Rel-

21

ativity, Astrophysics, and Relativistic Field Theories
(MG14) (In 4 Volumes): Rome, Italy, July 12-18, 2015,
Vol. 1 (2017) pp. 667—680.

[49] A. Lopez, A. Drukier, K. Freese, C. Kurdak, and
G. Tarle, (2014), arXiv:1403.8115 [astro-ph.IM].

[50] A. K. Drukier, C. Cantor, M. Chonofsky, G. M. Church,
R. L. Fagaly, K. Freese, A. Lopez, T. Sano, C. Sav-
age, and W. P. Wong, Int. J. Mod. Phys. A29, 1443007
(2014), arXiv:1403.8154 [astro-ph.IM].

[51] E. Goto, J. Phys. Soc. Japan 13, 1413 (1958).

[52] E. Goto, H. H. Kolm, and K. W. Ford, Phys. Rev. 132,
387 (1963).

[53] R. L. Fleischer, H. R. Hart, I. S. Jacobs, P. B. Price,
W. M. Schwarz, and F. Aumento, Phys. Rev. 184, 1393
(1969).

[64] L. W. Alvarez, P. H. Eberhard, R. R. Ross, and R. D.
Watt, Science 167, 701 (1970).

[55] H. H. Kolm, F. Villa, and A. Odian, Phys. Rev. D4,
1285 (1971).

[56] P. H. Eberhard, R. R. Ross, L. W. Alvarez, and R. D.
Watt, Phys. Rev. D4, 3260 (1971).

[57] R. R. Ross, P. H. Eberhard, L. W. Alvarez, and R. D.
Watt, Phys. Rev. D8, 698 (1973).

[58] J. M. Kovalik and J. L. Kirschvink, Phys. Rev. A33,
1183 (1986).

[59] H. Jeon and M. J. Longo, Phys. Rev. Lett. 75,
1443 (1995), [Erratum: Phys. Rev. Lett.76,159(1996)],
arXiv:hep-ex/9508003 [hep-ex].

[60] R. L. Fleischer, I. S. Jacobs, W. M. Schwarz, P. B. Price,
and H. G. Goodell, Phys. Rev. 177, 2029 (1969).

[61] R. L. Fleischer, P. B. Price, and R. T. Woods, Phys.
Rev. 184, 1398 (1969).

[62] P. B. Price, S.-1. Guo, S. P. Ahlen, and R. L. Fleischer,
Phys. Rev. Lett. 52, 1265 (1984).

[63] P. B. Price and M. H. Salamon, Phys. Rev. Lett. 56,
1226 (1986).

[64] D. Ghosh and S. Chatterjea, Europhys. Lett. 12, 25
(1990).

[65] R. L. Fleischer, P. B. Price, and R. M. Walker, Science
149, 383 (1965).

[66] J. I. Collar and K. Zioutas, Phys. Rev. Lett. 83, 3097
(1999), arXiv:astro-ph/9902310 [astro-ph].

[67] D. P. Snowden-Ifft, E. S. Freeman, and P. B. Price,
Phys. Rev. Lett. 74, 4133 (1995).

[68] J. I. Collar and F. T. Avignone, III, Nucl. Instrum.
Meth. B95, 349 (1995), arXiv:astro-ph/9505055 [astro-
ph].

[69] J. Engel, M. T. Ressell, I. S. Towner, and W. E.
Ormand, Phys. Rev. C52, 2216 (1995), arXiv:hep-
ph/9504322 [hep-ph].

[70] D. P. Snowden-Ifft and A. J. Westphal, Phys. Rev. Lett.
78, 1628 (1997), arXiv:astro-ph/9701215 [astro-ph].

[71] A. Kremenetsky and L. Ovchinnikov, Precambrian Re-
search 33, 11 (1986).

[72] J. Engel, Phys. Lett. B264, 114 (1991).

[73] J. Engel, S. Pittel, and P. Vogel, Int. J. Mod. Phys.
E1, 1 (1992).

[74] M. T. Ressell, M. B. Aufderheide, S. D. Bloom, K. Gri-
est, G. J. Mathews, and D. A. Resler, Phys. Rev. D48,
5519 (1993), arXiv:hep-ph/9307228 [hep-ph].

[75] V. A. Bednyakov and F. Simkovic, Phys. Part.
Nucl. 36, 131 (2005), [Fiz. Elem. Chast. Atom.
Yadra36,257(2005)], arXiv:hep-ph/0406218 [hep-ph].

[76] V. A. Bednyakov and F. Simkovic, Phys. Part. Nucl. 37,


http://arxiv.org/abs/1804.01231
http://dx.doi.org/ 10.1088/1475-7516/2018/07/016
http://dx.doi.org/ 10.1088/1475-7516/2018/07/016
http://arxiv.org/abs/1804.07528
http://arxiv.org/abs/1804.08437
http://dx.doi.org/10.1088/1475-7516/2009/09/036
http://arxiv.org/abs/0901.2713
http://arxiv.org/abs/0901.2713
http://dx.doi.org/10.1103/PhysRevD.83.055002
http://arxiv.org/abs/1006.0972
http://arxiv.org/abs/1006.0972
http://dx.doi.org/10.1103/PhysRevD.84.043525
http://arxiv.org/abs/1107.0741
http://dx.doi.org/10.1088/1475-7516/2016/05/039
http://dx.doi.org/10.1088/1475-7516/2016/05/039
http://arxiv.org/abs/1602.04074
http://dx.doi.org/10.1088/1475-7516/2016/04/027
http://arxiv.org/abs/1512.07501
http://arxiv.org/abs/1703.09144
http://arxiv.org/abs/1703.09144
http://dx.doi.org/10.1088/1475-7516/2016/11/017
http://arxiv.org/abs/1606.07001
http://dx.doi.org/10.1140/epjp/i2018-11973-4
http://arxiv.org/abs/1707.08145
http://arxiv.org/abs/1712.01982
http://arxiv.org/abs/1503.08065
http://arxiv.org/abs/1503.08065
http://dx.doi.org/10.1103/PhysRevD.95.082002
http://dx.doi.org/10.1103/PhysRevD.95.082002
http://arxiv.org/abs/1610.00006
http://dx.doi.org/ 10.1051/eas/1253002
http://arxiv.org/abs/1110.0222
http://dx.doi.org/10.1016/j.dark.2015.06.001
http://dx.doi.org/10.1016/j.dark.2015.06.001
http://arxiv.org/abs/1410.7821
http://inspirehep.net/record/1238915/files/arXiv:1306.4173.pdf
http://inspirehep.net/record/1238915/files/arXiv:1306.4173.pdf
http://inspirehep.net/record/1238915/files/arXiv:1306.4173.pdf
http://arxiv.org/abs/1306.4173
http://dx.doi.org/ 10.1088/1742-6596/469/1/012002
http://dx.doi.org/ 10.1088/1742-6596/469/1/012002
http://arxiv.org/abs/1311.0616
http://dx.doi.org/10.1051/eas/1253003
http://dx.doi.org/10.1051/eas/1253003
http://dx.doi.org/10.1088/1742-6596/718/4/042035
http://dx.doi.org/10.1016/j.physletb.2010.02.028
http://arxiv.org/abs/1002.1794
http://dx.doi.org/10.1093/ptep/ptv041
http://dx.doi.org/10.1016/j.astropartphys.2017.03.007
http://dx.doi.org/10.1016/j.astropartphys.2017.03.007
http://arxiv.org/abs/1701.00171
http://arxiv.org/abs/1206.6809
http://arxiv.org/abs/1206.6809
http://dx.doi.org/ 10.1142/9789813226609_0036
http://dx.doi.org/ 10.1142/9789813226609_0036
http://dx.doi.org/ 10.1142/9789813226609_0036
http://dx.doi.org/ 10.1142/9789813226609_0036
http://dx.doi.org/ 10.1142/9789813226609_0036
http://arxiv.org/abs/1403.8115
http://dx.doi.org/10.1142/S0217751X14430076
http://dx.doi.org/10.1142/S0217751X14430076
http://arxiv.org/abs/1403.8154
http://dx.doi.org/10.1143/JPSJ.13.1413
http://dx.doi.org/10.1103/PhysRev.132.387
http://dx.doi.org/10.1103/PhysRev.132.387
http://dx.doi.org/ 10.1103/PhysRev.184.1393
http://dx.doi.org/ 10.1103/PhysRev.184.1393
http://dx.doi.org/10.1126/science.167.3918.701
http://dx.doi.org/10.1103/PhysRevD.4.1285
http://dx.doi.org/10.1103/PhysRevD.4.1285
http://dx.doi.org/10.1103/PhysRevD.4.3260
http://dx.doi.org/10.1103/PhysRevD.8.698
http://dx.doi.org/10.1103/PhysRevA.33.1183
http://dx.doi.org/10.1103/PhysRevA.33.1183
http://dx.doi.org/10.1103/PhysRevLett.75.1443
http://dx.doi.org/10.1103/PhysRevLett.75.1443
http://arxiv.org/abs/hep-ex/9508003
http://dx.doi.org/10.1103/PhysRev.177.2029
http://dx.doi.org/10.1103/PhysRev.184.1398
http://dx.doi.org/10.1103/PhysRev.184.1398
http://dx.doi.org/10.1103/PhysRevLett.52.1265
http://dx.doi.org/10.1103/PhysRevLett.56.1226
http://dx.doi.org/10.1103/PhysRevLett.56.1226
http://dx.doi.org/10.1209/0295-5075/12/1/005
http://dx.doi.org/10.1209/0295-5075/12/1/005
http://dx.doi.org/10.1126/science.149.3682.383
http://dx.doi.org/10.1126/science.149.3682.383
http://dx.doi.org/10.1103/PhysRevLett.83.3097
http://dx.doi.org/10.1103/PhysRevLett.83.3097
http://arxiv.org/abs/astro-ph/9902310
http://dx.doi.org/10.1103/PhysRevLett.74.4133
http://dx.doi.org/ 10.1016/0168-583X(94)00543-5
http://dx.doi.org/ 10.1016/0168-583X(94)00543-5
http://arxiv.org/abs/astro-ph/9505055
http://arxiv.org/abs/astro-ph/9505055
http://dx.doi.org/10.1103/PhysRevC.52.2216
http://arxiv.org/abs/hep-ph/9504322
http://arxiv.org/abs/hep-ph/9504322
http://dx.doi.org/10.1103/PhysRevLett.78.1628
http://dx.doi.org/10.1103/PhysRevLett.78.1628
http://arxiv.org/abs/astro-ph/9701215
http://dx.doi.org/10.1016/0301-9268(86)90013-6
http://dx.doi.org/10.1016/0301-9268(86)90013-6
http://dx.doi.org/10.1016/0370-2693(91)90712-Y
http://dx.doi.org/10.1142/S0218301392000023
http://dx.doi.org/10.1142/S0218301392000023
http://dx.doi.org/10.1103/PhysRevD.48.5519
http://dx.doi.org/10.1103/PhysRevD.48.5519
http://arxiv.org/abs/hep-ph/9307228
http://arxiv.org/abs/hep-ph/0406218
http://dx.doi.org/10.1134/S1063779606070057

S106 (2006), arXiv:hep-ph/0608097 [hep-ph].

[77] J. Fan, M. Reece, and L.-T. Wang, JCAP 1011, 042
(2010), arXiv:1008.1591 [hep-ph].

[78] A. L. Fitzpatrick, W. Haxton, E. Katz, N. Lubbers,
and Y. Xu, JCAP 1302, 004 (2013), arXiv:1203.3542
[hep-ph].

[79] J. D. Lewin and P. F. Smith, Astropart. Phys. 6, 87
(1996).

[80] P. Gondolo, Phys. Rev. D66, 103513 (2002), arXiv:hep-
ph/0209110 [hep-ph].

[81] R. Catena, JCAP 1507, 026 (2015), arXiv:1505.06441
[hep-ph].

[82] R. H. Helm, Phys. Rev. 104, 1466 (1956).

[83] G. Duda, A. Kemper, and P. Gondolo, JCAP 0704,
012 (2007), arXiv:hep-ph/0608035 [hep-ph].

[84] L. Vietze, P. Klos, J. Menéndez, W. C. Haxton,
and A. Schwenk, Phys. Rev. D91, 043520 (2015),
arXiv:1412.6091 [nucl-th].

[85] D. Gazda, R. Catena, and C. Forssén, Phys. Rev. D95,
103011 (2017), arXiv:1612.09165 [hep-ph].

[86] C. Korber, A. Nogga, and J. de Vries, Phys. Rev. C96,
035805 (2017), arXiv:1704.01150 [hep-ph].

[87] M. Hoferichter, P. Klos, J. Menéndez, and A. Schwenk,
(2018), arXiv:1812.05617 [hep-ph].

[88] P. Klos, J. Menéndez, D. Gazit, and A. Schwenk,
Phys. Rev. D88, 083516 (2013), [Erratum: Phys.
Rev.D89,n0.2,029901(2014)], arXiv:1304.7684 [nucl-th].

[89] S. R. Stroberg, A. Calci, H. Hergert, J. D. Holt, S. K.
Bogner, R. Roth, and A. Schwenk, Phys. Rev. Lett.
118, 032502 (2017), arXiv:1607.03229 [nucl-th].

[90] R. Sahu and V. K. B. Kota, Mod. Phys. Lett. A32,
1750210 (2017), arXiv:1706.08112 [nucl-th].

[91] W. D. Wilson, L. G. Haggmark, and J. P. Biersack,
Phys. Rev. B15, 2458 (1977).

[92] J. F. Ziegler, J. P. Biersack, and U. Littmark, Pergamon
Press, (1985).

[93] J. F. Ziegler, M. D. Ziegler, and J. P. Biersack, Nu-
clear Instruments and Methods in Physics Research Sec-
tion B: Beam Interactions with Materials and Atoms
268, 1818 (2010), 19th International Conference on Ion
Beam Analysis.

[94] N. Bozorgnia, G. B. Gelmini, and P. Gondolo, JCAP
11, 019 (2010), arXiv:1006.3110 [astro-ph.CO].

[95] N. Bozorgnia, G. B. Gelmini, and P. Gondolo, JACP
11, 028 (2010), arXiv:1008.3676 [astro-ph.CO].

[96] R. L. Fleischer, P. B. Price, R. M. Walker, and E. L.
Hubbard, Phys. Rev. 133, A1443 (1964).

[97] R. L. Fleischer, P. B. Price, and R. M. Walker, Ann.
Rev. Nucl. Part. Sci. 15, 1 (1965).

[98] S.-L. Guo, B.-L. Chen, and S. Durrani, in Hand-
book of Radioactivity Analysis (Third Edition), edited
by M. F. L’Annunziata (Academic Press, Amsterdam,
2012) third edition ed., pp. 233 — 298.

[99] F. Seitz, Discuss. Faraday Soc. 5, 271 (1949).

[100] R. L. Fleischer, P. B. Price, and R. M. Walker, Journal
of Applied Physics 36, 3645 (1965).

[101] J. Bartz, C. Zeissler, V. Fomenko, and M. Akselrod,
Radiation Measurements 56, 273 (2013).

[102] J. Kouwenberg, G. Kremers, J.  Slotman,
H. Woltenbeek, A. Houtsmuller, A. Denkova, and
A. Bos, Journal of Microscopy 270, 326.

[103] R. Hill, J. A. Notte, and L. Scipioni, in Advances in
Imaging and Electron Physics, Advances in Imaging and
Electron Physics, Vol. 170, edited by P. W. Hawkes (El-

22

sevier, 2012) pp. 65 — 148.

[104] R. van Gastel, G. Hlawacek, H. J. Zandvliet, and
B. Poelsema, Microelectronics Reliability 52, 2104
(2012).

[105] J. J. Lombardo, R. A. Ristau, W. M. Harris, and
W. K. S. Chiu, Journal of Synchrotron Radiation 19,
789 (2012).

[106] M. S. Joens, C. Huynh, J. M. Kasuboski, D. Ferranti,
Y. J. Sigal, F. Zeitvogel, M. Obst, C. J. Burkhardt,
K. P. Curran, S. H. Chalasani, L. A. Stern, B. Goetze,
and J. A. J. Fitzpatrick, Scientific Reports 3, 3514 EP
(2013).

[107] M. P. Echlin, M. Straw, S. Randolph, J. Filevich,
and T. M. Pollock, Materials Characterization 100, 1
(2015).

[108] M. J. Pfeifenberger, M. Mangang, S. Wurster, J. Reiser,
A. Hohenwarter, W. Pfleging, D. Kiener, and R. Pip-
pan, Materials & Design 121, 109 (2017).

[109] S. J. Randolph, J. Filevich, A. Botman, R. Gannon,
C. Rue, and M. Straw, Journal of Vacuum Science &
Technology B 36, 06JB01 (2018).

[110] F. Schaff, M. Bech, P. Zaslansky, C. Jud, M. Liebi,
M. Guizar-Sicairos, and F. Pfeiffer, Nature 527, 353
EP (2015).

[111] M. Rodriguez, W. Li, F. Chen, C. Trautmann, T. Bier-
schenk, B. Afra, D. Schauries, R. Ewing, S. Mudie, and
P. Kluth, Nuclear Instruments and Methods in Physics
Research Section B: Beam Interactions with Materials
and Atoms 326, 150 (2014), 17th International Confer-
ence on Radiation Effects in Insulators (REI).

[112] M. Holler, A. Diaz, M. Guizar-Sicairos, P. Karvinen,
E. Farm, E. Harkonen, M. Ritala, A. Menzel, J. Raabe,
and O. Bunk, Scientific Reports 4, 3857 EP (2014).

[113] D. Mei and A. Hime, Phys. Rev. D73, 053004 (2006),
arXiv:astro-ph/0512125 [astro-ph].

[114] C. L. Blattler, M. W. Claire, A. R. Prave, K. Kirsimée,
J. Higgins, P. V. Medvedev, A. E. Romashkin, D. V.
Rychanchik, A. L. Zerkle, K. Paiste, T. Kreitsmann,
I. L. Millar, J. A. Hayles, H. Bao, A. V. Turchyn, M. R.
Warke, and A. Lepland, Science (2018), 10.1126/sci-
ence.aar2687.

[115] G. Hirschmann, J. Duyster, U. Harms, A. Kontny,
M. Lapp, H. de Wall, and G. Zulauf, Geologische Rund-
schau 86, S3 (1997).

[116] E. Browne and J. K. Tuli, Nucl. Data Sheets 127, 191
(2015).

[117] E. Browne and J. K. Tuli, Nucl. Data Sheets 108, 681
(2007).

[118] E. Browne and J. K. Tuli, Nucl. Data Sheets 113, 2113
(2012).

[119] Y. A. Akovali, Nucl. Data Sheets 77, 433 (1996).

[120] S. Singh, A. K. Jain, and J. K. Tuli, Nucl. Data Sheets
112, 2851 (2011).

[121] J. 1. Collar, Phys. Rev. Lett.
arXiv:astro-ph/9511055 [astro-ph].

[122] D. P. Snowden-Ifft, E. S. Freeman,
Phys. Rev. Lett. 76, 332 (1996).

[123] SOURCES JA: A Code for Calculating (alpha,n), Spon-
taneous Fission, and Delayed Neutron Sources and Spec-
tra, Tech. Rep. LA-13639-MS (Los Alamos National
Lab, 1999).

[124] http://www.oecd-nea.org/janis/.

[125] A. J. Koning and D. Rochman, Nucl. Data Sheets 113,
2841 (2012).

76, 331 (1996),

and P. B. Price,


http://dx.doi.org/10.1134/S1063779606070057
http://arxiv.org/abs/hep-ph/0608097
http://dx.doi.org/10.1088/1475-7516/2010/11/042
http://dx.doi.org/10.1088/1475-7516/2010/11/042
http://arxiv.org/abs/1008.1591
http://dx.doi.org/ 10.1088/1475-7516/2013/02/004
http://arxiv.org/abs/1203.3542
http://arxiv.org/abs/1203.3542
http://dx.doi.org/10.1016/S0927-6505(96)00047-3
http://dx.doi.org/10.1016/S0927-6505(96)00047-3
http://dx.doi.org/10.1103/PhysRevD.66.103513
http://arxiv.org/abs/hep-ph/0209110
http://arxiv.org/abs/hep-ph/0209110
http://dx.doi.org/10.1088/1475-7516/2015/07/026
http://arxiv.org/abs/1505.06441
http://arxiv.org/abs/1505.06441
http://dx.doi.org/10.1103/PhysRev.104.1466
http://dx.doi.org/10.1088/1475-7516/2007/04/012
http://dx.doi.org/10.1088/1475-7516/2007/04/012
http://arxiv.org/abs/hep-ph/0608035
http://dx.doi.org/ 10.1103/PhysRevD.91.043520
http://arxiv.org/abs/1412.6091
http://dx.doi.org/10.1103/PhysRevD.95.103011
http://dx.doi.org/10.1103/PhysRevD.95.103011
http://arxiv.org/abs/1612.09165
http://dx.doi.org/10.1103/PhysRevC.96.035805
http://dx.doi.org/10.1103/PhysRevC.96.035805
http://arxiv.org/abs/1704.01150
http://arxiv.org/abs/1812.05617
http://dx.doi.org/ 10.1103/PhysRevD.89.029901, 10.1103/PhysRevD.88.083516
http://arxiv.org/abs/1304.7684
http://dx.doi.org/ 10.1103/PhysRevLett.118.032502
http://dx.doi.org/ 10.1103/PhysRevLett.118.032502
http://arxiv.org/abs/1607.03229
http://dx.doi.org/10.1142/S0217732317502108
http://dx.doi.org/10.1142/S0217732317502108
http://arxiv.org/abs/1706.08112
http://dx.doi.org/10.1103/PhysRevB.15.2458
http://dx.doi.org/10.1016/j.nimb.2010.02.091
http://dx.doi.org/10.1016/j.nimb.2010.02.091
http://dx.doi.org/10.1016/j.nimb.2010.02.091
http://dx.doi.org/10.1016/j.nimb.2010.02.091
http://dx.doi.org/10.1088/1475-7516/2010/11/019
http://dx.doi.org/10.1088/1475-7516/2010/11/019
http://arxiv.org/abs/1006.3110
http://dx.doi.org/10.1088/1475-7516/2010/11/028
http://dx.doi.org/10.1088/1475-7516/2010/11/028
http://arxiv.org/abs/1008.3676
http://dx.doi.org/10.1103/PhysRev.133.A1443
http://dx.doi.org/10.1146/annurev.ns.15.120165.000245
http://dx.doi.org/10.1146/annurev.ns.15.120165.000245
http://dx.doi.org/10.1016/B978-0-12-384873-4.00004-9
http://dx.doi.org/10.1016/B978-0-12-384873-4.00004-9
http://dx.doi.org/10.1039/DF9490500271
http://dx.doi.org/10.1063/1.1703059
http://dx.doi.org/10.1063/1.1703059
http://dx.doi.org/10.1016/j.radmeas.2013.01.041
http://dx.doi.org/10.1111/jmi.12686
http://dx.doi.org/10.1016/B978-0-12-394396-5.00002-6
http://dx.doi.org/10.1016/B978-0-12-394396-5.00002-6
http://dx.doi.org/10.1016/j.microrel.2012.06.130
http://dx.doi.org/10.1016/j.microrel.2012.06.130
http://dx.doi.org/10.1107/S0909049512027252
http://dx.doi.org/10.1107/S0909049512027252
http://dx.doi.org/ 10.1016/j.matchar.2014.10.023
http://dx.doi.org/ 10.1016/j.matchar.2014.10.023
http://dx.doi.org/ 10.1016/j.matdes.2017.02.012
http://dx.doi.org/ 10.1116/1.5047806
http://dx.doi.org/ 10.1116/1.5047806
http://dx.doi.org/10.1016/j.nimb.2013.10.076
http://dx.doi.org/10.1016/j.nimb.2013.10.076
http://dx.doi.org/10.1016/j.nimb.2013.10.076
http://dx.doi.org/10.1103/PhysRevD.73.053004
http://arxiv.org/abs/astro-ph/0512125
http://dx.doi.org/10.1126/science.aar2687
http://dx.doi.org/10.1126/science.aar2687
http://dx.doi.org/10.1007/PL00014663
http://dx.doi.org/10.1007/PL00014663
http://dx.doi.org/10.1016/j.nds.2015.07.003
http://dx.doi.org/10.1016/j.nds.2015.07.003
http://dx.doi.org/10.1016/j.nds.2007.02.003
http://dx.doi.org/10.1016/j.nds.2007.02.003
http://dx.doi.org/10.1016/j.nds.2012.08.002
http://dx.doi.org/10.1016/j.nds.2012.08.002
http://dx.doi.org/10.1006/ndsh.1996.0005
http://dx.doi.org/10.1016/j.nds.2011.10.002
http://dx.doi.org/10.1016/j.nds.2011.10.002
http://dx.doi.org/10.1103/PhysRevLett.76.331
http://arxiv.org/abs/astro-ph/9511055
http://dx.doi.org/10.1103/PhysRevLett.76.332
http://dx.doi.org/10.2172/15215
http://dx.doi.org/10.2172/15215
http://dx.doi.org/10.2172/15215
http://www.oecd-nea.org/janis/
http://dx.doi.org/10.1016/j.nds.2012.11.002
http://dx.doi.org/10.1016/j.nds.2012.11.002

[126] D. Rochman, A. J. Koning, J. C. Sublet, M. Fleming,
et al., in Proceedings of the International Conference
on Nuclear Data for Science and Technology, September
11-16, 2016, Bruges, Belgium (2016).

[127] J. C. Sublet, A. J. Koning, D. Rochman, M. Fleming,
and M. Gilbert, in Advances in Nuclear Nonproliferation
Technology and Policy Conference, Sept. 25-30, Santa
Fe, NM, USA.

[128] M. Fleming, J. C. Sublet, J. Kopecky, D. Rochman,
and A. J. Koning, in CCFE report UKAEA-R(15)29,
October 2015 (2015).

[129] J. Billard, L. Strigari, and E. Figueroa-Feliciano, Phys.
Rev. D89, 023524 (2014), arXiv:1307.5458 [hep-ph].

[130] C. A. O’Hare, Phys. Rev. D94, 063527 (2016),
arXiv:1604.03858 [astro-ph.CO)].

[131] T. D. P. Edwards, B. J. Kavanagh, C. Weniger, Sebas-
tian, A. K. Drukier, K. Freese, M. Gérski, and P. Sten-
gel, (2018), arXiv:1811.10549 [hep-ph].

[132] J. A. S. Adams, J. K. Osmond, and J. J. W. Rogers,
Physics and Chemistry of the Earth 3, 298 (1959).

[133] J. Kramers, Earth and Planetary Science Letters 42, 58
(1979).

[134] P. Cushman et al., in Proceedings, 2013 Commu-
nity Summer Study on the Future of U.S. Particle

23

Physics:  Snowmass on the Mississippi (CSS2013):
Minneapolis, MN, USA, July 29-August 6, 2013 (2013)
arXiv:1310.8327 [hep-ex].

[135] P. B. Price and R. M. Walker, Applied Physics Letters

2, 23 (1963).
[136] C. Fu et al. (PandaX-II), Phys. Rev. Lett.
118, 071301 (2017), [Erratum: Phys. Rev.

Lett.120,n0.4,049902(2018)], arXiv:1611.06553 [hep-ex].

[137] F. Ruppin, J. Billard, E. Figueroa-Feliciano,
and L. Strigari, Phys. Rev. D90, 083510 (2014),
arXiv:1408.3581 [hep-ph].

[138] C. Amole et al. (PICO), Phys. Rev. D93, 061101 (2016),
arXiv:1601.03729 [astro-ph.CO].

[139] V. Berezinsky, V. Dokuchaev, and Y. Eroshenko, Phys.
Rev. D77, 083519 (2008), arXiv:0712.3499 [astro-ph].

[140] M. Ricotti and A. Gould, Astrophys. J. 707, 979 (2009),
arXiv:0908.0735 [astro-ph.CO)].

[141] D. Stiff, L. M. Widrow, and J. Frieman, Phys. Rev.
D64, 083516 (2001), arXiv:astro-ph/0106048 [astro-ph].

[142] K. Freese, P. Gondolo, and H. J. Newberg, Phys. Rev.
D71, 043516 (2005), arXiv:astro-ph /0309279 [astro-ph].

[143] M. Zemp, J. Diemand, M. Kuhlen, P. Madau, B. Moore,
D. Potter, J. Stadel, and L. Widrow, Mon. Not. Roy.
Astron. Soc. 394, 641 (2009), arXiv:0812.2033 [astro-

ph].


https://tendl.web.psi.ch/bib_rochman/tendl.nd2016.pdf
https://tendl.web.psi.ch/bib_rochman/tendl.nd2016.pdf
https://tendl.web.psi.ch/bib_rochman/tendl.nd2016.pdf
https://tendl.web.psi.ch/bib_rochman/ANTPC_TENDL.pdf
https://tendl.web.psi.ch/bib_rochman/ANTPC_TENDL.pdf
https://tendl.web.psi.ch/bib_rochman/ANTPC_TENDL.pdf
https://tendl.web.psi.ch/bib_rochman/UKAEA-R(15)29_30.9.15.pdf
https://tendl.web.psi.ch/bib_rochman/UKAEA-R(15)29_30.9.15.pdf
http://dx.doi.org/10.1103/PhysRevD.89.023524
http://dx.doi.org/10.1103/PhysRevD.89.023524
http://arxiv.org/abs/1307.5458
http://dx.doi.org/10.1103/PhysRevD.94.063527
http://arxiv.org/abs/1604.03858
http://arxiv.org/abs/1811.10549
http://dx.doi.org/10.1016/0079-1946(59)90008-4
http://dx.doi.org/10.1016/0012-821X(79)90190-0
http://dx.doi.org/10.1016/0012-821X(79)90190-0
https://inspirehep.net/record/1262767/files/arXiv:1310.8327.pdf
https://inspirehep.net/record/1262767/files/arXiv:1310.8327.pdf
https://inspirehep.net/record/1262767/files/arXiv:1310.8327.pdf
https://inspirehep.net/record/1262767/files/arXiv:1310.8327.pdf
http://arxiv.org/abs/1310.8327
http://dx.doi.org/10.1063/1.1753753
http://dx.doi.org/10.1063/1.1753753
http://dx.doi.org/ 10.1103/PhysRevLett.120.049902, 10.1103/PhysRevLett.118.071301
http://dx.doi.org/ 10.1103/PhysRevLett.120.049902, 10.1103/PhysRevLett.118.071301
http://arxiv.org/abs/1611.06553
http://dx.doi.org/10.1103/PhysRevD.90.083510
http://arxiv.org/abs/1408.3581
http://dx.doi.org/ 10.1103/PhysRevD.93.061101
http://arxiv.org/abs/1601.03729
http://dx.doi.org/10.1103/PhysRevD.77.083519
http://dx.doi.org/10.1103/PhysRevD.77.083519
http://arxiv.org/abs/0712.3499
http://dx.doi.org/10.1088/0004-637X/707/2/979
http://arxiv.org/abs/0908.0735
http://dx.doi.org/10.1103/PhysRevD.64.083516
http://dx.doi.org/10.1103/PhysRevD.64.083516
http://arxiv.org/abs/astro-ph/0106048
http://dx.doi.org/10.1103/PhysRevD.71.043516
http://dx.doi.org/10.1103/PhysRevD.71.043516
http://arxiv.org/abs/astro-ph/0309279
http://dx.doi.org/ 10.1111/j.1365-2966.2008.14361.x
http://dx.doi.org/ 10.1111/j.1365-2966.2008.14361.x
http://arxiv.org/abs/0812.2033
http://arxiv.org/abs/0812.2033

	Paleo-detectors: Searching for Dark Matter with Ancient Minerals
	Abstract
	Introduction
	DM Signal
	WIMP-Nucleus Interaction Cross Section
	Track-Length Estimate

	Read-out Methods
	Background Rejection
	Cosmogenic
	Radioactive Decays
	Neutrons
	Neutrinos
	Background Discussion

	Mineral Optimization
	Sensitivity Estimation
	Spin-Independent Interactions
	Spin-Dependent Interactions
	Neutron-Only
	Proton-Only


	Discussion
	Acknowledgments
	References


