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Paleo-Detectors: Ancient Minerals as Dark Matter Detectors	
The basic concept, the pioneering mica search (1995), and the modern Paleo-Detector program
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Paleo-Detectors: Ancient minerals as Dark Matter detectors	

❖ Paleo-detectors are ancient minerals 

❖ Extracted from ~ 5 km depth to suppress cosmic-

ray backgrounds 

❖ Typical age ~ 1 Gyr 

❖ Masses from 10 mg to 100 g 

❖ Exposure ~  105 t ⋅ yr

Conventional DD: ~  (next decades)102 t ⋅ yr

❖ Goal: 1 kg of ancient mineral has exposure of 

Hyper-K with energy threshold of Xenon detectors
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Paleo-Detectors: Ancient minerals as Dark Matter detectors	

❖ Dark matter interactions produce nuclear recoil damage tracks 

in Paleo-detectors

❖ Modern nanoscale imaging can reconstruct nanometer-scale 

tracks in 3D

❖ Advantage: Replace large detector volume with huge exposure

❖ Challenges: Backgrounds, and systematics from geology

❖ Paleo-detectors:  signal+background events𝒪(104)

Direct detection experiments:  events𝒪(1 − 10)

Pat Stengel Sebastian Baum

Dionysios P. Theodosopoulos (UT Austin)                                Paleo-Detectors: An Alternative Approach to Direct Detection                                   IDM2026 ZARAGOZA      5/47



Snowden-Ifft et al. (1995)

Muscovite Mica Bounds from 1995 

Can think of as a recoil energy proxy

❖ No events observed in the smallest pit-depth bins

❖ Readout technique

❖ AFM analogy 

❖ Why revisit paleo-detectors today?

Region where the WIMP signal was expected 
to peak

Chemical etching enlarges damage tracks
Atomic Force Microscopy (AFM) measures 
etched pits

Like a record player needle scanning a surface

Reconstructs pit depth with nanometer precision

Modern nanoscale imaging

larger exposure106 ×
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The field was re-ignited in 2018

Katherine Freese and Patrick Stengel re-ignited the field

❖ 1806.05991 Searching for Dark Matter with Paleo-Detectors, Baum, Drukier, Freese, Gorski, Stengel

❖ 1811.06844 Paleo-detectors: Searching for DM with Ancient Minerals; Drukier, Baum, Freese, Gorski, Stengel

❖ 1811.10549 Digging for Dark Matter: Spectral Analysis and Discovery Potential of Paleo-Detectors; KF, Stengel

❖ 1906.05800 Paleo-Detectors for Galactic Supernova Neutrinos; Baum, .. Kavanaugh, Stengel, Freese, … Weniger

❖ 2106.06559 New Projections for Dark Matter Searches with Paleo-Detectors, S. Baum, …, K. Freese, P. Stengel

❖ 2603.13629 Projected Sensitivity of Paleo-Detectors to Dark Matter Effective Interactions with Nuclei, 

D. P. Theodosopoulos, K. Freese, C. Kelso, P, Stengel
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The field was re-ignited in 2018
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What Minerals should we use?
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Science goals of Paleo-Detectors

❖ WIMP Dark Matter

❖ Ultra Heavy Dark Matter
❖ Supernova Neutrinos

❖ Reactor Neutrinos

WIMPs with mass ≳ 1 GeV

History of Supernovae in Milky Way

❖ Solar Neutrinos

❖ Atmospheric Neutrinos

❖ Dark Matter Substructure ❖ Heavy Ionizing Exotica

Magnetic Monopoles

Dark Matter

❖ Directional detection

Neutrinos

Exotic Signatures
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Probing WIMP-Nucleon Interactions with Paleo-Detectors
WIMP-induced track-length spectra, sensitivity projections, mass reconstruction, and interaction discrimination
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A. L. Fitzpatrick et al. arXiv:1203.3542.

dR
dER

❖ Differential nuclear–recoil rate:

Nuclear recoil energy

# of recoiled nuclei per unit exposure

Nuclear-recoil rate

❖ The WIMP-nucleon interaction can be described by the 

operators of a Non-Relativistic Effective Field Theory
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Nuclear recoil energy

# of recoiled nuclei per unit exposure

Nuclear-recoil rate

❖ The WIMP-nucleon interaction can be described by the 

operators of a Non-Relativistic Effective Field TheoryStandard SI operator

Standard SD operator
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Track-production rate

❖ We simulate the track lengths with SRIM

S. Hedges et al. arXiv:2605.13659.

❖ We assume a one-to-one correspondence 

between recoil energy and track length

S. Baum et al. arXiv:1806.05991.

❖ Stopping power  calculated by SRIM: 
dER

dx

Epsomite
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Track-production rate

dR
dER

❖ Differential nuclear–recoil rate:

Stopping power for a recoiling nucleus

Nuclear mass ratio

Track length

# of tracks per unit exposure

dRT

dxT
= ∑

N in Nuclei

ξN ( dR
dER )

N
( dER

dxT )
N

❖ Differential track–production rate in a mineral:

dER

d x
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Backgrounds in Dark Matter Paleo-Detector Experiments

❖Astrophysical neutrinos                               

(Sun, supernovae, Earth’s atmosphere):

S. Baum et al. arXiv:2301.07118.

❖ Radiogenics (        ):

Neutrons from spontaneous fission and  - reaction (α, n)
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Track-length Spectrum in Paleo-detectors

Left: Coupling constants from SuperCDMS 2022 Right: Coupling constants from LUX–ZEPLIN 2023
D. P. Theodosopoulos et al. arXiv:2603.13629.
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Projected sensitivity of Paleo-Detectors using the 
standard profile likelihood ratio analysis

❖ Projected 90% CL upper limits on the standard spin-independent ( ) WIMP-nucleon coupling.𝒪1

D. P. Theodosopoulos et al. arXiv:2603.13629.
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❖ Projected 90% CL upper limits on the standard spin-dependent ( ) WIMP-nucleon coupling.𝒪4

D. P. Theodosopoulos et al. arXiv:2603.13629.

Projected sensitivity of Paleo-Detectors using the 
standard profile likelihood ratio analysis
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Dark Matter Mass Reconstruction

❖ Projected 2σ constraints on dark matter mass
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Dark Matter Mass Reconstruction

❖ Projected 2σ constraints on dark matter mass
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Discriminating Dark Matter Interactions

HR (High Resolution) ,      LR (low resolution) → σx = 1 nm → σx = 15 nm

❖ Rejecting standard SI interactions  assuming a hypothetical signal generated by a non-standard operator  .𝒪1 𝒪j
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Discriminating Dark Matter Interactions
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Paleo-Detectors as Neutrino Detectors
Probing Supernova, Atmospheric, and Solar Neutrinos
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Paleo-Detectors as Neutrino Detectors
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Paleo-Detectors for Galactic Supernova Neutrinos

❖ Minimum galactic core collapse supernova rate 

which could be detected at 3σ in paleo-detectors.

❖ Significance levels for discriminating between 

benchmark galactic star formation rate models.

S. Baum et al. arXiv:1906.05800.
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Paleo-Detectors for Atmospheric Neutrinos

❖ Atmospheric neutrino spectrum: 

Background-free region for x ≳ 1 μm

❖ Radiogenic neutron-background confined to 

low , regardless of target mineral.x ≲ 2 μm

J. R. Jordan et al. arXiv:2004.08394.

❖ Subdominant systematics:

the heliomagnetic field, is modulated much 
faster than the geological timescales

Changes in the Earth’s atmospheric 
composition and density over the past ~  
do not affect atmospheric neutrino searches 
with paleo-detectors.

1 Gyr
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Paleo-Detectors for Solar Neutrinos

N. Tapia-Arellano et al. arXiv:2102.01755.

❖ Solar neutrino (8B) spectrum: ❖ Signal-to-background ratio for two solar metallicity scenarios:
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Experimental Efforts
Worldwide Efforts Toward Realizing Paleo-Detectors
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Experimental Effort Worldwide
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DMICA: A Modern Revival of the Mica Dark Matter Search
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DMICA: A Modern Revival of the Mica Dark Matter Search

❖ Replace slow AFM scanning with high-throughput optical profilometry

Projected exposure ~  1 ton ⋅ yr

Still a few orders of magnitude 
less sensitive than XENON1T

Use laser instead of AFM’s 

mechanical needle
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NSF GRANT FOR 2.5M
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NSF GRANT FOR 2.5M
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MOORE FOUNDATION 1.5M at the University of Michigan 
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Mineral detection at the University of Maryland
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Karlsruhe Institute of Technology

Dionysios P. Theodosopoulos (UT Austin)                                Paleo-Detectors: An Alternative Approach to Direct Detection                                   IDM2026 ZARAGOZA    38/47



EURECApd Project
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Nuclear Recoils Leave Permanent Damage Tracks in Minerals

❖ Ionization Tracks: (for recoils > 100 eV)

Recoiling nucleus loses energy through 
ionization and nuclear collisions

❖ Color Center Defects  (for recoils > 10 eV):

Recoils create vacancies and lattice defects. Electrons 
can become trapped at these defects (color centers)

Atoms are displaced from lattice sites

A damaged region is left along the recoil trajectory

Laser excitation causes trapped electrons to fluoresce

Map the spatial distribution of defects

Dionysios P. Theodosopoulos (UT Austin)                                Paleo-Detectors: An Alternative Approach to Direct Detection                                   IDM2026 ZARAGOZA    40/47



Damage Track Imaging: Direct Imaging of Recoil Tracks

❖ No etching to enhance tracks
❖ 2D imaging of tracks at depth
❖ Track formation, morphologyA. Calabrese-Day et al. arXiv:2604.09732.

A. Calabrese-Day et al. arXiv:2604.09732.
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Color Center Imaging: Optical Readout of Crystal Defects

❖ 3D imaging of CCs in bulk

❖ Low ionizing CC tracks

❖ Could scan ∼  in hourscm3

S. Hedges et al. arXiv:2605.13659.
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Reactor Monitoring with Color Centers, Patrick Huber

❖ Nuclear safeguards and nonproliferation

❖ Reactor antineutrino spectra depend on fuel composition

❖ Advantages of color-center detectors

❖ Concept

Potentially distinguish civilian power production from plutonium breeding

Passive operation

No continuous monitoring

No cryogenics or electronics

Bury a box with calibrated crystals near a reactor

Retrieve and read out months later
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Fission Tracks from Irradiation of LiF with Thermal Neutrons
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Summary

❖ Sensitivity projections are highly competitive

Large event samples enable mass reconstruction and interaction discrimination

Probe WIMP dark matter with masses ≳ 1 GeV

Explore regions inaccessible (low sensitivity) to other experiments ( )1 GeV < mχ < 10 GeV

Effective exposure up to ~  105 ton ⋅ yr

Typical ages ~ 1 Gyr 

For  provide sensitivities comparable to or better than those of existing experimentsmχ ≳ 10 GeV

❖ Paleo-detectors transform ancient minerals into billion-year dark matter and neutrino detectors
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Summary

❖ Experimental progress is accelerating

Color-center imaging

Damage-track imaging

Atmospheric neutrinos

❖ Paleo-detectors are also neutrino observatories
Solar neutrinos

Supernova neutrinos

Potential probes of long-term astrophysical evolution

2.5M from NSF 

1.5M from Moore Foundation

High resolution, small exposure

Large exposure, low resolution
Combined High sensitivity!!
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End of presentation

Thank you for your attention!!!
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Minerals

D. P. Theodosopoulos et al. arXiv:2603.13629.



Track-length Spectrum in Paleo-detectors

❖ The number of tracks in the -th bin with length  reads:i xT ∈ [xmin
T,i , xmax

T,i ]

❖ The window function is: W(x′￼T; xmin
T,i , xmax

T,i ) =
1
2 [erf (

x′￼T − xmin
T,i

2 σx ) − erf (
x′￼T − xmax

T,i

2 σx )]

𝒩i = M × tage ∫ dx′￼T W(x′￼T; xmin
T,i , xmax

T,i )
dR
dxT

(x′￼T)

          # of tracks per unit exposureR

Probability of measuring the true length  to be between  and x′￼T xmin
T,i xmax

T,i

Mineral mass  mineral age×

❖ We take the probability of measuring  from a true length  to be Gaussian-distributed with variance  and 

mean value , where  is the read-out resolution of the Paleo-Detector.

xT x′￼T σ2
x

x′￼T σx



Projected sensitivity of Paleo-Detectors using the standard 
profile likelihood ratio analysis 

Figure 9: Projected 90% CL upper limits on the spin-independent ( ) WIMP-nucleon NREFT coupling constants in the HR (left) and HE (right) scenarios. Also shown are the limits from 
the experiments LUX-ZEPLIN (2023), XENON100 (2017), PandaX-II (2019), and SuperCDMS (2022).

𝒪s
8

1

[1] D. P. Theodosopoulos et al. arXiv:2603.13629.



Projected sensitivity of Paleo-Detectors using the standard 
profile likelihood ratio analysis 

Figure 10: Projected 90% CL upper limits on the spin-dependent ( ) WIMP-nucleon NREFT coupling constants in the HR (left) and HE (right) scenarios. Also shown are the limits from 
the experiments LUX-ZEPLIN (2023), XENON100 (2017), PandaX-II (2019), and SuperCDMS (2022).

𝒪s
10

1

[1] D. P. Theodosopoulos et al. arXiv:2603.13629.



WIMP-Nucleon Inelastic Interactions  1

ℒint = ∑
N=n,p

∑
i

c(N)
i 𝒪i χ+ χ−N+N−

χ+ ≠ χ− and N+ ≡ N−

For inelastic scattering ( )mχ,out > mχ,in

[1] G. Barello et al. arXiv:1409.0536.

⃗v⊥
inel = ⃗v⊥ +

δm

| ⃗q |2 ⃗q

Mass splitting: δm ≡ mχ,out − mχ,in❖

❖

❖

⃗v⊥❖



WIMP-Nucleon Inelastic Interactions 

[1] D. P. Theodosopoulos et al. arXiv:2603.13629.

Figure 11: Track length spectrum for inelastic scattering from a  WIMP in the HR (left) and HE (right) scenarios. The normalization is compatible with the upper limits from LUX–
ZEPLIN (2023).

500 GeV/c2
1



Figure 12: Projected 90% CL upper limits on the  (left panel) and  (right panel) WIMP-nucleon coupling constants for inelastic scattering in the HE scenario. Also shown are the NREFT 
results from the experiment LUX-ZEPLIN (2023).
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4
1

WIMP-Nucleon Inelastic Interactions 

[1] D. P. Theodosopoulos et al. arXiv:2603.13629.



Conclusions on the Sensitivity of Paleo-Detectors

for , for elastic scattering in the HE ( , )  scenario, for most NREFT operatesmχ > 10 GeV σx = 15 nm M = 100 g

❖ Paleo-detectors can achieve better sensitivity than conventional direct detection DM experiments:

for , for elastic scattering in the HR ( , ) scenario, for all NREFT operators1 GeV < mχ < 10 GeV σx = 1 nm M = 10 mg

for , for inelastic scattering with  in the HE ( , )  scenario, 
for most NREFT operates

30 GeV < mχ < 400 GeV δm < 50 keV σx = 15 nm M = 100 g


