
Detectors that rock!

Figure: Olena Shmahalo/Quanta Magazine
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MDνDM community

Groups across Europe, North
America and Asia

Astroparticle theorists,
experimentalists, geologists,
and materials scientists

arXiv:2301.07118, 2405.01626,
2508.20482, 2609.20552 series

Tracks development of crystal
detector experiments

Phenomenological and
computational studies
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Introduction to paleo-detectors

Damage induced by nuclear recoils in crystal detectors
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Introduction to paleo-detectors

STEM imaging and FIB milling of samples

nanoscience.com Morris et al. (1991)
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Introduction to paleo-detectors

Image and simulate 15 MeV Au+5 tracks in natural Olivine

No etching to enhance tracks

2D imaging of tracks at depth

Track formation, morphology
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Introduction to paleo-detectors

Adapt techniques from biology and materials science

Readout scenarios for different xT

Petascale SEM could read out
up to 10mg with nm resolution

SAXs at a synchrotron could
resolve 15 nm in 3D for 100 g

Combination with SPIM to
zoom in on regions of interest

Figure: SEM human brain Shapson-Coe+ ’24, SAXs nanoporous glass Holler+ ’14
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Introduction to paleo-detectors

Integrate stopping power to estimate track length
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Patrick Stengel (Jožef Stefan Institute) Brda 2026 October 15, 2026 9 / 15



Dark matter direct detection

Cosmogenic backgrounds suppressed in deep boreholes

Large exposure from small samples

1 g ·Gyr = 1 kton · yr

Figure: ∼ 2Gyr old Halite cores from
∼ 3km deep borehole, Blättler+ ’18

Depth Neutron Flux
2 km 106/cm2/Gyr
5 km 102/cm2/Gyr
6 km 10/cm2/Gyr
50 m 70/cm2/yr
100 m 30/cm2/yr
500 m 2/cm2/yr

Need minerals with low 238U

Marine evaporites with
C 238 >∼ 0.01 ppb

Ultra-basic rocks from
mantle, C 238 >∼ 0.1 ppb
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Dark matter direct detection

Find α-recoils and model radiogenic neutron background

Nucleus Decay mode T1/2

238U
α 4.468× 109 yr
SF 8.2× 1015 yr

234Th β− 24.10 d

234mPa
β− (99.84%)

1.159min
IT (0.16%)

234Pa β− 6.70 d
234U α 2.455× 105 yr

SF yields several ∼MeV neutrons

Each neutron will scatter elastically
10-1000 times before moderating
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Dark matter direct detection

Non-relativistic effective field theory (NREFT) interactions
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Dark matter direct detection

Projected sensitivity for variety of minerals and readouts
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Dark matter direct detection

Reconstruct dark matter mass and distinguish interactions
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O1 = 1χ1N O3 = i S⃗N · (q⃗/mN × v⃗⊥)

O5 = i S⃗χ · (q⃗/mN × v⃗⊥) O8 = S⃗χ · v⃗⊥
O11 = i S⃗χ · q⃗/mN O12 = S⃗χ · (S⃗N × v⃗⊥)

O15 = −(S⃗χ · q⃗/mN)[(S⃗N × v⃗⊥) · q⃗/mN ]
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Summary and outlook

Mineral detectors could probe rare and/or previous events

Large exposure to BSM signals

Complement conventional dark
matter direct detection

Reconstruct dark matter mass
and distinguish interactions

Also heavy (ionizing) exotica

Proton decay on the moon?

Evolution of neutrino and BSM
physics over geological timescales

Need geological history of rock

Radiopure samples from depth

Probe of stellar evolution and
DM structure in Milky Way
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Patrick Stengel (Jožef Stefan Institute) Brda 2026 October 15, 2026 15 / 15



What do we (not) know about dark matter?

What we (typically) assume

No E&M interactions

Must be cold and stable

Not in the Standard Model
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Nuclear recoils induced by elastic WIMP-nucleus scattering

Rate per unit time per unit mass

dR

dER
=

nX
2

σSI
Xp

µ2
Xp

A2F (q)2η(vq)

Scattering kinematics ⇒ event rate

Account for finite size of nucleus

Convolute with WIMP flux

Write cross section in terms of
WIMP-nucleon interaction
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Rotation curves of spiral galaxies and the Bullet Cluster

Figure: Begeman et al. (1991) Figure: Cha et al. (2025)
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Dark matter density in the galaxy
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WIMP velocity distribution and induced recoil spectra

Figure: (left) 1209.3339 (right) 1509.08767
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Fission fragments can be seen by TEM/optical microscopes

Figure: Price+Walker ’63
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Mineral detectors used to constrain WIMPs before
VOLUME 74, NUMBER 21 PH YS ICAL REVIEW LETTERS 22 MAY 1995

-43.

Ancient tracks,
including alpha-recoils
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FIG. 2. A processed AFM image. The numbers are the
heights in A of the deepest pixels in clusters passing a 20 A,
3 pixel cut.
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(RTHF) is shown in Fig. 2. Etched mica is completely
insensitive to the p and y rays which plague the Ge, Nal,
and CaF experiments. There is, however, a background of
tracks, shown in Fig. 2, due to the n decay of U and Th
in the mica [9]. These etch pits are due to the recoiling
daughter nuclei. The daughter nuclei are also radioactive
and decay via a combination of p and n decays to Pb.
The U chain has eight n decays while the Th chain
has six, as shown in Fig. 1(a). These latent tracks are
indistinguishable from WIMP-recoil tracks if only one
surface, created by cleaving the mica open, is analyzed.
To distinguish the etched pits created by o. recoils from
WIMP recoils we match etched pits across the cleavage
plane. The summed depths of each pair of n-recoil etch
pits should be larger because of their higher stopping
power and longer range, as illustrated in Fig. 1(b).
For our search we selected, from -50 samples, a

large, nearly perfect crystal of muscovite mica with low
density of ancient fission tracks, low concentration of
uranium, high fission track age, and low degree of thermal
annealing —criteria previously applied to mica scanned
for tracks of monopoles [5]. This mica was cleaved open
and both freshly created surfaces were etched for 1 h in
RTHF. Using an optical microscope attached to the AFM
we were able to view matching fission tracks revealed by
the etch. This allowed us to scan roughly complementary
areas on both sides of the mica. o. -recoil tracks on both
sides then allowed us, in software, to match tracks to
within a few tenths of a micron. We considered tracks to
be matched if they passed a 20 A, 3 pixel cut on both sides
and fell within 0.75 p,m of each other. After scanning
80720 p,m we obtained the histogram of summed depths
shown in Fig. 3(a). As expected there is a gap at small

FIG. 3. (a) The summed etched depths of tracks recorded in
a 80720 p,m scan of 0.5 Gyr old muscovite mica. No events
appear between our cutoff of 40 and 64 A (shown with a dashed
vertical line). (b) The solid line shows the summed depths of
etched neutron-recoil tracks. The dashed line shows the results
of a MC program of these data. In both the real and MC data
a large fraction of the events appear in the 40—64 A gap.

summed depths from our cutoff of 40 A to the minimum
observed summed depth of 64 A.
To set limits on WIMPs we must be able to predict

how many WIMP-recoil tracks will appear on this his-
togram. We begin with a model for the response of mica
developed specifically for this purpose [10]. There are
two parameters in this model, k, and k„,which charac-
terize the effectiveness of the electronic and nuclear stop-
ping at track formation. These must be calibrated for each
mica, etching time, and cut (e.g. , 20 A, 3 pixel). We ex-
posed our mica to 10, 100, and 400 keV ' 0 and 20, 80,
180, and 400 keV Si ions and then etched it for 1 h
in RTHF. Using a laser interferometer [11]we measured
a general etch rate of 160 ~ 20 A/h for our mica. We
then placed a 20 A, 3 pixel cut on the data and de-
rived values of k, = (0.8 ~ 0.2) X 10 (MeVcm /g) '

and k„=(1.25 ~ 0.25) X 10 (MeVcm /g)
For a variety of reasons (charge state of the ion,

sputtering, and other surface effects) one might question
whether this model, based on ions which penetrate an
already cleaved surface, can predict the etched depths
of ion tracks created, and contained, within the mica.
To test the model we exposed our mica to the fast
neutrons inside a nuclear reactor. The recoil spectrum
from these fast neutrons is very similar to the recoil

4134

Figure: 1209.3339
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10 this project to fruition. This research is supported in
part by the National Science Foundation under Grant
No. AST-912005 to the Center for Particle Astrophysics
and by the U. S. Department of Energy under Con-
tract No. DE-AC0376SF00098 to Lawrence Berkeley
Laboratory.
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These limits are about an order of magnitude weaker than
the best spin-independent limits from Ge detectors which
are useful for ruling out heavy Dirac neutrinos.
With a variety of techniques, however, we expect to

greatly improve our limits. First, we will simply analyze
more mica. Second, so as not to run into an u-recoil
background, we will need to etch the mica longer to
widen the gap at low summed depths. Third, by selecting
mica only from deep mines (a few hundred m) we
can avoid muon-recoil tracks. For a thin mica deposit
surrounded by rock containing 1 ppm uranium, typical of
the Earth's crust, we would expect to see fast-neutron-
recoil tracks due either to spontaneous fission of U
or to (n, n) reactions with light nuclei, somewhat below
our current limits. However, for thick, self-shielded
mica (dimensions ~5 m are typical of pegmatitic mica)
typically having (0.1 parts per 10 U, we expect the
background of neutron recoils to be several orders of
magnitude below our present limit.
We thank Dr. Steve Barwick, Dr. Y. He, Dr. B.

Sadoulet, and Dr. A. Westphal for their help in bringing

WIMP mass (GeV/c )
FIG. 4. Exclusion curves for each of the main constituent
nuclei of mica. For a given mass, WIMPs with cross sections
above these curves are ruled out at the 90% confidence level.
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New techniques allow for much larger readout capacity

Cleave Etch with HF

track
track

Etching reveals latent tracks near cleavage in mica as pits

 pit
nm
um

• Pits of several microns in size and nanometers in depth form at track sites.

• To effectively use mica as DM detector, the relationship between pit formation and 

recoil energy must be established.

melts over  
a thickness of 10 nm

DMICA experiment Hirose et al.
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Increase throughput from AFM to optical profilometry
Larger stopping power results in higher pit formation efficiency

Figure 42: TEM images of biotite samples irradiated by 200MeV Xe ions with a dose

of 1011 cm�2 at JAEA. Left: Ground after irradiation. Right: Irradiated after grinding

(Courtesy of Norito Ishikawa, JAEA).

Figure 43: AFM images of etched muscovite irradiated by various species and energies

of ions at Kanagawa University. Upper: from left to right, O+ 10 keV, Si+ 20 keV, Ar+

13 keV, and Kr+ 28 keV. Lower: from left to right, O+ 100 keV, Si+ 200 keV, Ar+ 40 keV,

and Kr+ 84 keV. The dose was 2 ⇥ 107 cm�2 for all cases.

The results so far are summarized in Fig. 43. The typical size and depth of etch pits

are, respectively, a few µm and several nm. Here we have confirmed that the Snowden-I↵t’s

readout method of keV/u nuclear recoil tracks does work as well as that an implanted ion

does not necessarily create an etch pit. For example, in the case of 84 keV Kr ions, the

number of pits is consistent with the number of incident ions (⇠ 80 ions in the field of

– 68 –

O+ 10.1keV 
355 keV/um

O+ 101 keV 
435 keV/um

Si+ 199 keV 
744 keV/um

Ar+ 40 keV 
1009 keV/um

Kr+ 84 keV 
2086 keV/um

Si+ 19.9 keV 
713 keV/um

Ar+ 13.2 keV 
927 keV/um

Kr+ 27.7 keV/u 
1830 keV/um

arXiv:2301.07118

Irradiation dose is 80 
ions per field of view 

(20umx20um).

proxy DM scattering alpha recoils

pit formation

efficiency several to 10 % ~ 100%
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Selective plane illumination microscopy for color centers
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Compare SPIM data to TRIM simulations of nuclear recoils

200 µm200 µm

(a) (b)

3D imaging of CCs in bulk

Low ionizing CC tracks

Could scan ∼cm3 in hours

Patrick Stengel (Jožef Stefan Institute) Brda 2026 October 15, 2026 11 / 43



Crystal detectors alternative to conventional experiments

Irradiation of LiF samples

Gammas from 60Co for response
to ionizing radiation

Fast neutrons from AmBe for
background calibration

Thermal neutrons moderated by
high-density polyethylene

Imaging color centers in cm3 samples

Bulk florescence measurements
at VT showed LiF ∼50x more
responsive to fast neutrons

Localize color centers to ∼ µm3

voxels using SPIM at UZH
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Spallation from cosmic ray muons interacting in samples

CERN

30 µm

30 µm

30 µm

30 µm

30 µm

(a)

(b)

(c)

(d)

(e)
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Color center tracks from irradiation of LiF with neutrons

(a)

6Li+ n → α(2.1MeV) + T(2.7MeV)

Predict track length 30− 35µm

Sparse CCs along track ∼ 4µm−1

Bragg peaks brighter at the ends

10 µm200 µm

(a) (b)

Elastic scattering of n off (Li,F)

Calibrate LiF response with
fast neutrons from AmBe

Detect cosmogenic neutrons
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Sensitivity for different targets

1 10 102 103

mχ [GeV/c2]

10−48

10−47

10−46

10−45

10−44

10−43

10−42

10−41

σ
S
I
p

[c
m

2
]

σx = 1 nm; M = 10 mg; tage = 1 Gyr

1 10 102 103

mχ [GeV/c2]

10−48

10−47

10−46

10−45

10−44

10−43

10−42

10−41

σ
S
I
p

[c
m

2
]

σx = 15 nm; M = 100 g; tage = 1 Gyr
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limits

Xe ν-floor

Halite NaCl C 238 = 10−11 g/g
Gypsum Ca(SO4)·2(H2O) C 238 = 10−11 g/g
Sinjarite CaCl2 ·2(H2O) C 238 = 10−11 g/g

Olivine Mg1.6Fe
2+
0.4(SiO4) C 238 = 10−10 g/g

Phlogopite KMg3AlSi3O10F(OH) C 238 = 10−10 g/g

Nchwaningite Mn2+2 SiO3(OH)2 ·(H2O) C 238 = 10−10 g/g
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Effects of background shape systematics
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Sensitivity for different 238U concentrations
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Improved simulations of recoil tracks and vacancies
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arXiv:2605.13659

Binary collision approximation of
recoils in 100 g × 1Gyr Olivine

Deterministic electronic
stopping between scatters

Pairwise stochastic nuclear
stopping in amorphous material

Pick out peaking signal spectra for
5 GeV WIMP with σXp = 10−45cm2

Flat radiogenic backgrounds
dominant for C 238 = 0.1 ppb

Peaking CEνNS backgrounds
from astrophysical neutrinos
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Combined read-out of recoil tracks and vacancies

12 5 10 20 50 100 200 500 1000 2000

1
2

5

10

20

50

100

200

500

number of color centers

tr
a
c
k
le
n
g
th

[n
m
]

dark matter

background

mWIMP=500GeV

Combination provides
powerful neutron rejection

Makes data rates and track
analysis more feasible

10nm track
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arXiv:2605.13659

Track resolution and light yield
important for masses ≲ 10GeV

1D tracks and vacancies similar
sensitivity for masses ≳ 10GeV

2D combined read-out increases
sensitivity competitive with XLZD
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Halo dark matter upscattered by galactic cosmic rays

EL + DIS

EL
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mV = 10MeV (dashed), 1 GeV

arXiv:2601.13949
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Multiple samples to detect dark disk transit every ∼ 45Myr
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Distinguish from halo with 20, 40, 60, 80, 100Myr samples
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Grand Unified Theories (GUTs)
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Figure: arXiv:hep-ph/0012288

Figure: Paul Bird (2011)

Relevant characteristics of GUTs

Gauge coupling unification

SM quarks and leptons in the
same gauge multiplets
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GUTs generically predict proton decay
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Figure: arXiv:1805.04163
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Proton decay remnants could be detected by color centers

𝑇𝑁 ∽ 1 MeV
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Atmospheric neutrinos induce O(100)K+/100 g/Gyr

Figures from arXiv:2411.09634

Conventional secondary mesons
decay in flight on Earth

Prompt fluxes from short-lived
mesons decaying in flight

Suppression of lunar µ and ν fluxes

Conventional secondary mesons
decay at rest on the Moon

Less suppression of short-lived
mesons decaying in flight
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Lunar neutrinos induce ∼ 0.5K+/100 g/Gyr in Olivine
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Lunar muons induce ∼ 0.1K+/100 g/Gyr at ∼ 5 km depth
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Expect ≲ 6K+/100 g/Gyr for τ(p → ν̄K+) > 5.9× 1033 yr
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Weakly interacting nearly massless particles

Popular Mechanics (2023)

+
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Grand Unified Neutrino Spectrum (GUNS)
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Interaction cross sections depend on neutrino energy
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Nuclear recoil spectrum convolutes flux and cross section

dR

dER
=

1

mT

∫
dEν
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dER
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dEν

Figure: COHERENT, 1803.09183

Quasi-elastic for Eν ≳ 100MeV

Resonant π production at Eν ∼GeV

Deep inelastic for Eν ≳ 10GeV

Figure: Inclusive CC σνN , 1305.7513
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Reactor ν’s produced in β decays of fission fragments

nobelprize.org

Figure: Processes yielding reactor ν’s
and time dependence over the course of
reactor fuel cycle for 239Pu (1605.02047)

Nuclear safety and non-proliferation

Measure soft nuclear recoils

Passive and robust detectors
operable at room temperature
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First measurement of nuclear reactor CEνNS by CONUS+

Figure: CONUS+ HPGe detector and
shielding at KKL power plant, 2501.05206
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Solar ν’s produced in fusion chains from H to He

Figure: Today’s flux at Borexino
(Nature, 2018) and time dependence
of GS metallicity model, 2102.01755
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Could use large exposure to differentiate between scenarios
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Could measure 8B flux over time

Higher Eν ⇒ longer tracks

Highly dependent on solar core
temperature with flux ∝ T 24

Sensitive to metallicity model

100 g samples with 15 nm resolution

Look in single bin 15− 30 nm

Assume ∆t ∼ 10%, ∆C = 10%

NGS
tot ∼ (1.63± 0.05)× 106

NAGSS
tot ∼ (1.52± 0.05)× 106
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Galactic contribution to ν flux over geological timescales

Figure: Supernova simulation after CC

Only ∼ 2 SN 1987A events/century

Measure galactic CC SN rate

Traces star formation history
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Figure: CC SN neutrino flux over
geological timescales, arXiv:1906.05800
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Difficult to pick out time evolution of galactic CC SN rate
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Atmospheric ν’s originating from CR interactions

NBIA PhD School: Neutrinos Underground & in the Heavens II, 1-5 August 2016, Copenhagen 

Subir Sarkar (NBIA & Oxford)
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Patrick Stengel (Jožef Stefan Institute) Brda 2026 October 15, 2026 40 / 43



Atmospheric ν’s originating from CR interactions
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Figure: ECR to leptons, 1806.04140
Figure: FLUKA simulation of νµ flux at
SuperK for solar max, hep-ph/0207035
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Geomagnetic field deflects lower energy CR primaries

Figure: Driscoll, P. E. (2016),
Geophys. Res. Lett., 43, 5680-5687

Rigidity pCR/ZCR ≃ ECR for CR protons

Rigidity cutoff ∝ Mdip truncates
atmospheric ν spectrum at low Eν

Maximum cutoff today ∼ 50GV

Recall CR primary ECR ≳ 10Eν
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Recoil spectra from atmospheric ν’s incident on NaCl(P)
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Radiogenic Neutrons
238U SF Daughters

arXiv:2004.08394

Recoils of many different nuclei

Low energy peak from QE
neutrons scattering 23Na, 31P

High energy tail of lighter
nuclei produced by DIS

Background free regions for ≳ 1µm

Radiogenic n-bkg confined to
low x , regardless of target

Subdominant systematics from
atmosphere, heliomagnetic field
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