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America and Asia @ Tracks development of crystal
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Passive Asynchronous Lattice Exposure Observatory (PALEQ)
collaboration formed in Spring '26 www.paleoscience.org
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Introduction to paleo-detectors

Damage induced by nuclear recoils in crystal detectors

o o o o © 6 arXiv:2104.13926
4
o o O o o 0 _
E 2
® ® @ o O =
(a) % 0
o o ® @ _ig )
g 2
(o] o] o 0O _4 ? (:{%/_’
O 0 0 0 0 0O O - N
0 5 10 15 20
x-direction (nm)
O O O o o O o0 8 arXivi2412.21060
£,
(o] f [} o o 5
(b) T /9 0 o
9./ Tee— 517
o O ® ;T 3
& -— £
o © O o jJjo oy o Tg Fg
a
o O 0O o O O O

500 550 600 650 700 750 800
Wavelength (nm)

Patrick Stengel (JoZef Stefan Institute) Brda 2026



Introduction to paleo-detectors

Magnify image
(or diffraction
pattern) onto
screen/camera
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Introduction to paleo-detectors

Image and simulate 15 MeV Au™ tracks in natural Olivine

Depth: 1000 nm ((E) = 9.8 MeV) | : % ‘ arXivi2604.09732
Thickness: 213 nm

Ton Kinetic Energy [MeV]

TRIM
Stat. Unc.

500 1000 1500 2000 2500 3000
Target Depth [nm)]

@ No etching to enhance tracks

Stopping Power dE/dz [keV /nm]

o 2D |mag|ng O]c tracks at depth — Electronic —— Nuclear —— Total
0 T T T T T T T
- 14 12 10 8 6 4 2 0
@ Track formation, morphology Ton Kinetic Energy [McV]
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Introduction to paleo-detectors

Adapt techniques from biology and materials science

Readout scenarios for different x1 . T

14 petabytes of EM data
150 M synapses

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

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

@ Combination with SPIM to
zoom in on regions of interest

500 nm 5 I
— .

Figure: SEM human brain Shapson-Coe+ '24, SAXs nanoporous glass Holler+ '14
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Introduction to paleo-detectors
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Large exposure from small samples
Depth  Neutron Flux
lg-Gyr =1lkton - yr
St ’ 2km  10°/cm?/Gyr

5km  10%/cm?/Gyr
6 km  10/cm?/Gyr
50m  70/cm?/yr
100 m  30/cm?/yr
500m  2/cm?/yr

238 U

Need minerals with low

@ Marine evaporites with
C238 > 0.01 ppb

@ Ultra-basic rocks from

Figure: ~ 2Gyr old Halite cores from mantle, C?3 > 0.1 ppb
~ 3km deep borehole, Blattler+ '18
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Dark matter direct detection

Find a-recoils and model radiogenic neutron background
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Nucleus Decay mode Ti /o 0 0

238U « 4.468 x 109 yr
SF 8.2 x 10 yr
234 B 24.10d
- 849 . . .
234mpy BIT ((%912 %/;) 1.159 min Each neutron will scatter elastically
234p, B_ 6.704  10-1000 times before moderating
B4y a 2.455 x 105 yr
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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

HR 1077

HE
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10710
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Dark matter direct detection

Reconstruct dark matter mass and distinguish interactions

101 HE - Gypsum; gy =15 nm; M =100 g; tage =1 Gyr

Rejecting standard Sl (©%) interactions with Gypsum; m, =500 GeV/c?
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Summary and outlook

Mineral detectors could probe rare and/or previous events

T
-1 [N

Large exposure to BSM signals

o Complement conventional dark
matter direct detection

@ Reconstruct dark matter mass
and distinguish interactions

DAMA
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@ Proton decay on the moon? arXiv:2105.06473  Dark matter mass m [GeV]
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Evolution of neutrino and BSM
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physics over geological timescales

o Need geological history of rock

Lo
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I

@ Radiopure samples from depth

—o— MW Halo

# of Recorded Tracks/g
2 &
T
.

: P --4-- Subhalo
@ Probe of stellar evolution and 10T T S
ark Disk
i i e e e T S R R—=
DM structure in Milky Way 0 20 40 60 80 100 120 140 160 180 200
arXiv:2107.02812 Age, T [My1]
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What we (typically) assume

@ No E&M interactions
@ Must be cold and stable
@ Not in the Standard Model

hidden
sectors

Dark Matter-SM Interaction Strength [cm?]

MeV GeV TeV Me,

Dark Matter Mass arXivi2200.07426
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Nuclear recoils induced by elastic WIMP-nucleus scattering

v = 100 km/s
100
10 =
s __— 5GeV
=1 = 50 GeV
g = 500 GeV
SlE 0.10 5TeV
-t Particle
— 0.0t
Particle 1 5 10 50 100
- My [GeV]

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

200 ¥ Mass (JWST)~ :
T T T X'ray (Chandra) . * ...°
L M. Wi Radio (MeerkAT)
NGC 6503 ;

Vi (km s™)

10 20
Radius (kpc)

Figure: Begeman et al. (1991) Figure: Cha et al. (2025)
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Dark matter density in the galaxy

Angle from the GC in degrees
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WIMP velocity distribution and induced recoil spectra

0 =10" cm?

Speed Distribution (arbitrary)
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Fission fragments can be seen by TEM /optical microscopes
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Mineral detectors used to constrain WIMPs before
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Cleave Etch with HF DMICA experiment Hirose et al.
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Irradiation dose is 80
ions per field of view
(20umx20um).

proxy

pit formation
efficiency
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Selective plane illumination microscopy for color centers

(@) 2D images (b) (© n/?w cc

objective
(o) I
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Compare SPIM data to TRIM simulations of nuclear recoils

@ 3D imaging of CCs in bulk
@ Low ionizing CC tracks

@ Could scan ~cm?3 in hours

107_7 1 alpha [2.05 MeV] (a)
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a |
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October 15, 2
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Crystal detectors alternative to conventional experiments

Irradiation of LiF samples

0 250 500 750 1000

60
@ Gammas from *“Co for response ‘ Dose [1Gy]

to ionizing radiation
Neutron
@ Fast neutrons from AmBe for

background calibration

Intensity [A.U.]

@ Thermal neutrons moderated by Gamma
high-density polyethylene ) s -

Time [hours]

3

Imaging color centers in cm> samples Gamma

Ff Neutron
@ Bulk florescence measurements

at VT showed LiF ~50x more
responsive to fast neutrons

Intensity [A.U.]

@ Localize color centers to ~ pum?3 ()
voxels using SPIM at UZH

500 600 700 800
Wavelength [nm]
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Spallation from cosmic ray muons interacting in samples

I ; > . 30 um
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Color center tracks from irradiation of LiF with neutrons

10 pm

®Li+ n — a(2.1MeV) + T(2.7MeV) [ Elastic scattering of n off (Li,F)
@ Predict track length 30 — 35um @ Calibrate LiF response with
@ Sparse CCs along track ~ 4um™1 fast neutrons from AmBe

o Bragg peaks brighter at the ends @ Detect cosmogenic neutrons

Patrick Stengel (JoZef Stefan Institute) Brda 2026 October 15, 2026
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Sensitivity for different targets

0y = 1nm; M = 10mg; loyge = 1Gyr
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Gypsum; o, = 1nm; M = 10mg; tage = 1 Gyr
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Sensitivity for different 22U concentrations

Gypsum; o, = 1nm; M = 10mg; tage = 1 Gyr

10-4
——— 238 = 1012 /o ———— 028 =109 /o
-] 8/g g/g t
— 0238 = IU’“g/g ———— 0238 - w—xg/g B
-l T O =10"0g/g ---- ¥ =10"Tg/g L

10° 10°

my [GeV/c?]

trick Stengel (JoZef Stefan Insti

Brda 2026

Gypsum; o, = 15nm; M = 100g; tugee = 1 Gyr

1 10 10% 10°

my [GeV/c?]




Improved simulations of recoil tracks and vacancies

" g [noise intr.
neutrons =
1078 neutrons

Number of events per bin
Number of events per bin

b
'
s
1 10! 10° 10° 10 10°
Track length [nm] arXiv:2605.13659 Number of vacancies

Binary collision approximation of Pick out peaking signal spectra for
recoils in 100 g x 1 Gyr Olivine 5GeV WIMP with ox, = 10~*cm?
@ Deterministic electronic o Flat radiogenic backgrounds

stopping between scatters dominant for C?38 = 0.1 ppb
@ Pairwise stochastic nuclear @ Peaking CEvNS backgrounds
stopping in amorphous material from astrophysical neutrinos
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Combined read-out of recoil tracks and vacancies

-40
= T T T T T T T T T 1 T e ]

10nm track 1ph vac me
myip=500GeV

1042 E 1nm track s 10ph vac m— .

track & vac me—

1044 [

1046 [

track length [nm]

1048 [

Dark matter nucleon cross section [cm 2]

N
S
T

[ Olivine - 100g 1 Gyr

.1 R IR
10
107! 10°

P I
10!
arXiv:2605.13659 Dark matter mass [GeV]

n 1
10?

103 10*

B o maveer
W cocsrouno

@ Track resolution and light yield
»5 10 20 50 100 200 500 1000 2000 .
o of coor ceters important for masses < 10 GeV

w
TT T T TTTTT

@ 1D tracks and vacancies similar

o Combination provides S
sensitivity for masses 2> 10 GeV

powerful neutron rejection
@ 2D combined read-out increases

@ Makes data rates and track — - )
] : sensitivity competitive with XLZD
analysis more feasible )
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Halo dark matter upscattered by galactic cosmic rays
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CRDM with light vector mediator

@ Fluxes for my, =1,10,100 MeV

@ Track length spectra with
8y = 8 = 0.7,my = 1GeV

@ Constraints for Gypsum, Olivine

with constant oy, (dotted),

my = 10 MeV (dashed), 1 GeV
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Multiple samples to detect dark disk transit every ~ 45 Myr

; Gypsum; C =107 g/g; & = 0.01 g Gyr; 04, = Inm
10° e R

T

Events/Bin

102t

ml o 10 | 102 “ 103

mk = 100 GeV o5k = 107 cm? mx = 500 GeV 0x, = 5 x 10~%¢ cm?
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Distinguish from halo with 20, 40, 60, 80, 100 Myr samples

_ \
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Grand Unified Theories (GUTs)
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Ty ~ 1 MeV

"

Ty+ = 100 MeV

arXiv:2405.15845
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https://arxiv.org/abs/2405.15845

Atmospheric neutrinos induce O(100) K" /100 g/Gyr

(DAR + capture)

Moon \
7, Kt HV /\ (?S%F)

Figures from arXiv:2411.09634 Suppression of lunar u and v fluxes
@ Conventional secondary mesons o Conventional secondary mesons
decay in flight on Earth decay at rest on the Moon
@ Prompt fluxes from short-lived @ Less suppression of short-lived
mesons decaying in flight mesons decaying in flight
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Lunar neutrinos induce ~ 0.5 K*/100 g/Gyr in Olivine
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Lunar muons induce ~ 0.1 K /100 g/Gyr at ~ 5km depth
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Olivine; C?3 = 0.01ng/g; no (dE/dx) cut
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Grand Unified Neutrino Spectrum (GUNS
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Interaction cross sections depend on neutrino energ
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Nuclear recoil spectrum convolutes flux and cross section

JR . Jo d @ Quasi-elastic for E, 2 100 MeV
do d¢ @ Resonant 7 production at E, ~ GeV

@ Deep inelastic for E, 2 10 GeV
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Figure: COHERENT, 1803.09183 Figure: Inclusive CC o,y, 1305.7513
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Reactor v's produced in [ decays of fission fragments
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Figure: Processes yielding reactor v'’s

and time dependence over the course of @ Passive and robust detectors
reactor fuel cycle for 2°Pu (1605.02047) operable at room temperature

@ Measure soft nuclear recoils
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Figure: CONUS+ HPGe detector and
shielding at KKL power plant, 2501.05206
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Solar v's produced in fusion chains from H to
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Figure: Today's flux at Borexino
(Nature, 2018) and time dependence
of GS metallicity model, 2102.01755
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use large exposure to differentiate between scenarios
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Could measure 8B flux over time 100 g samples with 15 nm resolution
o Higher E, = longer tracks @ Look in single bin 15 — 30 nm
@ Highly dependent on solar core @ Assume A; ~ 10%, Ac = 10%
temperature with flux oc 724 o NGS ~ (1.63 £ 0.05) x 106
@ Sensitive to metallicity model NEGSS ~ (1.52 +0.05) x 106
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Galactic contribution to v flux over geological timescales

e Only ~ 2 SN 1987A events/century
@ Measure galactic CC SN rate
@ Traces star formation history

1024 ----- DSNB

— galactic

100

d¢/dE, [em=2s" ' MeV ]

100 km 1[]4 :
107! 10° 10! 10°
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Figure: Supernova simulation after CC 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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Cosmicray @
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Atmospheric v's originatin
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Figure: Ecg to leptons, 1806.04140

g from CR interactions

dp/dEE™ (cm™ 57" st Gev'®)

10ayE, (Gev)

Figure: FLUKA simulation of v, flux at
SuperK for solar max, hep-ph/0207035
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Geomagnetic field deflects lower energy CR primaries
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Figure: Driscoll, P. E. (2016), ’ e 4 0 a0
Geophys. Res. Lett., 43, 5680-5687 E, (GeV)
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Recoil spectra from atmospheric v's incident on NaCl(P)
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Recoils of many different nuclei

Background free regions for = 1 um
@ Low energy peak from QE

@ Radiogenic n-bkg confined to
neutrons scattering 23N, 31p

low x, regardless of target
@ High energy tail of lighter
nuclei produced by DIS

@ Subdominant systematics from
atmosphere, heliomagnetic field
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