Mineral Detection of Dark Matter

Minerals such as olivine could hold evidence of long-ago collisions between

atomic nuclei and dark matter (Olena Shmahalo/Quanta Magazine).
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Dark matter searches in mineral detectors

Nuclear recoils induced by elastic WIMP-nucleus scattering
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Scattering kinematics = event rate
Rate per unit time per unit mass @ Account for finite size of nucleus
@ Convolute with WIMP flux

dR  nx U)Sé, ARF(G)n(v,) @ Write cross section in terms of
dEr 2 M§<p L WIMP-nucleon interaction
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Dark matter searches in mineral detectors
Trade large target mass for long exposure time
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Dark matter searches in mineral detectors

Mineral detectors can look for signals “averaged” over
geological timescales or for time-varying signals
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Tracks in ancient minerals ~ Solid state track detectors

Modern TEM allows for accurate characterization of tracks

[Toulemonde+, ‘06]

Cdon SnO,

10 nm

Pb on Mica Xe on Y,;Fe;0,,
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Tracks in ancient minerals ~ Solid state track detectors

Integrate stopping power to estimate track length
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Tracks in ancient minerals Problematic backgrounds

Cosmogenic backgrounds suppressed in deep boreholes

Depth  Neutron Flux
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
Figure: ~ 2Gyr old Halite cores from €238 > 0.01 ppb

~ 3km, as discussed in Blattler+ '18 o Ulabesle ieda Semm

mantle, C%3® > 0.1 ppb
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Tracks in ancient minerals Problematic backgrounds

Find a-recoils and model radiogenic neutron background

Each neutron will scatter elastically
10-1000 times before moderating
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Projected sensitivity of mineral detectors MW halo signal constant in time

Use track length spectra to pick out WIMP signal

Sinjarite [CaCly-2(H0)]; G2 = 107 g/g
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Projected sensitivity of mineral detectors MW halo signal constant in time

Trade-off between read-out resolution and exposure
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Projected sensitivity of mineral detectors

Measure time-varying signals

Multiple samples to detect dark disk transit every ~ 45 Myr

; Gypsum; C = 107 g/g; e = 0.01 g Gyr; 0, = 1nm
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Projected sensitivity of mineral detectors Measure time-varying signals

Distinguish from halo with 20, 40, 60, 80, 100 Myr samples
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Summary and outlook

Mineral detectors could probe rare and/or previous events

Look for DM and astrophysical v's

e WIMP DM (2106.06559),
substructure (2107.02812),
composite DM (2105.06473)

@ Measure solar (2102.01755),
galactic CC SN (1906.05800),
atmospheric (2004.08394) v's

Feasibility of mineral detectors

@ Need efficient reconstruction
of nuclear recoil tracks

@ Need model of geological history

@ Radiopure samples from depth

e Find a way to handle the data
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@ Groups across Europe, North @ History of mineral detectors
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@ Astroparticle theorists, for particle physics, reactor
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and materials scientists o Summary of active and
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https://indico.phys.vt.edu/e/mdvdm

Cleaving and etching limits ¢ and can only reconstruct 2D

Readout scenarios for different x

@ HIBM+pulsed laser could read
out 10 mg with nm resolution

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

500 nm
—

Figure: HIM rodent kidney Hill4- '12, SAXs nanoporous glass Holler+ '14
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Mineral detectors look for damage from recoiling nuclei
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238 U

Radiogenic backgrounds from contamination

238U 234Th 234mPa 234U 230Th

1\“"‘
o, 2R, @, 22p. o 206y, @ / o
a &2\4\

Nucleus  Decay mode Ti/o
238 o 4.468 x 11(;9 yr
- SE LR IURSaN 10" events difficult to reject
Th B 9%840/ 24.10d without additional decays
234mpy BIT ((0.i6 %;) 1.159 min @ Reject ~ 10 um « tracks
234py B8~ 6.70d o Without « tracks, filter
24U a 2.455 x 10° yr out monoenergetic 234Th
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Quick aside on data analysis and a-recoil background

@ 15nm resolution of 100 g sample
= 10'% mostly empty voxels

@ 1Gyr old with C%38 = 0.01 ppb
= 1013 voxels for a-recoil tracks

Module A : Faster R-CNN

4 atinl
Classifier
-p 3 l' -y -
7 Bounding Box
* Regressor
I Region Proposal
Network

Image

Module B:
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Scattering cross sections = scattering rates

d’c  do 1 N o0F(q)?
dq?dQ, ~  dq?2r ~ 83y

R oM Nt d’c N o0F(q)?
dErdQ, T MyNy / dq?dQ, = dmpxr

Differential cross section Differential scattering rate

@ J-function imposes @ Rate per unit time per unit
o 0-0 |S Veloc|ty and momentum deteCtOF mass for a” nUClei
independent cross section for @ Convolute cross section with

scattering off pointlike nucleus

Flo) = 2B o SR | o5 = 2 3r (207 + (A~ D))

v,
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Velocity distribution in the Standard Halo Model (SHM)

Integrate Radon transform

/f(vq, q)dQq = 2mn(vq)

V.

Mean inverse speed

Speed Distribution (arbitrary)

=
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Conventional direct detection searches for WIMPs
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Figure: LUX-ZEPLIN (LZ) Collaboration /
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Figure: Event rate for my = 100 GeV
and oy, = 107 cm? (solid),

mx — 25GeV (dashed) and

F(g) — 1 (dotted), 1509.08767
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Different ways to look for DM-induced nuclear recoils

Cryogenic Superheated
bolometers liquids

'PHONONS / HEAT

Cryogenic bolometers
with charge readout

Scintillating cryogenic
—_ WIMP™, bolometers

Germanium Scintillating
detectors crystals
CHARGE LIGHT
Directional Id‘:-?;'d I:aos‘?elet_i?; Liquid noble-gas
detectors P detectors

projection chambers

Figure: 1509.08767
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Current limits on o

)543 and astrophysical uncertainties
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Dependence of the XENONIT limits on A at 90% C.L.
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Multiple nuclei and large € allow for optimal Amyx/my

> - CaCly-2(H,0) Sinjarite - CaCly-2(H,0)
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Nuclear recoil spectrum depends on neutrino energy

AR _ 1 [ e do do
dER mT UdERdEV
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Figure: COHERENT, 1803.09183

@ Quasi-elastic for E, 2 100 MeV

@ Resonant 7 production at E, ~ GeV

@ Deep inelastic for E, = 10 GeV

38 5
v cr.gss gdi?on / %(10 crr_n‘lG;V)
O N P O ® o b b

Figure: Inclusive CC o,p, 1305.7513
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Solar v's produced in fusion chains from H to He

pp-v

pep-v

|p+p—>?H+e‘+|-9| Ip;ewp »2Hq|-_|
1 k]

99.6% 0.4%

H+p—THe+y
B5%

2x10%% |0
1

f
|3He+3He—>"He+2p| |3He+p—"‘He +e*+|-.=|

15%
JHe + "He = 'Be + ¢
Bey 9987% 0.13%

pp-!

|7Ba+e‘—>7Li + |-B|

Be+p—>B+y l

1

| "Li+p - 2°He | BBy |BB —B88e* + et + |-e|

pp-li

pe-l

Figure: Today's flux at Borexino

(Nature, 2018) and time dependence
of GS metallicity model, 2102.01755
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Galactic contribution to v flux over geological timescales

do gt dn [ 1 f(Reg) Only ~ 2 SN 1987A events/century
dE, CCdE,,/O E4nRE2 @ Measure galactic CC SN rate

@ Traces star formation history

age of universe (Gyr)
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Figure: Cosmic CC SNR, 1403.0007
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Atmospheric v's originating from CR interactions

— 10 GeV 1TeV —— 1PeV
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Figure: Ecg to leptons, 1806.04140
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Figure: FLUKA simulation of v, flux at
SuperK for solar max, hep-ph/0207035
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Recoil spectra from atmospheric ©'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 23Na, 3P

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

@ Subdominant systematics from
atmosphere, heliomagnetic field
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Semi-analytic range calculations and SRIM agree with data
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