Dark Matter: Direct (Mineral) Detection
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@ Dark matter recoiling off nuclei

© Backgrounds
@ Astrophysical neutrinos
@ Cosmogenic muons
@ Radiogenic

© Mineral detectors for dark matter
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Dark matter recoiling off nuclei

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

hidden
sectors

Dark Matter-SM Interaction Strength [cm?]

MeV GeV TeV

Dark Matter Mass arXiv:2209.07426
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Dark matter recoiling off nuclei

Limits on dark matter interactions with nucleons

Spin—independent DM detection
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Dark matter recoiling off nuclei

Limits from current direct detection experiments

Direct Detection constraints on SI scattering
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Dark matter recoiling off nuclei

Projected sensitivity of future direct detection experiments
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Dark matter recoiling off nuclei

Characteristic dark matter interactions with nucleons
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Dark matter recoiling off nuclei
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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Dark matter recoiling off nuclei
Dark matter density in the galaxy
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Dark matter recoiling off nuclei

Velocity distribution in the Standard Halo Model (SHM)

Integrate Radon transform =
/f(vq, q)dQq = 2mn(vq) 3
y E
:
E Standard Halo Model
f‘ v ;E 777777777777777777 June 1
n(vq) = / ) g, 5 o
V>Vq v E: Dec 29
y A U B N June 30
Maxwellian in halo frame =1
2 0 100 200 .C:IDU . 400 500 600 700
F( ) ( 3 3/ 73\/2/20_%/ Velocity [km/s]
V)~ e
2wo2 .
v J Figure: 1209.3339

Patrick Stengel (JoZef Stefan Institute) NSF GCR MDDM January 14, 2025 10 /40



Dark matter recoiling off nuclei

Spin- and velocity-independent WIMP-nucleus scattering
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@ Account for finite size of nucleus | * & 20 40 %0 50

Nuclear recoil energy [keV,,]

@ Convolute with WIMP flux

@ Write cross section in terms of
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Dark matter recoiling off nuclei

Example bracketing impact of astrophysical uncertainties

Dependence of the XENONIT limits on A at 90% C.L.
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Figure: 1806.08714, variations of ¢, and ves. in SHM and variations away from
MB in SHM A < |f(v) — fus(v)|/fms(v) for f(v) composed of DM streams
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Dark matter recoiling off nuclei

ntional direct detection experiments
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Backgrounds Astrophysical neutrinos

Neutrinos come from a variety of sources
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Backgrounds Astrophysical neutrinos

Nuclear recoil spectrum depends on neutrino energy

ﬂ 1 dE E do @ Quasi-elastic for E, 2 100 MeV
dEr  mt Y dEr dE,

@ Resonant 7 production at E, ~ GeV
@ Deep inelastic for E, = 10 GeV
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Backgrounds Astrophysical neutrinos

Atmospheric i1's and v's originating from CR interactions
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Backgrounds

Atmospheric ¢ and v, fluxes

Astrophysical neutrinos

E3® (cm? s sr GeV2)~!

=
o

relative
to total
o
w

0.0
10° 10

— total

===+ total conv.

total prompt

rick Stengel (JoZef Stefan Institute)

10 100 10° 10 10 10°  10°
Muon energy (GeV)

other prompt —— K* D=*
— -~ other conv. — K2 — D¢
—_n KE — Dg

Figure: 1806.04140

NSF GCR MDDM

10 100 10° 10 10°
E., (GeV)
— ¢ —— u decay
unflavored T

January 14,



Backgrounds Astrophysical neutrinos

Atmospheric v energy depends on CR energy and angle
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Backgrounds Astrophysical neutrinos

Core collapse supernova v's

Only ~ 2 SN 1987A events/century
@ Measure galactic CC SN rate
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Backgrounds Astrophysical neutrinos

Solar v's produced in fusion chains from H to He
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Backgrounds Cosmogenic muons

Cosmogenic muons induce fast neutrons underground
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Backgrounds

Cosmogenic muons

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
100m  30/cm?/yr
500m  2/cm?/yr

Need minerals with low 238U

@ Marine evaporites with

C?38 > 0.01 ppb
Figure: ~ 2Gyr old Halite cores from o Ultra-basic rocks from
~ 3km, as discussed in Blattler+ '18 mantle. €238 > 0.1 ppb
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Backgrounds Radiogenic

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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Backgrounds Radiogenic

Fast neutrons from SF and (a, n) interactions

SF vyields ~ 2 neutrons with ~MeV | (e, n) rate low, many decay a's

Each neutron will scatter elastically | Heavy targets better for («, n) and
10-1000 times before moderating bad for neutron moderation, need H
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Backgrounds Radiogenic

Quick aside on data analysis and a-recoil background

@ 15nm resolution of 100 g sample
= 102 mostly empty voxels

o 1Gyr old with €3 = 0.01 ppb
= 1013 voxels for a-recoil tracks

Module A : Faster R-CNN

ool
Classifier
-p - l' -y -
7 Bounding Box
* Regressor
I Region Proposal
Network

Image

Module B:

N
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Mineral detectors for dark matter

Outline

© Mineral detectors for dark matter
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Mineral detectors for dark matter

Putting together all of the signals and backgrounds
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Mineral detectors for dark matter

Mineral detectors used to constrain WIMPs before
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Mineral detectors for dark matter

New techniques allow for much larger readout capacity

0.1keV |8 Si+ 19.9 keV I Ar + 13.2 ke IR Kr + 2 1000
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Mineral detectors for dark matter

ters can be used to probe low mass dark matter
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Mineral detectors for dark matter

Mineral detectors look for damage from recoiling nuclei

Track length from stopping power
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Mineral detectors for dark matter

Track length spectra for various mineral targets
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Mineral detectors for dark matter

Track length spectra after smearing by readout

resolution
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Mineral detectors for dark matter

Sensitivity for different targets
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Mineral detectors for dark matter

Effects of background shape systematics
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Mineral detectors for dark matter

Sensitivity for different 223U concentrations
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Mineral detectors for dark matter

Mineral detectors can probe ultra-heavy dark matter
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Mineral detectors for dark matter

Multiple nuclei and large € allow for optimal Amyx/my
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Mineral detectors for dark matter

Mineral detectors can look for signals “averaged” over
geological timescales or for time-varying signals

MW Halo
--¢-- Subhalo
—®-- Dark Disk

A S,
0 20 40 60 80 100 120 140 160 180 200
Age, T [Myr]

Figure: Time dependent DM signals in
series of gypsum detectors for

mysK =100 GeV, oy* = 107* cm?
and X4k = 10M, /pc?, 2107.02812

Figure: Dark Disk cartoon, 2107.02812
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Mineral detectors for dark matter

Measure time-varying signals with a series of samples

Gypsum; C = 10" g/g; e = 0.01g Gyr; 0, = 1nm
T T

—— Fiducial

- 1 sample

No age constraint

No constraints
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Events/Bin
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Ages t = 20, 40, 60, 80, 100 Myr

@ Systematic uncertainty
At =5%, Ay = 0.1%,
Ac =10%, Ay = 100%

@ > 1 samples more important

Dark disk transit every ~ 45 Myr

Spectra from dark disk crossing,

MW halo, combined backgrounds
myk =100 GeV oyt = 10~*% cm?
mx = 500 GeV ox, = 5 x 1074 cm?
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Geomagnetic field deflects lower energy CR primaries

120 T T T T
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£ atmospheric v spectrum at low E,
& 80f @ Maximum cutoff today ~ 50 GV
E’ 60 @ Recall CR primary Ecg > 10E,
3
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Figure: Driscoll, P. E. (2016), To

108
E, (GeV)
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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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Sensitivity to galactic CC SN rate depends on C238

Uranium-238 Concentration [ppb]

Epsomite [Mg(SO4)-7(H20)]
Halite [NaCl]

Patrick Stengel (JoZef Stefan Institute)
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Difficult to pick out time evolution of galactic CC SN rate

[T T T T
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Coarse grained cumulative time bins | Determine o rejecting constant rate

@ 10 Epsomite paleo-detectors Could only make discrimination at
o 100g each, Atyge ~ 100 Myr 30 for O(1) increase in star

formation rate with €238 < 5ppt
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use large exposure to differentiate between scenarios

10° Sinjarite 8B-GS i Sinjarite 15-30 [nm]
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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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