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Set =c=1ℏ

Natural units reference for problems.
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gram ∼ 1024 GeV

Watt =
J
s

J ∼ 1010 GeV
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Elastic Cross sections

DM

DM

Nucleus recoil energy:

Cross-section, per nucleon,  
spin-dependent 

Cross-section, per nucleon,  
spin-independent 

-could scatter  
with any nucleon 

-quantum: sum over 
paths, then square

DM
interaction 
depends on 
spins of DM, 

nucleus

N - number of nucleons

ER ⇠ p2/mN = µ2
Nxv

2
x/mN

⇠ 10�6µ2
Nx/mN

�Nx ' (spin factors)
µ2
Nx

µ2
nx

�nx �Nx ' N2µ
2
Nx

µ2
nx

�nx
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Calculate:

What is the recoil energy at which the N2 enhancement to the 
spin-independent cross-section begins to break down?

Hint: Use that the wavelength λ of the momentum exchange must 
be larger than the nucleus for the system to be invariant under 
exchange of which nucleon was scattered with.

p ⇠ ��1

Size of nucleus: 1.2 x 10-13 N1/3 cm

Consider: oxygen, germanium, iodine, xenon

ER ⇠ µ2
Nxv

2
x/mN
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Nuclear structure “form factor"
1412.6091

ER 260 keV
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FIG. 18. (color online). Same as Fig. 14 but for 132Xe.
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FIG. 19. (color online). Same as Fig. 14 but for 134Xe.
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FIG. 20. (color online). Same as Fig. 14 but for 136Xe.

A. Comparison for spin-dependent WIMP
scattering

The interaction of WIMPs with nuclei can be also SD
reflecting the coupling of the spin of the WIMP to nu-
cleons. The even-mass xenon isotopes are practically in-
sensitive to SD scattering due to their J = 0 ground
state, so that only the odd-mass xenon isotopes 129Xe
and 131Xe are relevant. In previous work [11, 12], we
have calculated SD structure factors for xenon, also in-
cluding two-body currents in chiral e↵ective field theory.
To complete the study of WIMP scattering o↵ xenon, we
also compare these calculations to the results obtained
by Fitzpatrick et al. in Ref. [15]. This provides a test of
the calculations and explores the sensitivity of SD WIMP
scattering to nuclear structure.
The SD structure factor is naturally decomposed in

terms of the isospin couplings (a0 + a1⌧3)/2. However,
experimental results are commonly presented in terms
of “neutron-only” (a0 = �a1 = 1) and “proton-only”
(a0 = a1 = 1) structure factors Sn(u) and Sp(u), because
these coupling combinations are more sensitive to neu-
trons and protons, respectively. For vanishing momen-
tum transfer, q = 0 (u = 0), and considering only one-
body currents, the SD “neutron-only” and “proton-only”
structure factors are proportional to the square of the
expectation values of the neutron and proton spins [14].
These are given for both calculations in Table III. Be-
cause xenon has an even proton number, hSni � hSpi,
the “neutron-only” structure factor dominates over the
“proton-only” one.
This hierarchy of “neutron-only” versus “proton-only”

structure factors manifests itself in Figs. 21 and 22, where
we show the calculated SD structure factors for 129Xe and
131Xe. Note that the absolute scale of the SD structure
factors is ⇠ 10�4 smaller than for SI scattering, because
in the SD case, due to pairing, the contributions from
di↵erent nucleons do not add coherently.
In Refs. [11, 12], we included one- and two-body

currents in the WIMP-nucleon interaction Lagrangian.
However, for a direct comparison, Figs. 21 and 22 restrict
the results to the one-body level, even though two-body
currents are important because they reduce the “neutron-
only” structure factors by about 20% for xenon, and sig-
nificantly enhance the “proton-only” structure factors at

TABLE III. Proton/neutron spin expectation values hSp/ni
for 129Xe and 131Xe. Results are shown for the calculations of
Klos et al. [12], which use the same valence space and nuclear
interactions as in this work, and of Fitzpatrick et al. [15].

129Xe 131Xe

hSpi hSni hSpi hSni
Klos et al. [12] 0.010 0.329 �0.009 �0.272

Fitzpatrick et al. [15] 0.007 0.248 �0.005 �0.199

100 keV

p ⇠ ��1

ER ⇠ ��2/mN

“fo
rm

 fa
ct
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"
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Experiment looking for flux of new particles

• If particles have velocity v (~0.001c for DM) 

• Then sensitivity of detector to interaction sets a minimum 
energy threshold (or particle mass) for detection

cross-section 
for DM particle to hit 

detector particle

mass of dark matter

Eth ⇠ µ2
Nxv

2
x/mN
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Experiment looking for flux of new particles

cross-section 
for DM particle to hit 

detector particle

• Detector is composed of NN atoms and observes for time t 

• As DM mass increases, DM particle flux decreases,  
so cross-section sensitivity decreases as 1/mx

DM number density

mass of dark matter

{ DM hits per atom

Nhits ⇠ NN�Nxnxvxt
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Experiment looking for flux of new particles

cross-section 
for DM particle to hit 

detector particle

• Detector is composed of NN atoms and observes for time t 

• As DM mass increases, DM particle flux decreases,  
so cross-section sensitivity decreases as 1/mx

~2 hits for 90% 
confidence limit

mass of dark matter

Nhits ⇠ NN�Nxnxvxt

�Nx ⇠ 2
mx

⇢xNNvxt
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Experiment looking for flux of new particles

• For high enough DM mass,  
only ~2 DM particles  
expected in time t

cross-section 
for DM particle to hit 

detector particle Area of detector

mass of dark matter

Flux limit ⇠ 2 ⇠ Adnxvxt
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Experiment looking for flux of new particles

• For high enough DM mass,  
only ~2 DM particles  
expected in time t

cross-section 
for DM particle to hit 

detector particle

mass of dark matter

Flux limit ⇠ 2 ⇠ Adnxvxt

Max mx ⇠ Ad⇢xvxt/2
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Experiment looking for flux of new particles

cross-section 
for DM particle to hit 

detector particle

overburden

mass of dark matter
17



Overburden

• DM particles may be slowed 
through repeated scattering 
with atmosphere, earth, 
rocket shielding, concrete. 

Down low, too slow?
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• If dark matter is moving too 
slowly, it will no longer 
deposit enough energy 
to exceed the detector’s 
energy threshold.

Down low, too slow?
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Overburden

• DM particles may be slowed 
through repeated scattering 
with atmosphere, earth, 
rocket shielding, concrete. 

• If dark matter is moving too 
slowly, it will no longer 
deposit enough energy 
to exceed the detector’s 
energy threshold.

Down low, too slow?
Length of overburden

number density of overburden

Eth ⇠ mxv
2
x

✓
1� µ2

Nx

mNmx

◆nN�NxLob
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Experiment looking for flux of new particles

• Overburden cross-section 

increases linearly with 

DM kinetic energy/mass 

~mx vx2

cross-section 
for DM particle to hit 

detector particle

mass of dark matter

Eth ⇠ µ2
Nx

mN
v2x

✓
1� µ2

Nx

mNmx

◆nN�NxLob
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Experiment looking for flux of new particles

• Overburden cross-section 

increases linearly with 

DM kinetic energy/mass 

~mx vx2

cross-section 
for DM particle to hit 

detector particle

• One order of magnitude increase in cross-section 
(and number of scatters) 

• For every one order of magnitude increase in mx 
(and initial DM kinetic energy)

mass of dark matter

Eth ⇠ µ2
Nx

mN
v2x

✓
1� µ2

Nx

mNmx

◆nN�NxLob
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Experiment looking for flux of new particles

cross-section 
for DM particle to hit 

detector particle

mass of dark matter

Nhits ⇠ NN�Nxnxvxt

�Nx ⇠ 2
mx

⇢xNNvxt

Eth ⇠ µ2
Nxv

2
x/mN

Eth ⇠ µ2
Nx

mN
v2x

✓
1� µ2

Nx

mNmx

◆nN�NxLob

Flux limit ⇠ 2 ⇠ Adnxvxt

Max mx ⇠ Ad⇢xvxt/2
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Light dark matter

Axion/ DP (wavy bosons)

2203.14923

SKIM THROUGH DM SEARCHES
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10010-10 1010 1020 1030 1040 1050 106010-2010-30

mx   (GeV)
27

Light dark matter

Axion/ DP (wavy bosons)

2203.14923

2203.08297
2307.13727

SKIM THROUGH DM SEARCHES

Cappiello, Collar, Beacom 

Bhoonah, JB Schon, Song


2010.07240

high m,𝛔 composites
Witten ’84

Heavy dark matter



10010-10 1010 1020 1030 1040 1050 106010-2010-30

mx   (GeV) 28

Light dark matter

Axion/ DP (wavy bosons)

2203.14923

2307.13727

PRICE OF DM DETECTION

2010.07240

current price of DM ∼ $(105 − 106) × log10(Δσ) × log10(δmX)

∆𝛔 relative to last generation∆

∆∆

∆



The NaI crystal in this room is sensitive to >1 keV recoil energies 
and transforms ~10% of the recoil energy to visible

photons. What bounds can be placed on dark matter? It may be 
useful to know that we could probably notice a pulse of ~105 
visible yellow photons~200 keV in a burst. Assume a 10 m thick 
overburden made of water (oxygen).

Density of earth crust: 3 g/cm3 
Mostly made of oxygen 
Mass of nucleon = 1 GeV

Bonus: Treat the entire earth as a detector. 

We are alive — earth’s surface temperature is < 1000 K. 

What does that tell us about dark matter?

Consider: DM that annihilates with itself to energy in the earth, and DM that co-annihilate baryons. 
29

Capstone exercise III: 



DM Models

Nice to have a model


On the other hand: What is the 
Lagrangian / cosmology for planets?


Predict masses from 1st principles?

χ

χ

ℒ =
1
2

(∂φ)2 + X̄(iγμ∂μ − mX)X + gXX̄φX −
1
2

m2
φφ2 + gnn̄φn + ℒSM,

χ

- Dissipative dark sector

- Fermion stars

χ
χ χ

- Planet formation still has 
open questions (e.g. pebble 
accretion). 


- Heavy composite DM 
doesn’t have simple 
dynamics like single-field 
DM models

- Early matter domination

- Boson stars 

- Dark QCD/BBN

Vis-a-vis heavy composite DM

30
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HIGH MASS ASYMMETRY, DILUTION, AND COMPOSITE DM

χ

χ

Diluted dark matter has a freeze-out abundance that scales with ζ-1

χ

χ

χ

χ χ
χ χχ

χ
χ

χ
χ χχ

This overabundance of dark matter leads to very large  compositesφ − X

ℒ =
1
2

(∂φ)2 + X̄(iγμ∂μ − mX)X + gXX̄φX −
1
2

m2
φφ2 + gnn̄φn + ℒSM,

Consider a simple model of  fermionic DM coupled by a scalar field  

Nc = ( 2nXσXvX

3H )
6/5

= (
20 g*caTrT3/2

ca Mpl

m*7/2
X ζ )

6/5

≃ 1027 ( g*ca

102 )
3/5

( Tca

105 GeV )
9/5

( 5 GeV
m*X )

21/5

( 10−6

ζ )
6/5

Composite mass ranging from milligrams to thousands of tons

χ
χ

ζ~1

χχχ
χ
χ

χ
χχ
χ χχχ χ
χζ~.1

χ χ

χ

χ χ

χ

32

Javier Acevedo, JB, Goodman 2012.10998

χ
χχ

χ

see also e.g.
Wise Zhang ’14, Krnjaic Sigurdson ’14, Hardy Lasenby March-Russell ’14, Detmold McCullough Pochinsky ’14
Gresham Lou Zurek ’17, Coskuner, Grabowska, Knapen, Zurek ’18



COMPOSITE INTERACTIONS

⟨φ⟩ ≲ mN, gn > 0 ⟨φ⟩ ≪ mN

gn < 0

gn > 0

⟨φ⟩ > mN

gn > 0 or gn < 0

nuclear interactions with DM composite internal potential scattering with constituents

1. 2. 4.3.

Acevedo, Boukhtouchen, JB, Cappiello, 

Mohlabeng, Tyagi, coming soon

ℒ =
1
2

(∂φ)2 + X̄(iγμ∂μ − mX)X + gXX̄φX −
1
2

m2
φφ2 + gnn̄φn + ℒSM,

Acevedo, JB, Goodman

2108.10899

Acevedo, JB, Goodman

2012.10998

(MIMPs)
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MIMP INTERACTIONS

⟨φ⟩ ≲ mN, gn > 0 ⟨φ⟩ ≪ mN

gn < 0

gn > 0

⟨φ⟩ > mN

gn > 0 or gn < 0

nuclear interactions with DM composite internal potential scattering with constituents

1. 2. 4.3.

Acevedo, Boukhtouchen, JB, Cappiello, 

Mohlabeng, Sheahan, Tyagi, in progress

Acevedo, JB, Goodman

2108.10899

Acevedo, JB, Goodman

2012.10998

(MIMPs)

34

ℒ =
1
2

(∂φ)2 + X̄(iγμ∂μ − mX)X + gXX̄φX −
1
2

m2
φφ2 + gnn̄φn + ℒSM,



ANCIENT SEARCHES FOR NEW PARTICLES
➤ Two searches in 1978 and 1990 for cosmic rays and monopoles using acid-etched plastic 

track detectors 

➤  Still have best sensitivity for high mass dark matter, for different reasons

Skylab Ohya Quarry
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ETCHING PLASTIC SEARCHES FOR DARK MATTER

➤ Incorporate DM distribution, single solution for overburden+etching sensitivity

Bhoonah, JB, Courtman, Song
2012.13406
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2 Dimensional,
Cut and acid etch,
examine depths in
cleavage plane with
atomic force microscopy

Background rejection:
better than MC expectation

➤ 1995 Snowden-Ifft et al. 
calibrated mica samples

37

➤ 1986 Price and Salamon 
mica monopole search

ANCIENT SEARCH FOR NEW PARTICLES: MICA



➤ Reanalyzed mica data 
using overburden model / 
custom MC

38

P0

<latexit sha1_base64="p+8j0WQylMLspqYeAs9BJenLgqk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKRY8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKD82BOyhX3Kq7AFknXk4qkKM5KH/1hzFLI66QSWpMz3MT9DOqUTDJZ6V+anhC2YSOeM9SRSNu/Gxx6oxcWGVIwljbUkgW6u+JjEbGTKPAdkYUx2bVm4v/eb0Uwxs/EypJkSu2XBSmkmBM5n+TodCcoZxaQpkW9lbCxlRThjadkg3BW315nbRrVa9evbqvVxq1PI4inME5XIIH19CAO2hCCxiM4Ble4c2Rzovz7nwsWwtOPnMKf+B8/gDK9Y1v</latexit>

P1

<latexit sha1_base64="4g8JMbx96USzLcAXIIrzzF2nFdk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKRY8FLx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJaPZpqgH9GR5CFn1FjpoTnwBuWKW3UXIOvEy0kFcjQH5a/+MGZphNIwQbXueW5i/Iwqw5nAWamfakwom9AR9iyVNELtZ4tTZ+TCKkMSxsqWNGSh/p7IaKT1NApsZ0TNWK96c/E/r5ea8MbPuExSg5ItF4WpICYm87/JkCtkRkwtoUxxeythY6ooMzadkg3BW315nbRrVa9evbqvVxq1PI4inME5XIIH19CAO2hCCxiM4Ble4c0Rzovz7nwsWwtOPnMKf+B8/gDMeY1w</latexit>

P2

<latexit sha1_base64="uWYYrhiu48iVJltIROZ4gb3mFGA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKRY8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKD81BbVCuuFV3AbJOvJxUIEdzUP7qD2OWRlwhk9SYnucm6GdUo2CSz0r91PCEsgkd8Z6likbc+Nni1Bm5sMqQhLG2pZAs1N8TGY2MmUaB7Ywojs2qNxf/83ophjd+JlSSIldsuShMJcGYzP8mQ6E5Qzm1hDIt7K2EjammDG06JRuCt/ryOmnXql69enVfrzRqeRxFOINzuAQPrqEBd9CEFjAYwTO8wpsjnRfn3flYthacfOYU/sD5/AHN/Y1x</latexit>

P3

<latexit sha1_base64="Qt/g8Zxk9VQ1VO4wY6hZBdU2HjI=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4Kkmt6LHgxWNF+wFtKJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8O/PbT6g0j+WjmSToR3QoecgZNVZ6aPQv+6WyW3HnIKvEy0kZcjT6pa/eIGZphNIwQbXuem5i/Iwqw5nAabGXakwoG9Mhdi2VNELtZ/NTp+TcKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MbPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadog3BW355lbSqFa9WubqvlevVPI4CnMIZXIAH11CHO2hAExgM4Rle4c0Rzovz7nwsWtecfOYE/sD5/AHPgY1y</latexit>

✓e

<latexit sha1_base64="qXjAb74+fnIbytmhDEqoaYeRyUQ=">AAAB73icdVDJSgNBEO2JW4xb1KOXxiB4GnpiYpJbwIvHCGaBJISeTiVp0rPYXSOEkJ/w4kERr/6ON//GziKo6IOCx3tVVNXzYyUNMvbhpNbWNza30tuZnd29/YPs4VHDRIkWUBeRinTL5waUDKGOEhW0Yg088BU0/fHV3G/egzYyCm9xEkM34MNQDqTgaKVWB0eAvAe9bI65rMI875IyN8/KlWLBkuJFoVSuUM9lC+TICrVe9r3Tj0QSQIhCcWPaHouxO+UapVAwy3QSAzEXYz6EtqUhD8B0p4t7Z/TMKn06iLStEOlC/T4x5YExk8C3nQHHkfntzcW/vHaCg3J3KsM4QQjFctEgURQjOn+e9qUGgWpiCRda2lupGHHNBdqIMjaEr0/p/6SRd72CW7wp5Kr5VRxpckJOyTnxSIlUyTWpkToRRJEH8kSenTvn0XlxXpetKWc1c0x+wHn7BI56kEk=</latexit>

✓1

<latexit sha1_base64="nHz3u0nLlKtu2oYPhBcSjYq3p1g=">AAAB73icdVDJSgNBEO2JW4xb1KOXxiB4GnrixCS3gBePEcwCyRB6Oj1Jk57F7hohDPkJLx4U8ervePNv7CyCij4oeLxXRVU9P5FCAyEfVm5tfWNzK79d2Nnd2z8oHh61dZwqxlsslrHq+lRzKSLeAgGSdxPFaehL3vEnV3O/c8+VFnF0C9OEeyEdRSIQjIKRun0Yc6ADZ1AsEZvUieNcYmKXSa1ecQ2pXLjVWh07NlmghFZoDorv/WHM0pBHwCTVuueQBLyMKhBM8lmhn2qeUDahI94zNKIh1162uHeGz4wyxEGsTEWAF+r3iYyGWk9D33SGFMb6tzcX//J6KQQ1LxNRkgKP2HJRkEoMMZ4/j4dCcQZyaghlSphbMRtTRRmYiAomhK9P8f+kXbYd167cuKVGeRVHHp2gU3SOHFRFDXSNmqiFGJLoAT2hZ+vOerRerNdla85azRyjH7DePgE/qpAV</latexit>

✓2

<latexit sha1_base64="WUknW0HbL87lRAUVHu1/WhoOGRY=">AAAB73icdVDJSgNBEO2JW4xb1KOXxiB4GnrGiUluAS8eI5gFkiH0dHqSJj2L3TVCCPkJLx4U8ervePNv7CyCij4oeLxXRVW9IJVCAyEfVm5tfWNzK79d2Nnd2z8oHh61dJIpxpsskYnqBFRzKWLeBAGSd1LFaRRI3g7GV3O/fc+VFkl8C5OU+xEdxiIUjIKROj0YcaB9t18sEZvUiONcYmK7pFore4aUL7xKtYYdmyxQQis0+sX33iBhWcRjYJJq3XVICv6UKhBM8lmhl2meUjamQ941NKYR1/50ce8MnxllgMNEmYoBL9TvE1MaaT2JAtMZURjp395c/MvrZhBW/amI0wx4zJaLwkxiSPD8eTwQijOQE0MoU8LcitmIKsrARFQwIXx9iv8nLdd2PLt845Xq7iqOPDpBp+gcOaiC6ugaNVATMSTRA3pCz9ad9Wi9WK/L1py1mjlGP2C9fQJBLpAW</latexit>

x̂

<latexit sha1_base64="ogAev8Dd5diUEuwQlzVIW9+scDE=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKRY8FLx4r2A9oQ9lsN+3SzSbsTsQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+55FrI2L1gNOE+xEdKREKRtFKnf6YYvY0G5QrbtVdgKwTLycVyNEclL/6w5ilEVfIJDWm57kJ+hnVKJjks1I/NTyhbEJHvGepohE3frY4d0YurDIkYaxtKSQL9fdERiNjplFgOyOKY7PqzcX/vF6K4Y2fCZWkyBVbLgpTSTAm89/JUGjOUE4toUwLeythY6opQ5tQyYbgrb68Ttq1qlevXt3XK41aHkcRzuAcLsGDa2jAHTShBQwm8Ayv8OYkzovz7nwsWwtOPnMKf+B8/gCuBI/B</latexit>

ŷ

<latexit sha1_base64="q1o+c3X4Ug+hReKfBjzyaQZe7/4=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKRY8FLx4r2FZoQ9lsN+3SzSbsToQQ+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O6WNza3tnfJuZW//4PCoenzSNXGqGe+wWMb6MaCGS6F4BwVK/phoTqNA8l4wvZ37vSeujYjVA2YJ9yM6ViIUjKKVeoMJxTybDas1t+4uQNaJV5AaFGgPq1+DUczSiCtkkhrT99wE/ZxqFEzyWWWQGp5QNqVj3rdU0YgbP1+cOyMXVhmRMNa2FJKF+nsip5ExWRTYzojixKx6c/E/r59ieOPnQiUpcsWWi8JUEozJ/HcyEpozlJkllGlhbyVsQjVlaBOq2BC81ZfXSbdR95r1q/tmrdUo4ijDGZzDJXhwDS24gzZ0gMEUnuEV3pzEeXHenY9la8kpZk7hD5zPH6+Jj8I=</latexit>

d

<latexit sha1_base64="96yySYgaGlV8NvRv/7kBGE78jD0=">AAAB6HicdVBNS8NAEJ34WetX1aOXxSJ4CklpaI8FLx5bsB/QhrLZbNq1m03Y3Qgl9Bd48aCIV3+SN/+N27SCij4YeLw3w8y8IOVMacf5sDY2t7Z3dkt75f2Dw6PjyslpTyWZJLRLEp7IQYAV5UzQrmaa00EqKY4DTvvB7Hrp9++pVCwRt3qeUj/GE8EiRrA2UiccV6qOXWs0nYaLCuK63oo4nodc2ylQhTXa48r7KExIFlOhCcdKDV0n1X6OpWaE00V5lCmaYjLDEzo0VOCYKj8vDl2gS6OEKEqkKaFRoX6fyHGs1DwOTGeM9VT99pbiX94w01HTz5lIM00FWS2KMo50gpZfo5BJSjSfG4KJZOZWRKZYYqJNNmUTwten6H/Sq9lu3fY69Wqrto6jBOdwAVfgQgNacANt6AIBCg/wBM/WnfVovVivq9YNaz1zBj9gvX0CM7eNLA==</latexit>

Ly

<latexit sha1_base64="D/LiFVMVfR7DUUexSGLy7kXC5CI=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU0hKQ3ssePHgoaKthTaUzXbTLt1swu5GCKE/wYsHRbz6i7z5b9ymFVT0wcDjvRlm5gUJZ0o7zodVWlvf2Nwqb1d2dvf2D6qHRz0Vp5LQLol5LPsBVpQzQbuaaU77iaQ4Cji9C2YXC//unkrFYnGrs4T6EZ4IFjKCtZFurkbZqFpz7Hqz5TRdVBDX9ZbE8Tzk2k6BGqzQGVXfh+OYpBEVmnCs1MB1Eu3nWGpGOJ1XhqmiCSYzPKEDQwWOqPLz4tQ5OjPKGIWxNCU0KtTvEzmOlMqiwHRGWE/Vb28h/uUNUh22/JyJJNVUkOWiMOVIx2jxNxozSYnmmSGYSGZuRWSKJSbapFMxIXx9iv4nvbrtNmzvulFr11dxlOEETuEcXGhCGy6hA10gMIEHeIJni1uP1ov1umwtWauZY/gB6+0ToYeOAA==</latexit>

~̀
1

<latexit sha1_base64="gauvH2Aq8JTrrDY85dchVJVJPrE=">AAAB9HicbVBNS8NAEJ3Urxq/qh69LJaCp5JUQY9FLx4r2FpoQtlsJ+3SzQe7m0IJ/RueBAXx6p/x5L9x2+agrQ8GHu/NMDMvSAVX2nG+rdLG5tb2TnnX3ts/ODyqHJ90VJJJhm2WiER2A6pQ8BjbmmuB3VQijQKBT8H4bu4/TVAqnsSPepqiH9FhzEPOqDaS502Q5R4KMeu7/UrVqTsLkHXiFqQKBVr9ypc3SFgWYayZoEr1XCfVfk6l5kzgzK55mcKUsjEdYs/QmEao/Hxx9IzUjDIgYSJNxZosVPvXRE4jpaZRYDojqkdq1ZuL/3m9TIc3fs7jNNMYs+WiMBNEJ2SeABlwiUyLqSGUSW6OJWxEJWXa5GSbFNzVn9dJp1F3L+uNh6tq87bIowxncA4X4MI1NOEeWtAGBik8wyu8WRPrxXq3PpatJauYOYU/sD5/AHhMkdw=</latexit>

~̀
2

<latexit sha1_base64="n9HdY02ZoI1OS6wtYGKLt2Qmtds=">AAAB9HicbVBNS8NAEJ3Urxq/qh69LJaCp5JUQY9FLx4r2FpoQtlsJ+3SzQe7m0IJ/RueBAXx6p/x5L9x2+agrQ8GHu/NMDMvSAVX2nG+rdLG5tb2TnnX3ts/ODyqHJ90VJJJhm2WiER2A6pQ8BjbmmuB3VQijQKBT8H4bu4/TVAqnsSPepqiH9FhzEPOqDaS502Q5R4KMes3+pWqU3cWIOvELUgVCrT6lS9vkLAswlgzQZXquU6q/ZxKzZnAmV3zMoUpZWM6xJ6hMY1Q+fni6BmpGWVAwkSaijVZqPaviZxGSk2jwHRGVI/UqjcX//N6mQ5v/JzHaaYxZstFYSaITsg8ATLgEpkWU0Mok9wcS9iISsq0yck2KbirP6+TTqPuXtYbD1fV5m2RRxnO4BwuwIVraMI9tKANDFJ4hld4sybWi/VufSxbS1Yxcwp/YH3+AHnRkd0=</latexit>

~̀
3

<latexit sha1_base64="dPZ/7HKhEeZQ1Q7+mwXF+H8/Au8=">AAAB9HicbVBNS8NAEJ3Urxq/qh69BEvBU0laQY9FLx4r2A9oQtlsp+3SzSbsbgol9G94EhTEq3/Gk//GbZuDtj4YeLw3w8y8MOFMadf9tgpb2zu7e8V9++Dw6PikdHrWVnEqKbZozGPZDYlCzgS2NNMcu4lEEoUcO+HkfuF3pigVi8WTniUYRGQk2JBRoo3k+1OkmY+cz/v1fqnsVt0lnE3i5aQMOZr90pc/iGkaodCUE6V6npvoICNSM8pxblf8VGFC6ISMsGeoIBGqIFsePXcqRhk4w1iaEtpZqvaviYxESs2i0HRGRI/VurcQ//N6qR7eBhkTSapR0NWiYcodHTuLBJwBk0g1nxlCqGTmWIeOiSRUm5xsk4K3/vMmadeqXr1ae7wuN+7yPIpwAZdwBR7cQAMeoAktoJDAM7zCmzW1Xqx362PVWrDymXP4A+vzB3tWkd4=</latexit>

➤ Calibrated and etched 
mica samples from Price 
and Salamon 1986, 
Snowden-Ifft 1995

Also a mineral DM detection collaboration at Queen’s

Balogh, Boukhtouchen, JB, Fung, Leybourne, Lucas, Mkhonto, 
Vincent
See e.g. recent whitepaper: 2301.07118

Acevedo, JB, Goodman 
2105.06473

ANCIENT SEARCH FOR NEW PARTICLES: MICA



HEAVY MIMP RESULTS FROM DEAP-3600, XENON1T
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2304.10931, PRL

2108.09405, PRL



FUTURE HEAVY DM: CR-39, SNO+, QCUMBER, YOUR EXPERIMENT?

40

Future CR-39 experiment or similar

Q Paleo (QCumber? - name suggestions welcome) 2301.07118 

Boukhtouchen, JB, Balogh, Fung, Leybourne, Lucas, Mkhonto, Vincent

Snowmass Ultraheavy dark matter  
Carney, Raj et al. 2203.06508


