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Evidence for dark matter

~100 pc

Affects nearby stars → infer local density of dark matter 

~kpc ~100 kpc ~Mpc >Gpc

10 lig
htyears



How do we infer the local dark matter density?

Local measure 
(kinematics of nearby stars) 

Global measure 
(build mass model for MW) 

Pro: density that we are interested in
Con: sensitive to baryonic density model  

Pro: Average over a lot of halo/disk
Con: less direct measure of local density

Distribution 
function of stars

Gravitational 
potential

Matter 
density

Boltzmann eq. Poisson eq.
r2

x� = 4⇡G⇢
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Local measures
 e.g. Sivertsson+ [1708.07836]

Global measures 
e.g. Eilers+ [1810.09466]

0.3 ± 0.03 GeV/cm30.46 ± ~0.1 GeV/cm3

•Global measure has tiny statistical errors, but inferred over large scales
•Local measures give the more relevant density but are still systematics dominated
•Two techniques broadly in agreement → nonzero dark matter density in Solar System



Evidence for dark matter

Local density of dark matter

~100 pc ~kpc ~100 kpc ~Mpc >Gpc

10 lig
htyears

⇢dm ⇡ 0.4GeV/cm3

⇡ 0.01M�/pc
3

⇡ 2 protons/teaspoon

⇡ 1 sand grain/Sydney harbour

⇡ 1 cockatoo/Earth

⇡ 1 asteroid/Solar System
<latexit sha1_base64="A/CDph6iVBTgArd05WWNv7iU6tw="></latexit>



Ingredients for direct dark matter detection

1. The dark matter halo of the Milky Way

2. The dark matter particle

3. Dark matter-Standard Model interaction



1. The dark matter halo of the Milky Way
•Density at the solar position → how much dark matter is around us
•Velocity distribution → how fast it’s moving

f(v) ⇠ exp(�|v2|/v2circ)
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⇢ ⇠ 1/r2
<latexit sha1_base64="WKEXxaoPoVo31iK2U33yxBTw91k=">AAAB+HicbVBNSwMxEJ31s9aPrnr0EiyCp7pbBT0WvXisYD+gu5Zsmm1Ds8mSZIVa+ku8eFDEqz/Fm//GtN2Dtj4YeLw3w8y8KOVMG8/7dlZW19Y3Ngtbxe2d3b2Su3/Q1DJThDaI5FK1I6wpZ4I2DDOctlNFcRJx2oqGN1O/9UiVZlLcm1FKwwT3BYsZwcZKXbcUqIFEgWYJ8s/UQ7Xrlr2KNwNaJn5OypCj3nW/gp4kWUKFIRxr3fG91IRjrAwjnE6KQaZpiskQ92nHUoETqsPx7PAJOrFKD8VS2RIGzdTfE2OcaD1KItuZYDPQi95U/M/rZCa+CsdMpJmhgswXxRlHRqJpCqjHFCWGjyzBRDF7KyIDrDAxNquiDcFffHmZNKsV/7xSvbso167zOApwBMdwCj5cQg1uoQ4NIJDBM7zCm/PkvDjvzse8dcXJZw7hD5zPH0n7kjE=</latexit>

→ Local DM density of 0.4 GeV/cm3 
sets local circular speed of around 

 km/s, meaning typical 
Earth-frame DM speed is around 

 c

vcirc,⊙ ∼ 220

v ∼ 10−3

Infinite Isothermal sphere (standard halo model)

Ingredients for direct dark matter detection



2. The dark matter particle
→ Mass
→ Statistical properties, i.e. spin, fermonic vs boson 

These are cannot be independently chosen, take for example the density of DM in the solar system

DM density:

de Broglie wavelength: �dB =
2⇡

p
⇡ 2⇡

mv
= 8⇥ 103 km

✓
neV

ma

◆
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⇢DM ⇡ 0.4GeV cm�3
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N ⇡ (⇢DM/m)⇥ �3
db ⇡ 1044

✓
neV

m

◆
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Local occupation number:

N ⇡ 10�36
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N ⇡ 1032
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Particle

Classical field

m = 100 GeV

m = 1 eVμ

Ingredients for direct dark matter detection



 
“Warm” dark matter 

limit, DM can no longer 
be a thermal relic

m ≲ keV  
Bound on DM as 

point particles 
(thermal relics)

m ∼ 100 TeV  
Must fit inside 
dwarf galaxies

m ∼ 106M⊙
  

de Broglie 
wavelength

must fit inside dwarf 
galaxies ~ 100 pc

m > 10−21 eV

eVμ keV MeV GeV TeV 106 M⊙eVpeV M⊙M⊕kg

Wave-like Particle-like Object-like

neV meVfeVaeVzeV

2. The dark matter particle
→ Mass
→ Statistical properties, i.e. spin, fermonic vs boson 

Ingredients for direct dark matter detection



Wave-like
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Particle/object-like

Number density n� = ⇢/m�
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� = vn�
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Flux

Amplitude

! = m� +
1

2
m�v

2
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A =

p
2⇢

m�
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Frequency 

Discrete, stochastic 
interactions

Continuous 
oscillating signals



Particle-like 
dark matter

Wave-like 
dark matter

Superheavy 
DM WIMPs Millicharge 

DM Light DM Dark 
photons Axions Axiverse Dilatons

Fifth 
forces

Nuclear spin 
precession

Photon 
mixing

Collective 
excitations

Electron 
recoils

Nuclear 
recoils

Time projection 
chambers

Big volumes Strong 
magnetic fields

Low energy 
sensitivity

Long 
baselines

Features

Experiments

Signals

Models

Classes
Experiment 

driven
Theory 
driven

Solid state/
semiconductors

Resonators: e.g. 
cavities, 

metamaterials

Nuclear 
magnetic 
resonance

Atom 
interferometer

3. The dark matter-Standard Model interaction

Ingredients for direct dark matter detection



Principles of dark matter detection
1. The dark matter halo of the Milky Way
→ Density at the solar radius
→ Velocity distribution

2. The dark matter particle
→ Mass
→ Statistical properties, i.e. spin, fermonic vs boson 

3. Dark matter-Standard Model interaction
→ Agnostic/experiment driven: e.g. “I can search for any kind of DM that generates ionisation in my detector"
→ Simplified model: e.g. “I will search for a dirac fermion DM that couples to quarks via a vector mediator”
→ EFT approach: e.g. “I will look for any non-relativistic DM-nucleon interaction preserving basic symmetries”
→ UV complete model → check DM relic abundance and then derive low energy phenomenology

Sanity check 1: Does this particle form dark matter halos as we see them?

Sanity check 2: can you produce it in the right amounts prior to BBN, in a 
way that is not already ruled out with cosmological data? 



Vanilla dark matter candidates
Axions WIMPs Primordial

black holes

Definition: light goldstone boson of 
spontaneously broken U(1)

Motivation: solves the strong CP 
problem of QCD

Signatures: mixes with the photon, 
derivative couplings to fermions

Definition: no rigorous one, but 
typically a heavy particle that was once 
in thermal equilibrium with SM

Motivation: Supersymmetry, or just 
generic thermal relic

Signatures: self-annihilation to SM 
states, nucleon scattering

χ

χ

SM

SM

a

Definition: black holes, primordial 
ones

Motivation: inflation, generic result 
of collapse of sufficiently large 
density perturbations

Signatures: gravitational 
interactions, Hawking radiation

eVμ keV MeV GeV TeV 106 M⊙eVpeV M⊙M⊕kgneV meVfeVaeVzeV



Existing constraints (loosely)

Axions WIMPs PBHs

eVμ keV MeV GeV TeV 103M⊙eVpeV neV meVfeVaeVzeV 10−310−910−1210−18

Superradiant 
instability around 

black holes

Axions emission 
cools stars and 
supernovae too 

quickly

No evidence of 
DM annihilation 

in galactic 
centre/dwarfs

BHs evaporate 
via Hawking 
radiation too 

quickly

BHs accrete too 
much at early 

times



Searches (very incomplete)
Axions WIMPs PBHs

eVμ keV MeV GeV TeV 103M⊙eVpeV neV meVfeVaeVzeV 10−310−910−1210−18

Direct 
searches:

Indirect 
searches:

Gamma 
rays

Cosmic 
rays

Underground detectors“Haloscopes”

Radio signals from 
neutron stars 

?

Stellar microlensing

Gravitational 
waves

ABRACADABRA:
Detecting axion dark matter

0902.1089

Fermi (NASA)

1406.0507

Ben Safdi
MIT / University of Michigan

Y. Kahn, B.S., J. Thaler, PRL 2016

ABRA-10 cm collaboration

2017



Moving off the beaten path…

Axions WIMPs PBHs

“Ultralight
 dark matter”

“Light
dark matter”

“Macroscopic
 dark matter”
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Ultralight (bosonic) dark matter
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Can also describe axion/axion-like particles which can have 
scalar (CP-violating) nucleon couplings
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Example of ultralight dark matter: scalar ϕ
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Scalar coupled linearly to electrons/1st gen. of quarks

CP CP

e.g. dilatons, quintessence fields, can also arise via Higgs portal
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QCD axion models: 



Example of ultralight dark matter: scalar ϕ
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(Parameterised 
relative to 

gravity, )GN

Time variation of fundamental constants



Scalar mediated forces between fermions tightly constrained by gravity tests:

Range of fifth force, λ ∼ 1/mϕ
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Scalar mass



Testing for dilatonic dark matter with linear scalar couplings

[1911.11755, 1908.00802]
Atom interferometry: interference between 
cold atomic clouds travelling on different 

spacetime paths

[1405.2925, 1604.08514, 
1503.06886, 2008.08773]

Atomic spectroscopy/atomic 
clocks with energy levels highly 

sensitive to  α



[1911.11755, 1908.00802]
Atom interferometry: interference between 

cold atomic clouds travelling on slightly 
different spacetime paths

[1405.2925, 1604.08514, 
1503.06886, 2008.08773]

Atomic spectroscopy/atomic 
clocks with energy levels highly 

sensitive to  α

Y. Stadnik

Testing for dilatonic dark matter with linear scalar couplings



Example 2: Dark photons
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Below 
EW

with vector Xμ

Extend SM gauge group:

“Kinetic mixing”

→ X is massive uncharged vector (i.e. Z’),
→ Particles given additional dark millicharge ~ 
→ Can also be coupled to other dark sector 
particles to create millicharged DM
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→ Non-diagonal mass term 
→ SM photon-Dark photon mixing



Dark photon 
constraints
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Dark photons: straightforwardly detected in ionisation detectors
dark photon absorption → emission of photoelectron with energy  ≈ mX

Rate = �2 ⇢dm�pe

mXmN
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X
Scintillation (S1)

Ionisation (S2)

Dual-phase 
Xenon TPC

→ Noble gas TPCs and cryogenic scintillators 
optimised for ~keV ionisation signals, so 
primed to detect ~keV mass dark photons



Dark photons: (one of the many) interpretations of the 
XENON1T’s electronic channel excess

2006.112432006.09721



Even further off the beaten path

Axions WIMPs PBHs

“Ultralight
 dark matter”

“Light
dark matter”

“Macroscopic
 dark matter”

eVμ keV MeV GeV TeV 103M⊙eVpeV neV meVfeVaeVzeV 10−18

χ

χ

SM

SM

a

?



Human injury/death
Ancient mica

Bolides

Lightning on jupiter

Macroscopic dark matter
• No fixed models

• Some ideas of composite dark 
matter in the form of bound 
states of quarks formed during 
phase transitions dating back 
to work by Witten

• One can form an agnostic 
parameter space and look for 
signatures of anomalous high 
dE/dx collisions e.g. 
[2006.16272]

• See also work by Zhitnitsky on 
“axion quark nuggets”

White dwarf supernovae

Neutron star
“Superbursts”
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Energy deposition 
by macro:



Are direct detection 
experiments doomed to fail?

Given an abundance of ideas, what if we 
never see anything? 



Ways in which dark matter experiments might fail
(Even if we guess the right model!)

1. DM couplings are so small that they would require impractically large and/
or sensitive experiments to ever measure
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Example 1: searching for SUSY WIMPs

Preferred model: thermal 
relic supersymmetric 
WIMP from CMSSM 

Planned experiments 
with ~ 100 ton-years of 
xenon

Currently excluded with 
~ 1 tons of xenon
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Example 1: searching for SUSY WIMPs

Reaching here would 
require using all the 
xenon that exists on 
Earth

(And would take about 300,000 
years to extract at current rates)
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Axion-photon coupling:

Most experiments can search a small mass window at a time δma ∼ 10−6 ma

Example 2: searching for the QCD axion
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Example 2: searching for the QCD axion
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Some UV-completions of the axion, within theoretical uncertainty, allow for close 
cancellations in couplings i.e. E/N  1.92

But: required scan rate to discover the axion:  → 

∼

dma/dt ∝ C−4
aγ

Some QCD axion models
e.g. KSVZ with 

and DFSZ IV
NQ > 1

Covering this would take > age of universe  

ADMX could cover this in ~40 days



Ways in which dark matter experiments might fail
(Even if we guess the right model!)

1. DM couplings are so small that they would require impractically large and/
or sensitive experiments to ever measure

2. There is no dark matter around the Earth to detect



The local dark matter density

We can be confident that 
 from 

astronomical observations of the 
MW

→ However we have no 
measurements of the density of 
DM on scales smaller than ~100 pc

→ Experiments probe on mpc 
scales!

ρdm ∼ 0.4 GeV cm−3



Assuming something close to spherical 
collapse, DM halos form via the 
wrapping up of many 3d hypersurfaces 
in 6d phase space 
→ leads to caustics and fine-grained 
substructure

T. Abel

Even state of the art simulations cannot 
resolve sub-pc caustics, and likely never 
will

Streams and caustics



•At some level the halo should have ultrafine substructure, even though simulations suggest a 
slow disruption of this via non-radial perturbations Vogelsberger+ [1002.3162]

•Fortunately, even if this is the case, this implies enhanced indirect detection signals
•Also, sub-grid extrapolation studies suggest mpc distribution is the sum of many millions of 
overlapping streams

v

r

_

+

Fine-grained substructure



Ways in which dark matter experiments might fail
(Even if we guess the right model!)

1. DM couplings are so small that they would require impractically large and/
or sensitive experiments to ever measure

2. There is no dark matter around the Earth to detect

3. The experiment cannot “confirm” any signal as dark matter



This is what a “discovery” of dark matter could look like





Dec

Jun
Cygnus

“Smoking gun” signals of dark matter

1. Annual modulation
→ DM flux peaks in June

2. Directionality
→ DM flux peaks towards Cygnus

3. Gravitational focusing by Sun
→ DM focused towards Earth during 
March



Annual modulation

12.9  observation of modulation by DAMA/LIBRA (NaI scintillator). 

Close to impossible to explain this with DM and remain consistent with other null 
observations

σ



Ruling out DAMA
Clearly something is modulating, presumably seasonally. Several identical 

experiments have been spawned trying to check this.

ANAIS COSINE SABRE (Italy/Australia)

Hopefully one day we can stop talking about this



Directionality: should see a roughly Gaussian dipole 
in DM interactions peaking towards Cygnus

This signal is strong and robust against particle/astrophysical models, and 
should not be mimicked by any background or systematic
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Challenging to detect low 
energy recoils in virtually 

any medium



High definition time projection chamberCathode
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projection
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Segmented readout

2000 bases

Lz = 680 nm
<latexit sha1_base64="ZU5zaITSQQ/GhIV9EEE1xq+dt+g=">AAACEHicbVC7TsMwFHXKq4RXgZHFokIwoCopCLogFbEwMBSJPqQmqhzXba3aTmQ7SCXqJ7DwKywMIMTKyMbf4KQdoOVIVzo651773hNEjCrtON9WbmFxaXklv2qvrW9sbhW2dxoqjCUmdRyyULYCpAijgtQ11Yy0IkkQDxhpBsOr1G/eE6loKO70KCI+R31BexQjbaRO4TDxJIdlx3G84/QdNfY8+6bzAC/gWcVomS34uFMoOiUnA5wn7pQUwRS1TuHL64Y45kRozJBSbdeJtJ8gqSlmZGx7sSIRwkPUJ21DBeJE+Ul20BgeGKULe6E0JTTM1N8TCeJKjXhgOjnSAzXrpeJ/XjvWvYqfUBHFmgg8+agXM6hDmKYDu1QSrNnIEIQlNbtCPEASYW0ytE0I7uzJ86RRLrknpfLtabF6OY0jD/bAPjgCLjgHVXANaqAOMHgEz+AVvFlP1ov1bn1MWnPWdGYX/IH1+QPawJqX</latexit>

x
<latexit sha1_base64="hL+FaLtOT9luwfLW3Ut08xl3Pcw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpWyd1Gu1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOeHjQA=</latexit>

y
<latexit sha1_base64="wbSSyE8jWc1LCG2DeVIiaUBEYFk=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF49V7Ae0oWy2m3bpZjfsboQQ+g+8eFDEq//Im//GTZuDtj4YeLw3w8y8IOZMG9f9dkpr6xubW+Xtys7u3v5B9fCoo2WiCG0TyaXqBVhTzgRtG2Y47cWK4ijgtBtMb3O/+0SVZlI8mjSmfoTHgoWMYGOlh7QyrNbcujsHWiVeQWpQoDWsfg1GkiQRFYZwrHXfc2PjZ1gZRjidVQaJpjEmUzymfUsFjqj2s/mlM3RmlREKpbIlDJqrvycyHGmdRoHtjLCZ6GUvF//z+okJr/2MiTgxVJDFojDhyEiUv41GTFFieGoJJorZWxGZYIWJseHkIXjLL6+STqPuXdQb95e15k0RRxlO4BTOwYMraMIdtKANBEJ4hld4c6bOi/PufCxaS04xcwx/4Hz+AB2fjRU=</latexit>

z
<latexit sha1_base64="529iB2O5KzJUwgtAp97pQAFSE94=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGK/YA2lM120y7dbMLuRKil/8CLB0W8+o+8+W/ctDlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRTea3Hrk2IlYPOE64H9GBEqFgFK10/1TslcpuxZ2BLBMvJ2XIUe+Vvrr9mKURV8gkNabjuQn6E6pRMMmnxW5qeELZiA54x1JFI278yezSKTm1Sp+EsbalkMzU3xMTGhkzjgLbGVEcmkUvE//zOimGV/5EqCRFrth8UZhKgjHJ3iZ9oTlDObaEMi3srYQNqaYMbThZCN7iy8ukWa1455Xq3UW5dp3HUYBjOIEz8OASanALdWgAgxCe4RXenJHz4rw7H/PWFSefOYI/cD5/AB8kjRY=</latexit>

Recoil
<latexit sha1_base64="Y+0/Qv+SV4CmPetIPvIB7RIlxYE=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgKexGQY9BLx6jmAdklzA76SRD5rHMzAphyW948aCIV3/Gm3/jJNmDJhY0FFXddHfFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEwOcSWhaZjl0Eg1ExBza8fh25refQBum5KOdJBAJMpRswCixTgqzUAv8AFQxPu2VK37VnwOvkiAnFZSj0St/hX1FUwHSUk6M6QZ+YqOMaMsoh2kpTA0khI7JELqOSiLARNn85ik+c0ofD5R2JS2eq78nMiKMmYjYdQpiR2bZm4n/ed3UDq6jjMkktSDpYtEg5dgqPAsA95kGavnEEUI1c7diOiKaUOtiKrkQguWXV0mrVg0uqrX7y0r9Jo+jiE7QKTpHAbpCdXSHGqiJKErQM3pFb17qvXjv3seiteDlM8foD7zPH/3Ekac=</latexit>

Incoming particle
<latexit sha1_base64="57MisL+IVsCjlAiw/8qxdnSpCnQ=">AAACA3icbVDLSgMxFM34rPU16k43wSK4kDJTBV0W3eiugn1AZyiZNNOG5jEkGaEMBTf+ihsXirj1J9z5N6btCNp64MLhnHuTe0+UMKqN5305C4tLyyurhbXi+sbm1ra7s9vQMlWY1LFkUrUipAmjgtQNNYy0EkUQjxhpRoOrsd+8J0pTKe7MMCEhRz1BY4qRsVLH3c8CxeGNwJJT0YPBCUyQMhQzMuq4Ja/sTQDniZ+TEshR67ifQVfilBNhMENat30vMWH2814xSDVJEB6gHmlbKhAnOswmN4zgkVW6MJbKljBwov6eyBDXesgj28mR6etZbyz+57VTE1+EGRVJaojA04/ilEEj4TgQ2KWKYMOGliCsqN0V4j5SCBsbW9GG4M+ePE8albJ/Wq7cnpWql3kcBXAADsEx8ME5qIJrUAN1gMEDeAIv4NV5dJ6dN+d92rrg5DN74A+cj29aK5dW</latexit>

Incoming particle
<latexit sha1_base64="57MisL+IVsCjlAiw/8qxdnSpCnQ=">AAACA3icbVDLSgMxFM34rPU16k43wSK4kDJTBV0W3eiugn1AZyiZNNOG5jEkGaEMBTf+ihsXirj1J9z5N6btCNp64MLhnHuTe0+UMKqN5305C4tLyyurhbXi+sbm1ra7s9vQMlWY1LFkUrUipAmjgtQNNYy0EkUQjxhpRoOrsd+8J0pTKe7MMCEhRz1BY4qRsVLH3c8CxeGNwJJT0YPBCUyQMhQzMuq4Ja/sTQDniZ+TEshR67ifQVfilBNhMENat30vMWH2814xSDVJEB6gHmlbKhAnOswmN4zgkVW6MJbKljBwov6eyBDXesgj28mR6etZbyz+57VTE1+EGRVJaojA04/ilEEj4TgQ2KWKYMOGliCsqN0V4j5SCBsbW9GG4M+ePE8albJ/Wq7cnpWql3kcBXAADsEx8ME5qIJrUAN1gMEDeAIv4NV5dJ6dN+d92rrg5DN74A+cj29aK5dW</latexit>

Microfluidics
<latexit sha1_base64="qd7361drf4J/xCgYEI/wEp/n6a8=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiRV0GXRjRuhgn1AG8pkMmmHziPMTIQQ6q+4caGIWz/EnX/jtM1CWw9cOJxzL/feEyaMauN5305pbX1jc6u8XdnZ3ds/cA+POlqmCpM2lkyqXog0YVSQtqGGkV6iCOIhI91wcjPzu49EaSrFg8kSEnA0EjSmGBkrDd1qPlAc3lGsZMxSGlGsp0O35tW9OeAq8QtSAwVaQ/drEEmcciIMZkjrvu8lJsiRMhQzMq0MUk0ShCdoRPqWCsSJDvL58VN4apUIxlLZEgbO1d8TOeJaZzy0nRyZsV72ZuJ/Xj818VWQU5Gkhgi8WBSnDBoJZ0nAiCqCDcssQVhReyvEY6QQNjavig3BX355lXQadf+83ri/qDWvizjK4BicgDPgg0vQBLegBdoAgww8g1fw5jw5L86787FoLTnFTBX8gfP5AxTclQ0=</latexit>

PCRmachine
<latexit sha1_base64="7sEW5uXrCWOfmxjSxy0yIl4L3ok=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovgQkpSBV0Wu3FZxT6gCWUynbRDZ5IwMxFqKP6KGxeKuPU/3Pk3TtsstPXAhcM5987ce4KEM6Ud59taWl5ZXVsvbBQ3t7Z3du29/aaKU0log8Q8lu0AK8pZRBuaaU7biaRYBJy2gmFt4rceqFQsju71KKG+wP2IhYxgbaSufZh5UqB67Q55Z0hgMjDvjLt2ySk7U6BF4uakBDnqXfvL68UkFTTShGOlOq6TaD/DUjPC6bjopYommAxxn3YMjbCgys+m24/RiVF6KIylqUijqfp7IsNCqZEITKfAeqDmvYn4n9dJdXjlZyxKUk0jMvsoTDnSMZpEgXpMUqL5yBBMJDO7IjLAEhNtAiuaENz5kxdJs1J2z8uV24tS9TqPowBHcAyn4MIlVOEG6tAAAo/wDK/wZj1ZL9a79TFrXbLymQP4A+vzBwIplEw=</latexit>

�x
<latexit sha1_base64="5mgUJ2IU7HOzd8OwPkSj+PAQQEY=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BPXiMYB6QLGF2MkmGzM6uM71iWPITXjwo4tXf8ebfOEn2oIkFDUVVN91dQSyFQdf9dnIrq2vrG/nNwtb2zu5ecf+gYaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMYXU/95iPXRkTqHscx90M6UKIvGEUrtTo3XCIlT91iyS27M5Bl4mWkBBlq3eJXpxexJOQKmaTGtD03Rj+lGgWTfFLoJIbHlI3ogLctVTTkxk9n907IiVV6pB9pWwrJTP09kdLQmHEY2M6Q4tAselPxP6+dYP/ST4WKE+SKzRf1E0kwItPnSU9ozlCOLaFMC3srYUOqKUMbUcGG4C2+vEwalbJ3Vq7cnZeqV1kceTiCYzgFDy6gCrdQgzowkPAMr/DmPDgvzrvzMW/NOdnMIfyB8/kDltOPrA==</latexit>

t
<latexit sha1_base64="btWuKJH9/rrCxCKL5tGKBdwWU5A=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsN+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/CEY3878hyeujYjVPU4S7kd0qEQoGEUrNbFfrrhVdw6ySrycVCBHo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKupYpG3PjZ/NApObPKgISxtqWQzNXfExmNjJlEge2MKI7MsjcT//O6KYbXfiZUkiJXbLEoTCXBmMy+JgOhOUM5sYQyLeythI2opgxtNiUbgrf88ipp16reRbXWvKzUb/I4inACp3AOHlxBHe6gAS1gwOEZXuHNeXRenHfnY9FacPKZY/gD5/MH4XeM/A==</latexit>

Lx = Ly
<latexit sha1_base64="n7Fu0DjGE5zlmROtb8DRMuqLp1I=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoBeh6MVDDxXsh7QhbLabdulmE3Y3Ygj9FV48KOLVn+PNf+O2zUFbHww83pthZp4fc6a0bX9bhZXVtfWN4mZpa3tnd6+8f9BWUSIJbZGIR7LrY0U5E7Slmea0G0uKQ5/Tjj++mfqdRyoVi8S9TmPqhngoWMAI1kZ6aHhP6Ao1vNQrV+yqPQNaJk5OKpCj6ZW/+oOIJCEVmnCsVM+xY+1mWGpGOJ2U+omiMSZjPKQ9QwUOqXKz2cETdGKUAQoiaUpoNFN/T2Q4VCoNfdMZYj1Si95U/M/rJTq4dDMm4kRTQeaLgoQjHaHp92jAJCWap4ZgIpm5FZERlphok1HJhOAsvrxM2rWqc1at3Z1X6td5HEU4gmM4BQcuoA630IQWEAjhGV7hzZLWi/VufcxbC1Y+cwh/YH3+AJUOj5w=</latexit>
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Ways in which dark matter experiments might fail
(Even if we guess the right model!)

1. DM couplings are so small that they would require impractically large and/
or sensitive experiments to ever measure

2. There is no dark matter around the Earth to detect

3. The experiment cannot “confirm” any signal as dark matter

Solution → 🤷

Solution → Indirect detection?

Solution → Directional searches



Summary

1. Dark matter experiments could fail.



Gravitational focusing
~2% modulation in DM density 
→ seems to not be practical 
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