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The Central “Problem” of Fundamental Physics

Standard Model of cosmology and particle physics accurately describes®
every known experiment and observation to the measured and calculated precision

theoretical frontiers:
mathematical structures | theory breakdown | parametric puzzles | computational precision

experimental frontiers:
high-energy | cosmic | intensity | precision

*parametrized unknowns:
dark matter | neutrino masses | baryon asymmetry | inflation
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Growth of Dark Matter Density Fluctuations
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Small-Scale Dark Matter Density Fluctuations
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Small-Scale Dark Matter Density Fluctuations
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Small-Scale Dark Matter Density Fluctuations

Theory: primordial fluctuations & DM microphysics

Observation: local & global
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| arge-Scale Dark Matter Density Fluctuations

Riess et al. (2019)
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| arge-Scale Dark Matter Overdensities

"It your experiment needs statistics, you ought to have done a better experiment.” — Ermest Rutherford
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Enumerable Dark Matter Candidates

something else?
Weakly Interacting Massive Particle
stable by symmetry
thermal production: freeze-out, freeze-in

I allowed motivated by hierarchy problem

! consistent

I produced mass > keV

v testable mass < keV

v/ anomaly, puzzle

v natural

Super Weakly Interacting Light Boson

meta-stable by lightness
non-thermal production: misalignment, inflationary fluctuation
motivated by strong CP problem, string theory, origin of SM masses and couplings
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Weakly Interacting Massive Dark Matter
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Weakly Interacting Massive Dark Matter
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Weakly Interacting Massive Dark Matter
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Enumerable Bosonic Dark Matter Candidates

allowead Super Weakly Interacting Light Boson

consistent meta-stable by lightness

produced

non-thermal production: misalignment, inflationary fluctuations

testable motivated by strong CP problem, string theory, origin of masses/couplings
anomaly, puzzle
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Light Bosonic Dark Matter as Classical \WWaves
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Scalar Dark Matter Production in the early Universe

1 o 1 509 V@)
L = 5(6)#@ _im ¢

b+ 3Ho+m*¢* =0 S~ o — - ¢

dissipation < - fluctuation

during inflation: misalignment
Y

1 —20 1/4
N N O; ~ 10~ Mpy ( L eV)

T

(for free scalar field)

\:/ \:/

35



Scalar Dark Matter Production in the early Universe

1 o 1 509 V@)
L = 5(6)#@ _im ¢

b+ 3Ho+m*¢* =0 ~eo ¢

dissipation < - fluctuation

during inflation: misalignment
Y

1 —20 1/4
N N O; ~ 10~ Mpy ( L eV)

T

(for free scalar field)

\:/ \:/

35



Scalar Dark Matter Production in the early Universe
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Vector Dark Matter Production in the early Universe
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Motivation “Metric” for Dark Matter Theories

' allowed
' consistent
! produced

testable

anomaly, puzzle

natural
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The QOutline

How does dark matter fit into theoretical particle physics®?

The evidence for dark matter!

A motivation “metric” for dark matter theories

General principles of precision-frontier dark matter detection
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The QOutline

General principles of precision-frontier dark matter detection
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Innumerabple Probes

Acoustic Molecular
Resonators Resonators

Atomic Clocks Nuclear Clock

Atom
Interferometry

Accelerometers Spin Resonators
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Precision Probe Classification

1) Two-Level System

1) ——

0)————

0)
Interferometer Resonator

Generalized Harmonic Oscillator

F=Ma=—-Muwjx
—@

S~
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Two-Level Interferometer
1)

1) ——

0)

0)

. QN
(|O> + 61(90+A90)‘1>> Op =

LIGO: Ay = heprainks L

hstrain o

Clock: Ay = (w() — w)T O Awg =

“0
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Two-Level Resonator
1)

1) ——

0)

On resonance:

Transverse readout:

AbSOrptiOﬂ: Fabsorption — OAH = QN



Generalized Harmonic Oscillator
F=Ma=—-Muwiz
—@

| T
T |2

general for any linear system

O-hs rain
t M Qc? w* wpt
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GGeneralized Harmonic Oscillator
F=Ma=—-Muwix
—@

| T
T |2

general for any linear system

Ohs rain
t M Qc? w? wot
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Where Is the Precision?

Spacetime coherence Small dimensionless numbers
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Innumerabple Probes

Acoustic Molecular

Atomic Clocks Nuclear Clock
Resonators Resonators

Atom
Interferometry

0)

Accelerometers
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effective coupling

Tests of Gravity

length [m]
10%° 102V 107° 1010 10° 109 107° 10710 1(
109
- 100 1019 10° 10° 107 10710 1071°
[ time [s]
107°
: Inverse square law
10-101}
10-151
| proton gravitational coupling
10—20 :
| weak equivalence princi
I Q
! O
25| @)
10 _ OQ&
S
: S Y
i N
_ RS ¢
-30 | @)
10 N
i &
O
N %Q
I @Qq
10—35 L
H, 100 10 100 1015 10710 1075 100 105

energy [eV]
47



effective coupling

Tests of Gravity
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effective coupling
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Stellar Cooling
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Atomic Clocks
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Atomic Clocks

162/1647Dy
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[Arvanitaki, Huang, KVT; PRD 91 1 (2015)]
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effective coupling

Atomic Clocks 162/1647Dy
[KVT, Budker, PRL 115 1 (2015) ]
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Atomic Clocks 162/1647Dy
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Near-Future Atomic & Nuclear Clocks
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Near-Future Atomic & Nuclear Clocks
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Atom Interferometry
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Acoustic Resonators
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Resonant Absorption onto Molecules
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Absorption of Dark Photons

A/lnm
1000 500 200 100

é ‘.;\\\\ " g

— “ .‘ 1

: ~ Sol \ FUNK / j |Baryakhtar, Huang, Lasenby;
10712} =0 Nl PRD 98 3 (2018)]

| | [Chiles, Charaev,

Lasenby, Baryakhtar, Huang, ...,
KVT, ..., Nam, Berggren;
arXiv:2110.01582]

I I
/
J
]
/
[ 4
/
SE— S
/
'l'
/
F 4
g
Ve

-

e

1013 |

T T T T 1717
¢
}

10—14
B Limit from this work

------
a2 e L P
o

2
m
Z
w
Ll
| ll‘\f‘-Jlll I/llllll 1 1 D |

1L

No subtraction

10—15 — 900/0 SDE

| 1 | 1 1 |

0.5 1

I
.
N

Xenonl10

|‘ }/‘)
| /

/
A

T T T
|




effective coupling

Axion Nuclear Coupling
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effective coupling

Axion Photon Coupling
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effective coupling

Axion Electron Coupling
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effective coupling

Compact Axion DM Structures
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The QOutline

How does dark matter fit into theoretical particle physics®?

The evidence for dark matter!

A motivation “metric” for dark matter theories

General principles of precision-frontier dark matter detection
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Future Outlook

Technological Improvements
Hard Engineering

Innovative Background Mitigation
Innovative Detection Concepts

Indirect Gravitational Probes

"Measure what iIs measurable, and make measurable what is not so.” — Galileo
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