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We have a dark matter problem 

Dark Energy

Dark Matter

Atoms
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What does dark matter taste like? 

WIMPS Axions Sterile Neutrinos Hidden Sector Pie
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What’s so great about Axions? 

Killer Axion Pie
Strong CP 
Problem

Dark Matter 
Problem
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• Light weakly coupled stable particle

• Same quantum numbers as π0

(potentially too much dark matter) (too coupled)

(Athermal Production Mechanism)

Axion Properties

Light weakly coupled stable particle

Same quantum numbers as ⇡0

Symmetry breaking scale, fa

Generic coupling g�ii ⇠ 1
fa

Mass ma ⇠ 1
fa
⇠ g�ii

Photon coupling ga�� = ↵g�

⇡fa

Model range g2
� =

⇢
0.94KSVZ
0.13DFSZ

Relic density ⌦a ⇠
⇣

5µeV
ma

⌘7/6

12/36

Cosmological*Abundance*

Coupling*to*Photons*

Axion Properties

Light weakly coupled stable particle

Same quantum numbers as ⇡0

Symmetry breaking scale, fa

Generic coupling g�ii ⇠ 1
fa

Mass ma ⇠ 1
fa
⇠ g�ii

Photon coupling ga�� = ↵g�

⇡fa

Model range g2
� =

⇢
0.94KSVZ
0.13DFSZ

Relic density ⌦a ⇠
⇣

5µeV
ma

⌘7/6

12/36

Mass*and*Couplings*

Axion Properties

Light weakly coupled stable particle

Same quantum numbers as ⇡0

Symmetry breaking scale, fa

Generic coupling g�ii ⇠ 1
fa

Mass ma ⇠ 1
fa
⇠ g�ii

Photon coupling ga�� = ↵g�

⇡fa

Model range g2
� =

⇢
0.94KSVZ
0.13DFSZ

Relic density ⌦a ⇠
⇣

5µeV
ma

⌘7/6

12/36

Generically:*

10<6*eV***<* <***10<2*eV**
(too*coupled)*

Axion Properties

Light weakly coupled stable particle

Same quantum numbers as ⇡0

Symmetry breaking scale, fa

Generic coupling g�ii ⇠ 1
fa

Mass ma ⇠ 1
fa
⇠ g�ii

Photon coupling ga�� = ↵g�

⇡fa

Model range g2
� =

⇢
0.94KSVZ
0.13DFSZ

Relic density ⌦a ⇠
⇣

5µeV
ma

⌘7/6

12/36

General*ProperCes*
Axion Properties

Light weakly coupled stable particle

Same quantum numbers as ⇡0

Symmetry breaking scale, fa

Generic coupling g�ii ⇠ 1
fa

Mass ma ⇠ 1
fa
⇠ g�ii

Photon coupling ga�� = ↵g�

⇡fa

Model range g2
� =

⇢
0.94KSVZ
0.13DFSZ

Relic density ⌦a ⇠
⇣

5µeV
ma

⌘7/6

12/36

a*

Axion*
ϒ*

ϒ*

Axion Properties

Light weakly coupled stable particle

Same quantum numbers as ⇡0

Symmetry breaking scale, fa

Generic coupling g�ii ⇠ 1
fa

Mass ma ⇠ 1
fa
⇠ g�ii

Photon coupling ga�� = ↵g�

⇡fa

Model range g2
� =

⇢
0.94KSVZ
0.13DFSZ

Relic density ⌦a ⇠
⇣

5µeV
ma

⌘7/6

12/36

(too*much*mass)*

Axion Properties

Light weakly coupled stable particle

Same quantum numbers as ⇡0

Symmetry breaking scale, fa

Generic coupling g�ii ⇠ 1
fa

Mass ma ⇠ 1
fa
⇠ g�ii

Photon coupling ga�� = ↵g�

⇡fa

Model range g2
� =

⇢
0.94KSVZ
0.13DFSZ

Relic density ⌦a ⇠
⇣

5µeV
ma

⌘7/6

12/36

Cosmological*Abundance*

Coupling*to*Photons*

Axion Properties

Light weakly coupled stable particle

Same quantum numbers as ⇡0

Symmetry breaking scale, fa

Generic coupling g�ii ⇠ 1
fa

Mass ma ⇠ 1
fa
⇠ g�ii

Photon coupling ga�� = ↵g�

⇡fa

Model range g2
� =

⇢
0.94KSVZ
0.13DFSZ

Relic density ⌦a ⇠
⇣

5µeV
ma

⌘7/6

12/36

Mass*and*Couplings*

Axion Properties

Light weakly coupled stable particle

Same quantum numbers as ⇡0

Symmetry breaking scale, fa

Generic coupling g�ii ⇠ 1
fa

Mass ma ⇠ 1
fa
⇠ g�ii

Photon coupling ga�� = ↵g�

⇡fa

Model range g2
� =

⇢
0.94KSVZ
0.13DFSZ

Relic density ⌦a ⇠
⇣

5µeV
ma

⌘7/6

12/36

Generically:*

10<6*eV***<* <***10<2*eV**
(too*coupled)*

Axion Properties

Light weakly coupled stable particle

Same quantum numbers as ⇡0

Symmetry breaking scale, fa

Generic coupling g�ii ⇠ 1
fa

Mass ma ⇠ 1
fa
⇠ g�ii

Photon coupling ga�� = ↵g�

⇡fa

Model range g2
� =

⇢
0.94KSVZ
0.13DFSZ

Relic density ⌦a ⇠
⇣

5µeV
ma

⌘7/6

12/36

General*ProperCes*
Axion Properties

Light weakly coupled stable particle

Same quantum numbers as ⇡0

Symmetry breaking scale, fa

Generic coupling g�ii ⇠ 1
fa

Mass ma ⇠ 1
fa
⇠ g�ii

Photon coupling ga�� = ↵g�

⇡fa

Model range g2
� =

⇢
0.94KSVZ
0.13DFSZ

Relic density ⌦a ⇠
⇣

5µeV
ma

⌘7/6

12/36

a*

Axion*
ϒ*

ϒ*

Axion Properties

Light weakly coupled stable particle

Same quantum numbers as ⇡0

Symmetry breaking scale, fa

Generic coupling g�ii ⇠ 1
fa

Mass ma ⇠ 1
fa
⇠ g�ii

Photon coupling ga�� = ↵g�

⇡fa

Model range g2
� =

⇢
0.94KSVZ
0.13DFSZ

Relic density ⌦a ⇠
⇣

5µeV
ma

⌘7/6

12/36

(too*much*mass)*

February 21, 2018
6

A Few Axion Properties 

Preferred Mass Range



Hunting Axions is like playing a game of Battleship
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Experimental Perspective on DM Axions
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Adapted from: Gray Rybka
2017 J. Phys. G:Nucl. Part. 
Phys. 44 124002

Other axion 
experiments

Astrophysical bounds

ADMX G2 Range

Analytic and Lattice predictions of the axion mass, given it makes 100% Dark matter
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Goal: Find Dark Matter axions, or 
exclude them at high confidence
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How to Search for Dark Matter Axions

The	Axion	Haloscope
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An	axion	detection	
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receiver-chain.		

B-
Fi
el
d

Axion	to	photon	
production	
� E •	B

Power	Spectrum

FFT

Tu
ni
ng
	R
od



February 21, 2018
11

ADMX Design 
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ADMX Design: Cavity  
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ADMX Design: Reducing Noise 

W
arm
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Reservoir+	Bucking	Coil
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agnet	Coil

Figures from 2nd Workshop of Microwave 
Cavities and Detectors for Axion Research

Sean 
O’Kelley, 
Clarke 
Group, UC 
Berkeley

Yanjie Qiu, 
Siddiqi 
Group, UC 
Berkeley

ADMX Tunable MSA

ADMX JPA

Dilution Refrigerator

Dilution Refrigerator 
installed above ADMX Cavity
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ADMX Receiver

February 21, 2018
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Synthetic Axion Generator 

72

3.4.3 Synthetic Axion Generator

My first contribution to ADMX was a Synthetic Axion Generator that injects axion-like

signals into the resonant cavity for the purposes of calibration. The generator is made up of

three components: an arbitrary waveform generator, a mixer and a local oscillator (shown in

figure 3.17). The resulting signal starts o↵ as low frequency waveform that is then mixed up

to the desired frequency. In other words, the waveform generator sets the width and shape

of the line width and the mixing stage sets the axion mass.

Synthetic	Axion	Generator Synthetic	Axion	through	the	Cavity	and	Receiver-Chain

Figure 3.17: Left: synthetic axion generator (SAG) which outputs a signal similar to an
axion lineshape. Right: synthetic axion signal detected in a digitized power spectrum.

The output of the arbitrary waveform generator is determined by a list of voltages up-

loaded to the device. To create that “list”, a frequency representation of the expected axion

line shape needs to be Fourier transformed to create a real time-series waveform. Before

doing so, the power spectrum is artificially shifted to higher Fourier bins. This causes the

start of the waveform to be non-zero such that the resulting signal does not sit directly

on top of the blinding local oscillator tone when the signal is mixed up. After the voltage

list has been uploaded, the frequency of the waveform generator must be set to the desired

frequency resolution of the final signal. This is due to the inverse relationship between fre-
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Synthetic Signal
(exaggerated power)

Synthetic RF signals are be generated externally to verify sensitivity and test the detection process
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Analysis of Software Injected Signals in Real Data
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Synthetic signals are software-
injected to evaluate analysis.

A KSVZ and DFSZ axion signal (N-
body lineshape) are shown here.

Conclusion:
DFSZ axion signals should be 
very clear in analysis if present
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ADMX G2 Operations 

The cavity frequency is scanned over 
a region until the desired SNR is 
achieved

We then examine the combined 
power spectrum for signs of excess 

Excess power regions can be 
statistical fluctuations, synthetically 
injected signals, RF interference, or 
axions

Excess power regions are rescanned 
to see if they persist

Persistent candidates are subjected 
to a variety of confirmation tests

February 21, 2018

(645 - 675 MHz)
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Preliminary Sensitivity Estimate 
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ADMX G2 – Current Status 
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2017 Operations
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ADMX ”Sidecar” 

Experiment

We could find the axion at any time!

ADMX G2 targets the entire 

1-10 GHz region over 6 years

Currently ADMX is scanning 

700-890 MHz

We anticipate faster 

frequency coverage in the 

future due to:

Higher magnetic field

Lower temperatures

Less time spent doing 

engineering studies
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ADMX “Sidecar” 

February 21, 2018

Smaller cavity = 
higher-mass axion search

Characteristic 
Frequency:
TM010: 4-6 GHz
TM020: 7 GHz

Prototype: not 
yet sensitive to 
QCD axions
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Preliminary ADMX Sidecar 
Sensitivity Estimate (data from 2016-2017) 
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ADMX G2 Multi-Cavity Systems 

February 21, 2018
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Multi-cavity system designs being finalized.

New technical challenge: Tuning a bunch of cavities to the 
same frequency quickly. 



23

Pacific Northwest National Laboratory (PNNL) 
Building ADMX Cavity Frequency Locking System 

February 21, 2018
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Conclusions

February 21, 2018

Axions are worth looking for

ADMX Gen 2 is the first and only experiment 
with DFSZ sensitivity in the ideal dark matter 
axion mass range

In two years, ADMX Gen 2 will be sensitive to 
dark matter axions up to 8.2 ueV

We will follow that with operations up to 40 ueV

Discovery could come at any time!
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