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What constitutes the dark matter? 
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It’s been long appreciated that the light axion 

is a good dark-matter candidate 
(1) From light element abundance: 

Dark matter probably isn’t bowling balls 

or anything else made of baryons. 

Frank’s referring to WIMPS and Axions 

(3) “Dark matter: I’m much more optimistic 

about the dark matter problem.  Here we have 

the unusual situation that two good ideas 

exist…” 

 

    Frank Wilczek in Physics Today 

(2) Is dark matter made of, e.g.,  light 

neutrinos? 

Probably not: fast moving neutrinos would 

have washed-out structure. 

Dark matter is substantially “cold”. 
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Axions? Why does QCD conserve the symmetry CP? 

1973: QCD…a gauge theory of color. 

QCD theory embedded the observed conservation of C, P and CP. 

 

1975: QCD + “instantons”  QCD is expected to be hugely CP-violating. 

QCD on the lattice: 

CP-violating instantons in 3D 

(sort of) 
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Peccei and Quinn: 

CP conserved through a hidden symmetry 

QCD CP violation should, e.g., give a large neutron electric dipole 

moment (T + CPT = CP); none is unobserved. 

(9 orders-of-magnitude discrepancy) 

 

 

 

 

 

 

 

This leads to the “Strong CP Problem”: Where did QCD CP violation go? 

 

1977: Peccei and Quinn: Posit a hidden broken U(1) symmetry  

1) A new Goldstone boson (the axion); 

2) Remnant axion VEV nulls QCD CP violation. 

Why doesn’t the neutron have 

an electric dipole moment? 
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Recap of axion theory: From A. Nelson 
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Axions? 

Selected axion couplings 

& the important two-photon coupling 

In contrast: 

A process with large model uncertainty 

Can occur, e.g., in the Sun 

Contains unknown U(1)PQ charge of electron 

A process with small model uncertainty 

Exploited in certain terrestrial searches 

Easily calculable 

Rate depends on “unification group” 
(that is, the particles in the loops), 

ratio of u/d quark masses, 

and mostly fPQ 
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RF cavity axion-search experiments 

Recall: 

 

The axion couples (very weakly, indeed) to normal particles. 

 

But it happens that the axion 2g coupling has relatively little axion-model dependence 

Axions constituting our local galactic halo 

would have huge number density ~1014 cm-3 

gagg 
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Pierre Sikivie’s RF-cavity idea (1983): 

Axion and electromagnetic fields exchange energy 

The axion-photon coupling… 

…is a source term in Maxwell’s Equations 

So imposing a strong external magnetic field B transfers 

axion field energy into cavity electromagnetic energy. 

(Inverse Primakov conversion of axion to photon.) 

gag 
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Properties of the axion 
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Some experimental details of the RF-cavity technique 

The search speed is 

quadratic in 1/Ts 

RF-cavity experiments obey the Radiometer Equation 
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ADMX: Axion Dark-Matter eXperiment 

Magnet with insert Magnet cryostat 

U. Washington, LLNL, U. Florida, U.C. Berkeley, 

          National Radio Astronomy Observatory, Sheffield U., Yale U., 

  U. of Colorado 

Gray Rybka     Fermilab Astroparticle Physics Seminar     10/11/2010

 

11/46

ADMX Design

Cavity Frequency changed by moving
metal rods (not shown) inside cavity

4m
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ADMX hardware: Receiver 
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A brief digression on microwave amplifiers 
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Quantum-limited SQUID-based amplification 

• GHz SQUIDs 

have been 

measured with 

TN ~50 mK 

 

• Near quantum– 

limited noise 

 

• This provides an 

enormous 

increase in 

ADMX sensitivity 

IB 

Vo (t) F 
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ADMX hardware: 

Microstrip SQUID amplifiers with varactor tuning 

Au bonding pads 

p-n junction 5mm 
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SQUID amplifiers yield quantum-limited noise 
Gain = 20 dB 

Frequency 612 MHz 

Quantum limit TQ = 30 mK 

TQ 

Gives speed-up of ×10,000 
Patras/CERN 30Jun14  LJR      

17 



ADMX hardware: Multi-mode readout 

filter 

filter 

TM010 

TM020 

receiver 

receiver 

DAQ 

cold warm 

TM010	

mode	

corresponding	TM020	

mode	
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G. Rybka   April 5, 2014 5

Axion-like Signal Injection

Raw Power Spectrum Row Spectrum with Artificially 
Generated Axion-Like Signal

Injection of Axion-Like signals into cavity allow us to calibrate our analysis

See C. Boutan's talk next for details

Raw data with hardware synthetic axion (✕100) 

Our confidence limit is our confidence limit 
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Operations include searches for exotics: 

“Chameleons”& hidden-sector photons 

Chameleons Hidden-sector photons 

Scalars/pseudoscalars that mix with 

photons, and are trapped by cavity 

walls.  Arise in some dark energy 

theories. Detectable by slow decay 

back into photons in cavity 

Vector bosons with photon quantum 

numbers and very weak interactions. 

Detectable by reconverting HSPs back 

into photons in ADMX cavity 
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Chameleon search in ADMX: Method 

Gray Rybka     DOE/HEP Site Visit   UW     12/6/2010 8/18

 

ADMX as a chameleon-photon 
regenerator

(Step 4: tune rods ~10 kHz and repeat)

Timescale: 10 minutes Timescale: 100 milliseconds Timescale: 10 minutes

Total Run Time:  1 Day

Power in ~25 dBm Sensitivity ~10-22 W

Bandwidth ~20 kHz
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ADMX chameleon bound 

One day of running set limits 100 times more sensitive 

than that from FNAL. 

Gray Rybka     DOE/HEP Site Visit   UW     12/6/2010 9/18

 

GammeV 
2009 region

Chase
2010 Region

Chameleon Search Results

Laboratory Dark Energy Search
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Hidden-Sector Photons: Another dark-matter candidate 
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ADMX Hidden Sector Photon search in: bound 

Gray Rybka     DOE/HEP Site Visit   UW     12/6/2010 13/18

 

ADMX 2010

Coulomb Exclusion Region

Povey, Hartnett,Tobar
Phys Rev D. 82 (2010)

(colder, more power, better resolution)

Hidden Sector Photon Search Results

Next phase projected to extend 

limits by more than a factor of 10. 
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Site development  

Dmitry Lyapustin                                                        13                                                        April APS meeting 

Building-up ADMX infrastructure 
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Assembling the ADMX experiment insert 
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Component overview 3 

Dmitry Lyapustin                                                         9                                                         April APS meeting 

ADMX quantum-electronics housed in a bucking coil 
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Component overview 4 

Dmitry Lyapustin                                                        10                                                        April APS meeting 

ADMX cavity, tuning and coupling 
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Insert assembly 

Dmitry Lyapustin                                                        11                                                        April APS meeting 

ADMX insert going into and out the magnet bore 
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ADMX “Gen 2”: Science Prospects 
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ADMX in the context of other key search technologies 

cavity: this year 

cavity: 3-year 

cavity: challenging 

helioscope: current 

helioscope: 10-year 

Laser: current 

Laser: locked FP 
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Conclusions 

Axions: A very compelling dark-matter candidate. 

 The QCD dark-matter axion is well bounded in mass and couplings. 

 The dark-matter axion focus is 1-100 μeV axion masses. 

 

There are many search techniques, but the RF-cavity one is most sensitive. 

 ADMX is largest and most mature; several others are on the horizon. 

 The next several years will either see a discovery or reject the QCD 

  dark-matter axion hypothesis. 

 

(The space of variant axion (non “QCD”) models is wide open. 

 Large efforts are underway for solar axions and laser experiments. 

 And ideas are out there for searching for very low-mass & high-mass 

  axions.) 

 

Quite starkly: We have the sensitivity and mass reach to 

 either detect or rule out QCD dark-matter axions at high confidence. 

 

We acknowledge the support of the U.S. Department of Energy, Office of HEP 
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