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Questions I hope to address

Why do we think axions exist?

Why do we think dark matter is made of axions?

What parameter space is available to axions?

What are the principles of microwave cavity axion detection?

How are these principles realized in ADMX-HF at Yale?

What can we expect from ADMX-HF?

How can we improve sensitivity to high-mass axions?
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The Strong CP Problem

The axion is a pseudoscalar field motivated by the Peccei-Quinn
solution to the strong CP problem.

CP Violation: asymmetry between processes involving matter and
antimatter.

Two independent sources of CP Violation in QCD from different
sectors of the theory: net effect is captured in a parameter θ.

Neutron EDM searches constrain θ < 10−10.

The strong CP problem: why is θ so small?
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Solving the Strong CP Problem: Axions

CP-violating term in QCD Lagrangian is

L ⊂ θF a
µνF̃

a µν

If θ were a field instead of a parameter, the strong CP problem
would solve itself!

Goal: introduce an axion field a with QCD coupling of the form

L ⊂ a
fa

F a
µνF̃ a µν

The axion is the Goldstone boson of a new symmetry
spontaneously broken at a scale fa.

Axion mass and all couplings suppressed by fa ⇒ ma ∝ gaγγ.
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Axions and Dark Matter

ma ∝ gaγγ: sufficiently light axions interact very weakly with
standard model fields.

Misalignment produces cold axions in large numbers.
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Axion Parameter Space

*: A. Ringwald, Phys. Dark. Univ. 1, 116 (2012).
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Axion Parameter Space

SN 1987A axion
emission too
efficient for
ma & 10 meV.

Ωa ∝ m−7/6
a : axion

dark matter fraction
negligible for
ma & 1 meV.

too much dark
matter for
ma . 1 µeV.
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Axion Parameter Space

(At least) 3 orders
of magnitude to
scan.

Coupling is so
small that we must
use intrinsically
narrow-band
resonant detection.
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Properties of Axion CDM

Very light particles⇒ n ∼ 1013 cm−3.

Virialization: v ∼ 270 km/s→ β ∼ 10−3.

Axion signal “quality factor:”
Qa = Emass/Ekin = β−2 ∼ 106.

De Broglie wavelength: λa ∼ π/ma β ∼ 100 m
for ma ∼ 10−5 eV.

Coherent effects on laboratory scales⇒
more like a classical field than particles.
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Microwave Cavity Axion Searches – Concept

Sikivie*: search for axions with photon
coupling L ⊂ gaγγa E · B.

The Primakoff Effect: classical field at one leg
to compensate for weakness of vertex.

Kinematics: ma = ν ∼ 250 MHz − 250 GHz.

Resonant enhancement by Q of cavity (cf. Purcell Effect in CQED).

Cryogenics and low-noise amplifier to reduce noise.

*: P. Sikivie, Phys. Rev. Lett. 51, 1415 (1983).
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Microwave Cavity Axion Searches – Signal Power

P ∼ g2
aγγ (ρa/ma) B2QcVCnm`

(Matrix element)2

Axion number density

Virtual photon number density

Resonant enhancement of axion-photon conversion

Effective volume occupied by cavity mode

Form factor Cnm` =
(∫

dV Enm` · B
)2
/
(
V

∫
dV E2

nm`

)
⇒ best for low-order TM modes: L ∼ ν−1

P ∼ 5 × 10−23 W (≈ 1 10 keV WIMP event/year!)
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Microwave Cavity Axion Searches – Noise

Thermal noise in cavity bandwidth kT ∆νc ≈ 5 × 10−19 W.

The Dicke radiometer equation:

SNR =
P

kTS

√
t

∆νa

Noise temperature TS includes blackbody and amplifier noise.

Linear detection:
Qa ≈ 50Qc ⇒ ∆νa � ∆νc .

RMS noise decreases as 1/
√

t .
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Microwave Cavity Axion Searches – Scan Rate

After each measurement, tune
cavity resonance by
half-linewidth:

Scan rate:

dν
dt
∝ g4

aγγ
m2

a

T 2
S

B4QcV 2C2
nm`
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ADMX (The Axion Dark Matter eXperiment)

Collaboration of U. Washington (host),
U. Florida, LLNL, UC Berkeley, NRAO,
Sheffield U., FNAL.

1996-2009: excluded KSVZ axions with
1.9 µeV < ma < 3.6 µeV (460 – 860 MHz).*

Current focus is reducing TS to improve scan
rate:

I Liquid Helium→ Dilution refrigerator.

I Will improve dν
dt by factor of 400!

I Enabled by SQUID technology.

*: S. J. Asztalos et al., Phys. Rev. Lett. 104, 041301 (2010).
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ADMX-HF (High-Frequency)

A separate platform with separate funding, but membership
overlaps with ADMX.

Will scan decade above ADMX starting around 5 GHz (∼ 20 µeV).

Will serve as an R&D testbed for extending the microwave cavity
search principle to higher frequencies.

Microwave cavity experiments get hard at high frequencies, but we
can reach the axion model band with current technology.

I Dilution refrigerator in initial design.

I Tunable Josephson Parametric Amplifiers (JPAs): ultra-low-noise
amplifiers in the 2-12 GHz range.
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ADMX-HF Collaboration (Yale/Colorado/Berkeley/LLNL)
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ADMX-HF Layout

9 T superconducting solenoid

Dilution Refrigerator: T ∼ 100 mK

Copper cavity with Qc ∼ 20,000,
tunable from 3.5 to 5.85 GHz

JPA: quantum-limited and tunable
from 4.4 to 6.4 GHz

Whole experiment fits in a lab on
Yale campus!
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Cavity and Motion Control

Qc ∼ 20,000, tunable
from 3.5 to 5.85 GHz.

Tuning via rotation of
off-axis Cu rod.

Cryogenic motion
control: 0.003◦

precision or better, no
heat load at 100 mK.

Adjust antenna
insertion for critical
coupling.
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Cavity Mode Maps
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Cavity Mode Maps
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Quantum Limits on Noise Performance

kTS = hν
(

1
ehν/kT − 1

+
1
2

)
+ kTA

Linear detection: measuring amplitude and phase simultaneously
⇒ kTS ≥ hν/2 even at T = 0 K

The Standard Quantum Limit: A phase-insensitive linear amplifier
must add noise kTA =≥ hν/2*

But JPA may be operated as a phase-selective amplifier: we have
measured kTA = (0.30 ± 0.05) hν in-situ!

*: C. M. Caves, Phys. Rev. D 26, 1817 (1982).
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Josephson Parametric Amplifier

An LC circuit with nonlinear SQUID
inductance⇒ parametric gain.

Power gain from microwave pump tone:
fluctuations in-phase amplified, quadrature
fluctuations squeezed

Apply flux bias to tune from 4.4 to 6.5 GHz
with 18-28 dB gain

Very good magnetic shielding required: field
on JPA ≤ 1 G, 10−6 G stability over minutes,
10−6 G/µm homogeneity
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JPA Tuning
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Recent Progress

Summer 2014: cavity delivered
to Yale; commissioning begins.

Fall 2014:
I In-situ noise measurement.
I Simultaneous tuning of cavity

and JPA.
I Proof-of-principle data

(t = 200 s in 3.7 T field).

Winter/Spring 2015: System
warm for hardware upgrades:

I Replaced cryocooler.
I Optimized cavity tuning range.
I Improved JPA magnetic

shielding.
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Projected Exclusion

Fridge is cold
again now, data
run imminent!

Three years of
data with current
technology:

16 − 33 µeV at
2 × KSVZ
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Outlook: High Frequency Challenges

dν
dt
∝ g4

aγγ
m2

a

T 2
S

B4QcV 2C2
nm`

SQL: TS ≥
1
2ν = 1

2ma

B ∼ $$

Qc ∼ ν
−2/3 for copper.

V ∼ ν−2 for TM010

C0n0 ∼ ν
−2
0n0

High frequencies are hard. What can we improve?

Boost Qc : Hybrid superconducting cavities (UCB),
active resonators (UW).

Evade SQL: Bolometric detection, squeezed states (CU).

Avoid V suppression: Resonator R&D (UW, UF, UCB, LLNL,
FNAL).
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Hybrid Superconducting Cavity R&D

Superconducting cavities: high Q, but not in high B fields.

Need cavity to withstand high static fields, not high RF power as in
accelerator applications.

Thin film type-II superconductors (NbTiN, NbN, MgB2): high (Bc2)‖,
no vortex dissipation if field is parallel and d . ξ

With appropriate coatings on barrel and copper endcaps, we can
increase Q by ∼ the aspect ratio of the cavity (∼ 6×).

Field uniformity (Br < 50 G) built in to ADMX-HF design.

Ultimately flux pinning to improve Q further?
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Squeezed states for axion detection

What if we align the squeezed quadrature
of one JPA with the amplified quadrature
of another? ⇒ kTS � hν/2!

Inject squeezed state into overcoupled
cavity in reflection.

Works because axion has finite
coherence time ∼ 200 µs.

The hard part is eliminating loss between
cavity and JPA.

Ben Brubaker (Yale) FCPA Seminar: ADMX-HF 5/18/2015 32 / 46



Forbes on yoctowatt batteries?
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Thank you!

We gratefully acknowledge the support of the National Science
Foundation and the Heising-Simons Foundation.
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Bolometric axion detection

Thermal noise from whole cavity band,
but no standard quantum limit.

δPlin

δPbol
∼

√
Qc

Qa
ehν/kT > 1 above 10 GHz.*

Perhaps even at lower frequencies if we can improve Qc .

Mature detector technology in AMO (Rydberg atoms), quantum
computing (cavity QED), CMB (Transition Edge Sensors).

*: S. K. Lamoreaux et al., Phys. Rev. D 88, 035020 (2013).
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Large volumes at high frequencies
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Symmetry Violation and EDMs

By Wigner-Eckart Theorem, expectation values of vector operators
must point along spin quantization direction.
Magnetic and Electric Dipole Moments transform oppositely under
P and T reversal.
CP violation in QCD⇒ neutron EDM. Non-observation constrains
θ < 10−10 rad
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Cold Dark Matter Axions?

If axions are so light, why do they form CDM rather than HDM?

Thermal relic axions do form hot dark matter, like neutrinos, but
there is a non-thermal axion production mechanism.

The misalignment mechanism: anomalous PQ symmetry breaking
at ΛQCD ⇒ a condensate of zero-momentum axions.*

Sikivie argues that axions can re-thermalize through gravitational
interactions and form a BEC.†

*: J. Preskill, M. Wise, and F. Wilczek, Phys. Lett. B 120, 127 (1983).
†: P. Sikivie and Q. Yang, Phys. Rev. Lett. 103, 111301 (2009).
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Magnet

9 T field at 72 A

Liquid cryogen
free

Persistent

16.5 cm bore
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Microwave Layout

3 paths for injection into
fridge: transmission,
reflection, JPA pump.

Cryo microwave switch
(Radiall) and terminator at
still plate for hot/cold load
measurement.

Second-stage amplifier:
LNF LNC4_8A: TN ≈ 3 K.
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Microwave Layout

GaGe ADC: 14 bits, 2 GS memory, 25 MS/s sampling.
Lock-in detection for network analysis.
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DAQ procedure

Noise is mixed down to MHz
and digitized at 25 MS/s for
t ∼ 7 min.

In-situ computation and
averaging of power spectra
with 100 Hz resolution.

Step resonance by ∆νc/2 and
repeat O

(
104

)
times.

Data rate ∼ 2.5 GB/100 MHz
(100 TB/100 MHz to save full
time series data).
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Noise temperature calibration

Y =
PH

PC
=

GH(ν)L [TSH + TA] + THEMT

GC(ν)L [TSC + TA] + THEMT

TA calibrated in situ using blackbody source at known temperature
(the Y -factor method) – includes JPA added noise and loss
between cavity and JPA.

If GH = GC � 1, easy to make a robust measurement. But
switching to hot load can change JPA bias parameters.

Measure JPA gain profile using swept tone before/after each noise
measurement.

kTA = (0.30 ± 0.05) hν: consistent with estimated insertion loss
between cavity and JPA.
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Analysis procedure

Use a polynomial fit or smoothing filter to the raw spectra to
remove spectral structure, leaving Gaussian white noise.

Rescale the processed spectra so that all bins containing a
putative axion signal have the same mean value.

Construct the grand spectrum from a weighted average of
rescaled spectrum bins from different integrations.

Construct the coadded spectrum by adding an appropriately
weighted sum of nearby bins to each bin in the grand spectrum.

Via Monte Carlo, determine an excess power threshold
corresponding to 90% confidence for detection of axions with a
given coupling and local density.

Use the excess power threshold to generate a rescan list, and
apply the same processing to rescan spectra.
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ADMX near-term projections

*: I. Stern, arXiv:1403.5332 (2014).
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Ian Stern, Jim Sloan, Gray Rybka, ADMX Collaboration.
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