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ADMX-related R&D Covered in Other Talks and 
Poster

Speaker Time Title

Michael Tobar Thurs. 15:20-15:35 Searching for Axion Dark Matter with the ORGAN 

Experiment

Andrew Sonnenshein Thurs. 17:35-17:50 BREAD- The Broadband Reflector Experiment for Axion 

Detection

Taj Dyson Tues. Poster Session High-frequency Cavity Haloscopes for the ADMX-VERA 

Program
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Motivations for 
QCD Axion Dark Matter

• QCD is naturally CP violating 

• Expectation signatures of this violation include neutron 
electric dipole moment, naively at 10-16 e-cm

▪ Not seen to 1.8x10-26 e-cm (Abel et al 2020)

▪ No other violation signatures observed

• A new broken U(1) axial symmetry can cancel CP 
violationa

▪ Adding dynamics gives the axionbc

• Simultaneously have mounting evidence of missing 
element in gravitational physics

▪ Points towards missing mass

• A light (invisible) axion can solve this problem too

Credit to Anson Hook, arXiv:1812.02669
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Credit to van Albada et al 1985

Cluster MACS J0025.4-1222

Credit to NASA, ESA, CXC, 

M. Bradac, and S. Allen

aR Peccei and H Quinn, 1977, Phys. Rev. Lett. 38, 1440
bS Weinberg, 1978, Phys. Rev. Lett. 40, 223
cF Wilczek, 1978, Phys. Rev. Lett.40, 279



4

QCD Axions as
Dark Matter

• Axion dark matter is produced 
athermally

▪ Misalignment mechanism

▪ String/domain-wall/defect decay

• In either case, produced axions are 
abundant and cold enough to be 
some or most of the DM

• The small axion mass leads to high 
degeneracy “wave-like” DM 

▪ Locally, ndB≳ 1028(ma/μeV)-4

▪ 𝜆 dB ≳ 10 4 m(ma/μeV)

▪ 𝜏 dB ≳ 10 -3 s(ma/μeV)

• Details of cosmology are written in 
the axion DM state

Image Credit: C. Adams, et al., 2022, arXiv::2203.14923

Chadha-Day, Ellis, Marsh 2022, Sci. Adv, https://doi.org/10.1126/sciadv.abj3618

https://arxiv.org/abs/2203.14923
https://doi.org/10.1126/sciadv.abj3618
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Detecting QCD Axions
with a Cavity Haloscope

• The QCD axion can interact with 
Standard Model fields via 
several non-gravitational 
couplings

• Invisible axion PQ and mass 
scales only lightly constrained, 
leaving a broad parameter 
space 

• Concepts to test for the invisible 
axion started with Pierre Sikive 
1983a 

• ADMX has favored the cavity 
haloscope to detect DM axions

Image Credit: Christian Boutan

aFor Haloscope Origin, see: 
Pierre Sikivie PRL 51:1415 (1983)

https://github.com/cajohare/AxionLimits

Coupling to 

Photons

Coupling to Axial 

Nuclear Moment
Coupling to Axial 

Electron Moment

Coupling to 

Nucleon EDM

Cavity Haloscope Concept

https://github.com/cajohare/AxionLimits


• ADMX is aiming to find DFSZ axions 
at nominal dark matter densities

• Run 1 spans 645-1400MHz (2.68-
5.81ueV)

• Magnet

▪ Bmax=8.5Tesla

▪ Dbore=60cm

• Single cavity 

▪ Large volume (V>100L)

▪ High quality (Q~50,000)

▪ High form factor (C~0.4)

• Dilution refrigerator (Tphys~100mK)

• Quantum amplifiers 

• Synthetic injection testing 6

The ADMX Run1 
Cavity Haloscope

Credit: Ciran O’hare

Current as of Oct 2024

Synthetic Axion 

Generator (SAG)DR Mixing Chamber
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ADMX: Run1 A-C

• Run 1 segmented into four parts A-D

▪ A: 645-680MHz (2017)a

▪ B: 680-790MHz (2018)b

▪ C: 790-1025MHz (2020+2022)cd

• First haloscope runs to reach DFSZ

• Updates and upgrades made in A-C

▪ Cavity

o 1A+1B: 2 x 5cm OD rods (136L-4L)

o 1C: 2 x 15cm OD rods (136L-30L)

▪ Amplifier

o 1A: Microstrip SQUID Amplifier (MSA)

o 1B+1C: Josephson Parametric Amplifiers (JPAs)

▪ Candidate classification 

Cavity Updates

First-stage Amplifier Updates
Run 1A

MSA (current pumped)

1B+1C

JPA (current pumped)

1A 1B 1C Part 1 1C Part 2

Multi-mode

Candidate 

Veto a) Du et al. PRL 120, 151301 (2018)

b) Braine et al. PRL 124, 101303 (2020)

c) Bartram et al. PRL 127, 261803 (2021)

d) Goodman et al. PRL 134, 111002 (2025)
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ADMX: Run 1 D

• Frequency range: 1.0-1.4GHz

▪ Part 1: 1.09-1.31GHz

▪ Part 2: resume Spring 2025

• Cavity w/ single tuning rod 

▪ 20.32cm OD

▪ V = 136L-29L

• JPA amplifiers
▪ Part 1: current pumped

▪ Part 2: flux pumped

Cavity Update

TM010

Part 2 FP JPA

Part 1 Preliminary Limits



Recent Sidecar Limits
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ADMX R&D: 
Sidecar

• Has been running 
alongside main ADMX 
since 2016abc

• Frequency range: 3-6GHz

• Testbed for technologies 
considered for ADMX’s 
next steps up in frequency

▪ Piezo-electric tuning

▪ TWPAs

▪ Superconducting 
cavity/rod

1st Cavity:

2nd Cavity:

3rd (𝑁𝑏3𝑆𝑛 Rod) Cavity:

Sidecar Cavity

JTWPA

Piezo tuners

a) Boutan et al. Phys. Rev. Lett. 121, 261302 (2018)

b) Bartram et al. Rev. Sci. Instrum. 94, 044703 (2023)

c) Braine et al. arXiv: 2408.03444
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ADMX Future: 
Run 2

• Scaling relations make a single 
cavity non-viable much above 
1.5GHz

▪ 𝑉 ∝
1

𝜈3

▪ 𝑄𝐿 ∝
1

𝜈 ൗ2
3

• Can make up some of this loss with 
a matched array

• ADMX Run 2 reach: 1.25-2.25 GHz

▪ Still using the Run 1 magnet 

▪ 4 cavity array

▪ Independently amplified & recorded

▪ Warm combining via SDR

• Set to begin upgrade in 2026-7 J Yang et al, 2020, Microwave Cavities and Detectors for Axion Research 

       pp 53–62, https://doi.org/10.1007/978-3-030-43761-9_7

4 Cavity Array

4 Cold Receivers



Fridge 1: RF 

Receiver

Fridge 2: 18 

Cavity-Array

Photon 

Transport 
System

9.4 T MRI 

Magnet

18 JPA 

Receiver
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ADMX R&D: 
Extended Frequency 
Range (EFR)

• Extended Frequency Range: 2-4GHz

• Extended Array: 18 cavities

• ‘New’ Magnet:

▪ Bmax=9.4Tesla

▪ Dbore=80cm

• Extended receiver:

▪ Protected from magnet by a mu-metal 
shield

▪ 18 FP JPAs

• Ongoing R&D on cavities, antennas, 
JPAs 

• Feb. 2025: EFR was selected to not 
continue as a DMNI project

▪ Plans may change as we explore 
alternatives, including anticipated 
ASTAE program

EFR: 

2.0-
4.0 

GHz
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ADMX-related R&D: 
VEBAX

• The Very Entangled Bose Array 
eXperiment (VEBAX) will 
demonstrate a Heisenberg-limited 
haloscope array in 4-6 GHz

• Incorporate multiple technologies 
new to cavity haloscopes

▪ Distributed vacuum squeezing

▪ Low-loss passive networking

▪ Topological insulator circulators

• Preliminary device studies 
underway at PNNL

• Selected for support via DOE SC 
HEP QuantISED 2.0

Low-loss passive network

Topological Circulator

FP JPA: 

Sqeezer/

Amplifier

Sensitivity Scaling Comparison
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Summary

• ADMX has entered a discovery phase, enabled by quantum devices to delve 
deep to the most promising QCD axion benchmark model

▪ Projected to complete its first octave in the next 18 months!

• ADMX’s future is highlighted by new mass ranges and emerging technologies: 

▪ Search higher axion masses with multiple-cavity detectors (Gen2-Run2 and EFR)

▪ Incorporate new haloscope designs and readout mechanisms to maintain sensitivity to 
even higher masses (Sidecar, ORGAN, BREAD, VERA, VEBAX)

Discovery could come at any time!
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