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The grand challenge: a comprehensive probe
of QCD axion dark matter
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 New theoretical understanding

of QCD axions has motivated
the entire peV-eV mass range

Emerging magnet technologies
and rapid growth in quantum
information science (QIS)
promise unprecedented
sensitivity

Community effort over the
next 20 years to use these
techniques for a
comprehensive probe of QCD

axion dark matter
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PXS:a 0.8-2.1 peV QCD axion search

e Addressing critical transitional frequency range between DMRadio
program and Sikivie-type cavity haloscopes

« |GeV
[ [0t 1M u G l][:'—’ v 10" 5 . - Va [IE_SIZ} - < o
Existing Axion Limits in QCD Band 10 10 10 10 10 10 10
I m |l ] ABRACA
Black Hole Spins Existing Haloscopes Astrophysics SHAFT CAST
Py Al LA
~ DOEG2and DMNITargets |
DMRadic f
o \l]\i;{ ullllli m
Fumu Plu|tl wrgets
I -
I - ARIADNE
CASPEr I HAYSTAC -
Y —m—rT I I MADMAX ﬂ
Hole in coverage! (! . mrenn ;I
I ALPHA LAMPOST
DMRadio-GUT I SQuAD Quasiparticles

Next-Gen Ultimate Axion Facility

1L W 9 e 6 A ) 7 Y A& o 10 =9 10— 8

W = \\ W A4 A0 AW A0 A4 A0 40 A0 40
my [eV]
Snowmass 2021 White Paper on Axion Dark Matter,
arxiv:2203.14923v3 (2023)

Ma [eV]
Brouwer, et al. (DMRadio collaboration)
arxiv:2203.11246, PRD 106, 112003 (2022)



Magnet partnership with PPPL

* In collaboration with PPPLs High- il WY
Field Magnet Test Facility:

* Magnets using Nb3Sn and HTS
conductors

* Charting the path toward higher

field axion search magnets, e.g., for
DMRadio-GUT

* See arxiv:2203.11246, PRD 106,
112003 (2022)
* Pushing state of the art for

cryogen-free, pulse-tube-cooled
magnets

7.5 T, 30 cm bore conduction-cooled magnet for HTS
tape inspection- cooldown commissioning this week! 4



New axion search magnet

2.0

PXS magnet: 5 Tesla, 78.7 cm 1.5
diameter, 101.6 cm height

* Coil to be cooled to 4K with
multiple cryocoolers

Field strength [Tesla]

0.0
* Magnet design ongoing

* 5T Nb3Snh model coil at ¥25% 0

length scale for validations »
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Magnetic field profile overlaid with cryostat design



Demonstrated 600 A to 4K!
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Pulse tube

40K stage

4K stage

Current leads

Magnet volume
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Test cryostat
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?;! Joelle working on
: cryostat

Hiperco 50A cylinder
for pulse tube shielding



Full-scale cryostat + DR out to vendors for bid

1.2 m

e Test coil to be
commissioned this
summer

e Full scale coil in
2027

2.8 m

SECTION A-A



Resonator design to probe transitional range

* Based on cylindrical barrel of 70cm diameter, 102 cm height
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Resonator design to probe transitional range

* Producing resonances below TE,,, studied for DMRadio-m?3

e See AlShirawi, et al, arxiv: 2302.14084 (2023)!

290 MHz- 328 MHz-
200 MHz TE, 14 TMg0 500 MHz
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e PXS approach below 330 MHz: Combine traditional tuning rod
infrastructure with concepts from AlShirawi, et al, to produce
modes that efficiently couple to axion. Simulation and tuning
specification in progress.




Room temperature test cawty
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Nate putting together cavity | ‘

* Al 1100 rolled ahd welded cylmder W|th 6061 endcaps Science cavity
will be copper-plated. 10



Cavity characterization
* TMO10 frequency of 327.7 MHz measured, with Q of 48k

* Welding and endcap seams do not significantly degrade Q.
* Analyzing backgrounds, temperature variation

* Bead pulls ongoing to map EM field patterns

e First tuning rod in fabrication
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New amplifier technology desirable

* dc SQUIDs and resonant JPAs challenging to use in PXS frequency range

* Possible solution in collaboration with Caltech/JPL: traveling-wave parametric
amplifier (TWPA) utilizing kinetic inductance nonlinearity
* Broadband, high dynamic range amplification

 Demonstrated quantum-limited noise performance at higher frequencies (~4-7 GHz)

e See: Eom et al, Nature Physics, 2012; S. Chaudhuri et al, APL, 2017; S. Shu, et al, Phys.
Rev. Research, 2021; M. Malnou et al, Phys. Rev. X Quantum, 2021

F. Faramarzi et al, Phys. Rev. Applied, 2025: New sub-GHz KI-TWPA
enabling for QCD axion search with PXS.
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Preliminary results from Princeton testbed

KI-TWPA installed in BlueFors LD400

* Successfully tested device fabricated and packaged at JPL!

e 15-30 dB gain demonstrated over entire PXS band. Sufficient for amplified
guantum noise to overcome follow-on noise.
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Rapid cooldown of He3 stage with
mass-produced flexible graphite: R.
Kolevatov et al, submitted to
Cryogenics

* DR to study noise and device physics, He3 cryostat for initial screening and
studying auxiliary components, system gain calibration 14
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noise calibration



Joint R&D with the DMRadio collaboration

* Working together to realize searches at lower, sub-peV axion masses

* Achieved Q of 1.7 million at 254 kHz. >3x improvement on state of the
art, meets DMRadio-50L target

* Stay tuned for Lindley’s talk!

Roman Kolevatov closing up LC
resonator apparatus

Al 1100 parallel-plate capacitor ~ Tensioned NbTi wire on sapphire rods




PXS initial science projections and outlook

Frequency [Hz]
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e 0.8-2.1 peV (200-500 MHz)
QCD axion search 107 {4

* 5T, 500L (78.7cm bore)
magnet in collaboration
with PPPL

* Q=100,000-200,000
copper resonator cooled to
40mK

* System noise: 15x
guantum limit (7.5 noise
guanta)
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Aiming for DFSZ sensitivity. Aion mase [ev]w N 16




Questions?
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Probing axions through electromagnetism

e Axion converts to oscillating EM signal in background DC magnetic field

* Detect using tunable resonator

Amplifier {}
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B-Field Proposal: Cabrera, Thomas (2010); Sikivie,
Proposal: Sikivie (1983) Sullivan, Tanner (2014); Kahn, Safdi, Thaler (2016)
v>500 MHz v<200 MHz
Cavity-based searches Lumped-element searches
(ADMX, CAPP, HAYSTAC,...) (DMRadio, ABRACADABRA) 18

Tune with tuning rods and cavity sets Tune with variable inductor and capacitor



New amplifier technology desirable

* dc SQUIDs and resonator-based Josephson parametric amplifiers
challenging to use at 200-500 MHz

 Stray impedances degrade sensitivity of dc SQUID readout chains

e Resonator-based Josephson parametric amplifiers (e.g. ADMX, HAYSTAC)
require circulators

 Commercial cryogenic circulators and follow-on amplifiers perform
substantially worse at low frequency

* Motivates readout scheme with near-quantum-limited amplification and
upconversion

19
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