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Abstract:

| discuss the latest developments on the Princeton Axion Search (PXS), a search for Q
mass range (200-500 MHz frequencies). PXS addresses the transitional range betweer
program, which operates below any cavity modes and utilizes lumped-element techniques
aspects of the experimental apparatus, including the cryogenics, solenoidal magnet, ne
and resonator. PXS leverages a partnership with the DOE Princeton Plasma Physics

large-bore, conduction-cooled solenoid. It also benefits from a partnership with Calte
amplifiers in this frequency range. PXS is developing superconducting resonators and r
Limit of amplification in collaboration with the DMRadio program, which aims to probe t
some of these collaborative efforts.

Pirsa: 26060045 Page 1/40



Hunting for QCD Axion Dark Matter
with the Princeton Axion Search and

DMRadio

Saptarshi Chaudhuri
June 2, 2026

Perimeter Institute Particle Physics Seminar

Pirsa: 26060045



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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Outline

* An introduction to dark matter and QCD axions
* Princeton Axion Search (PXS): searching for QCD axions at 0.8-2.1 peV

* Dark Matter Radio: a broad campaign for sub-0.8 peV axion dark
matter

* Ultimate goal: a definitive search from 0.8 peV down to GUT-scale QCD axions
near 1 neV
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Introduction to dark matter

Rotation curves: velocities
of stars and gases much
L, : higher than expected from
Dark matter SRR 5 o (L e b le di .

i S E 4 S visible mass

Baryons

e 200030
- R (x 10001y)

E. Corbelli, P. Salucci. arXiv:astro-ph/2909252

* Overwhelming evidence that there must be “dark matter” that we don’t see

* Dark matter plays key role in formation of large-scale structure, physics beyond
the Standard Model

* Direct identification one of the holy grails in fundamental physics, motivating a
decades-long effort
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Two types of dark matter

dwarf galaxies
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Dark Waves 3 Dark Particles
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* Large number density, must be * Small number density
bosons * de Broglie wavelength
* Long deBroglie wavelength: look much smaller than detector
for coherent wave, with frequency * Look for scattering /
set by mass mc? absorption of individual
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h particles
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Two strongly motivated DM candidates
Dark Waves  Dark Particles

dwarf galaxies
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* Weakly Interacting Massive Particle (WIMP)
* Motivated by supersymmetry
* “Naturalness”: thermal production of observed abundances for WIMPs near 100 GeV
* Ongoing, 35-year effort to produce (supersymmetry at LHC) and detect (direct dark-matter searches)
Silicon/germanium crystals (SuperCDMS) Liguid noble gas TPCs (LZ, Darkside)

Photo Credit: Brown Univ. Photo Credit: Princeton Univ.

Photo Credit: SLAC
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Two strongly motivated DM candidates

Dark Waves  Dark Particles
dwarf galaxies

| g >
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* QCD axion
* Motivated as solution to strong CP problem (Peccei, Quinn, Weinberg, Wilczek)
* Is also a “natural” dark matter candidate (Abbott, Sikivie, Dine, Fischler,...)
* Peccei-Quinn scale can be higher (pre-inflationary) or lower (post-inflationary) than Hubble scale of

inflation
« Sub-peV axions would be present during inflation, ~1 neV axions probe physics at the GUT scale
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The landscape: QCD axions largely unexplored
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Search for QCD axions over
entire peV-eV range now
being enabled by new
techniques.
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Probing axions through electromagnetism

* Axion converts to oscillating EM signal in background DC magnetic field
* Detect using tunable resonator
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Gradift: €. Battan/PRNL, ABS News 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)

Tune with tuning rods and cavity sets Tune with variable inductor and capacitor
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The Princeton Axion Search (PXS)

Team Members

Princeton: Joelle-Marie Begin, Saptarshi Chaudhuri, Roman Kolevatov, Nate Otto, Lyman
Page, Joe Wiedemann

DOE PPPL: Siwei Chen, Jon Dye, Yuhu Zhai
Caltech/JPL: Peter Day, Farzad Faramarzi, Jonas Zmuidzinas
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LABORATORY California Institute of Technology
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Magnet partnership with PPPL

PRINCETON
UNIVERSITY

* In collaboration with PPPL’s B ”
High-Field Magnet Test Facility
(Y. Zhai’s group):

* Magnets using Nb3Sn and HTS
conductors

* Charting the path toward higher
field axion search magnets

* 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, commissioned last year 12
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New axion search magnet

2.0

PXS magnet: 5 Tesla, 75 cm L5
diameter, 97 cm height
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* Coil to be cooled to 4K with
multiple cryocoolers

* 5T Nb3Sn model coil at ¥25%
length scale for validations 05
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Magnetic field profile overlaid with cryostat design
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Pulse tube

40K stage

4K stage

Current leads

Magnet volume
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.

Test cryostat

| Joelle working on
cryostat

Model coil- presently in
VPI, to be commissioned
this summer

14
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Demonstrated 600A to 4K! Sufﬂuent for magnet
operations _
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REBCO shorting assembly at 4K-, diaérg by Will Rbb'grs

Copper leads (300K-40K)

BSCCO HTS leads (40K-4K)

(c) Completed joint in Cu 15
ferrule with PbBi filler.
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Full-scale magnet status

* External design review in October 2025
* Conductor procurement (~60km NbTi) approved
* To be delivered in July

* External magnet manufacturing readiness review in March 2026
* Expected delivery to Princeton campus Q1 2027 for testing and integration

16
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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

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

290 MHz- 328 MHz-

200 MHz TE,,  TMgg 500 MHz
| | s

|

<
| | |
Ty )

* 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.

18
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Room temperature test cavity

Nate putting together cavity '

* Al 1100 rolled and welded cyllnder with 6061 endcaps. Science cavity
will be copper-plated. 19
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Mode map matches simulation

* Using tuning rod of 15 cm diameter to tune over 390-480 MHz

Measurement COMSOL

Frequency (MHz)

0 60 120 180 240 300 360 0 60 120 180 240 300 360
6 (degrees) 6 (degrees)

20
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So does quality factor
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Bead pulls ongomg to validate field pattern
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Next step: cryogenically compatible tuning

+ Room temp dark photon search!

ST T
SR

23
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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

* Resonator-based Josephson parametric amplifiers (e.g. ADMX and
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

24
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Sub-GHz KI-TWPA enabling for PXS
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* In collaboration with P.K. Day, Caltech/JPL
» 22dB gain, system noise of 2-3 quanta over ~500-800 MHz
* 300 nW pump power, x1000 improvement over original architecture

* Signal processing at idler tone ~2-3 GHz to reduce complexity .
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Two devices characterized at Princeton

Gain at Different Pump Frequencies, Princeton Testbed
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e 15-30 dB gain over PXS band

« Sufficient to overcome follow-on
amplifier noise

Signal Frequency (MHz)

26

Pirsa: 26060045 Page 26/40



Noise within PXS target

TWPA Noise at Different Pump Frequencies
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* Measured with variable temperature source

* PXS target: 7.5 quanta for DFSZ search -
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Full-scale cryostat delivered to campus!

2.8 m

Magnet portion of cryostat

28
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PXS DR commissioned in April
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e 0.8-2.1 peV (200-500 MHz)
QCD axion search

* 5T, 430L magnet in
collaboration with PPPL

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

* System noise: 15x
quantum limit (7.5 noise
quanta)

Fully operational in 2028.
Aiming for DFSZ sensitivity.
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PXS: Outlook
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DARK MATIER RADIC
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peV neV pevV. meV mass

AM/FM/DM

Dark Matter Radio
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