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Wave-like Dark Matter Candidates

Wave-like Definition: Mass < 1 eV
Broad Candidate Categories:

* Pseudo-scalar*

* Scalar

* Vector

Production: Athermal production (misalignment).

Detection: Coherent interaction of the wave with the
detector. Resonant amplification often key.

*The most famous candidate in this group is the QCD axion.
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Wavelike Dark Matter WIMP Dark Matter

10-12 106 106 1012
mass [eV]
de Broglie Wavelength - . ~ 2% Occupancy Number - v ~ 224 )3
g gin-2, pancy B
myv m

® Axion (i ~ 100 €V): 4, ~ 10* km with v ~ 10+
® WIMP (i ~ 100 GeV): 4,, ~ 10-¢ km with v ~ 10-3

where ,,, = 0.4 GeV/cm3 Adapted from B. Safdi
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The QCD Axion: Motivation

Neutron

..

up
QCD is naturally CP violating from phenomena like QCD- é‘

instantons ( |
One naively expects a neutron electric dipole moment of 10 e | ‘ /
cm down

But nEDM is measured to be below 1.3x10%6 e cm (Abel, 2020) -%e

The best explanation? New U(1) axial symmetry, that when < i .
broken, cancels CP violation in the strong sector (Peccei, Quinn, 105 m

1977)

Consequence: New particle, called the axion (Weinberg,

= 10%e-em
Wilczek, 1978) d=%o

<3x10%6ecm
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Axions as Dark Matter

* Axions are produced athermally

* Misalignment Mechanism — Phase transition in the
early universe leaves energy in the axion field which
behaves as dark matter

» String/Defect Decay — Energy in topological defects
radiates as cold axions

* In both cases axions are produced cold and in
quantities sufficient to make up some or all of
dark matter

* Perfect knowledge of QCD, cosmology, and
inflation could, in principle, predict the axion
mass that yields the amount of dark matter we
have today
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Detecting Axions
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Coupling to Photons

Coupling to Nucleon EDM

Coupling to Axial Nuclear Moment

Coupling to Axial Electron Moment

Adapted from Y. Kahn, See also Graham and Rajendran, Phys.Rev. D88 (2013) 035023
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Detecting Axions

1 r J \ T T ‘ \ T ‘ —
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Coupling to Photons
T
Clean experimental i
signal Coupling to Nucleon EDM
Well developed
techniques | Coupling to Axial Nuclear Moment
Ripe for incorporating S =
quantum sensing Promising experimental : .
techniques techniques under development —— COUPIling to Axial Electron Moment

Adapted from Y. Kahn, See also Graham and Rajendran, Phys.Rev. D88 (2013) 035023
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Theoretical Preferences on Scale from Dark Matter

* In general, things that happen before the end of inflation could
produce dark matter with any axion mass, but after inflation favors
TueV and above

108 eV 10% eV 100 eV

e e

104 Hz 1Hz 104 Hz

Pre-Inflation PQ Phase Transition

Post-Inflation PQ Phase Transition
—_—

Adapted From: PDG Axion Review 2018

* Above 1 micro-eV, axions may have been produced after inflation
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Limitations of this talk

* | will focus on techniques specifically for axion dark matter, with
only a small number of axion-like-particle or non-dark-matter

axion searches.

* | will favor talking about terrestrial experiments over astrophysical
iInferences.

* | will specialize on the most active technique, the axion
haloscope, with ADMX as the prime example.

* Apologies if | omit your favorite axion experiment. Please bring it
up in the questions!
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Axion Target Region

GitHub - cajohare/AxionLimits: Data, plots and code for constraints on axions, axion-like
particles, and dark photons - includes zoom-in later on, updated Oct 2025
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Highlighted Non-DM Expe

Axion Helioscopes: CAST (and
SUMICO) Axions are produced
in the sun and converted to keV
gamma rays in a magnet on
earth for detection. IAXO s
under preparation targetingthe
QCD region at eV scales. |
(arXiv: 2504.00079)
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GitHub - cajohare/AxionLimits: Data, plots and code for constraints on axions, axion-like
particles, and dark photons - includes zoom-in later on, updated Oct 2025
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Some Non-E&M Axion Bounds

GitHub - cajohare/AxionLimits: Data, plots and code for constraints on axions, axion-like

particles, and dark photons
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Highlighted non-E&M experiments

mHz Hz kHz MHz GHz THz PHz
104
_5 107
10 SN1987A 8
10-5 10
107 Planck+BAO 10~
108 107
p— 10—9 10_11
— 10—'12
I 10—']0
> 10-11 10-"7
[y 1 ]0—14
10~
Q. 1013 1015
RS 10
T SE = 10"
— 1077 o _18
10_16 B — e 10
17 GW170817 g 10—19
10 Pulsars /'; 1020
18
10 @
19 SMBHs 2, 10 2
i 20 | G 1072
10~ 0 5 ; h . N ) Gl|||(|a‘|l'l'l'l'l'|-%|'l'l'l'l'ﬂ'|q||u||| E|‘|I'I'I1'I'|-‘1'3'I'I'I'I'I'| :HH' élmrl”ml |\| A
S TR TR Y- TR B e - SR V- SRR - JR VSR § U\ IO R S S S S Yt R S !
10730710710 0 10 0 e e e T 0T A0 AT 40 A0 AT 40740 307 A0 A0
my [eV]

Black holes can lose spin to axion
clouds via superradiance.
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GitHub - cajohare/AxionLimits: Data, plots and code for constraints on axions, axion-like

particles, and dark photons
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Maxwell’s Equations with an Axion Field

The Axion-Photon coupling can be interpreted classically
as a small perturbation to Maxwell’s equations:

V-E=p—0uyB-Va

ot

OE da
VXB = E+]—gaw(E><Va—BE)
V-B=0

In particular, an axion field in a strong magnetic field
radiates photons like a very weakly coupled antenna!
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Axion Detector Length and Time Scales
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Axion Haloscope for my Intro Physics Class
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Axion Haloscope for my Intro Physics Class

Axion Dark Electromagnetic
Matter Cavity Resonance

‘I \
[
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Principle of the Sikivie Axion Haloscope
See P. Sikivie, PRL 51, 1415 (1983) for origin
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Axion Haloscope: How to search for Dark Matter Axions

Primakoff Conversion

LY

Dark Matter Axions will convert to
photons in a magnetic field.

The conversion rate is enhanced if
the photon’s frequency
corresponds to a cavity’s resonant

frequency.
Sikivie PRL 51:1415 (1983)
Signal Proportional to Noise Proportional to
Cavity Volume Cavity Blackbody
Magnetic Field Radiation

Cavity Q Amplifier Noise
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The World of Axion Haloscopes
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* Anumber of axion haloscopes are now operating worldwide. | will
highlight ADMX as an example.
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ADMX Collaboration

" ADMX Collaboration meeting - UW - Jan 2023

Collaborating Institutions:

University of Washington
Washington University St. Louis
University of Western Australia
University of Florida

University of Sheffield
University of Western Australia
Stanford University / SLAC

UC Berkeley

Fermilab

Pacific Northwest National Laboratory
Lawrence Livermore National
Laboratory

Los Alamos National Laboratory

This work is supported by U.S. Department of Energy through Awards No DE-SC0009800, No. DE-SC0009723, No. DE-SC0010296, No. DE-SC0010280, No. DE-SC0011665, No. DEFG02-
97ER41029, No. DE-FG02-96ER40956, No. DE-AC52-07NA27344, No. DE-C03-76SF00098, No. DE-SC-0022148 and No. DE-SC0017987. Fermilab is a U.S. Department of Energy, Office of
Science, HEP User Facility managed by Fermi Research Alliance, LLC (FRA), under Contract No. DE-AC02-07CH11359. Additional support was provided by the Heising-Simons Foundation and by
the Lawrence Livermore National Laboratory LDRD office. PNNL is a multi-program national laboratory operated for the U.S. DOE by Battelle Memorial Institute under Contract No. DE-AC05-
76RL01830. UWA and Swinburne participation is funded by the ARC Centre of Excellence for Engineered Quantum Systems and CE170100009, Dark Matter Particle Physics, CE200100008. The
Sheffield group acknowledges support from the UK Science and Technology Facilities Council (STFC) under grants ST/ T006811/1 and ST/X005879/1. CRB is supported by DOE Office of Science,
High Energy Physics, Early Career Award (FWP 77794 at PNNL). Chelsea Bartram acknowledges support from the Panofsky Fellowship at SLAC. John Clarke acknowledges support from the U.S.

Department of Energy, Office of Science, National Quantum Information Science Research Centers.
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ADMX Design

Field-Free Region

Quantum Amplifier

Package
4K
Antennas

Mixing
Chamber

Microwave
Cavity

100-250 mK
Tuning Rods

Magnet
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Tuning the Cavity Resonance

15

14

[
w

12

Run 1D

Frequency (GHz)

* We mechanically
tune the resonator
to scan over
frequency space

09

08
00 02 04 08 10 12

1e8

Rooa Position
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The Importance of Noise

10

Signal Power

I Noise Power

SNR

0

frequency [Hz| x 10°

We need our noise to be much smaller than our signal to make a detection.
The noise is a thermal, and the slower we scan the smaller the uncertainty.

We must carefully calibrate the noise of our system —to understand our sensitivity, we must understand the
temperatures of the components, the signal loss in the cables, and the performance of the amplifiers.
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Minimizing Noise
Noise is minimized by cooling to millikelvin
temperatures and using superconducting amplifiers

operating at or near the standard quantum limit

Weak Cavity Output JPA° Hot Load
Port  Bypass Pump  Through
300K Rl b | l
---------------------------------------------- 119 mm et it
ZXHFET Ak =" S22 103 |-
input lin k 0
Ground A
1K lane B -
LHO‘:j 400 mK Geometric capacitance SQUID Josephson Junction
0a
100 mK
Controllable
heater
between 0.4-4 K JPA provided by
' Siddig Group at UC Berkeley (previous
run)
Wash. U. St. Louis (upcoming run)

TWPAs Under Test from Lincoln labs, JPL
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Power [Watt]

SNR

ADMX Operations

% 10-2! candidate: 896.448 MHz

e The cavity is tuned every 100 seconds, during which power spectra
e — are taken. Overlapping power spectra are examined for the
o = characteristic axion signal shape appearing on-resonance.

o oo The picture on the left shows how an axion signal would appear in the
gt - data. This is a synthetic signal.

10 -

8.9640 8.9642 89644 8.9646 8.9648 8.9650
frequency [He] x 108
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Data Taking Cadence

14 “nibbles” = ~ 10 MHz sweeps single scans: range: 50 kHz, resolution: 100Hz, integration time: 100s

First pass through
nibble at fixed =
tuning rate. ~
\
2-2 Make RFI checks.

Continue to Rescan at variable Z
next nibble. oza tuning rate. ~2-5x

s k|
qdd

Turn off secondary
synthetic axion
injections.

Continue to
next nibble.

Continue to .
; © ,
[ next nibble. ] % Persistence check

Check for signal
Continue to
Turn off primary next nibble. suppression in
Continue to theti TMp10 mode.
bble. synthetic axion -
next ni injections. Rescan. ~

Continue to ;
next nibble. m Check signal o« B-.

Aqd

e 71
Continue to ) z
04 _ =
next nibble. 04 Persistence check j—
Z.
Continue to Axion
next nibble. (Pl

[ Continue to

next nibble. Bartram et al. Phys. Rev. D 103, 032002 (2021)
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Example: ADMX 2024 Operations

1350
[ Initial Scan
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M. Guzzetti, Ph.D. Thesis 2025
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2024 Results

Over the range explored:

KSVZ Axion Model at

nominal dark matter
density excluded at 90%

confidence between 1
GHz and 1.3 GHz

DFSZ Axion Model at
slightly higher densities
excluded
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Carosi et al. PRL (2025) https://arxiv.org/abs/2504.07279
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&ayy (GeV™)

ADMX 2026

Plan: Extend reach down to DFSZ at
below-nominal dark matter density
with improved amplifiers

Axion mass (ueV)
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ADMX Near Future

Axion Mass (ueV)

10 100
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W 0 7
° . . 10_11
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)
. . t:%10‘” KSVZ
Method: Multiple cavity system
1074
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This Work
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100 Y

Frequency (MHz)
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ADMX 4-cavity system

* Reach higher frequencies with multiple resonators
* Maintain axion conversion volume with multiple cavities

* Challenge: coherent signal combining between cavities
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The Future of Haloscopes

A thorough search up to 10 GHz+ will require

At higher frequencies, axion

haloscopes suffer from unfavorable ° Sophisticated, hlgh-Q Resonators
read out by

-Volume scaling o

-Resonator Q scaling * Su b—quantum limit detectors

-Standard Quantum Limit noise inside of

scaling

* Large, high-field magnets

located at

* Dedicated Facilities
operated by

* Larger Collaborations
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Haloscope Magnet Development
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Frequency (GHz)

Axion sensitivity scales as magnet stored
energy, and scan speed scales as the square
of stored energy.

Magnets are large, expensive, and critical for
most axion search techniques. They are also
potentially usable at different frequency
ranges with very different detector styles.

Effectively using a magnet’s volume requires
sophisticated resonators if the bore size does
not match the Compton wavelength.

Rybka - UGRP Tokyo 2026



Haloscope Magnet Development

MADMAX (Proposed)
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Sophisticated Resonators — Multiwavelength
Cavities

* Dividing single cavities or metamaterial structures
captures similar volume gains to multiple cavities

See also:
Lindahl et al. Phys. Rev.
Applied 25, 024073 (2026)

“\\‘\\\\\\\\ i

“Pizza” Cavity is divided into Multiple periodic conductors allow the ALPHA “Plasma
subregions and read out coherently. Haloscope” to have a multiwavelength volume
S. Youn, CAPP (2023) A. Millar Phys. Rev. D. 107 055103 (2023)
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Sophisticated Resonators — Multiwavelength
Cavities

The ADMX beehive-style design is under study for future use
in the ADMX magnet as a volume-efficient, tunable way to
reach higher frequencies with good sensitivity.

M.O. Withers & C.L. Kuo Phys. Rev.
D111,072011 (2025)
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Sophisticated Resonators —Multiwavelength
Dielectric Cavities

* Even more complicated designs are under study

SR IANR SRR SR

D4 A
. ¢
Mirror : Dielectric Disk Receiver
MADMAX Design ADMX-Orpheus Design
E. Garutti, Patras R. Cervantes, Phys. Rev. D ADMX-VERA wedge-
2023 106, 102002 (2022) cavity design

T. Dyson, Patras 2023
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Sophisticated Resonators — High-Q Resonators
* One thought a pipe dream, groups are developing the capability to

run Su

perconducting magnets in multi-Tesla fields

CAPP reportsa Q
of 107 with high-Tc
Superconductor
-D. Ahn, Patras
2023

SQMS at Fermilab
reports tunable NbSn
cavity with Q of 107
-R. Cervantes, Patras Test NbSn tuning rod (from
2025 SQMS) being installed in

ADMX “sidecar” system
-T. Braine 2025
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Sub-Quantum-Limited Readout

. . . (a) :\\&\ /;//E Haloscope ®) frequency SMPD
* The standard quantum noise limit - /e
(SQL) scales with frequency L Vo

(~30 mK/GHz), so higher frequency
axion searches have worse noise.

* The SQL only holds for linear S
amplification though, so new

A"if S, -
= u readout
SMPD tuned
(C) with haloscope
/ E / “t E
iy ‘-" P/ ! etune
t

microwave detectors can evade o wew
this _l | m Im

Single microwave photon counters evade the SQL
Braggio et al, PRX 15, 021031 (2025)

See also work by O. Wen,
SLAC
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More sub-Quantum Limited Readout

a b Qubit Excited State Probability
1.0
n=>2 n=1 n=0

—_ 2 —
| Y .\
Dark Matter /\u‘ !
| O 0] 0.0 ™ \—
Er— = 4.746 4.748 4.750
olorage Frequency (GHz)

0.5 7

Qubit Based photon counting for sensitivity below the
standard quantum limit (A. Dixit, PRL 126, 141302

2021
( wA.%% w:;me"g
VI
e
axion cavity

signal  loss
(fictitious port)

Rydberg atoms can be used as microwave photon
counters — See CARRACK experiment. Figure and
new work from (R. Maruyama - Aspen 2022)
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Squeezed noise setup used in
HAYSTAC experiment
Jewell et al. 2301.09721 (2023)

See also CEASEFIRE — Wurtz et
al. PRX 2,040350 (2021)



Beyond the Cavity Haloscope — Higher Frequencies

* At the highest frequencies, nonresonant axion conversion at metal
or dielectric boundaries can make a ‘dish antenna’ axion search.

* Example: the BREAD experiment focuses converted photons with
a cone—sh&@ped emitter.

0 %1011 (@) Limit on ALP-Photon Coupling

6 CAST
m 55
'% o e For even higher
9 .. frequencies, see
= Disordered Dielectrics
& * Koppell et al Phys. Rev.
235 D 113, 083045 (2026)
B30
g NESTTAR
A O 25

po = 0.45 GeV cm 3

44 46 18 50 5 54
ALP mass m, [peV]

Axion limits from GigaBREAD prototype

Hoshino et al. Phys Rev Lett 134, 171002 (2025)
Rybka - UGRP Tokyo 2026
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Below the Cavity Haloscope — Lower Frequencies

* Non-geometric resonators (LC-circuits) can replace the cavity of a
haloscope to access lower frequencies.

* Example: DM Radio (Brouwer et al. Phys. Rev. D 106, 103008 2022)

DM Radio Program Targets
R — 10
10!

108 107
) I .

103 104 10° 100 107
q T T T

20

v, [Hz|

axion LC Circuit kHz pickup 510—15_

For another low-frequency technique, see TV RS TV L TV - 1[(;;*] T T R I
RF Haloscopes Ex: Berlin et al JHEP 2020, - v
88 (2020) Rapidis Patras 2025
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Consequences of Discovery - Particles

w»

* Mass probes physics during f [ cows fimen)
or just after inflation _ ..

* Model predicts new Higgs  + SR )
sector or heavy quarks — > i1
possible accelerator % ",
signatures ;‘i

* Points the way to
electron/nucleon coupling
experiments —is itrea lly the R P T S T 18 4
QCD axion? M [eV]
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Conclusions

* Axions are a compelling dark matter candidate, but so far a very
small range has been explored

* Experiments like ADMX are underway searching promising axion
parameter space

* New technologies are rapidly improving sensitivity and frequency
coverage

* This is a fast-moving, exciting field of dark matter experiment
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