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Amazing Images from Vera Rubin Observatory!
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Rotation Curve of Galaxies

“What you see in a spiral galaxy ... 
is not what you get.”

1970‘s: Vera Rubin and co. found that rotation 
curves are flat, indicating presence of dark matter

95% of the matter in galaxies is95% of the matter in galaxies is
unknown dark matterunknown dark matter

!! Rotation Curves of Galaxies:Rotation Curves of Galaxies:

EXPECTED
FROM STARS

OBSERVED:
FLAT ROTATION
CURVE

Vera RubinVera Rubin

Studied rotation curves 
 of galaxies, and found
 that they are FLAT

Measured

Calculated from 
visible stars Image credit: NSF-DOE Rubin Observatory/AURA/B. Quint



Evidence for Dark Matter
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All consistent with ~25% dark matter

ESA Planck

WMAP

Rotational Curves



Characteristics of dark matter
Naturally give right cosmic density

- thermal production in hot primordial plasma.
Matches requirements from DM evidence

• Non-baryonic
• non-relativistic and exerts gravity
• Interact little with ordinary matter 
• Stable and long-lived
• local density: ρ = 0.4 GeV/cm3
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Dark Matter Candidates: Cartoon Version

Snowmass 2021 Cross
Frontier Report on Dark
Matter Complementarity



Strong Charge-Parity (CP) Problem
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• CP symmetry violated in the weak force but not in the strong force
- Weak force: CP violation in neutral kaon decays

- Strong force: would lead to a neutron EDM  

- Current experimental limits:    
dN = (5.2 × 10−16e ⋅ cm) θ̄

dN < 10−26e ⋅ cm → θ̄ < 10−10

Fine-tuning = 
Strong CP problem 



Solution: the Axion
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Solution to “clean up” 
both problems

Dark Matter  
Astrophysical measurements of 
gravitational interaction

Adapted from M. Silva-Feaver

Strong CP Problem

No neutron electric dipole moment 



Axion coupling and bounds
• An upper bound on ma from 

supernova SN1987a
• Lower bound from universe 

overclosure

8
ArXiv:1801.08127( )𝑚𝑎  eV

 
 (n

or
m

al
iz

ed
)

𝑔 𝑎
𝛾γ



Ways to look for Axions
Light-Shining-Through-Wall Experiment
Laboratory-based experiments producing and 
detecting axions
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Adapted from J. Vogel

Helioscope
Scientific instrument designed to detect axions or 
axion-like particles (ALPs) coming from the Sun

Haloscope
Scientific instrument designed to detect axions in 
the Milky Way halo

Categories of Axion Search Experiments

► Light-Shining-Through-Wall-Searches 
(no DM assumption)
- Laboratory-based experiments producing 

and detecting axions

► Helioscopes (no DM assumption)
- Laboratory-based solar searches

► Haloscopes
- Microwave cavities
- Dish antennas/dielectric and plasma 

haloscopes (higher ma)
- Lumped element detectors (lower ma)

Julia Vogel | Ultralight Dark Matter and Dark Sector 4



Axion Searches: Current Status and Reach

Explore the axion + ALP 
parameter space with:

• Haloscopes

• Light-shining-through-wall 
experiments

• Helioscopes
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Axion Searches

Julia Vogel | Ultralight Dark Matter and Dark Sector 11

► Large parts 
of QCD band 
can be 
studied in 
coming 
decades

► Significant 
European-
leadership 
and/or 
involvement

► Complementary 
experimental 
approaches are 
crucial to cover 
full viable axion 
parameter 
space

► Mixture of large-
scale and 
smaller-scale 
experiments

► ALP searches in
parallel

Adapted from Julia Vogel, ESPPU 2026



Haloscope Dark Matter Searches
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Dark Matter Searches: Haloscopes

Julia Vogel | Ultralight Dark Matter and Dark Sector 11

ESPPU 2026: Preliminary

Julia Vogel, ESPPU 2026



Axions’ Pre- vs. Post-Inflation Production
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Credit: Particle Data Group 2020 
review of axion particle physics

Post-inflation axion – 
theoretically calculable from 
string production 
mechanisms.

Mass: above 1 μeV 
Typical Measurement: 
Cavity haloscopesPre-inflation axion – 

wide range of viable masses. 
“GUT-scale” axion. 

Mass: below 1 μeV 
Typical Measurement: 

Lumped element detectors

Coupling for QCD 
Axion

ALPHA Phase 1 
Forecast

HAYSTAC
Adapted from Max Silva-Feaver



Detecting Axion Dark Matter



The Axion Haloscope
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Figure: Kowitt, Balafendiev et al. (2023)
Tunable wire metamaterials for an axion 
haloscope

Cavity band pass

Axion line 
broadening due 
to virial velocity of 
dark matter in our 
galaxy

• Axions modify Maxwell’s 
equation and produce an 
effective AC current, which 
couples Axions to EM. 

• High Q-factor cavity to 
capture photons produced 
through axion-photon 
conversion

• Measuring our local dark 
matter halo = “haloscope”

High  
Q-factor

Haloscope principle: P. Sikivie, Phys. Rev. Lett., 51, 1415 (1983)



Detecting Axions
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Signal Power: 

B = External field
V = Cavity Volume
Q = Quality Factor
C = Overlap of cavity 
mode & magnetic field

P ∝ B2CVQ ≃ 10−24W

System Noise: 

Tsys = System temp.
T = Cavity temperature
TA = Amp. noise temp.

Requirements: Low T and  
custom amplification

kbTsys = hν ( 1
ehν/kbT − 1

+
1
2 ) + kbTA

Figure of Merit: 
(FOM)

Challenge: Do experiments 
in human timescales!

dν
dt

∝
V2B4C2Q

T2
sys



ADMX



Principles of ADMX

LLNL-PRES-849660
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Axion Dark Matter Searches: The Axion Haloscope Technique
The	Axion	Haloscope

Digitize
Amplify	

Po
w
er

Frequency

Ph
ot
on

Virtual
Photon

B-
Fi
el
d

Unknown	axion	mass	
requires	a	tunable	resonator	

This	axion	lineshape
has	been	

exaggerated.	A	real	
signal	would	hide	

beneath	the	noise	in	
a	single	digitization.	
An	axion	detection	
requires	a	very	cold	
experiment	and	an	
ultra	low	noise	
receiver-chain.		

B-
Fi
el
d

Axion	to	photon	
production	
� E •	B

Power	Spectrum

FFT

Tu
ni
ng
	R
od

Psig ~  ( B2V QcavC010 )( g2 ma ra ) ~ 10-24 W  

System noise temp. 

TS = Tphys + TN
TQuant  ~ 48 mK @ 1 GHz

t = Integration time 
limited to ~ 100 sec

Gold standard

Carosi, Axions Beyond Boundaries Workshop – 2023
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LLNL-PRES-849660

10

ADMX experimental layout
ADMX Experimental Layout

Carosi, Axions Beyond Boundaries Workshop – 2023



ADMX 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 

19Rybka -Berkeley Axion Workshop - 2025

https://arxiv.org/abs/2504.07279



Rybka -Berkeley Axion Workshop - 2025

ADMX Near Future
Work in the next few years:

1. Extend reach down to DFSZ 
at below-nominal dark matter 
density

2. Extend sensitivity to higher 
masses using a multicavity 
system

20

1 – reach downward

2 – reach 
upwards



Rybka -Berkeley Axion Workshop - 2025

Next Year – 4 cavity system
• Power from 4 cavities are 

combined coherently to 
maintain detector volume at 
higher frequencies

21



Search for QCD Axions in CAPP

IBS-CAPP (2013~2024)
2024 KSHEP 22

CAPP-8TCAPP-12TB CAPP-8TBCAPP-9T CAPP-12T

SungWoo Youn



Search for QCD Axions in CAPP

Search highlight (I) 
2024 KSHEP 23

CAPP-12T 
(12T/96m) 

3-cell + JPA  
(5.3 GHz, 400 mK) 
KSVZ sensitivity 

NM algorithm 
PRL 133 051802 (2024)



Search for QCD Axions in CAPP

Search highlight (II)
2024 KSHEP 24

CAPP-9T 
(9T/127mm) 

TM020 + Kirigami (5.2 GHz) 
Demonstration 

PRL 133 211803 (2024)



Search for QCD Axions in CAPP

Search highlight (III)
2024 KSHEP 25

CAPP-12TB 
(12T/320mm) 

 f > 1 GHz, V = 37 L, Tsys < 250 mK  

df/dt ~ 2 MHz/day @ DFSZ  
PRL 130 071002 (2023) 

Extended scan ( ~120 MHz) 
PRX 14 031023 (2024) 

Ready for 300-MHz run w/ SC cavity

∆ 𝑓



Search for QCD Axions in CAPP

• CAPP has established a world-class facility for axion 
search  

• Novel R&D efforts and productive scientific results 

• Substantial contributions to exploring the parameter space 

• The effort was taken over in 2025 by a smaller group, 
DMAG (Dark Matter Axion Group), the successor to CAPP.

Summary
2024 KSHEP 26



Axion Searches at Yale
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Phase1

https://axion-dm.yale.edu/

Nature 590, 238–242 (2021)
PRD 107 072007 (2023)

PRL 134, 151006 (2025) Editors' Suggestion

RAY

Phys. Rev. D 109, 032009 (2024)PRL 123, 141802 (2019) 
PRD 107, 055013 (2023)

Single photon detection 
with Rydberg atoms



HAYSTAC Experiment

28
Magnet: 8 Tesla

Cryostat: ~60 mK

JPAs

Piezoelectric tuning

 Microwave cavity



HAYSTAC Innovations: Phase 1
Josephson Parametric Amplifier (JPA)
• Near quantum-limited noise

• Tunable LC resonators

• Phase-sensitive amplifier

29

Brubaker et al., PRL 118 061302 (2017)

Pump tone:  
cos(2𝜋𝑓𝑝𝑡 + 𝜃)

Ben Brubaker
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Backes et al., Nature, 590, 238 (2021)HAYSTAC: Phase 2
• Dark matter search enhanced by quantum 

squeezing
• LIGO - the other experiment that uses 

squeezing to enhance signal
• -4dB noise reduction
• x2 speedup

Kelly Backes, Dan Palken

Malnou et al., Phys. Rev. X 9, 021023 (2019)



Results from Phase II
• Phase II covered 550MHz of unexplored parameter space 

• With 413MHz covered in new data 
• Remaining gaps are inaccessible due to mode crossings 

• No evidence of an axion signal 
• 90%  Aggregate exclusion  over all Phase II|𝑔𝛾 | > 2.86  |𝑔𝐾𝑆𝑉𝑍

𝛾 |   

31

Joint  
Aggregate

PIIa/b 
PIIc/d (new data)

PRL 134, 151006 (2025)



Final Exclusion

• Combined with Phase I we have covered ~750 MHz @ 4 – 6GHz

32Bai, Jewell, et al., PRL 134, 151006 (2025)

Xiran Bai Mike Jewell

See talk on Friday 
Karl van Bibber



HAYSTAC in 2025

33

Visible on log-log scale!



Pushing the Frontiers: New 
Techniques



HAYSTAC: Beyond Phase II

35

P-IIIa

Rev.Sci.Instrum. 92 (2021)

P-IIIb

arXiv:2411.18914 (2024)



HAYSTAC: Beyond Phase II
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P-IV

P-IIIa

Rev.Sci.Instrum. 92 (2021)

P-IIIb

arXiv:2411.18914 (2024)

Lehnert Group: 
Y. Jiang et al., PRX Quantum 4 (2024)



HAYSTAC: Beyond Phase II

37

P-IV P-V

P-IIIa

Rev.Sci.Instrum. 92 (2021)

P-IIIb

arXiv:2411.18914 (2024)

Lehnert Group: 
Y. Jiang et al., PRX Quantum 4 (2024)

van Bibber Group



Resonant cavities get smaller at higher frequencies

38

LLNL-PRES-849660
10

ADMX experimental layout

ADMX

HAYSTAC
Solution: decouple cavity size 

from mass 



MADMAX: Magnetized Disc and Mirror Axion experiment

• Weak signal power at single interface boosted
• using a tunable stack of dielectric plates
• Aims to probe 40-400 μeV range (10-100 GHz)
• 10 T field & ~80 disks
• Currently in prototype phase with CERN dipole 

magnet

39

LLNL-PRES-849660
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MADMAX: Magnetized Disc and Mirror Axion experiment

• Weak signal power at single interface boosted 
using a tunable stack of dielectric plates

• Aims to probe 40-400 μeV range (10-100 GHz)  
• 10 T field & ~80 disks 
• Currently in prototype phase with CERN dipole magnet

Slide adapted from Chang Lee (UCLA DM 2023)
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MADMAX: Magnetized Disc and Mirror Axion experiment

• Weak signal power at single interface boosted 
using a tunable stack of dielectric plates

• Aims to probe 40-400 μeV range (10-100 GHz)  
• 10 T field & ~80 disks 
• Currently in prototype phase with CERN dipole magnet

Slide adapted from Chang Lee (UCLA DM 2023)

MADMAX PRL118 (2017) 091801

MADMAX: A dielectric haloscope

3

Constructive 
interference of 
coherent photon 
emission at several 
interfaces

Output power P of the dielectric haloscope per unit area A is:
𝑷
𝑨 𝒃𝒐𝒐𝒔𝒕𝒆𝒓

~ 𝟐 ∙ 𝟏𝟎−𝟐𝟕 𝐖𝐦𝟐

𝑩||

𝟏𝟎 𝑻

𝟐

𝒈𝒂𝜸𝜸/𝒎𝒂
𝟐𝜷𝟐 𝜷𝟐 =

𝑷𝒃𝒐𝒐𝒔𝒕𝒆𝒓
𝑷𝒎𝒊𝒓𝒓𝒐𝒓

The boost factor

MADMAX PRL118 (2017) 091801

In an external magnetic field 𝑩𝒆 the axion field oscillation 𝑎 𝑡 sources an oscillating electric field 𝑬𝒂

𝑬𝒂 is different in materials with different 𝜀

At the surface, 𝐸∥ must be continuous
 Coherent emission of electromagnetic waves

𝑬𝒂 ∙ 𝝐 ~ 10−12 ΤV m for 𝐵𝑒 = 10 T
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MADMAX: First Axion Search with CB200

40
8

• Five data runs in two configurations ~ 18.5 GHz and 19.2 GHz (in total 100 MHz frequency range covered)

• World best limits for axion masses 76.5-76-8 meV and 79.5-79.7 meV

• First axion dark matter limit using dielectric haloscope

First Axion search with CB200 

arXiv:2409.11777
Accepted for publication in PRL Dagmar Kreikemeyer-Lorenzo, MADMAX



MADMAX: Dark Photon Searcn
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Dark photon dark matter

12

• Dark photon dark matter search with OB300
(no magnetic field)

• OB300 with 3 fixed disks + a Cu mirror
• Custom-made receiver system
• Setup at room temperature
• 12 days of data-taking

• Boost factor determination
• using in-situ bead-pull method (JCAP 04 (2023) 

064 , JCAP 04 (2024) 005)
• b2 peak ~ 600 
• Broadband config.: frequency covered 1.2 GHz

• No signal excess being observed

• First DPDM exclusion limit with MADMAX

World-best exclusion limit (95% CL) 
 1-3 order of magnitude below previous limits

Phys. Rev. Lett. 134, 15, 151004 (2025)
arXiv:2408.02368 Dagmar Kreikemeyer-Lorenzo, MADMAX



Stefan Knirck | BREAD

Wave-like 

Dark Matter

Photons

42

(Broadband Reflector Experiment for Axion Detection)

BREAD in a Nutshell

broadband axion detector from µeV (GHz) to eV (Infrared)

[PRL 128 (2022) 131801]



Stefan Knirck | BREAD

BREAD Reflector Prototypes

43

GigaBREAD (10-12GHz, 300K, 4T) 
first physics results

InfraBREAD (infrared, cryo) 
construction & testing

8T cryogenic (GHz, THz) 
in preparation

HEMT SNSPD 
(JPL, MIT)

TWPA, … 
(NIST & others)reflector by LLNLFNAL

Harvard



Stefan Knirck | BREAD

GigaBREAD: First Science Results

44

Dark Photon Run (2023) Axion-Like-Particle Run (2024)

4T MRI magnet 
@ Argonne world’s first dish antenna ALP result!first BREAD science data

[S. Knirck et al. (GigaBREAD),  
PRL 132, 131004 (2024)]

[G. Hoshino, et al. (GigaBREAD),  
PRL 134, 171002 (2025)]



Stefan Knirck | BREAD

El
ec

tri
c 

Fi
el

d 
 lo

g1
0 

|𝐸|
/𝐸

0

BREAD: Next Steps
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GigaBREAD  
+ TWPA  
+ 8T Magnet @              
.

in preparation

being constructed

Fabry–Pérot Resonator BREAD Multilayer Haloscope

✅ Lower Noise: Quantum Sensing ✅ Higher Signal: Large-Volume Resonators

~ 100 GHz > 100 GHz 

Edward Tong

Existing Diel. Stacks at Harvard:future: TeraBREAD 
THz quantum sensing

~ 10-30 GHz

TES (NASA) SQUAT (SLAC)

. . .e.g.,

THz

FNAL/Chicago/Harvard



ALPHA: Tunable Axion Plasma Haloscopes

• Idea in Lawson, Millar, Pancaldi, Vitagliano & 
Wilczek, Phys. Rev. Lett. 123 (2019)

• Allows for larger volumes/higher power for high 
frequencies than traditional approaches

• + HAYSTAC-like quantum detectors for readout

46
Kowit et al, Phys.Rev.Applied 20 (2023)



Solution: plasmonic resonance 

a a

Lawson et al. (2019), PRL
Sikivie (1983), PRL

r

47
Credit: J. Gudmundsson

● Wires mutually induct, 
changing the plasma 
frequency

● Resonant frequency is 
decoupled from the size of 
the system

● A wire-spacing of 1 cm gives 
a plasma frequency of ~10 
GHz

Theory of wire metamaterial: 
Pendry (1998) and Belov, et al. 
(2003)

C ~ 0.7
C ~ 1.0



ALPHA Phase I Resonators
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12.483 GHz 10.678 GHz

Spiral Tuning Mechanism
Junu Jeong, Stockholm Group

Quadropode Spinor Mechanism
Shriram Sadashivajois, K van Bibber, UCB Group



6-arm Protoype cavity
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KSVZ

DFSZ

Buschmann (2021)

ALPHA PHASE II
Q: 104

Magnetic field: 13T
Form factor: 0.5

Integration time: 3 y
Noise: q.lim

Diameter: 50 cm
Height: 150 cm

ALPHA PHASE I
Q: 104

Magnetic field: 9T
Form factor: 0.5

Integration time: 2 y
Noise: q.lim

Diameter: 17.5 cm
Height: 50 cm

ALPHA PHASE II (YALE)
Q: 105 Magnetic field: 9T

Form factor: 0.5 Integration time: 3 y
Noise: sqzd Volume: 20 l5σ discovery potential

ALPHA: Projected Sensitivity

European Strategy for Particle Physics

More on Friday 
Karl van Bibber



Axions’ Pre- vs. Post-Inflation Production

51

Credit: Particle Data Group 2020 
review of axion particle physics

Post-inflation axion – 
theoretically calculable from 
string production 
mechanisms.

Mass: above 1 μeV
Typical Measurement: 
Cavity haloscopesPre-inflation axion – 

wide range of viable masses. 
“GUT-scale” axion. 

Mass: below 1 μeV 
Typical Measurement: 

Lumped element detectors

Coupling for QCD 
Axion

ALPHA Phase 1 
Forecast

HAYSTAC
Adapted from Max Silva-Feaver



A Broadband / Resonant Approach to 
Cosmic Axion Detection with an  

Amplifying B-field Ring Apparatus

52



The cartoon experiment

Based on Kahn, Safdi and Thaler, Phys.Rev.Lett. 117 (2016) no.14, 141801

53



 axion current 

The cartoon experiment

54



Jeff

Real Magnetic Field!

The cartoon experiment

55



Jeff

A real magnetic field induced in a zero field region.

The cartoon experiment

56
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Figure 3. Schematics of our readout circuits. Left: broad-
band (untuned magnetometer). The pickup loop Lp is placed
in the toroid hole as in Fig. 1 and connected in series with
an input coil Li, which has mutual inductance M with the
SQUID of self-inductance L. Right: resonant (tuned mag-
netometer). Lp is now in series with both Li and a tun-
able capacitor C. A “black box” feedback circuit modulates
the bandwidth �! and has mutual inductance M with the
SQUID.

loop of radius r  R can be written as

�pickup(t) = ga�� Bmax

p
2⇢DM cos(mat)VB . (7)

The e↵ective volume containing the external B-field is

VB =

Z r

0
dr0

Z R+a

R
ds

Z 2⇡

0
d✓

Rhr0(s� r0 cos ✓)

r̃2
p
h2 + 4r̃2

, (8)

with r̃2 ⌘ s2 + r02 � 2sr0 cos ✓. We work in the magneto-
quasistatic limit, 2⇡/ma � r,R, h, a; at higher frequen-
cies, displacement currents can potentially screen our sig-
nal. As an illustration, we consider a meter-sized exper-
iment, where VB = 1 m3 for r = R = a = h/3 = 0.85
m, with sensitivity to ma

<
⇠ 10�6 eV. For an example of

the magnitude of the generated fields, the average B-field
sourced by a GUT-scale KSVZ axion (fa = 1016 GeV)
with VB = 100 m3 and Bmax = 5 T is 2.5⇥ 10�23 T. To
detect such a small B-field at this frequency, we need a
flux noise sensitivity of 1.2⇥ 10�19 Wb/

p
Hz for a mea-

surement time of 1 year in a broadband strategy (see
below). The anticipated reach for various VB and Bmax

is summarized in Fig. 2.
Broadband approach—In an untuned magnetometer, a

change in flux through the superconducting pickup loop
induces a supercurrent in the loop. As shown in Fig. 3
(left), the pickup loop (inductance Lp) is connected in
series with an input coil Li, which is inductively coupled
to the SQUID (inductance L) with mutual inductanceM .
The flux through the SQUID is proportional to the flux
through the pickup loop and is maximized when Li ⇡

Lp [41]:

�SQUID ⇡
↵

2

s
L

Lp
�pickup. (9)

Here ↵ is an O(1) number, with ↵2
⇡ 0.5 in typical

SQUID geometries [42].
Clearly, the flux through the SQUID will be maximized

for L as large as possible and Lp as small as possible. A

typical SQUID has inductance L = 1 nH. A supercon-
ducting pickup loop of wire radius � = 1 mm and loop
radius r = 0.85 m has geometric inductance of [43]

Lp = r(ln(8r/�)� 2) ⇡ 7 µH, (10)

but this may be reduced with smaller loops in parallel as
in a fractional-turn magnetometer [44, 45].2 The mini-
mum inductance is limited by the magnetic field energy
1
2

R
B2 dV stored in the axion-sourced response field, and

is approximately

Lmin ⇡ ⇡R2/h. (11)

With a “tall” toroid where h = 3R, one can achieve
Lmin ⇡ 1 µH and �SQUID ⇡ 0.01�pickup for R = 0.85
m. Since the pickup loop area is much larger than the
magnetometer area, the B-field felt by the SQUID is sig-
nificantly enhanced compared to the axion-induced field
in the pickup loop. The B-field enhancement takes ad-
vantage of the fact that we are working in the near-field
limit, so that the induced B-field adds coherently over
the pickup loop.
To assess the sensitivity of the untuned magnetome-

ter to the axion-sourced oscillating flux in (7), we must
characterize the noise of the circuit. In a pure supercon-
ducting circuit at low frequencies, there is zero noise in
the pickup loop and input coil, and the only source of
noise is in the SQUID, with contributions from thermal
fluctuations of both voltage and current. Despite their
thermal origin, we will refer to these as “magnetome-
ter noise” to distinguish them from noise in the pickup
loop circuit (which dominates in the resonant case be-
low). At cryogenic temperatures (T <

⇠ 60 mK), thermal
current and voltage noise are subdominant to the cur-
rent shot noise SJ,0 in the SQUID tunnel junctions [42],
which sets an absolute (temperature-independent) floor
for the magnetometer noise. See the appendix for a more
detailed discussion of noise in a real implementation of
this design.
A typical, temperature-independent flux noise for com-

mercial SQUIDs at frequencies greater than ⇠10 Hz is

S1/2
�,0 ⇠ 10�6�0/

p

Hz, (12)

where �0 = h/(2e) = 2.1⇥10�15 Wb is the flux quantum.
We use this noise level and a fiducial temperature of 0.1
K as our benchmark. DC SQUIDS are also known to
exhibit 1/f noise which dominates below about 50 Hz
at 0.1 K [46]. We estimate the reach of our broadband
strategy down to 1 Hz assuming 1/f noise is the sole
irreducible source of noise at these low frequencies, but in

2 We thank Chris Tully and Mike Romalis for suggesting this strat-
egy to us.

Pickup Loop SQUID
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Figure 3. Schematics of our readout circuits. Left: broad-
band (untuned magnetometer). The pickup loop Lp is placed
in the toroid hole as in Fig. 1 and connected in series with
an input coil Li, which has mutual inductance M with the
SQUID of self-inductance L. Right: resonant (tuned mag-
netometer). Lp is now in series with both Li and a tun-
able capacitor C. A “black box” feedback circuit modulates
the bandwidth �! and has mutual inductance M with the
SQUID.

loop of radius r  R can be written as

�pickup(t) = ga�� Bmax

p
2⇢DM cos(mat)VB . (7)

The e↵ective volume containing the external B-field is

VB =

Z r

0
dr0

Z R+a

R
ds

Z 2⇡

0
d✓

Rhr0(s� r0 cos ✓)

r̃2
p
h2 + 4r̃2

, (8)

with r̃2 ⌘ s2 + r02 � 2sr0 cos ✓. We work in the magneto-
quasistatic limit, 2⇡/ma � r,R, h, a; at higher frequen-
cies, displacement currents can potentially screen our sig-
nal. As an illustration, we consider a meter-sized exper-
iment, where VB = 1 m3 for r = R = a = h/3 = 0.85
m, with sensitivity to ma

<
⇠ 10�6 eV. For an example of

the magnitude of the generated fields, the average B-field
sourced by a GUT-scale KSVZ axion (fa = 1016 GeV)
with VB = 100 m3 and Bmax = 5 T is 2.5⇥ 10�23 T. To
detect such a small B-field at this frequency, we need a
flux noise sensitivity of 1.2⇥ 10�19 Wb/

p
Hz for a mea-

surement time of 1 year in a broadband strategy (see
below). The anticipated reach for various VB and Bmax

is summarized in Fig. 2.
Broadband approach—In an untuned magnetometer, a

change in flux through the superconducting pickup loop
induces a supercurrent in the loop. As shown in Fig. 3
(left), the pickup loop (inductance Lp) is connected in
series with an input coil Li, which is inductively coupled
to the SQUID (inductance L) with mutual inductanceM .
The flux through the SQUID is proportional to the flux
through the pickup loop and is maximized when Li ⇡

Lp [41]:

�SQUID ⇡
↵

2

s
L

Lp
�pickup. (9)

Here ↵ is an O(1) number, with ↵2
⇡ 0.5 in typical

SQUID geometries [42].
Clearly, the flux through the SQUID will be maximized

for L as large as possible and Lp as small as possible. A

typical SQUID has inductance L = 1 nH. A supercon-
ducting pickup loop of wire radius � = 1 mm and loop
radius r = 0.85 m has geometric inductance of [43]

Lp = r(ln(8r/�)� 2) ⇡ 7 µH, (10)

but this may be reduced with smaller loops in parallel as
in a fractional-turn magnetometer [44, 45].2 The mini-
mum inductance is limited by the magnetic field energy
1
2

R
B2 dV stored in the axion-sourced response field, and

is approximately

Lmin ⇡ ⇡R2/h. (11)

With a “tall” toroid where h = 3R, one can achieve
Lmin ⇡ 1 µH and �SQUID ⇡ 0.01�pickup for R = 0.85
m. Since the pickup loop area is much larger than the
magnetometer area, the B-field felt by the SQUID is sig-
nificantly enhanced compared to the axion-induced field
in the pickup loop. The B-field enhancement takes ad-
vantage of the fact that we are working in the near-field
limit, so that the induced B-field adds coherently over
the pickup loop.
To assess the sensitivity of the untuned magnetome-

ter to the axion-sourced oscillating flux in (7), we must
characterize the noise of the circuit. In a pure supercon-
ducting circuit at low frequencies, there is zero noise in
the pickup loop and input coil, and the only source of
noise is in the SQUID, with contributions from thermal
fluctuations of both voltage and current. Despite their
thermal origin, we will refer to these as “magnetome-
ter noise” to distinguish them from noise in the pickup
loop circuit (which dominates in the resonant case be-
low). At cryogenic temperatures (T <

⇠ 60 mK), thermal
current and voltage noise are subdominant to the cur-
rent shot noise SJ,0 in the SQUID tunnel junctions [42],
which sets an absolute (temperature-independent) floor
for the magnetometer noise. See the appendix for a more
detailed discussion of noise in a real implementation of
this design.
A typical, temperature-independent flux noise for com-

mercial SQUIDs at frequencies greater than ⇠10 Hz is

S1/2
�,0 ⇠ 10�6�0/

p

Hz, (12)

where �0 = h/(2e) = 2.1⇥10�15 Wb is the flux quantum.
We use this noise level and a fiducial temperature of 0.1
K as our benchmark. DC SQUIDS are also known to
exhibit 1/f noise which dominates below about 50 Hz
at 0.1 K [46]. We estimate the reach of our broadband
strategy down to 1 Hz assuming 1/f noise is the sole
irreducible source of noise at these low frequencies, but in

2 We thank Chris Tully and Mike Romalis for suggesting this strat-
egy to us.

Pickup Loop SQUID

For a review of this issue see Chaudhuri, Irwin et al. arXiv:1803.01627

ABRA Readout Options:

Option #1 - Broadband Readout 
• pickup loop directly coupled to the SQUID

• simultaneous scan of all frequencies

• simple and fast 

Option #2 - Resonant Readout 
• pickup loop coupled to the SQUID through a 

resonant circuit

• scan across all frequencies

• signal enhancement by Qvalue ~106 on 

resonance but significant enhancement of 
sidebands as well


• better ultimate sensitivity

57





DMRadio  
A staged approach to searching for QCD axions at sub-𝜇eV masses

ABRA-10cm DMRadio-50L DMRadio-m3 DMRadio-GUT
59



More lumped-element detection

Sensor R&D:
• Optimal SQUID chain
• SQL-beating RQUs

DMRadio-50L 
construction 
underway now

ML-based denoising

Resonant readout R&D:
• High Q passive resonators
• Beyond Bode-Fano  

First gravitational wave results
from ABRA-10cm

arxiv:2406.04378

arxiv:2505.0282
1

arxiv:2504.2039
8 

arxiv:2210.0557
6 60

Figure 1: Left to right: ABRA dilution fridge with outer vacuum cans on; Coldest stage of ABRA
fridge above shielded 1T superconducting torroidal magnet; Interior of ABRA magnet including
pickup and calibration loop wires existing the center of the magnet; Effective circuit diagram for both
dark matter and injected signals.

1.2 TIDMAD construction

In the classical analysis, we use a calibration procedure to determine the end-to-end response of our
system for different signal frequencies. As shown in Figure 1, the ABRA detector contains a toroidal
magnet equipped with both a pickup loop and a calibration loop. During calibration, we first inject a
fake dark matter signal into the calibration loop at a specific frequency. This generates a sine wave
with a known amplitude and frequency, creating a dark matter-like flux with our pickup loop. Finally,
this flux is detected by the SQUID sensor for detector calibration.

Figure 2: 10-millisecond snapshot of the time series in TIDMAD training dataset.

The TIDMAD dataset presented in this work is inspired by this calibration procedure. The ABRA
detector hardware enables us to simultaneously record two types of ultra-long time series: the one
injected into the calibration loop (referred to as the “injected time series”) and the one detected by
the SQUID sensor coupled to the pickup loop (referred to as the “SQUID time series”). As shown in
Figure 2, the injected time series exhibit a clear sinusoidal oscillatory signal, which can be considered
the ground truth. Meanwhile, the SQUID time series contains the same ground truth submerged
within a sea of detector noises. The two time series are exactly aligned at every time step. This defines
the signal recovery task: a model could be applied to the SQUID time series to reproduce the injected
signal in the injected time series. A model trained on this task will be efficient in rejecting noise of
different kinds while retaining the dark-matter-like signal within the detector. We then collected a
science dataset where no fake dark matter signal is injected. The trained denoising model can then be
applied to the SQUID time series of the science dataset. If a sinusodial signal is found after denoising,
it could potentially be a real dark matter particle entering the detector.

3

4

FIG. 2. Axion data collection (blue), SQUID noise floor
(green), and digitizer noise floor (gray). Data shown is in
power on the pickup loop, with all hardware filters divided
out. There are some regions where the axion data seems to be
more sensitive than the SQUID noise floor. We attribute this
unlikely situation to di!erences in data collections periods,
which were months apart and the experiment was thermal-
cycled between collections. We observed that the axion data
taken simultaneously with the HFGW collection had a noise
floor that matched the SQUID noise floor at high frequency.

direct input to the SQUID. We demonstrate with Fig. 2
that the axion sensitivity in the region of interest (100
kHz to 2 MHz, based on Ref. [6]) was not degraded by
the HFGW search. The noise features of the spectrum
are similar to ones encountered in previous ABRA-10 cm
campaigns, for more information on how these features
are handled in an axion search see the SM of Ref. [6].
The axion data taken during six-day-long collection pe-
riod is segmented, transformed to PSDs, averaged down,
and compared to the SQUID noise floor. All the data
shown in the figure are corrected for the shapes of the
physical high and low pass filters. The calibration data
was used to transform the spectra into the equivalent in-
put at the pickup loop of the axion pickup loop. For
the SQUID noise floor, we used data taken a few months
prior with the same SQUID that was used for the axion
data. Similarly to the ABRA-GW axion result, figure 5
of Ref. [36] shows that first axion search of ABRA-10 cm
also had a noise floor close to that of the SQUID noise
floor. The noise floor in Ref. [36] was determined analyt-
ically instead of experimentally, as the first axion search
did not take data with the SQUID disconnected.

GW Strain Sensitivity. The strain-equivalent noise
(SEN) determines how the detector noise impacts strain
sensitivity. In our analysis, we assume a stationary and
constant signal over the data collection period. To get the
SEN, we used calibration results to convert from digitizer
voltage to pickup flux, and simulation to convert flux on
the pickup to strain. We use the equations for e!ective
current from Ref. [32] as input to the simulations, and we
choose the GW parameters that produce the strongest
signal. These parameters describe an incoming wave at
an incident angle of ωh = εh = ϑ/2; in this case, the

FIG. 3. Strain-equivalent noise power as theoretically esti-
mated and as achieved by ABRA-GW. Results are purely the
h→ polarization of the strain in the angular direction which
maximizes amplitude. The data was averaged over a six-day-
long period.

h
→ term dominates by an order of magnitude and for

simplicity we approximate the signal as purely h
→. The

theoretical calculation shown in Fig. 3 used the charac-
teristic DC SQUID noise floor and the same parameters
for the signal as were used in the simulation. The flux on
the pickup was estimated using Eq. (5). More informa-
tion about the experimental and theoretical calculations
can be found in the SM. As can be seen in Fig. 3, the
experimental result closely matches the theoretical ex-
pectation.

Transient Search. For the purposes of our demonstra-
tor experiment, we only computed one signal template of
two equal-mass PBHs (m1 = m2 = 0.01M↑) with no ec-
centricity and a fixed sky position to use in our transient
analysis. The analysis framework can be generalized to
multiple templates, time and computing resources per-
mitting. This template models the scenario where the
PBH merger event is at some distance from the center
of the detector. All parameters were chosen to maximize
the strain in the merger within our frequency window (10
kHz to 3 MHz) and are listed in the SM. The ripple code
base [39] was used to generate the waveforms of the two
polarizations of strain for the merger. The amplitude of
the signal scales inversely to the distance from the detec-
tor to the source. Our template models a merger event
occurring 100 km from the center of mass of the detector,
corresponding to strain O(10↓4), as shown in the SM.
As a result of the 13 kHz background signal and other

unidentified noise sources, the local mean of the GW data
is non-zero and a traditional matched-filter would require
a more complicated implementation for our analysis. To
account for this non-zero mean we use Gaussian process
modeling (GPM). Once the raw data is filtered to the
same frequency range as the template (10 kHz to 3MHz),
GPM is used to construct the marginalized likelihood for
the residuals. The residuals are the di!erence between
the detector data and the signal, r(t, d) = d(t, d)→s(t, d),
for a signal at distance d from the detector. The test
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Similar strategy for high mass axions (QUAX experiment)
§ Look for an axion “wind” which acts as an effective RF magnetic field on electron spin via electron-axion coupling

§ This axion induced RF excites magnetic transition in a magnetized sample (Larmor frequency) and produces a detectable signal

§ The QUAX (QUest for AXion) experiment

• R. Barbieri et al., Searching for galactic axions 
through magnetized media: The QUAX proposal 
Phys. Dark Univ. 15, 135 - 141 (2017)

The effective magnetic field 
associated with the axion wind
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the effect (“off” measurement). We, therefore, estimate the
background by recording off-resonance clicks when νb is
detuned by !1 and !2 MHz and the source plus back-
ground when νb ¼ νc.
To explore different axion masses, the cavity frequency

νc is tuned during the quantum sensing protocol, with
parameters νc, loaded quality factor QL, and coupling β to
the transmission line being monitored periodically with the
SMPD (see Fig. 2).
The detector efficiency η is measured by monitoring the

count rate of the detector while applying a microwave tone
at its input, whose power is calibrated by measuring the ac-
Stark shift and photon-induced dephasing of the transmon
qubit (see the Appendix). We measure an operational
efficiency η ¼ 0.47! 0.013 on average including dead
times and imperfections of the SMPD. We observe effi-
ciency fluctuations on a timescale of minutes of the order of
!10% mainly due to slow drifts of the flux threading the

detector SQUID loop as well as fluctuations of the trans-
mon qubit relaxation time [20].

III. DATA ANALYSIS AND SMPD DIAGNOSTICS

The counts acquired as described in the previous section
are then grouped into resonance and off-resonance counts.
Because of the chosen quantum protocol structure, the
acquisition duration at frequency step is 28.6 s at resonance
and 7.15s × 4 ¼ 28.6 s at sideband frequency. Over the
long timescales required in cavity haloscope searches, the
SMPD dark count rate is nonstationary with variations
within 10% as shown in Fig. 3(b). We observe that about
600–700 clicks are recorded in 7.15 s on each sideband
frequency, while about 2700–2900 on-resonance clicks are
registered for 28.6-s-duration intervals. These clicks are
originating from photons present at the SMPD input due to
an effective temperature of the input line and only to a

(a)

(b) (c)

(d)

FIG. 2. Microwave cavity reflection spectroscopy using a
photon counter. (a) The SMPD response to a continuous
calibration tone is plotted as a function of frequency. While
the SMPD bandwidth is 0.7 MHz, its center frequency can be
tuned over a range exceeding 100 MHz by threading magnetic
flux through the SQUID loop. Here, the SMPD is tuned across a
5 MHz span centered around the haloscope frequency, which
appears as a dip in the measured counts—a signature of the
absorption of the haloscope cavity measured in reflection (see the
Appendix). (b) To estimate the cavity parameters Q0 and β, the
SMPD frequency is swept across the haloscope resonance. (c),(d)
The measurements of the cavity parameters are repeated cycli-
cally as part of the quantum protocol during cavity frequency
scans. For the interval ½7.369355 − 7.369442$ GHz, the quality
factor is determined to be Q0 ¼ ð8.8135! 0.31Þ × 105, and the
coupling coefficient is β ¼ 3.08! 0.07. These parameters remain
approximately constant across the scanned frequency range.
Horizontal lines represent the average values of Q0 and β across
N ¼ 72 measurements.

(a)

(d)

(b)

(c)

FIG. 1. Schematic of the axion search setup. (a) The haloscope
cavity, located in a 2T magnet, connects to the detector via a fixed
antenna port and features cryogenic frequency tuning through
three sapphire rods attached to a nanopositioner. (b) The SMPD, a
superconducting circuit with λ=2 coplanar waveguide resonators
linked to a transmon qubit, is positioned approximately 50 cm
above the magnet and connects via standard coaxial cables. Its
frequency is adjustable by threading the flux through a SQUID
embedded in the buffer resonator. Upon activating the four-wave
mixing process, the qubit cycles through photon detection phases.
(c) The detector center frequency alternates between resonance
(red) and off-resonance (gray) settings relative to the haloscope’s
frequency (blue) in differential mode. (d) Measurement records
from the photon counter display clicks over time, with color
indicating the detector’s frequency setting. Labels 0;!1;!2
above the graphical representation of individual photon arrival
times indicate that the frequency of the buffer resonator has been
set to νc, νc ! 1 MHz, and νc ! 2 MHz, respectively.
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degraded the SMPD sensitivity for tuning speeds above
approximately 12 kHz/h. The probed frequency range
corresponds to 14 cavity linewidths, each providing inde-
pendent values of Nb and Nc useful for the dark matter
search. Clearly, the measurement time Δt spent probing
½νc; νc þ Δνc#, with Δνc ¼ 32 kHz, largely exceeds τm;
thus, we select a subset of data to optimize the haloscope
speed. Each Δt has been divided into subintervals of
duration Δtm ¼ 10 min, and the interval with the maxi-
mum SMPD sensitivity, i.e., having the lowest cavity
counts N⋆

c , was selected to devise the plot in Fig. 5.
In each subinterval, the counts’ mean equals their vari-

ance as expected for Poissonian statistics; therefore, to infer
the upper limit we can apply the maximum likelihood ratio
test to assess the significance of an excess at the cavity
frequency [27]. In the recorded data, we observe that, for the
selected minimum cavity counts N⋆

c in the 10-min-duration
subintervals, the corresponding background counts N⋆

b is
biased by kb ¼ Nc=Nb − 1, which amount to a few percent
on average in the collected dataset. Using theWilks theorem
[27] for large sample size, as is the case for the present
data [Oð104Þ counts in each subinterval], the significance for
N⋆

c counts for each cavity linewidth is given by

S ¼
ffiffiffi
2

p "
N⋆

b log
#
ðkb þ 2ÞN⋆

b

N⋆
b þ N⋆

c

$

þ N⋆
c log

#
ðkb þ 2ÞN⋆

c

ð1þ kbÞðN⋆
b þ N⋆

c Þ

$%
1=2

; ð1Þ

where we take the same detection efficiency for cavity and
background counts.
The required significance to claim a detection is set at 5σ,

corresponding to a false alarm probability of approximately
10−7 for a Gaussian distribution. In the four acquisition
runs, representing 14 cavity linewidths, no significant
excess was found assuming a conservative bias value
kb ¼ 0.05. Therefore, we set the upper limits N⋆

95 on
source counts at 95% CL (i.e., 2σ significance), by
interpreting excess counts N⋆

95 − N⋆
b as signal power P95

due to axion to photon conversion:

P95 ¼ ηhνc
N⋆

95 − N⋆
b

Δtm
: ð2Þ

The upper limit on gaγγ obtained from the calculated axion
signal power (see the Appendix) and Eq. (1) is reported in
Fig. 5 for the probed frequency range.

V. CONCLUSIONS AND OUTLOOK

We devised an axion search protocol for a haloscope
equipped with an SMPD, whereby clicks are recorded at
both the cavity and the sideband frequency to reliably assess
the background noise during the search. Allan variance plots
indicate that for the present device the most convenient
haloscope integration time is of about 10–15 min. As the
inhomogeneity of the Poisson process sets in for temporal
intervals much larger than the chosen integration time of
10 min, we are able to give an upper limit gaγγ < 7 ×
10−14 GeV−1 in the mass range ð30.477–30.479ÞμeV.

Frequency (GHz)

FIG. 5. (a) Constraints on axion-photon coupling: haloscopes closeup in the range 3–30 GHz showing the limit obtained in the present
work alongside results from RBF [29], CAPP [30–33], HAYSTAC [34–37], TASEH [38], CAST-CAPP [39], ADMX-sidecar [40],
ORGAN [41–43], GrAHal [44], RADES [45], QUAXaγ [22,46–49], and MADMAX [50]. The bounds represented by the dotted lines
enclose the region of parameter space of phenomenologically preferred axion models [51], extending beyond the commonly assumed
QCD axion window (yellow band). E and N are, respectively, the electromagnetic and QCD anomaly coefficients, setting the axion-
photon coupling constant gaγγ ¼ ðα=2πfaÞðE=NÞ [52]. (b) Exclusion limit at 95% confidence level on the axion mass coupling
parameter space. We obtain an upper limit on the axion-induced power that translates to an upper limit on gaγγ for
ma ∈ ½30.477; 30.479# μeV, corresponding to a cavity frequency window of 0.4 MHz centered around 7.3696 GHz. Exclusion limits
are taken from Ref. [53].

QUANTUM-ENHANCED SENSING OF AXION DARK MATTER … PHYS. REV. X 15, 021031 (2025)

021031-5



Summary & Outlook
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• Axions are a great dark matter 
candidate and solve the strong-CP 
problem

• Exciting developments - so much I 
did not cover!

• New experiments, new 
technologies, new ideas, new 
people
• Cavities, quantum sensors, 

magnets, …
• Potential for discovery in the next 

decade. 
• Discussions this afternoonLLNL-PRES-849660
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Summary

• Axions solve the strong-CP problem 
and make a natural Cold Dark Matter 
candidate

• Dark Matter Detection techniques 
primarily rely on detection of a 
coherent signal 
• Current experiments are 

already near to (or beginning 
to evade) the quantum limit

• Exciting experimental 
prospects and leveraging of 
quantum enabled technology

• Potential for discovery (or ruling 
out large regions of parameter 
space) high over the next decade!

Special thanks to everyone who provided slides


