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Overview: Cavities and Experiments

• Context/Recap
• Cavities
• Highlight: Select quantum enhanced cavity searches
• Summary
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Dark Matter

Image Credit: ESA/Planck

Image:  Caldwell & Kamionkowski (2009)

• Massive
• Abundant
• Stable
• Neutral
• Cold/non-relativistic
• Weakly/feebly interacting
   ... But what is it?

8/10-14/2026 Danielle H. Speller, SLAC Summer Institute 3



WIMPS, axions, and other possibilities

Low mass High mass

Image: C. O’Hare

Image Credit: ESA/Planck
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Axions as Dark Matter

• Naturally produced in string theory 
descriptions of cosmology

• QCD Axion may simultaneously be dark 
matter and address the strong-CP problem

• If the axion is generated after inflation, 
There is a unique mass that gives mass to 
the observed dark matter abundance.

• Pre-inflationary models describe masses 
on the order of ≲ 1 μeV

• Post-inflationary axion models favor 
masses in the range 30-300 μeV

• *The calculations are hard to do and the 
measurements are hard to make (most 
QCD axion constraints are <20 μeV)

Pre-inflationary Post-inflationary

Image: PDG
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Axion-Standard Model Interactions

Slide: adapted from L. Winslow, Y.Kahn. See also Graham and Rajendran, Phys.Rev. D88 (2013) 035023 
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(The approach 
of most cavity 
experiments)



• The axion-photon-photon interaction term can be rewritten in terms of electric field E and 
magnetic field B : 

• Brief note/reminder: this can be written in terms of the symmetry breaking scale for 
the axion field, fa:

    where gγ is a dimensionless, model-dependent coupling factor and α is the fine structure 
constant.  Consequently, gaγγ is proportional to 1/fa (and suppressed for large values):

*One may find quantities expressed in terms of either coupling factor; this is the means of converting between them.
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Axion mass and coupling
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For a nice overview, see Kimball & van Bibber, et. 
al, The Search for Ultralight Bosonic Dark Matter,  
Springer (2021)



• For ultralight particles like nonrelativistic axions, the deBroglie wavelength is long – 
you can treat as a coherent field

8

Haloscopes: The Axion-Photon Coupling & the Primakoff 
Interaction 
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P. Graham, UCLA Dark Matter (2018)



• With a strong magnetic field acting as a sea of virtual photons, the axion-photon 
coupling can be used to convert axions (or axion-like particles, aka ALPs) into 
photons in the presence of the field.  This is usually referred to as the “Inverse 
Primakoff Interaction”
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Haloscopes: The Axion-Photon Coupling & the Primakoff 
Interaction 
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Figure: Semertzidis  & Youn, Sci. Adv. 8 (2022) 

Inverse Primakoff:



• The oscillating E field (the proton produced in the interaction) can be detected.  In 
traditional haloscopes, a microwave cavity is used to resonantly enhance the signal 
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Haloscopes: The Axion-Photon Coupling & the Primakoff 
Interaction 
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Figure: Semertzidis  & Youn, Sci. Adv. 8 (2022) 

Inverse Primakoff:



Searching for Axions:  The Sikivie Haloscopes

Microwave Cavities and Detectors for Axion Research pp 67-73 S. Lewis

Since axions are wave-like, we measure frequency!
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https://link.springer.com/book/10.1007/978-3-319-92726-8


Searching for Axions:  The Sikivie Haloscopes

Microwave Cavities and Detectors for Axion Research pp 67-73 S. Lewis

Since axions are wave-like, we measure frequency!
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High 
quality 

resonator

https://link.springer.com/book/10.1007/978-3-319-92726-8


Searching for Axions:  The Sikivie Haloscopes

Microwave Cavities and Detectors for Axion Research pp 67-73 S. Lewis

Since axions are wave-like, we measure frequency!
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Strong 
external 

magnetic 
field 

https://link.springer.com/book/10.1007/978-3-319-92726-8


Searching for Axions:  The Sikivie Haloscopes

Microwave Cavities and Detectors for Axion Research pp 67-73 S. Lewis

Since axions are wave-like, we measure frequency!
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Amplify 
the 

signal

https://link.springer.com/book/10.1007/978-3-319-92726-8


Searching for Axions:  The Sikivie Haloscopes

Microwave Cavities and Detectors for Axion Research pp 67-73 S. Lewis

Since axions are wave-like, we measure frequency!
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Reduce 
the 
sampling 
rate

https://link.springer.com/book/10.1007/978-3-319-92726-8


Searching for Axions:  The Sikivie Haloscopes

Microwave Cavities and Detectors for Axion Research pp 67-73 S. Lewis

Since axions are wave-like, we measure frequency!
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Analyze 
the 
signal

https://link.springer.com/book/10.1007/978-3-319-92726-8
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Traditional Cavity Experiments
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The earliest haloscopes and the majority of operating cavity experiments rely on some variation of the 
traditional cylindrical conducting microwave cavity design.

RBF (Rochester-Brookhaven-
Fermilab)

QUAX-LNF (QUest for AXions – 
Laboratori Nazionali di Frascati)

UF (University of Florida) GrAHal (Grenoble Axion 
Haloscope)

ADMX (the Axion Dark Matter 
eXperiment)

TASEH (Taiwan Axion Search 
Experiment with Haloscope)

HAYSTAC (the Haloscope at Yale 
Sensitive to Axion CDM)

CADEX (Canfranc Axion Detection 
Experiment)

CAPP (Center for Axion and 
Precision Physics Research) – 
e.g. CAPP-Max

FLASH (FINUDA magnet for Light 
Axion Search experiment) 
(proposed)Image modifed from 

https://cajohare.github.io/AxionLimits/

CADEx

GrAHal

QUAX

ORGAN

TASEH

CAPP

ADMX

ADMX
BREAD

HAYSTAC

FLASH

ARIADNE

DALI

*not exclusive!
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Traditional Cavity Experiments
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The earliest haloscopes and the majority of operating cavity experiments rely on some variation of the 
traditional cylindrical conducting microwave cavity design.

RBF (Rochester-Brookhaven-
Fermilab)

QUAX-LNF (QUest for AXions – 
Laboratori Nazionali di Frascati)

UF (University of Florida) GrAHal (Grenoble Axion 
Haloscope)

ADMX (the Axion Dark Matter 
eXperiment)

TASEH (Taiwan Axion Search 
Experiment with Haloscope)

HAYSTAC (the Haloscope at Yale 
Sensitive to Axion CDM)

CADEX (Canfranc Axion Detection 
Experiment)

CAPP (Center for Axion and 
Precision Physics Research) – 
e.g. CAPP-Max

FLASH (FINUDA magnet for Light 
Axion Search experiment) 
(proposed)Image: the HAYSTAC Collaboration



• Recall…

• When an appropriate cavity mode frequency ω equals the mass of an axion, the 
axion can convert to the excitations (photons) of that cavity mode (with some 
linewidth corresp. to energy spread).  

• For a resonator of volume V permeated by a static magnetic field (the external B0 
pointing in the z-direction) and the axion field, we’re interested in the coupling of 
the axion field to a given cavity mode. The coupling for a given mode of frequency 
ω is roughly
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Conversion power
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P. Sikivie, PRD 32, 11, p2988-2991 (1985)
P. Sikivie, RevModPhys.93.015004

Velocity of 
galactic halo 
axions

Energy spread 
of axionà 
linewidth

The magnetic 
field strength Integrate over the 

cavity volume

factors



• The modes into which the halo axions can 
convert energy are the TMnl0 modes (with 
Eω along the z-direction)

• The mode to which the coupling is 
strongest is the TM010 mode*, 
corresponding to an axion-induced E field 
along the axis (parallel to B0,ext) and a 
transverse magnetic field component.  

• This is the mode targeted by most 
traditional cavity experiments.   The 
coupling is ultimately encoded in the “form 
factor”, Cmnl
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Conversion Power
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Created with Y. Shibuya (2015), "Cylindrical Cavity 
Resonator" Wolfram Demonstrations Project.

(cutaway/slices of planes 
at φ=const and z=const to 

show variation of the 
fields)

*C is typically estimated/numerically evaluated

With tuning rods, the 
cavity is “TM010-like” 
(mode is affected)



• From the coupling of the axion field to the cavity mode, one can obtain the power 
on resonance from the axion to photon conversion. For a cylindrical cavity,

  where ρa and ma are the local dark matter density and axion mass, respectively, 
and where QC is the quality factor of the cavity.
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Conversion Power
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P. Sikivie, PRD 32, 11, p2988-2991 (1985)
P. Sikivie, RevModPhys.93.015004



Detecting the Axion

The Dicke Radiometer Equation:

Sikivie’s 
Haloscope

System Noise
Temperature
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P. Sikivie, PRD 32, 11, p2988-2991 (1985)
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Detecting the Axion

The Dicke Radiometer Equation:

Sikivie’s 
Haloscope

System Noise
Temperature
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The Goal: 
• Optimize the conversion power
• Minimize the system noise temperature**

P. Sikivie, PRD 32, 11, p2988-2991 (1985)
P. Sikivie, RevModPhys.93.015004



• We don’t actually know the 
mass: Need to scan through 
parameter space

• Requires: 
• Tunability
• Efficient scan rate

• Figure of merit: Scan Rate  
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Detecting the Axion

Danielle H. Speller, SLAC Summer Institute8/10-14/2026

QCD band. ma~1/f 
à gaγγ ∝ ma for 
QCD axions

Smaller 
coupling à 
smaller 
power, 
better SNR 
required

Unknown axion mass à 
requires ability to tune & scan

Image: adapted 
from C. O’Hare



• For a given SNR, the scan rate corresponding to the minimum integration time 
needed per cavity bandwidth can be given as: 

• Ongoing R&D to optimize the field, volume, quality factor, cooling, etc.

• Making TS as small as possible is one of the critical motivations for incorporation of 
quantum enhanced sensing – improvement in signal visibility directly contributes to 
increased scan rate
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Detecting the Axion
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Scan 
Rate: 

B. Brubaker, Thesis, 2018
D. Palken, Thesis, 2020
P. Sikivie, 
RevModPhys.93.015004



• Linear amplifiers are subject to the Standard Quantum Limit (SQL):

where 

• **Note that this also makes it more difficult to go to higher frequencies (from 
multiple dependencies, scan rate ultimately scales as                      ) 

• Earliest cavity experiments were operating in the regime T >> hν; major 
improvements by cryogenic cooling & moving to quantum-limited amplifiers
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Detecting the Axion 
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𝑑𝑣
𝑑𝑡 ∝	𝑣

"#$/&
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Spotlight: ADMX and HAYSTAC

Danielle H. Speller (JHU) - APS Global Summit, Spring 
20253/16/2025

ADMX

HAYSTAC squeezed-state 
receiver achieves –4.5±0.1 dB; 

x2 speedup 

K.M. Backes et al., Nature 590 (2021) 238 

C. Bartram et al., Phys. Rev. Lett. 127, 261803, 2021

Slide: K. van Bibber

HAYSTAC
Simanovskaia et al (2021)

Expected Power (order of magnitude), (e.g. ADMX)

Misc. experiments
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Spotlight: ADMX and HAYSTAC

Danielle H. Speller (JHU) - APS Global Summit, Spring 
20253/16/2025

ADMX

HAYSTAC squeezed-state 
receiver achieves –4.5±0.1 dB; 

x2 speedup 

K.M. Backes et al., Nature 590 (2021) 238 

C. Bartram et al., Phys. Rev. Lett. 127, 261803, 2021

Slide: K. van Bibber

HAYSTAC
Simanovskaia et al (2021)

Expected Power (order of magnitude), (e.g. ADMX)

Misc. experiments
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Spotlight: ADMX and HAYSTAC

Danielle H. Speller (JHU) - APS Global Summit, Spring 
20253/16/2025

ADMX

HAYSTAC squeezed-state 
receiver achieves –4.5±0.1 dB; 

x2 speedup 

K.M. Backes et al., Nature 590 (2021) 238 

C. Bartram et al., Phys. Rev. Lett. 127, 261803, 2021

Slide: K. van Bibber

HAYSTAC
Simanovskaia et al (2021)

Expected Power (order of magnitude), (e.g. ADMX)

Misc. experiments



31

High Electron Mobility Transistors
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Slide: K. van Bibber



32

Next step: ADMX’s Microstrip SQUID Amplifier
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First to reach DFSZ with 
quantum enhancement
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Moving to JPA amplifiers

Danielle H. Speller, SLAC Summer Institute8/10-14/2026
Slide:  K. Ramanathan, 
SSI 2026 (Monday)
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Amplification

Danielle H. Speller, SLAC Summer Institute8/10-14/2026
Slide:  K. Ramanathan, 
SSI 2026 (Monday)



• The standard quantum limit can be evaded by e.g. squeezing or single photon 
detection (these are the two major thrusts to date).
• The HAYSTAC experiment achieved a ~2x increase in scan rate through the 

employment of squeezing 
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Below Standard Quantum Limit (BSQL)

Danielle H. Speller, SLAC Summer Institute8/10-14/2026
Slide:  K. Lenhert, SSI 
2026 (Monday)
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Squeezing Vacuum

Danielle H. Speller, SLAC Summer Institute8/10-14/2026

P.D. Nation, Rev.Mod.Phys. 84 (2012) 

Slide:  K. Lenhert, SSI 
2026 (Monday)
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Squeezing Vacuum
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Slide:  K. Lenhert, SSI 
2026 (Monday)



• Over 4 dB squeezing à 2x scan rate improvement
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Squeezing Vacuum

Danielle H. Speller, SLAC Summer Institute8/10-14/2026

K. Lenhert/HAYSTAC 

Slide:  K. Lenhert, SSI 
2026 (Monday)
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Squeezing Vacuum
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K. Backes 
2021

PhysRevLett.134.151006
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Multiple Avenues

Danielle H. Speller, SLAC Summer Institute8/10-14/2026 PhysRevD.109.032009

RAY: Single 
Photon 
Detection

Slide: G. P. Carosi

Slide: K. Lehnert



• Quantum enhancement has accelerated the search for ultra light dark matter

• Many new and emerging 
technologies for quantum 
enhancement beyond cavities & 
receivers, most not covered 
today (!)

• Advancement in cavity-based 
experiments are a prime 
example of the progress
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Summary
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https://arxiv.org/pdf/2203.14915
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Acceleration in the field, but more progress to be made
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Image:C. O’Hare



Thanks
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