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Overview: Cavities and Experiments

« Context/Recap

 Cavities

 Highlight: Select quantum enhanced cavity searches
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WIMPS, axions, and other possibilities
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Axions as Dark Matter

Pre-inflationary Post-inflationary
 Naturally produced in string theory Cosmic axion
descriptions of cosmology Random 6 string

« 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 peV
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« Post-inflationary axion models favor
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Axion-Standard Model Interactions
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[ Coupling to Photons]

Coupling to Nucleon EDM

Coupling to Axial Nuclear Moment

Coupling to Axial Electron Moment

Slide: adapted from L. Winslow, Y.Kahn. See also Graham and Rajendran, Phys.Rev. D88 (2013) 035023 —
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Axion mass and coupling

« The axion-photon-photon interaction term can be rewritten in terms of electric field £and
magnetic field B': 1 fion-Phoon

oupling

LD _ZgawaFuUFW = GayyaE - B — G

- Brief note/reminder: this can be written in terms of the symmetry breaking scale for
the axion field, 7

gy a .., ~
Lony = 477Tf FFFE,,

where g, is a dimensionless, model-dependent coupling factor and @ is the fine structure
constant. &onsequently, dayy IS proportional to 1/7, (and suppressed for large values):

gy = 51
a7y 7Tfa

*One may find quantities expressed in terms of either coupling factor; this is the means of converting between them.

For a nice overview, see Kimball & van Bibber, et.

_ _ al, The Search for Ultralight Bosonic Dark Matter,
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Haloscopes: The Axion-Photon Coupling & the Primakoff
Interaction

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

DM at long deBroglie wavelength

article DV seful to picture as a “coherent” field:
p le DM useful to picture as a “coherent” field

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

« 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”

Inverse Primakoff:

Classical EM field Sea of virtual photons Primakoff Effect

Figure: Semertzidis & Youn, Sci. Adv. 8 (2022)

=
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Haloscopes: The Axion-Photon Coupling & the Primakoff
Interaction

« 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

Inverse Primakoft:

Classical EM field Sea of virtual photons Primakoff Effect

- . / /e i 1 .
Figure: Semertzidis & Youn, Sci. Adv. 8 (2022) Lo _ZgayyaF MI/F =g a}’yaE -
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Searching for Axions: The Sikivie Haloscopes

Since axions are wave-like, we measure frequency!
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Microwave Cavities and Detectors for Axion Research pp 67-73 S. Lewis
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https://link.springer.com/book/10.1007/978-3-319-92726-8

Searching for Axions: The Sikivie Haloscopes

Since axions are wave-like, we measure frequency!
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Searching for Axions: The Sikivie Haloscopes

Since axions are wave-like, we measure frequency!

Preamplifier N Mixer

FFT
>

Magnet _
Cavity
Local
Oscillator
3 iy
(T) i <éva/va ~B2~ ] 0_6
s 2
Strong & :
external
magnetic i Frequency
field v =m.c¥h

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

=
8/10-14/2026 Danielle H. Speller, SLAC Summer Institute 13 II!,'



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

Searching for Axions: The Sikivie Haloscopes

Since axions are wave-like, we measure frequency!
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Searching for Axions: The Sikivie Haloscopes
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Since axions are wave-like, we measure frequency!
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Searching for Axions: The Sikivie Haloscopes
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Since axions are wave-like, we measure frequency!
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Traditional Cavity Experiments

The earliest haloscopes and the majority of operating cavity experiments rely on some variation of the
traditional cylindrical conducting microwave cavity design.

AAAAAA
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Image modifed from
https://cajohare.github.io/AxionLimits/
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RBF (Rochester-Brookhaven-
Fermilab)

UF (University of Florida)

ADMKX (the Axion Dark Matter
eXperiment)

HAYSTAC (the Haloscope at Yale
Sensitive to Axion CDM)

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

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

GrAHal (Grenoble Axion
Haloscope)

TASEH (Taiwan Axion Search
Experiment with Haloscope)

CADEX (Canfranc Axion Detection
Experiment)

FLASH (FINUDA magnet for Light
Axion Search experiment)
(proposed)

*not exclusive!
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Traditional Cavity Experiments

The earliest haloscopes and the majority of operating cavity experiments rely on some variation of the
traditional cylindrical conducting microwave cavity design.

Image: the HAYSTAC Collaboration
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UF (University of Florida)
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eXperiment)

HAYSTAC (the Haloscope at Yale
Sensitive to Axion CDM)

CAPP (Center for Axion and
Precision Physics Research) —
e.g. CAPP-Max
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QUAX-LNF (QUest for AXions —
Laboratori Nazionali di Frascati)

GrAHal (Grenoble Axion
Haloscope)

TASEH (Taiwan Axion Search
Experiment with Haloscope)

CADEX (Canfranc Axion Detection
Experiment)

FLASH (FINUDA magnet for Light
Axion Search experiment)
(proposed)
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Conversion power

« Recall... | -

LD _ZgawaFquW = gyyaE - B

« When an appropriate cavity mode frequency w 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).
2

| _ _ v _ .
Velocity of v ~ 107 %¢c — energy o — ~ 10 6 Energy spread
galactic halo c of axion->
axions Linewidth

* For a resonator of volume I/permeated by a static magnetic field (the external B,
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

w is roughly ? .
factors g -~ ikivie, , 11, -
[0anldBl)|| PeB(@IE) ronrmanpmen

8/10-14/2026 The magnetic me H. Speller, SLAC Summer Institute~
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Conversion Power

o I i i taway/slices of pl
The modes into which the halo axions can (Cutaway slices of planes
convert energy are the TM,,, modes (with show variation of the

E, along the z-direction) fields)

electric ~ magnetic
We/Wimax Wi/ Wimax

1 1
OSb OSH
0 0
L. Created with Y. Shibuya (2015), "Cylindrical Cavity
 This is the mode targeted by most (BO 2) Resonator" Wolfram Demonstrations Project.

traditional cavity experiments. The
coupling is ultimately encoded in the “form

« The mode to which the coupling is
strongest is the TMy,, Mmode¥*,
corresponding to an axion-induced E field
along the axis (parallel to B ) and a
transverse magnetic field component.

S N B (= With tuning rods, the
" 3 . ’
faCtor s Cmn/ C = 1 |:fV d xBO (x) Ea (.CU)] CaVity is “TM010'Iike”
B2V [, d32€(Z)Eo(Z) - Eo(Z) (mode is affected)

*C is typically estimated/numerically evaluated
8/10-14/2026 Danielle H. Speller, SLAC Summer Institute 20 in!,'



Conversion Power

« 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,

Pa
P ~ gczzfy'y (m—a)B2QCVCnml

where p, and m, are the local dark matter density and axion mass, respectively,
and where Q-is the quality factor of the cavity.

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

=
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Detecting the Axion

The Dicke Radiometer Equation.

P lifi Mixer
reampli |erI|> e
Magnet .
Cavity
Local
Oscillator
a 67
1 " . By ~p-10°
Y :
a.
Frequency
v=m,*h
8/10-14/2026 Dan

SNR =

P |t
k’TS Al/a

Cavity Bandwidth: Av,/v, = Q'~1074

Axion Bandwidth: Av,/v, ~ ﬁz ~10_6

pa, 2 T
P~ g2 (—) B VO Sikivie’s
Jayy Mg Ce ! Haloscope
kls = hl/( ! + 1) + kT'a System Noise
ehv/kT 1 = 2 Temperature

(Ts =T + Ta,for T >> hv)

ielle H. Speller, SLAC Summer Institute

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

P. Sikivie, RevModPhys.93.015004
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Detecting the Axion

A‘\’a—o —

. . . P t
The Dicke Radiometer Equation. SNR =
kTS Al/a
Preamplifier N\ Mixer
> " P~y p_a) B?*QcV Crmi
iadnet Cavity a
Local
Oscillator
5 OV B 1 1
1T e <évm/va~BZ~10'6 kTS o hl/(
i s
Frequency (TS ~ T -+ TA, for T >> hl/)
v =m,c*h
The Goal:
« Optimize the conversion power
o Minimize the system noise temperature**
8/10-14/2026 Danielle H. Speller, SLAC Summer Institute
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Cavity Bandwidth: Av,/v, = Q'~1074

Axion Bandwidth: Av,/v, ~ ﬁ2 ~10_6

Sikivie’s
Haloscope

chv/kT _ + 5) + kT'a System Noise

Temperature

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

P. Sikivie, RevModPhys.93.015004
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Detecting the Axion

« We don't actually know the
mass: Need to scan through
parameter space

« Requires:
 Tunability
 Efficient scan rate

 Figure of merit: Scan Rate

o
dt

(SNR)?

8/10-14/2026

Smaller
coupling >
smaller
power,
better SNR
required
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Detecting the Axion

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

Scan d_V
Rate: dt

SN R'?

g: ) (pi%) (33V202

ami Q0
2 : ) X g’Y T2 B4QCV2CTZLml

« 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

guantum enhanced sensing

Increased scan rate

8/10-14/2026

1 1

Danielle H. Speller, SLAC Summer Institute

— Improvement in signal visibility directly contributes to

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

* Linear amplifiers are subject to the Standard Quantum Limit (SQL):
Tnoise > TSQL
where
kBTSQL = hv

« **Note that this also makes it more difficult to go to higher frequencies (from

multiple dependencies, scan rate ultimately scales as ? o p-14/3 )
t

* Earliest cavity experiments were operating in the regime T >> hv; major
improvements by cryogenic cooling & moving to quantum-limited amplifiers

=
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Spotlight: ADMX and HAYSTAC

Expected Power (order of magnitude), (e.g. ADMX)
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8 Tesla Magnet = CAPP [37] 2019- 1.6GHz |3.5L HEMT | 8T 12
= present |
Microwave Cavity 5 HAYSTAC I [38] 2015-2018 | 6GHz 1.SL JPA 9T 2
HAYSTAC 11 [28] 2019- 4 GHz 1.5L | SSR 8T <1
present

Tuning Rods

Simanovskaia et al (2021)

ADMX

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

Danielle H. Speller (JHU) - APS Global Summit, Spring
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JPA-based Squeezed-State Receiver
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Spotlight: ADMX and HAYSTAC

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

Simanovskaia et al (2021)

ADMX

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

Danielle H. Speller (JHU) - APS Global Summit, Spring
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JPA-based Squeezed-State Receiver
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How small a signal is that?

.
Pioneer 10 launched on March 23, 1972. On Maréh 3, 2003:its: last sighal was

recéived from its only operative 4W transmitter. The strength of thersignal\picked ™~
up at a distance of 12.5 Billion km - twice as far as Pluto — was roughly 102805
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We are looking for a signal 1000 times weaker, at a frequency that we do not know.




Spotlight: ADMX and HAYSTAC

Field Cancellation
Coil

SQUID Amplifier
Package

Dilution Refrigerator
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Microwave Cavity
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Expected Power (order of magnitude), (e.g. ADMX)
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2
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Experiment Time Frequency Amplifier || Magnet
RBF [7]/UF [34] 1985-1990 | 2.5GHz
ADMX @ LLNL [35] | 1995-2010 | 0.6 GHz
ADMX @ UW [36] |2016- 0.8 GHz
present
CAPP [37] 2019- 1.6 GHz
present
HAYSTAC I [38] 2015-2018 | 6GHz
HAYSTAC II [28] 2019- 4 GHz
present

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

Danielle H. Speller (JHU) - APS Global Summit, Spring

2025

JPA-based Squeezed-State Receiver
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High Electron Mobility Transistors

State of HEMT amplifiers today

1 OOO T T T T T T T T l T T T T T T T T ‘|

T

Austin Minnich, Snowmass contribution 2021
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Next step: ADMX's Microstrip SQUID Amplifier

The Headwaters — the Microstrip SQUID Amplifier for ADMX (Clarke et al., 1998)

ADMX Gen-2 first results (2017 data run 1A): MSA Amplifier

Nb coil isolated Frequency (MHz)
from washer \ Wb washer 4 - 640 650 660 670 680 690 700
Q I T 18.: L e L A O L L B |: . .
A SQUID LI =062 Mz . - —— 3 First experiment to
= 2] | m SQUIDK42.FeTR2MHz GalAs 2 L] Sl oy RBE HAYSTAC|E — .
Nb counter = S g s F 2 iF owxzors U <oy 3 ever be sensitive to
electrode N 5000 - s i ey by = -1 4 DFSZ axions!!!
‘6 61 ; g 12 — B 20 —
Josephson o 1 | . ®E - -
janctions , 8 4 8 R R PSRRI, 3 30 years of effort to
isti - 3 = F Ksvz - : :
resistive shunt g ; e S e — reach this milestone
" O] — —
30 : . ‘ * oy g (\90 6f— —
~ 25 K] 100 4 s ‘. 1 T ‘ = - Axion Line shape =
) (=] 1 =" Y |y —— Maxwellian -]
T 20 61 *LTH A | 3
15‘// L L D L O Svey | 3
© 10, ] i N N T o 3
54 ] S . S — 2.65 . 2.85 2.9
0 2 4 68 2 4 68 2 4 Axion Mass (ueV)
500 600 700 800 100 1000 N. Du et al. (ADMX Collaboration), “Search for Invisible Axion Dark Matter with the Axion Dark Matter Experiment,” Phys. Rev. Lett.
- Frequency (MHz) Seswancaiee) H. S olimekizh '\Wﬁﬁml Temperature (mK) e 120, 191301 (2018
l Iﬂr::é:g;\s‘rmore National Laboratory MM A!%% 8

First to reach DFSZ with
quantum enhancement

=X
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Moving to JPA amplifiers

Evading Noise

Standard Quantum Limit - Amplification

2 input microwave modes
[iln' Om] =1i/2

Iiidler- Oldler] =i/2

Considering a phase-sensitive amplifier :

Q
-

Input microwave mode

[iln' Onn] =i/2

A. Bienfait, 2019

8/10-14/2026

Amplifier relations

iout = ‘/(_;iin £AVG =1 iidler
@()llt = \/Eéin —NG =1 Qidlcr

Amplifier relations
. r=s
Inul = V('Im

Qou‘ = 1/\/E()m

Danielle H.

Output microwave mode

5 = i
[’ou!' Qoul] = E

Nout = G"cq + ('”;lmp

n()ut/G - 1/2
1/VGx Q

Output microwave mode

. ~ i
|Iou[' Qoutl — E

Nout = GNeq

Speller, SLAC Summer Institute

What's actually
happening? Amplifier
adds noise via “idler”
channel.

Note this is phase
preserving (i.e.
phase insensitive)

Can do phase
sensitive amplification
of one quadrature only

Shunt the noise into
the other quadrature

--> Squeezing

Slide: K. Ramanathan,
SSI 2026 (Monday)
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Amplification

Evading Noise

Why does this matter?

Multi-stage amplification:

Noise propagates as:

Fob-1 F;3-1 Fy—-1 F, -1

Fopy = F +.oot
total 1+ G, t G1G; i G1G2G3 G1Gs...Gp

Noise often set by the very first loss/amplification
element after your detector!
Qiu, 2017

Slide: K. Ramanathan, .
SSI 2026 (Monday) W

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



Below Standard Quantum Limit (BSQL)

« 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
Cool cavity and measure with noiseless amplifier to reach CSL

1 L volume
0=10*
0, ~2nx5 GHz

Josephson parametric
amplifier (JPA)

measure X noiselessly

haloscope near the CSL (HAYSTAC 2017)

Slide: K. Lenhert, SSI .
2026 (Monday) W

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



Squeezing Vacuum

Phase sensitive amplifier measures one quadrature noiselessly *

pump phase sensitive mode:
N R half-pump resonant with cavity
4 in out Y/ JG _
A cavity
T X *JGX .o
Q)P“mp
2

Slide: K. Lenhert, SSI
2026 (Monday)

P.D. Nation, Rev.Mod.Phys. 84 (2012)
8/10-14/2026 Danielle H. Speller, SLAC Summer Institute
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Squeezing Vacuum

Demonstration of squeezing and determination of loss: second
JPA analyzes squeezed state created by first

Counts

1000

pump
g ]
0 sas
=
n X 4
SQ AMP
— squeeze —| measure — 5@
phase g chooses measured quadrature % (_"( b)
relative to squeezed quadrature = 508
0 (rad)
loss n: 1.63 dB JII,A

Slide: K. Lenhert, SSI

=
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Squeezing Vacuum

1.0 P .. Fr— 1 — | e [T 1
& V. N_, B = 2, SQ off
0.8 | 2 _
= en. A owgER o | el Nr’ ﬂ =2, SQ off
> 0.6 o5 —— N_B=7.1,SQon |-
8 . c’ SHee
>
= —— N_,B=7.1,SQon
@ 0.4 ’
o
0.2
| S [ 5t e e e B | ) e [ L e o amannss sovasromon: 1
-1.0 -0.8 -0.6 -0.4 -0.2 0.2 0.4 0.6 0.8 1.0
6, (MHz)
K. Lenhert/HAYSTAC
[ ]

8/10-14/2026

Over 4 dB squeezing - 2x scan rate improvement

Danielle H. Speller, SLAC Summer Institute

1¢

- squeezing

> L

g o1 G=3

= Kmeas = 10Kloss

m =

C

$ 0.01: .
: no squeezing
I Kmeas

0.001_l Ll 1 L

01 10

slight reduction in sensitivity
much larger bandwidth

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

80

Power
excess (o)

Processed spectra

g x10°3

processed power excess

A O

w
N

-

OO0 © O

[

!

v=100 Hz 4

b Y

5.7161

Av=5KkHz |
5.718

Frequency (GHz)

Fig: B.Brubaker (2017)

T
4P =2.14x10"°
oP =0.0017

L
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L L s ' L 0
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K. Backes

2021

Danielle H. Speller, SLAC Summer Institute

0 T T T T
23.00 23.25 23.50 23.75 24.00
my [ueV]

PhysRevLett.134.151006

18I.5 19I.0 19I.5
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Multiple Avenues

Traveling Wave Parametric Amplifier (TWPA) Traditional cavities Dielectric cavities Wire Metamaterials Coaxigl & Ot?gr Novel
eometries

Use long array of junctions. Phase match with
pump (now directional 2-port device)

2037 junctions
679 resonators

T T T T T T i

Broadband amplifier
Potentially useful for frequency multiplexed axion
searches (large # of cavities with complimentary
frequency coverage).

Provided to ADMX by Lincoln Lab & IARPA

« Wil test on Sidecar cavity system

Image: S. Knirk, 2020 Image: G. Hoshino, DPF 2026
ADMX: MADMAX: The ALPHA Experiment: The BREAD Experiment:
https:l/iournals.aps,orq/&r/llpdfh0.1 103/d7mg- https://doi.org/10.1103/PhysRevD.107.055013 https://doi.org/10.1103/PhysRevD.107.055013 https://doi.org/10.1103/PhysRevLett.128.131801
6sqq

Slide: G. P. Carosi
Acknowledgements for CEASEFIRE data
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Summary

« 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 (1)

« Advancement in cavity-based
experiments are a prime
example of the progress

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

Dark Matter Candidates

Vector Bosons Vector Bosons
Scalar B . R ..
(gauge coupling) (kinetic mixin g)
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Acceleration in the field, but more progress to be made

Frequency [MHz]
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