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The QCD Axion

* Previous speakers have
already explained axion
theory

DSNALP
Fermi-SNe

* Recall that very little ik A
QCD axion space has
been explored

e We would like to
discover axion dark
matter
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Theoretical Preferences

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

. Exact preferred mass is
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ADMX Design
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ADMX Operations

x10-21 candidate: 896.448 MHz
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e, taken. Overlapping power spectra are examined for the characteristic
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Data Taking Cadence / Candidate Investigation

Check and rescan candidates every  gj,5|e scans: range: 50 kHz, resolution: 100Hz, integration time: 1005

few weeks
First pass through
nibble at fixed =
tuning rate. ~
A\
22 Make RFI checks. =
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ADMX 2021 Exclusion

Axion Mass (ueV)
2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2

As we found no axion signals, we can
exclude an even wider mass range.

PHYSICAL REVIEW LETTERS 127, 261803 (2021)

Search for Invisible Axion Dark Matter in the 3.3-4.2 yeV Mass Range
C. Bartram,' T. Braine,' E. Bumns,' R. Cervantes,' N. Crisosto,' N. Du,! H. Korandla,' G. Leumn,' P. Mnhapal.m.,'
T. Nitta®,"" L.J Rosenberg,' G. Rybka,' J. Yang,' John Clarke,” I. Siddigi.” A. Agrawal,” A. V. Dixit,” M. H. Awida,”
A.S. Chou,* M. Hollister,” 5. Knirck," A. Sonnenschein,® W. Wester,* 1. R. Gleason,” A. T. Hipp.® S. Jois,” P. Sikivie,”
N.S. Sullivan,” D. B. Tanner,” E. Lentz,” R. Khatiwada,™* G. Carosi.* N. Robertson,® N. Woollet," L. D. Duffy,”
DMX (i work ‘ | C. Boutan,"” M. Jones,"" B.H. LaRoque,"" N.S. Oblath,"" M. S. Taubman,"” E.J. Daw."' M.G. Perry,""
A J\Y (t 11S WOI ) J.H. Buckley,”” C. Gaikwad.'”? J. Hoffman,”> K. W. Murch,” M. Goryachev,”? B.'T. McAllister,” A. Quiskamp,"”
- N b d C. Thomson," and M. E. Tobar"
r (ON1C -DO
ADMX (2019) Y
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(ADMX Collaboration)
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ADMX 2021 Exclusion — KSVZ Dark Matter Density
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One can also assume an axion
model (KSVZ in this case) and
ask what local dark matter
density we can exclude
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ADMX sidecar

RADES

ADMX (2010, 2018, 2019)

Patreczhky (2016)
Bonati 1
—

10°%
Frequency (MHz)
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2021-2022 Upgrades To Improve Noise

Cooler Cavity Ensure Quantum Device Performance Improved Calibration System
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Axion Mass (peV)
34 3.6 3.8

ADMX Status Right Now

Here Right Now

B e
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* Taking data summer 2022 to exercise cryogenic upgrades and bring
limit down to DFSZ coupling with standard axion density/lineshape

* We plan to move to frequencies above 1030 MHz at the end of the
year
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Next Steps - ADMX-Extended Frequency Range

* The next step (2 GHz to 4 GHz to beyond) requires a larger volume,
higher field magnet: ADMX-EFR

* We are finalizing the design process and positioning ourselves to
smoothly transition from running in Seattle to running at Fermilab



ADMX-EFR — Design Overview

Electronics dil.
fridge

Low noise
-1 S

25mK
0.01 Gauss

Magnetic shield

——

- IRI Magnet™

Resonator dil.
fridge

Resonator

Site: Fermilab

~ 5 X scan speed of current ADMX

array
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MRI magnet
University of lllinois Chicago (UIC)

Bz, T

Manufactured by GE Healthcare in 2003

9.4 T MRI Magnet field
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ADMX-EFR: More Cavities

ST Simulations: First Prototypes:

scan speed x C2V2G i
0.020/ ﬂr\\ / ]
N
§ : TVD thxwrm (’1/
0.005 \ 1 /

mode crossings
(orthogonal between cavities)

0.000! | : ‘ , |
2000 2200 2400 2600 2800 3000
Frequency (MHz)
*"""‘;« Stephan Knirck and Ben McAllister
18 cavity QO ~ 60,000 (predicted, cryogenic) Actuators:
investigating feasibility
array ~ different companies
4 250 f (Attocube, JPE, PI, ...)
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R&D Travelling Wave Parametric Amplifiers

Broadband Quantum Amplifier Gain

S21 (dB)

604 e

c00
[— Pump Off ‘ 3 : :
— Pump On
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| 115—20 dB

« Broadband gain

« Compact: requires

- Optimize adjusting

Frequency (GHz)

5 GHz
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O(100) Josephson Junctions in series

one less circulator

pump frequency and
power

Slide — C. Bartram
See: arXiv: 2110.10262

20



US Showmass Process

AR o

WY TR g g )

Every 10 years the high-energy physics -1 "i—ﬁﬁl*'w .
community produces a document to advise the eSS EIE
US funding agencies of their needs. L s g o tid o

The “Wavelike Dark-Matter” subgroup in the
“Cosmic Frontier” group represented the
community interested in sub-eV dark matter.

We held our in-person meeting in Seattle a few
weeks ago.
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Snowmass US Wavelike Dark Matter Message

Requests to the US Funding Agencies:

1) Pursue the QCD Axion by
Executing the Current Projects

2) Pursue WLDM with a Collection of
Small-Scale Experiments

3) Support Enabling Technologies and
Cross Disciplinary Collaborations

4) Support Theory Beyond the QCD
Axion

There was also talk of a large scale
magnet/cryo facility to enable WLDM
experiments — does the international
community find that exciting?

Rybka - August 2022

AL AN AN

A\

fa [GeV]

DMRadio-m*
ADMX G2 and EFR

Future Project Targets -

I v
CASPEr HAYSTAC -
- T
ALPHA LANMPOST
MRadio-GUT SQUAD Quasiparticles

10% 1016 104 10%2 10" 108
Existing Axion Limits in QCD Band
Black Hole Spins Existing Haloscopes Astrophysics

DOE G2 and DMNI Targets

Next-Gen Ultimate Axion Facility

9 &

— - 1 ) 5 . . ) A
N Y R VS \ S\ S AR R SR\ SR SR\ S\
me [eV]

22



Community Whitepapers

The community road map, theory,
cosmology, and experimental details
are presented in our two community
white papers.

Submitred 1o the Proceedings of the US Communiry Study
on the Future of Particle Physics (Snowmass 2021}

Snowmass 2021 White Paper
Axion Dark Matter

Axion Dark Matter
Io a a e Submitted to the Proceedings of the US Community Study
x - 22 1 4 2 on the Future of Particle Physics (Snowmass 2021)
arXiv:2203.14923 At
' . ' J. 1 Snowmass 2021 White Paper
Ed.’tors- J- JaeCke/, G- R}/bka, L. anS/OW 5.9 New Horizons: Scalar and Vector Ultralight Dark Matter
. D D. Antypas,":? A. Banerjee,? C. Bartram,* M. Baryakhtar,* J. Betz® J. J. Bollinger,® C. Boutan,’
New Horl zons ] T. Koy D. Bowring,® D. Budker,% % D. Carney,'® G. Carosi,'** §. Chaudhuri,'? S. Cheong,'* 4 A. Chou,!
. { M. D. Chowdhury,'® R. T. Co, J. R. Crespo Lépez-Urrutia,”” M. Demarteau,'® N. DePorzio,'?
s I d v t U It I- ht D k M tt B A. V. Derbin,?® T. Deshpande,?' M. D. Chowdhury,'® L. Di Luzio,?*23 A. Diaz-Morcillo,2*
cailar an eclor ra |g ar atier D'CW J. M. Doyle,'% % A. DrlicaWagner,%25.27 A Droster, N. Du,!! B. Dibrich,2® J. Eby,” R. Essig®
- A-l G. S. Farren,®! N. L. Figueroa,":2 J. T. Fry,*® S, Gardner,™ A. A. Geraci,2! A. Ghalsasi,**
arX|v:2203.1 491 5 ‘ S. Ghosh, 3 M. Giannotti,”” B. Gimeno,*® S. M. Griffin,®% D. Grin,*! D. Grin,*!
, s J H. Grote,*? J. H. Gundlach,* M. Guzzetti,* D. Hanneke,*? R. Harnik,® R. Henning,***°
Ed]tor‘s . M Sa frono Va and S Slngh V. Irsic, %647 H. Jackson,? D. F. Jackson Kimball,*8 J. Jaeckel ¥ M. Kagan,'® D. Kedar %!
. . - A Sol R. Khatiwada,®52 S. Knirck,? S. Kolkowitz,*3 T. Kovachy,?! S. E. Kuenstner,!# Z. Lasner,!%.25
A.F. Leder, ' R. Lehnert,** D. R. Leibrandt,®*! E. Lentz,” S. M. Lewis,® Z. Liu,?* J. Manley,>®
o R.H. Maruyarna,“ A. J. Millar,57-38 V, N, Muratova,2® N. Musake,5° 5. Nagail.sev,ﬂ'r‘"

Lindley Winslow

34

0. Noroozian,® C. A. J. O'Hare,®! J. L. Ouellet,*> K. M. W. Pappas,* E. Peik,°® G. Perez,*

Al l-"hipps,"’R N. M. Rapidjs,M J. M. Robinson,®®®! V. H. Robles,® K. K. R.ogers,r"' J. Rudolph,“
G. Rybka,* M. Safdari,'* '* M. Safdari,'*'* M. S. Safronova,® C. P. Salemi,** P. 0. Schmidt,%%
T. Schumm,% A. Schwartzman,'® J. Shu,*” M. Simanovskaia,'* J. Singh,'* S. Singh,>>
M. S. Smith,® W. M. Snow,%* Y. V. Stadnik.®! C. Sun,%% A. O. Sushkov,% T. M. P. Tait,7?

We are producing another whitepaper aimed at non-axion community audience.
These feed into the “Cosmic Frontier” Snowmass whitepaper, and then the final Snowmass Report end of this summer.
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Conclusion

* In the past few years, Axion experiments have transition from an
“instrument development” phase to a “discovery phase”.

* ADMX is leading the way exploring some of the best-motivated
couplings and masses.

* We have a well-planned upgrade (ADMX-EFR) to continue the search
at higher masses.

* The axion community has many ideas that can lead to a
comprehensive exploration of axion parameter space in the next
decades.
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Axion Haloscope: How to search for Dark Matter Axions

Primakoff Conversion

TN

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 Radiation
Magnetic Field Amplifier Noise

Cavity Q
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Axions Coup\e to TMO10 modes, not TMO011

Overlap of axion field (black)
and E&M mode field (red)

Rybka - August 2022
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This signal appeared in both modes,
and was thus clearly not an axion.
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ADMX-EFR:

Readout

~ 5m signal transmission cavity = JPA

require:

loss: 0(0.5dB)

18 JPAs

SQUID
Loop

Signal

3.22 323 324 325 326 327 328 329 330
Frequency [GHz]

Prototype from Wash U.

Digital Coherent Power Combining (FPGA based)
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Microwave Cavity needs tunable resonance

Antennas

Tuning Rod

Cavity

between Antennas

Transmittance

GAIIMX

1.5 GHz
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Microwave Cavity needs tunable resonance

Antennas

Tuning Rod

Cavity

between Antennas

Transmittance

GAIIMX

1.5GHz 1.6GHz Frequency
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Frequency (MHz)

Cavity Tuning Range

1050.0

1040.0 1

1030.0
1020.0

1010.0 {*

1000.0
990.0
980.0
970.0
960.0
950.0

940.0 ¢

930.0
920.0
910.0
900.0
890.0
880.0
870.0
860.0
850.0
840.0
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820.0
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800.0
790.0
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700.r
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A Quantum RF Measurement

[ Dk aee wiea |

119 mm g i e
1.75 mm 522 im 103 um -
-
Input ling......| l -
J |
Ground . T

lane o e ;-
Geometric capacitance SQUID

JPA provided by
Siddig Group at UC Berkeley

The cavity is cooled to ~100 mK. The standard quantum limit
is 50 mK at 1 GHz. The signal amplified by a Josephson
Parametric Amplifier before reaching the warm electronics.
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Operating a Quantum Amplifier is Non-Trivial

RF Signal Path Schematic

weak cavity

__________ i rtbwl oupdt pume 300k The JPA is tuned to match the The JPA is optimized to _
g § » cavity frequency minimize system noise
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§ § 10 —e— 1.5633266666667
.......... -5 S e SR = SN SR —e— 1.56666
I @ 8 —e— 1.5699933333333
— = —e— 1.5733266666667
1 ?5: E 6 —e— 1.57666
1B T & E
O e 2
250 mK o ¢
-2
—9.9 -9.85 -9.8 -9.75 —9.7
____________________________________ Pump Power (dBm)

§ ------- I -------------------------------------------------------------- 0.8B 0.9B 1B 1.1B
A
i 100 mK Frequency (MHz)
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Example Raw Spectrum

ADMX AnalVSlS %1_2 wData (LOO Seconds)
A

699.51 699.52 699.53 699.54 699.55

Frequency (MHz)
We measure a power spectrum ‘
about the cavity’s resonance and Warm Electronics Shape and Fit

=
w

—— Average

ritered 8 COrrect For This

e

-
¥}

look for a power excess that could
come from an axion

=
=

Normalized Power (V?)
e
o

0.9
0.8
—20000 —-10000 0 10000 20000
Frequency (Hz)
le-21 Lorentzian Weighted Spectrum

4.

See Bartram et al. Phys. Rev. D £
103, 032002 (2021) s
s -2

Look for Bumps in Result

720.62 720.63 720.64 720.65 720.66
Frequency (MHz)

UW REU 2021



Blind-Injection Synthetic Signal Detection

Normalized to Area
= o
— W]

=
o

best fit maxbolz (width=0.54)
predicted maxbolz (width=1)
¢ data

$13 f t

10 20 30

bins

The lineshape was
consistent with
cosmological predictions

(@) co
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x10~%7
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The signal was
clearly coming from
inside the cavity

This signal sure looked like
an axion. But before we
began ramping the magnet
down to be sure, we wanted
to try looking at it from
another mode.



