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Wave-like dark matter

27T

)\dB A De Broglie wavelength
v

Dark matter that behaves more like a wave than a particle

Proton in a linear accelerator: A ~ 102 m
WIMP dark matter: A ~ 10-13 m g
Axion Dark Matter (m ~ 104 eV): A ~ 100 m

Recoil
experiments

g Something completely
different...



Detection: Axion Haloscope

Photon coupling: cleanest channel for discovery N A B fiela
A A
v Axion
Tuning Rods
a----- 8ayy = 08,1 7f,
maczl h ~ f;, [I'IZ] ’ Virtual Photon
v+ B

Resonant microwave cavity

Inverse Primakoff Effect



Axion Mass Range

Lower bound set by size of Upper bound set by
dark matter halo size of dwarf SN1987A and white dwarf
galaxies cooling time

Mass of axion (eV)

10-22 10-18 10-14 10-10 106 10-2

10-8 10-4 L 104 0 1012
Frequency of conversion photon (Hz)

e ——————————————————————————————————————————————————————————————————————
Pre-inflation

PO phase transition
D EE——

Post-inflation
PO phase transition

Adaptation of L. Winslow DPF Slide




Unexplored Parameter Space
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Plot courtesy of Ciaran O’Hare



Unexplored Parameter Space
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Modified Electromagnetism

OE., oa

B, — o Be 2
Vv gt Jer B0y,

Modified Ampere’s Law

Quasistatic Regime: Cavity Regime: Radiation Regime:
)\comp > > Rexp )\comp N Rexp Acomp << Rexp
. e.g. ABRA, DM Radio i i  €.9-ADMX i e.g. MADMAX



AXIONS AND WAVE-LIKE DARK MATTER

LUMPED ELEMENT REGIME

DM RADIO
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Lumped Element Haloscope

Sheath
Magnetic field
@ ( ;> DAQ
¢
Axion AC Current Tunable resonator SQUID Pickup

Figure inspired by Chiara Salemi
10



Lumped Element Haloscope

Case Study: Static Toroidal magnet
® Magnetic field By

Sheath
Magnetic field ‘ ||

AXION AC CURRENT TUNABLE RESONATOR SQUID PICKUP

Figure courtesy of Chiara Salemi
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Lumped Element Haloscope

Case Study: Static Toroidal magnet
® Magnetic tield By
® AC axion current J,

Sheath
Magnetic field ||

¢ O SR

AXION AC CURRENT TUNABLE RESONATOR SQUID PICKUP

Figure courtesy of Chiara Salemi
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Lumped Element Haloscope

Case Study: Static Toroidal magnet

® Magnetic tield By
® AC axion current J,

® Oscillating magneti

Magnetic field
‘ @
o’

AXION AC CURRENT

c field

Sheath

TUNABLE RESONATOR

DAQ

SQUID PICKUP
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Figure courtesy of Chiara Salemi



Lumped Element Haloscope

Case Study: Static Toroidal magnet
® Magnetic field By

® AC axion current J,

® Oscillating magnetic field

® |[nduces currents on the sheath

Sheath

Magnetic field ||

¢ O

AXION AC CURRENT TUNABLE RESONATOR

DAQ

SQUID PICKUP
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Figure courtesy of Chiara Salemi



Lumped Element Haloscope

Case Study: Static Toroidal magnet
® Magnetic tield By

® AC axion current J,

® Oscillating magnetic field

® |[nduces currents on the sheath

® Oscillating magnetic field

Sheath

Magnetic field ||
‘ @
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AXION AC CURRENT

TUNABLE RESONATOR

DAQ

SQUID PICKUP
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Figure courtesy of Chiara Salemi



Lumped Element Haloscope

—

Case Study: Static Toroidal magnet
® Magnetic tield By

® AC axion current J,

® Oscillating magnetic field

® |[nduces currents on the sheath

® Oscillating magnetic field

® Ringing up a resonator

Magnetic field
‘ @
o

AXION AC CURRENT

K

TUNABLE RESONATOR

DAQ

SQUID PICKUP
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Lumped Element Haloscope

Case Study: Static Toroidal magnet
Magnetic field

AC axion current |
Oscillating magnetic field
Induces currents on the sheath
Oscillating magnetic field '.
Ringing up a resonator
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Figure courtesy of Chiara Salemi
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DMRadio-50L Target

Sheath Design
® 5 kHz — 5 MHz (20 peV — 20 neV) Nicholas Rapidis

® Will serve as a prototyping platform:
Testbed for quantum readout technologies

® Toroidal magnet with field strength ot 1 T
(~113 A)

® 20 mK base temperature

® Sensitivity goal of gayy=5x10-1> GeV-

Aluminum mandrel with
superconducting sheath
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DMRadio-50L Resonator
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Inductor winding Resonator Q testing

Saptarshi Chaudhuri Prototype Q = 374,000 at 300 kHz Tunable Capacitor
Joe Singh

and Roman Kolevatov
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DMRadio-50L Magnet

2 Insulating
spacers

Mandrel construction

and winding
Aluminum mandrel

Superconductin
Structural and Thermal Connections P S

Alex Droster, Johny Echevers, Jessica Fry Systems Inc 69x2 I\(;Iandrel
wedges
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DMRadio-50L Cryostat

@368
@3 5

[643.1 3]
26.1
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® (Cryostat: Fournine Design

® BlueFors LH Dilution Refrigerator

® Cold snout to cool resonator

~ 1L [Hak
| ! l 2 N — /’f_

" l "‘:JA 1T AT A AAY S ""l

Maria Simanovskaia,
Aya Keller
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DMRadio-m?3 Target

® 10 — 200 MHz (40 neV — 1.2 peV)
® 30 — 200 MHz at DFSZ sensitivity

® Solenoidal magnet

® Coaxial copper pickup structure

® 20 mK base temperature

® 4.7 T magnetic field

22

Thermal shields

Shielded box with
tunable capacitor,
transformer, and

SQUID (20 mK)

Neck-down
(20 mK)

Bucking coil
(4 K)

Pickup coax outer
cylinder (20 mK)

Pickup coax inner
cylinder (20 mK)

Solenoid
(4 K)




DMRadio-m3 at SLAC

® DMRadio-m3 has received DOE DMNI tunding

® \\Vill be constructed at SLAC National Lab

® F|lectromagnetic modeling and end-to-ena

sensitivity calculations are on the arXiv:
arXiv:2302.1408

® Experience with design and operation of
DMRadio-50L will inform design of DMRadio-m3

23



DMRadio Program

10° 104

10~ 10" 10°° 108
Mg eV
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AXIONS AND WAVE-LIKE DARK MATTER

CAVITY REGIME

ADMX

25



ADMX Collaboration
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Cavity Haloscope

Form factor describes coupling of the axion to the mode

gﬁ trf ! ;?/ Red is static magnetic field
2 Blue is axion electric field
A1

. By deer ‘Ea‘z

Non-zero form factor Zero form factor

ADMX: Axion couples most strongly to TM010 mode
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Cavity Haloscope

Amplify Digitize

FFT
12-50 K
Field-free region
Quantum amplifier
package 4 K
35m Antennas
Mixi
iIXing chamber 1K
Frequency
Microwave cavity
Tuning rods | 100-250 mK
Magnet
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Cavity Haloscope

Amplify Digitize

FFT

12-50 K
Field-free region

Quantum amplifier
package

3m Antennas

Mixing chamber

Frequency

Microwave cavity

Tuning rods |

Axion mass unknown: tuning rods required

Magnet
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Cavity Haloscope
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Ultra low noise receiver

Amplify

12-50 K
Field-free region
Quantum ampliﬁeri
: package 4K
35m Antennas
i Mixing chamb
e LK
Microwave cavity
Tuning rods | 100-250 mK
Magnet
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Digitize

Frequency

FFT




Quantum Amplification

e Microstrip SQUID Amplifier (2017)

e Josephson Parametric Amplifier (2018 —today)

e Anharmonicity leads to energy transfer from pump to signal e o
e Josephson Junction is non-linear element Figures courtesy of Shahid Jawas

Field cancellation coil + Mu-metal
shielding required for optimal
performance




ADMX Exclusion Limits (Published)

Axion Mass (ueV)
2.75 3.00 3.29 3.00 3.75 4.00

Jurry (GEVTY), p, = 0.45 (GeV/cc)

ADMX (2019) N-body

Maxwellian

650 700 750 800 850 900 950 1000
Frequency (MHz)
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ADMX Preliminary Sensitivity

N )

Garyy (GeV~!

3.250

Axion Mass (ueV)
3.275 3.300 3.325

ISAG

ADMX (2010, | -
| 2019,2021) 1 ADMX this work
780 790 300 810

Frequency (MHz)

Garyy (GeV™)

Axion Mass (ueV)
3.875 3.900 3.925 3.900

10710

ADMX (2021)
ADMX this work

035 940 945 950 955 960
Frequency (MHz)
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ADMX high frequency prototype

Sidecar is a small prototyping cavity that sits on
top of the main cavity.

e TJesting:

e Traveling Wave Parametric Amplifier (TWPA)

Sidecar mode map

e (Clamshell cavity design

e Piezo motors for antenna and tuning rod
35



First axion search with a JTWPA

Axion Mass (ueV)
19.835 19.839 19.843 19.847

This work
CAST 2017 10—10
CAPP

Bl TASEH

4.798 4.799
Frequency (GHz)

Bartram, C., et al. “Dark matter axion search using a Josephson traveling wave parametric
amplifier”. Review of Scientific Instruments 94.4 (2023): 044703

Sidecar now taking data at 5.2-5.6 GHz at 10x KSVZ with a Nb3Tn superconducting tuning rod!
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Garyy (Gev—l)
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ADMX (2010, 2018, 2019
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ADMX-EFR
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Scan speed for cavity haloscope

df  q99MHZ (9_7)2 p 1Y (3.5 )2( B )4( % )2( QL )(Clmn)z(o.%K)z
dt """ yr \0.36/ \0.45GeV/cm3) \1GHz SNR/) \7.6T) \136¢/) \30,000/ \ 0.4 Tays

Maximize Can’t Control Minimize

*Similar equation for quasistatic haloscope
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ADMX EFR (2-4 GHz

Prototype
cavity
testing

18-JPA receiver 74 T Magnet 18-cavity array

simulations
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ADMX EFR (2-4 GHz)

® Horizontal magnet bore

® Extra modularity: cavity
electronics are separate
from magnet bore

® |arge magnet volume:
258 liters

® Other: Squeezing?
Superconducting
cavities?

(ADMX EFR Design)

42



Conclusions

* Variety of haloscopes to search for axions
over a range of frequencies. Low
frequency microwave signals leverage
established technology (microwave
antennas) and novel techniques (quantum
sensing).

* Field is growing rapidly.

e New results on the horizon for ADMX and
DM Radio.
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