Lumped element searches for
low-mass axion dark matter

Chiara Salemi, MIT
Axions Beyond Gen 2 Workshop, 2021




Agenda

* How to detect low-mass axions
* Experimental progress
* The future

C.Salemi 2



Agenda

* How to detect long wavelength axions
* Experimental progress
* The future
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How can we detect axions?
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Axion E&M

Axion-photon interactions modify Ampere’s Law:

OE da
V xB= E_QQVV(E X Va — EB)
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Axion E&M

Axion-photon interactions modify Ampere’s Law:

OE
V X B — a—gavfy(E

Jerf = Gayy \/QPDM cos(m,t)B
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Where have we looked?
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Experiment schematic
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Experiment schematic
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Experiment schematic
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Experiment schematic
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Axion Signal
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Lumped element detector ingredients

 Strong magnet (toroid or solenoid)
* Pickup structure
* Readout circuit (broadband or resonant)
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Toroidal detector

* Toroidal superconducting magnet
with fixed field,

C.Salemi 22



Toroidal detector

* Toroidal superconducting magnet
with fixed field,

* Axion dark matter generates parallel
oscillating effective current,
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Toroidal detector

* Toroidal superconducting magnet
with fixed field, ( |

* Axion dark matter generates parallel
oscillating effective current,

* ...creating an oscillating
through the center of the toroid K
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Toroidal detector

* Toroidal superconducting magnet
with fixed field,

* Axion dark matter generates parallel
oscillating effective current,

* ...creating an oscillating
through the center of the toroid

* This flux is then read out from a

pickup structure using quantum
Sensors

(I)(t) — ga,vaO \/QﬂDM cos(mat)gV

Kahn, Safdi, Thaler Phys. Rev. Lett. 2016
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Solenoidal detector

* Solenoidal superconducting magnet
with fixed field,

* Axion dark matter generates parallel
oscillating effective current,

* ...creating an oscillating azimuthal

* This flux is then read out from a
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Solenoidal detector

* Solenoidal superconducting magnet
with fixed field,

* Axion dark matter generates parallel
oscillating effective current,

* ...creating an oscillating azimuthal

* This flux is then read out from a
pickup structure
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Toroid vs solenoid
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Toroid vs solenoid

* No axion — no field in the
region of interest
* Few stray fields
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Toroid vs solenoid

* Easier manufacturing
* Able to reach higher
frequencies

* No axion — no field in the

region of interest
* Few stray fields
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Broadband vs. Resonant

. E §§ {

>

C. Salemi 30



Broadband vs. Resonant
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Broadband vs. Resonant

LC resonator BROADBAND
* Easier to construct

RESONANT
* More sensitive for any scan
* Deepering,,
* Wider frequency band at a given g,,,

4
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Real experiments!

magnetizing coil
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sensing coil
Fe-Ni core

\\ pickup coil Hm

calibration loop

SHAFT

ABRACADABRA-10 cm
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A Broadband/Resonant Approach to Cosmic Axion
Detection with an Amplifying B-field Ring Apparatus
A?s
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A Broadband/Resonant Approach to Cosmic Axion
Detection with an Amplifying B-field Ring Apparatus
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Experiment Details

* Toroidal, broadband detector
* Pickup loop/cylinder

Runs 2+
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Data

* Low frequencies limited by vibrations
* Sensitivity limited by circuit element inductances and noise

Magnet On Data
Aug 01,2018 18:50:51 - Aug 02,2018 03:44:11 EDT, Nayg = 3200

Magnet Off Data
Aug 17,2018 22:11:59 - Aug 18,2018 07:05:19 EDT, Nayg = 3200

—— ADC Noise (Filter Corrected)
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Limits on Jayy (Run 1)

Frequency [Hz]

—— 95% Upper Limit - This Work Y 1/20 Containment
—  Expected Limit m—= CAST Exclusion

Ouellet, CPS et al. Phys. Rev. Lett. (2019) C.Salemi 39
Ouellet, CPS et al. Phys. Rev. D (2019)
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Axion Dark Matter eXperiment
A Superconducting LC Circuit Investigating Cold Axions

ADMXSLIC

* Solenoid magnet
* 7.5T average field
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Vacuum Can
NbTi Shield Sheet

*He Refrigerator ———

: Resonant SearCh | 1 s Rotary Piezoelectric Actuator
° 1 NI g Alumina Dielectric
N_bTI pICkUP |OOp Ny Parallel Plate Capacitor
* Piezoelectric-tuned I "
parallel plate capacitor

Readout Coupling Probe —

Solenoid Magnet

Primary Loop Antenna Form —
Primary Loop Antenna
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SLIC Results

S21 and Magnet Ramp

42.0 42.1 42.2 42.3 42.4
Frequeny (MHz)

Q reduction corresponding to magnetic field ramp
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SLIC Results

S21 and Magnet Ramp

Axion Mass m p (neV)
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Q reduction corresponding to magnetic field ramp New limits around 40MHz
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Search for Halo Axions with Ferromagnetic Toroids
L
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SHAFT Results

* 41 hours of ALP search data, 12 peV to 12 neV mass range
e Limits reach (at 5o level): |ga| = 4.0 x 107" GeV ™!

Compton frequency (Hz)
10°

T |

ABRACADABRA

I .

SHAFT (50 level — 95% CL)

—~
—
.
O
S—r
=
—
—
=
=0}
]
—
L
—
+~
0
=0}
]
—
o
—
oF
=
Q
O

1077
mass (eV)

. C. Salemi 47
A. Gramolin et al., Nature Phys. (2021)



l‘y z | ;V:‘ : N

R

v=mgyl2n
_I_I_.\—.'gl;
QCD Axion
CAST
ADMX G2 (Projected)
B ADMX

ABRACADABRA-10 cm 95% Limit
s N
(This Work) ITS AFT
|

[ AL

“ ‘ 1017 fa {Gc\]”ols

‘/ 10—]0

Mg (eV)

C. Salemi 48



Gen 1 lumped element experiments

CHALLENGES FUTURE IDEAS & PLANS

* Vibrations at low frequencies
 EMI

* Qreduction with magnetic field

* Additional runs
* Vibration isolation

* Scalingup

e Parasitic inductances » Reentrant cavities

* Limited tuning range * Improved couplings

* Improved tuning

* Precision magnetic fields
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How can we get more
sensitive to axions?

* Bigger magnet
* Stronger magnetic field

S. Silverstein



How can we get much more
sensitive to axions?

* Bigger magnet
* Stronger magnetic field

* Better coupling between pickup and axion
current

* Lower parasitic impedance

* Lower noise (vibrations, environmental noise)
* Resonant readout

* Quantum acceleration

* Improved scan strategies




DARK MATTER RADIC

kHz MHz GHz THz freq

peV neV peV meV mass

AM/FM /DM

DMRadio
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DARK MATTER RADIC
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DM Radio Cubic Meter Consortium
Funded as part of DOE New Initiatives in Dark Matter program

R&D Phase Consortium Leadership:

Project manager for R&D phase: Dale Li 'l'ﬂ'ﬂ""'”"""""""""l'.'.'l@"""”ﬂl'ﬂﬂ'”"' -
Name Institution Role / Team Lead
Kent Irwin SLAC and Stanford  Consortium PI
Karl van Bibber UC Berkeley Magnet e P
Lindley Winslow MIT Magnetic shielding, vibration NERGY Science
Saptarshi Chaudhuri  Princeton Control system, scan
Peter Graham Stanford Theory A-’:
Reyco Henning UNC Chapel Hill Calibration and DAQ ke H\'
Dale Li SLAC Cryomechanical ‘(Jd I I I i I-
Hsiao-Mei Cho SLAC sQUID UNIVERSITY
Wes Craddock SLAC Lead Engineer THE UNIVERSITY
Nadine Kurita SLAC Project Management Plan ﬂ:ﬂ e

DMRm3consortium vl 20191104
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DMRadio-5oL —~,

* 5oL volume @ 100mT - 1T
* Toroidal magnet
* Resonant readout
* Pickup sheath

J. Ouellet

C.Salemi 56



Lower noise Better coupling
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Resonant readout
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Faster scanning
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Scan rate enhancement; detuned SNR the same!

Current

Chaudhuri et al. 1904.05806
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Increase coupling to lower imprecision noise
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Backaction is exchanged for imprecision
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Optimize coupling to maximize sensitivity bandwidth

Response
Readout
O

Imprecision

Frequency
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DMRadio-ms3

* m3volume @ 4T

* Solenoidal magnet
* Resonant readout
* Toroid pickup

W. Craddock

C. van Assendelft C.Salemi 64



Better reach
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DMRadio-GUT

* Large volume with large field
* Beyond SQL amplifiers
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Better reach
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Summary

* Low-mass axions are well-suited to a lumped element method
* First generation experiments have results!
* Next generation experiments are underway

* Plans in place to probe the QCD axion band
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Thanks!
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