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Lots of highly motivated parameter
Space to cover
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Lots of highly motivated parameter
space to cover!
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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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Schematic of lumped-element detection
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Schematic of lumped-element detection
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Schematic of lumped-element detection
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Schematic of lumped-element detection

Axion

Effective
Current Pickup Current sensor

v O (=

5

Pickup circuit

C.Salemi 18



Schematic of lumped-element detection
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Schematic of lumped-element detection
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Schematic of lumped-element detection
Resonant readout
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What does a signal look like?

signal * Time series data collection
strength

* Fourier transform to look for peaks in
frequency space

> mass (eV)

> frequency (Hz) C.Salemi 22
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What does a signal look like?

signal * Time series data collection

strength Sharp peak at axion mass _ _
* Fourier transform to look for peaks in
\ frequency space

Jepf = Gary\/ 2pD s cos(mqt)B

| > mass (eV)

» frequency (Hz) e 25



What does a signal look like?

signal
strength

* Time series data collection

* Fourier transform to look for peaks in

frequency space

* Shape determined by standard halo

model

> mass (eV)
> frequency (Hz)
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Scan rate (our sensitivity FOM)
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Detector geometry: toroid vs solenoid

ABRA-10cm
DMRadio-5olL
(DMRadio-GUT)

DMRadio-m3
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The 5oL detector

Toroidal superconducting magnet
with fixed field,
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The 5ol detector

Axion dark matter generates parallel
oscillating effective current,

Jef = JayvyV 2IODM COS(mat)BO
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The 5ol detector

Axion dark matter generates parallel
oscillating effective current, -+, which
generates an oscillating magnetic field
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The 5ol detector

...inducing currents on the sheath
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The 5ol detector
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The 5ol detector

...inducing currents on the pickup
inductor
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The 5ol detector

...ringing up the LC resonator.

T




The 5ol detector

This signal is read out and amplified
using a SQUID current sensor

ST
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ABRA-10cm averaged spectrum

— Magnet on

Frequency (Hz)

m,~ 1 neV (GUT-scale)



ABRA-10cm averaged spectrum

Backgrounds —— Magnet on

Frequency (Hz)

m, ~ 1 neV (GUT-scale) C.Salemi 38



ABRA-10cm averaged spectrum

Backgrounds —— Magnet on
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ABRA-10cm averaged spectrum

Backgrounds —— Magnet on

Fit signal
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No axions found yet!
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No axions found yet!
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DMRadio program

C.Salemi 43



DMRadio program—solL
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Under construction.
Site location is Stanford
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Under construction.
Site location is Stanford
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Dilution fridge testing of Dual cryogenic system design
prototype capacitor (Maria Simanovskaia)
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Under construction.
Site location is Stanford

Cold finger assembly
(Aya Keller)
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Under construction.
Site location is Stanford

Cold finger assembly
(Aya Keller)
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Hang from structure

Kevlar
Teflon

Under construction.
Site location is Stanford

Add Weight To
Bottom Half

Setup for magnet
strap testing
(Jessica Fry)

Cold finger assembly
(Aya Keller)

Dilution fridge testing of Dual cryogenic system design Magnet mandrel design
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Hang from structure

Kevlar
Teflon

Under construction.
Site location is Stanford

Add Weight To
Bottom Half

Setup for magnet
strap testing
(Jessica Fry)

Cold finger assembly
(Aya Keller)

Materials testing for Dilution fridge testing of Dual cryogenic system design Magnet mandrel design
pickup sheath prototype capacitor (Maria Simanovskaia) (Jon Ouellet) - -
(Nicholas Rapidis) (Joe Singh) alemi 50



8

-

s
ol
il
Nl
N
3

T T T T T T T T T T T T R T TR T

N

Pl

Brouwer et al. Phys.Rev.D, 2022a
G Benabou et al. arxiv:2211.00008, 2022
AlShirawi et al. arxiv:2302.14084, 2023

* DFSZ axion search 30 - 200 MHz (120 — 800 neV)
* Secondary science: KSVZ 10 —30 MHz (41— 120 neV)
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Preparing for design review.
Will be located at SLAC
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Bartram et al., in prep
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DMRadio program—GUT

GOALS
Definitive QCD axion search 100 kHz -

30 MHz (0.4 - 120 neV)
Platform for new technologies in
magnets and quantum sensing & Falorm) o
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Backup slides



DMRadio-50 L

~_ optimized axion-detector coupling
with pickup sheath
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DMRadio-ms3
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DMRadio-ms3

solenoidal magnet,
1 m3 volume, 4-5T field
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DMRadio-ms3

coaxial pickup
sheath

solenoidal magnet

coaxial sheath

solenoidal magnet,
1 m3volume, 4T field
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DMRadio-ms3

coaxial pickup
sheath

solenoidal magnet

coaxial sheath

solenoidal magnet,
1 m3volume, 4T field
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DMRadio-ms3

Jefs
solenoidal magnet
coaxial sheath
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DMRadio-ms3

coaxial pickup
sheath

solenoidal magnet

coaxial sheath

solenoidal magnet,
1 m3volume, 4T field
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DMRadio-ms3

coaxial pickup
sheath

solenoidal magnet

coaxial sheath

solenoidal magnet,
1 m3volume, 4T field
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DMRadio-GUT

* B,~16T (22T RMS)
*V~10m3
°* m, ~ 400 peV —125 neV

(v, ~ 100 kHz — 30 MHZz)
* ~7year scantime
* ~20 dB below SQL amplifiers

¢ Tresonator ~10 mK

Q ~ 20 x 10°

B Built Copper
Proposed Copper

B Proposed LTS

B Proposed HTS
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Noise regimes

—— Amplifier noise limit (SQL)
—— Thermal noise limit, 10 mK
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Limits on g,,, (run 1)

Frequency [Hz]

I 1/20 Containment
=== (CAST Exclusion

Ouellet, Salemi et al. Phys.Rev.Lett. 2019
Ouellet, Salemi et al. Phys.Rev.D 2019
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Resonant readout
—improving the scan rate

Axion
Effective SQUID
Current Pickup Magnetometer

C

\_/

-(H)—

vacuum + readout noise
thermal noise
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Improving the bandwidth

SQL, untuned _ SQL, tuned

—— Signal —— Signal
—— Thermal noise —— Thermal noise
Imprecision noise 1 Imprecision noise
- Backaction noise -- Backaction noise
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Backaction evasion

Beyond SQL, untuned _ Beyond SQL, tuned

— Signal — Signal

—— Thermal noise - —— Thermal noise
Imprecision noise 1 Imprecision noise

— - Backaction, Q1 . — - Backaction, Q1
Backaction, Q2 ",‘ -+++ Backaction, Q2
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Axion astrophysics?

* Could see substructure within dark matter halo
* Low velocity distribution: sharp, narrow peak
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Run 3 noise

— Magnet on
—— Magnet off
— Similar SQUID, open input
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Calibration circuit

FLL
el

Bandpass
Filter

Signal
Generator -40dB -40 dB  Mcp

(O£

300K < 4K
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Likelihood

* Corrected for LEE and correlation of nearby search windows
* TSihesh=55 for 5o discovery
* Modified likelihood with nuisance parameter
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Analysis procedure

1. Data cleaning

* Single bin excesses
* Radio signals
* Moving peaks
* Frequency combs e.qg. every 5o Hz

* Transient excesses
* Magnet off excesses

2. Nuisance parameter modification of likelihood
* Tuned with ensemble of observed significance values in clean dataset
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Joint limit
Frequency [MHz]

95% U.L. [This Work] 1/20 Containment — Run 1 [Ouellet et al., PRL 2019]

2.99794
mg [neV]

my [neV]
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Analysis pathway

—= Data Cleaning
Off Vetoes

— Final (Nuisance Tuned)
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Masking fraction
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Real Spectra, run 1 e

Magnet On Data

— Aug01,2018 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)

m
WRAHh el

U'.‘ML L11 “,u_, o

Frequency (Hz)
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Vibration Isolation | |

* Suspension system added to
reduce vibrations

e x,y damping with 1.5 m AU
pendulum (~2 Hz resonance /
frequency) Copper

thermalization

* zdamping with spring (~2 Hz tape
resonance frequency) /
/.
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Vibrational Noise

Accelerometer
loses sensitivity
above a few kHz
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* Huge amount of noise below ~10 kHz, strongly correlated with vibration
on the 300K plate

* Had to use a 10kHz high pass filter to get the data to fit in the digitizer
window

* Hard limit on the low end of the search window
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Transient Noise
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— 1.8800200 MHz
— 1.8800218 MHz
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Transient Noise

Clean Data Period
Aug 01,2018 21:50:51 - Aug 02, 2018 06:44:11 EDT, fs = 10000000 MS/s, Af= 0.10 Hz, Nayg = 3200

10_3 Noisy Data Period
Jul 31,2018 10:15:31 - Jul 31, 2018 19:08:51 EDT, fs = 10000000 MS/s, Af = 0.10 Hz, Nayg = 3200

107"

10

o~

10°

107

Frequency (Hz)

= MOSt|y at hlgh frequencies 1410000 1420000 1430000 1440000 1450000
* Investigating building power, grounding schemes, shielding, etc...
* In the present analysis, we discarded ~30% of the data
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COMSOL simulations

Current induced in pickup

Axion effective current
distributed in magnetic field

Current propagates
through wiring

Axion magnetic field
oscillates in toroid bore
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Replacing the pickup circuit

Runs 2&3
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Improved sensitivity

=== Calculated gain, Run 3~
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