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AXION searches
with magnetic fields
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Axlon-photon parameter space

[Irastorza and Redondo, Prog. Part. Nucl. Phys. 2018
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Quasistatic regime: ABRACADABRA

A Broadband/Resonant Approach to Cosmic Axion Detection
with an Amplifying B-field Ring Apparatus

YK, Safdi, Thaler, PRL 2016]
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Quasistatic regime: ABRACADABRA

@adband/Resonant App@to Cosmic Axion Detection
with-an Amplifying B-field Ring Apparatus

8 a 5’& Ba
V X Ba — ot — ga’vaOE
N—— broadband or
Jeff resonant
NOTISY: detection IQ
a(t) = ——— cos(mq?) zero-field region

superconducting
toroid magnet

[YK, Safdi, Thaler, PRL 2016]



Quasistatic regime: ABRACADABRA

@adband/Resonant App@to Cosmic Axion Detection
with-an Amplifying B-field Ring Apparatus

8 a aa Ba
V X Ba — ot — gcw'yBOE
N—— broadband or
Jeff resonant
NOTISY: detection IQ
a(t) = ——— cos(mq?) zero-field region

superconducting
toroid magnet

(®(t)%) ~ g2 poM BGV
Volume enhancement at low masses compared to cavity

[YK, Safdi, Thaler, PRL 2016]



Iwo readout strategies
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Theoretically optimal, but have
Not optimal, but very useful to pick a scan strategy
for initial search over wide range  (exploit quantum speedup eventually)

(Chaudhuri et al., arXiv:1803.01627]

Current apparatus (ABRA-10cm) uses broadband,
future version (DM Radio Cubic Meter) will incorporate resonator



Dissecting ABRA-10cm
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Dissecting ABRA-10cm
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Dissecting ABRA-10cm




ABRA-10cm
broadband readout

Off-the-shelf Magnicon DC SQUIDs &
Sa/o ~ 1075®, /v/Hz

Optimized for temperatures < 1 K
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Assembling ABRA-10cm

G SYSTEMS INC.

(Normally make MRI magnets!)

Magnet



Assembling ABRA-10cm
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Assembling ABRA-10cm
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Assembling ABRA-10cm

Pickup Loop on insulating PTFE support cylinder

—
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Mounting ABRA-10cm

Kevlar Support Thread




Vibration 1solation

[ABRA-10cm, Phys. Rev. D 99, 052012 (2019)]

Kevlar Support Thread
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Accelerometer-flux noise correlation

Suspect fringe-field sourced vibration
IS driving our low-frequency noise:
design consideration for
future m3 experiment




FLL Output Power (mV?/Hz)
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Calibration

[ABRA-10cm, Phys. Rev. D 99, 052012 (2019)]
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mimics axion signal
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Fine scan from 10 kHz - 3 MHz
at multiple amplitudes.
Gain lower than expected by ~6.5,
fixed In next run




Data collection procedure

Data collected with magnet on for 4 weeks
(2.4 x 106 s at 10 MS/s) in July-August 2018

AlazarTech ATS9870 8-bit Digitizer
locked to a Rb oscillator frequency standard

(this spectrum not
used in this analysis)

Down Sample Down Sample

10 MS/s Sampling }——ouou—p| 1 MS/s Sampling 100 kS/s Sampling
Compute PSDs of 10 s Compute PSDs of 100 s N |
waveforms waveforms Written directly to disk
Average 80 PSDs, write to disk Average 16 PSDs, write to disk 2,452,000 seconds total
Af ~ 408 nHz

Af'= 100 mHz Af'=10 mHz
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ABRACADABRA-10 —— Pickup Loop Flux Data - :
Running average of PSD is

—— Background + 50 Signal . .
“ Erlang-distributed:
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Construct likelihood function and test statistic from likelihood ratio:

N kf ma

£(d,, |A,b
ma‘A b H H jk7 avgja)\j,k) TS(m ) — an ( a‘ )

/] 1 k=F, ( Y\ ’ L(d, |A=0,bag)

spectra freq. bins

3.1 millions mass points between 75 kHz and 2 MHz,
50 threshold for discovery (accounting for look-elsewhere)
corresponds to TS = 56.1



Pickup Loop Flux Power

(n®3/Hz)

Veto and data cleaning

|[ABRA-10cm, Phys. Rev.
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After vetos, discard datasets with
transient noise (30% of exposure)

D 99, 052012 (2019)]

Took 2 weeks of magnet-off data;
any excesses vetoed In
corresponding magnet-on data
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Gary [1/GeV]

Axion Limits

25384 mass points excluded from analysis due to magnet off veto (0.2%)
Of these, only 83 appeared in magnet-on (and were vetoed)

Mass range for analysis set by data cleanliness,
working to turn this into a blinding/unblinding procedure for next run

~irst laboratory axion exclusions at 95% c.l. in this mass range:

Frequency |Hz
10° quency [z 10°
1 1 | 1 I 1 I 1 1 1 | |

95% Upper Limit - This Work Y 1/20 Containment
e CAST Exclusion

Expected Limit

1079

107 10—

[ABRA-10cm, PRD 99 (2019) 052012, PRL 122 (2019) 121802]
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ABRA-10cm Run 1 Limits

To appear in PDG 2019 (courtesy G. Rybka)
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ABRA-10cm Run 2 plan

Reduced inductance by

replacing pickup loop with Gain now matches theoretical value:
pickup cylinder and factor of ~10 in sensitivity
reducing wiring

4- —%— Measured Gain (Cylinder Configuration)
1 —%¥— Measured Gain (Loop Configuration)
-== Expected Gain (Cylinder Configuration)
- == Expected Gain (Loop Configuration)
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Incorporating active feedback to reduce noise below 1 kHz

~T1-month broadband run planned betore end of 2019:
expect to beat CAST limits
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| eading up to a
cubic meter experiment

ABRA-10cm: Running at MIT.
DMRadio-Pathfinder (dark photon DM): Running at Stanford.
DMRadio-50L: Under Construction at Stanford.

DMRadio-m3 R&D Consortium recently funded by DOE HEP
Dark Matter Small Initiatives Program for ~$1M.

* Includes ABRACADABRA Pls (Henning and Winslow).
¢ 2 years.

* Goal: Develop 30% Design, focused on magnet.

* Develop Full Proposal for m3 experiment.

First Pl meeting at MIT earlier this month, developing plan for
merger by Summer 2020.



DM Radio Cubic Meter:
Consortium

Funded as part of DOE New Initiatives in Dark Matter program

R&D Phase Consortium Leadership:

Name Institution

Kent Irwin SLAC and Stanford
Karl van Bibber UC Berkeley
Lindley Winslow MIT

Saptarshi Chaudhuri  Princeton

Peter Graham Stanford

Reyco Henning UNC Chapel Hill
Dale Li SLAC
Hsiao-Mei Cho SLAC

Wes Craddock SLAC

Nadine Kurita SLAC

Role / Team Lead

Consortium PI

Magnet

Magnetic shielding, vibration
Control system, scan
Theory

Calibration and DAQ
Cryomechanical

SQUID

Lead Engineer

Project Management Plan

kHz MHz GHz THz freq
|III|||||I|II|||I|]||||I|||||||I|I|||II|||||||||I|I||||||||||||

peV neV uev meV mass

A >~ | 0 oy 1
- @ 07N SPIN
)

AM/FM/DM

EEwd, U.S. DEPARTMENT OF Office of

EN ERGY Science

PRINCETON
UNIVERSITY



DM Radio Cubic Meter:
Science Goals

Frequency
kHz MHz GHz

Cubic Meter Experiment

« 1 m3detection volume

e

o
L
=

« 20 mK temperature

+ Q = 106 (resonant SN

readout)
« 4T B-Field

* Frequency range
5 MHz- 200 MHz

« DC SQUID with noise @
20x quantum limit
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« 3 years of live scan time 10718}

Axion—Photon Coupling (geyy) [GeV™]
S

« Quantum readout , ‘ | ‘ ‘ ,
techniques would peV neV peV
enable QCD sensitivity Axion Mass (m,)
at lower masses




DM Radio Cubic Meter:
Timeline

2020-2021: DM Radio-m3 R&D
2022-2025: DM Radio-m3 Proposed Project Build
2025-2030: DM Radio-ms3 Science Scanning
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Selection ) . : .
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*

proto-Collaboration > DMRadio-m3 Collaboration >
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Conclusion

/" ABRACADABRA:

First broadband axion
search below 1 peV
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vv/resonant readout to reach QCD line
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