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A Search for Low-Mass Axion Dark
Matter”

“A Broadband or Resonant Approach to Cosmic Axion Detection with an
Amplitying B-field Ring Apparatus”

*PRL 117 (2016) 141801
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ABRA Concept

Treat ultralight axion DM as coherent field
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ABRA Concept

Treat ultralight axion DM as coherent field

a(t) = - ZOSM sin(mgt)

Generic axion modifies Ampere’s Law:

OE da
VXB_E_QQV’V(EXVG’_BE)
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ABRA Concept

Treat ultralight axion DM as coherent field

a(t) = - ZOSM sin(mgt)

Generic axion modifies Ampere’s Law:

0 da
VXB%QCL’YMVQBat)

Magnetcl)i?ntffsistatic E=0, DM v ~10-3
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ABRA Concept

Zero DC Field

Treat ultralight axion DM as coherent field

a(t) = - i’ij sin(mgt)

Generic axion modifies Ampere’s Law:

0 da
VXB—%‘%/gW()‘/vaB(%)

Yields axion-induced effective current:

Jef = Garyy\/ 2PDM cOs(Mgt)Bo
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ABRA Concept

Induced B-field

Treat ultralight axion DM as coherent field

a(t) = - i’ij sin(mgt)

Generic axion modifies Ampere’s Law:

0 da
VXB—%‘%/gW()‘/vaB(%)

Yields axion-induced effective current:

Jef = Garyy\/ 2PDM cOs(Mgt)Bo

Induces oscillating magnetic field in torus

Measure induced field using pickup loop
DC B-field free
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Historical Interlude

Sikivie Proposal using RF—
cavities: rru s (1983) 1415

e

eeeeeeeee [Hz]

Tuned LC Circuit (nO Cavity): PRD 97 (2018) 123006
Cabrera, Thomas, 2010

Solenoidal Magnet: PRL 112 (2014) 131301 L ——C
| ; |
DM Radio Dark Photon
Detection: rro 92 2015) 075012 J t fs—
—O—

Toroidal Magnet: |
AB RACADAB RA: pri117 (2016) 141801
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Two Readout Strategies

Broadband M
Scan all frequencies simultaneously ¥ O\
> ~50 Hz dominated by flux noise in SQUID magnetometer: Pickup
Salo ~ 10750, /Vz Loop
< ~50Hz 1/f noise dominates 1/2 Li
Ma |\ 1 5.0 SQUID

Broadband Sensitivity: > ~50 Hz  Jayy X (T) BunaxGVE /DM

Resonant
. . . Aw M
Resonance enhancement by adding capacitor with Q ~ 106 Y N\ Y\
Scan across frequencies Pickup L; I
Thermal noise in pickup loop dominates Loop ,\g\;r
R
Resonance Mode Sensitivity: SQUID

NI

Garyy X \/E( : )

Myt

1 kT
BmaxGVE \| ppmQo
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Prototype:
ABRACADABRA-10 cm

PRD 99 (2019) 052012, PRL 122 (2019) 121802
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Dissecting ABRACADABRA-10 cm

12 cm

\\\\\\\ Wl /////////// :

Delrin Toroid
Body

12 cm

80x16 NbTi (CuNi)
winds (counter-
wound)

Reyco Henning PATRAS, 3 June, 2019 ABRACADABRA-10cm



Dissecting ABRACADABRA-10 cm

Superconducting tin
coated copper shield

Thermalization Bands
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Assembling ABRACADABRA-10 cm

&

SUPERCONDUCTING SYSTEMS INC.
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Assembling ABRACADABRA-10 cm

Pickup Loop

o — ——
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Mounting ABRA
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SQUID Readout

eorge
¥y, Washington
| i"l';"f""' SQUID
»  Off-the-shelf Magnicon DC "L B iblifier Array

SQUIDs

MuMetal
Shielding

2 Stage

Typical noise floor ~1 u®o/(Hz)12

Optimized for operation <1 K PN —
-FIN ,;"‘g)
. . [ P— v
Typical gain of ~1.3 V/®o = almmnnno,—\mmg :
| E MS%UL%F .ﬁ} +IN
 No resonator (i.e. broadband EipNEEL =g é *
readout) = @“’L"“‘” 2
E\ @-l Unshunted
% Shried 650010 16-5UID Aray
rall
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Mechanical Suspension System

Kevlar Support
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Calibration

10°'3 ABRACADABRA-10 cm

- Calibrate by injecting g

AC current into the »
calibration loop

* Fine scan from 10 KHZ o poresimnmimmmmissspminsmet oot sb-apapte st

- 3 MHz at multiple M ey T e
a m pl Itu d eS ABRA Pickup Loop Flux Response
- Gain lowerthan 7 | "mmmmmmTTmmmmm oo mm oo

107 ABRACADABRA-10 cm

Preliminary
== = Expected

—¥— Input Amplitude 5.0
~¥— Input Amplitude 10.0
=¥ Input Amplitude 50.0

=¥ Input Amplitude 100.0 5

10 10° 10°
Frequency (Hz)

expected by a factor of
~6.5. To be improved
In next phase

FLL Output vs Pickup Loop Flux |Vout/®p| (mV/udo)
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Example Spectrum

~9 hours of data

=f : Magnet On Data Il
10 — Aug01,2018 18:50:51 - Aug 02,2018 03:44:11 EDT, Nayg = 3200
1072 —— ADC Noise (Filter Corrected)
- m, ~ neV
‘ (GUT scale PQ)
N 10—4;
S N oA
B s
g 10 3
10°
o* ] | ABRACADABRA-10 cm
5 Preliminary
10* 10° 10°

Frequency (Hz)

- 10 kHz high-pass and 1.9MHz anti-aliasing filters before digitizer

- Digitizer-only data show spurious noise spikes that were vetoed.
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Magnet Off Data

11 T
3 Magnet On Data
Aug 01,2018 21:50:51 - Aug 02,2018 06:44:11 EDT, Nayg = 3200

Magnet Off Data
Aug 18,2018 01:11:59 - Aug 18,2018 10:05:19 EDT, Nayg = 3200

ADC Noise (Filter Corrected)

Pickup Loop Flux Power (11(1)(2)/Hz)
S

] ABRACADABRA-10 cm
10" Y Préliminary

104 105 106

Averaged over ~9 Frequency (Hz)

Collected 2 weeks of magnet off data with the same configuration

High frequency transient noise also present

Noise increases < 10kHz

Used for spurious signal veto
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ABRACADABRA-10cm
Axion Search
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Axion Search Approach

Search range to 75 kHz - 2 MHz
(mzin 0.31 — 8.1 neV).

8.6 million mass points

likelihood function

Survival Count

Axion discovery search based on
a log-likelinood ratio test, between 1
the best fit and the null hypothesis

10t

5o Threshold

For each mass point, calculate a 1.1
|

50 discovery threshold: TS>56.1 101 100 10! 102

Test Statistic

Accounts for Look Elsewhere
Effect.

For details, see: PRD 97 (2018) 123006
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Axion Limits

2.5227500 2.5227525 2.5227550 2.5227575 2.5227600 2.5227625 2.5227650 2.5227675

405000  ABRACADABRA-10-cm —— Pickup Loop Flux Data
B Preliminary = §Z§E§§ZZZ‘S ?I;lsy/nclL Signal
(\:'E:; 400000 1 —— Background + 50 Signal
g
5 395000 1
- We saw no 50 excesses
Z 390000
g
that were not vetoed by

Magnet off or digitizer

d at a ' ' ' Frequency (kHz) ' ' o
o Frequency [Hz] 106
87 (0) mass points were vetoed in B =i g T s
the 10MS/s (1MS/s) data
16724
- We place 95% C.L. upper i

limits using a similar log-
likelihood ratio approach

ABRACADABRA-10 cm
Preliminary

5x 10-10 " 10-9 5x 102

For details, see: PRD 97 (2018) 123006 Tl
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ABRACADABRA-10 cm Run 1 Limits

D =mg,/200

QCD Axion
ADMX G2 (Projected)

B ADMX
— ABRACADABRA-10 cm 95% Limit
(This Work) .
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ABRACADABRA-10 cm Run 1 Limits

QCD Axion
ADMX G2 (Projected)

B ADMX
— ABRACADABRA-10 cm 95% Limit
(This Work)

Reyco Henning PATRAS, 3 June, 2019 ABRACADABRA-10cm



ABRACADABRA

I

THE UNIVERSITY
of NORTH CAROLINA
at CHAPEL HILL

TRIANGLE UNIVERSITIES NUCLEAR LABORATORY

I

S

\\ =

UNIVERSITY OF
MICHIGAN

Berkeley

UNIVERSITY OF CALIFORNIA

~
A
i
rrerreer

BERKELEY LAB

Reyco Henning PATRAS, 3 June, 2019 ABRACADABRA-10cm



Next ABRA-10 cm run

COMSOL
- Reduce wiring lengths e
— reduce parasitic :

inductances \

- Cylindrical Pickup loop —___
to reduce loop
inductance |

materials by running
loop w/0 magnet.

- Resonator /

 New Run this summer

-+ Study losses in magnet \

Reyco Henning PATRAS, 3 June, 2019 ABRACADABRA-10cm



Reyco Henning

OMSOL Simulation

Axion effective current in
ABRA-10cm toroid

Sheath
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ABRACADABRA-1 m

D=mg,/2I1
. . Hz kHz MHz GHz
- Meter scale detector with a max field of Bo=5T . . . , . . . . S
QCD Axion
10-8 - .| CAST
. . . ADMX G2 (Projected
- Resonator readout with optimized scan =
strategy: 1803.01627, 1904.05806 B (v oo bt u\,\M
10-10 - |
- Reach for QCD Axion ma ~ 0.1-1 pyeV 1
‘T: 10—12_
- Operating at 20 mK =
S
10—14_
- Beyond SQL readout I
- Proposals in development w/ DMRadio. 10-16 i
| “““-IIIIII.. Ny
I Nl T I 2
+ Ultimate Goal: Probing the GUT scale QCD | _,, T W s 10574,
. T T T T T T T T l’
axion (ma = neV) o o ..n]:i._(lc.o\” TS Eman io-_i msuun® “‘0_6
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ABRACADABRA Program

Frequency [Hz]
102 103 10* 10° 106 107 108

Current ABRA-10cm

PPt ’ﬁ ABRA-QCD

107 5 1011 1010 10 10— 107 —Resonant
mq [eV]
---- Broadband 50 Detection Threshold QCD Axion I Broadband 1o Expected Constraint
—-—- Broadband Expected Constraint . CAST Broadband 20 Expected Constraint
---- Resonant 50 Detection Threshold Bl ADMX Ml Resonant 1o Expected Constraint
Resonant Expected Constraint 1 ADMX Projection B Resonant 20 Expected Constraint
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ABRACADABRA Program

102 10° 10*

Frequency [Hz]

10° 109

107 108

Current ABRA-10cm

-
_———————
i
- o
_______________

107 10'—12 10'—11 ‘1’()'_10

---- Broadband 50 Detection Threshold

—-—- Broadband Expected Constraint

---- Resonant 50 Detection Threshold
Resonant Expected Constraint

_______
-
Y
-
—
e
-
-
e
______
-
——————
e
—————————

GUT Scale
Axion

------------- "B \ADMX

A
-
-
-
o

-
-
-
- .
-
-
-

ABRA-QCD

e ]
QCD Axion

. CAST

Bl ADMX

7 ADMX Projection

108

T ——Resonant

I Broadband 1o Expected Constraint
Broadband 20 Expected Constraint

Bl Rcsonant 1o Expected Constraint

B Resonant 20 Expected Constraint

Reyco Henning
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Hz kHz MHz GHz
l 1 1

1 1 1 l 1 1 1
QCD Axion
10-84 ©F0 CAST
ADMX G2 (Projected)
Il ADMX
) — ABRACADABRA-10 cm 95% Limit
(This Work)

10—10 _

Summary

- We have built and operated the

first broadband search for Axion ¢

Dark Matter in the sub peV

range. - y
- With a 10 cm scale detector and ok P sl P

1 month of exposure, we are

competitive with the leading
limits in the field.

10—9_

- Developing proposal fora ~1 m
scale experiment with resonant
readout to reach QCD axion line

Jayy [1/GeV]

10-10]

ABRACADABRA-10 cm

Preliminary

5x10-10 10-9 5x10-2
m, [eV]
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BONUS SLIDES
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Peccei-Quinn Mechanism

- Trivial explanation: One quark is
massless

- Spontaneous Symmetry breaking at high
mass scale (f,) leads to CP conservation.

PRL 38, 1440 (1977); PRD 16, 1791 (1977)

- Wilczek & Weinberg: Leads to new
particle: AXion prL 40, 223 (1978); PRL 40, 279 (1978).

- Discover Axion, solve Strong CP problem i

nobelprize.org
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Transient Noise at High Frequency

10°
Clean Data Period
— Aug 01,2018 21:50:51 - Aug 02, 2018 06:44:11 EDT, fs = 10000000 MS/s, Af= 0.10 Hz, Nayq = 3200
1074 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

- ABRACADABRA-10 cm

mVZ2/Hz
= =) =
EN n
" " "
Q_‘ | | |
= pee—— )
S
&

- " Preliminary
107’
10 6.0 16.5
F H )
ABRACADABRA-10 cm tesuency (H2) E
L iy
Prehmlnary 1410000 1420000 1430000 1440000 1450000 =
&

— 1.8800200 MHz
— 1.8800218 MHz

- Investigating the digitizer/DAC
shielding, etc... T e

25

- In the present analysis, we had to discard ~30% of the data
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Trailing tidal
debris

Reyco Henning

Leading tidal
debris

Direction of motion

Sgr.core

David R.Law
UCLA

Power [®2/Hz]

Axion Astrophysics

Axion Mass [eV]

1 1 1 1 1

1711.10489

i IR

Frequency [Hz]

ABRACADABRA-10cm




Simulations in COMSOL

- Geometric factor encodes the flux
through the pickup loop due to the
integrated effective current

- Use COMSOL simulations to NV S AAAN

calculate the coupling to the axion R S AREN
field (and confirm calibration coupling) i mﬁfrf%&*%%_

Simulation of ABRACADABRA-10 cm
geometry and superconducting shield

Material properties need to be measured
in the future

Losses in Magnet Materials
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Evidence for Dark Matter is Gravitational

VAN ALBADA ET AL.

200 LR ] rl 1 1 1 ]'"I_Tl' I_T L fT"Iﬁ

NGC 3198

150

- (Galactic Rotation Curves

- Peculiar velocities of galaxies _
In clusters 50

- X-Ray emission of hot gas in 1 . . ,
clusters. 0 10 0w 0 s

Radius (kpc)
- Weak gravitational lensing

- Cosmic Microwave
background (indirect)

100

vdr (km/ S)

- Big Bang Nucleosynthesis
predicts it cannot be baryonic
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Microwave Cavities

Sikivie PRL 51(1983) 1415
Cosmic relic axions (Dark Matter) with masses ~
microwave energies

Resonant conversion of axion in high-Q cavity in
magnetic field

ADMX Current state of the art. HAYSTAC, MADMAX,
others coming online

AE/E ~ 107"
—1 >‘ AE/E ~ 106

Amplifier

¢r-—P

Magnet 2@ -
1 Frequency

Maxion (energy)

Cavity

Carosi, G. , et al, Contemporary Physics, 49: 4, 281
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Broadband Data Collection Procedure

- Collected data with magnet on continuously for 4 weeks from July - August

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

- 10 MS/s for 2.4 x 106 seconds (25T samples total)

+  Apply FFTW on-the-fly on DAQ machine to compute Power Spectral Distributions (PSD)

- Acquisition (currently) limited to 1 cpu and 8 TB max data size

Down Sample Down Sample

100 kS/s Sampling

10 MS/s Sampling 1 MS/s Sampling

Compute PSDs of 10's Compute P3Ds of 100 s Written directly to disk

waveforms waveforms
Average 80 PSDs, write to disk Average 16 PSDs, write to disk

Af'= 100 mHz Af=10 mHz

2,452,000 seconds total
Af~ 408 nHz
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