Searching for the QCD axion
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Axions

Light pseudoscalar particles in many theories
Beyond Standard model

Peccei-Quinn Axion (QCD) solves strong CP O

problem EDM

BOocp <107

Dark matter candidate

Experiments: e.g. ADMX, HAYSTAC, LC circuit,
Casper, DM Radio, MADMAX, CAPP, ORGAN

* R.D.Peccei and H. R. Quinn, Phys. Rev. Lett. 38, 1440
(1977);

e S. Weinberg, Phys. Rev. Lett. 40, 223 (1978);

e F. Wilczek, Phys. Rev. Lett. 40, 279 (1978).

e J.E. Moody and F. Wilczek, Phys. Rev. D 30, 130 (1984).



Axions

Light pseudoscalar particles in many theories

Beyond Standard model

Peccei-Quinn Axion (QCD) solves strong CP

problem

BOocp <107

Dark matter candidate

Also mediates spin-depenn’ifthorces”
at short range (down to 30 um)

- Can be sourced locally
No cosmological assumptions!

R. D. Peccei and H. R. Quinn, Phys. Rev. Lett. 38, 1440
(1977);

e S. Weinberg, Phys. Rev. Lett. 40, 223 (1978);
e F. Wilczek, Phys. Rev. Lett. 40, 279 (1978).
e J.E. Moody and F. Wilczek, Phys. Rev. D 30, 130 (1984).

EDM



Axion Resonant InterAction DetectioN Experiment
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Adapted from http://pdg.lbl.gov/2015/reviews/rpp2015-rev-axions.pdf



QOCD Axion
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Axion and ALP Searches

Source Coupling
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Axion-exchange between nucleons

focp _
* Scalar coupling < G,y > Aty

()Juu

J

LD

U ﬂp,«dt

e Pseudoscalar coupling

[n the non-relativistic limit:
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Axion acts a force mediator between nucleons
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Spin-dependent forces
o .4

m <> o

Monopole-Dipole axion exchange

2 N _ N
g g, (1 L1
8zm, \ri, r?

u(r)= je (6-F) =u-B,

m,<6meV mmmmp A >30um

Different than ordinary B field
Does not couple to angular momentum
Unaffected by magnetic shielding

Fictitious magnetic field




NMR for detection

Spin % 3He Nucleus

Oscillate the mass at

Larmor frequency > I Bext
B.s = B, cos(mt) Beff\\\.,\%_ .
m; o U = H- Bext
Bloch Equations — |T>
dM’ W = ZIUN ) Bext

—:ﬂ\?ixlg h
a —

Time varying Axion B4 drives spin precession Amplitude is resonantly enhanced
-> produces transverse magnetization by Q factor ~ oT,.

Can be detected with a SQUID
A. Arvanitaki and A. Geraci, Phys. Rev. Lett. 113,161801 (2014)



Concept for ARIADNE

Unpolarized (tungsten) segmented cylinder sources B

\
= ZZ/IN ) Bext
ied Bias field B, h
Laser Polarized 3He gas senses B (Indiana U)
squid pickup
L oop (CAPP)
. Limit: Transverse spin projection noise
o 1 L _ ap—20 T
T ”ll:::l ~p 1l||' Mo {13 He") 1-]'_'_3 =10 V/E x
Superconducting shielding (Stanford) 1) (1 cm® Y2 10% em 2\ 2 (1{:1{:1(} 5“') i
p Vv mn, Ty

A. Arvanitaki and A. Geraci, Phys. Rev. Lett. 113,
161801 (2014).






Constraints and Sensitivity

Axion mass (eV)
107

Excluded by experiment

[4],[5].[6],[7].[

Excluded by astrophysics + experiment

~

SQUID limited reacli ~ = ==

Force Range (cm)

A. Arvanitaki and AG., Phys. Rev. Lett. 113,161801 (2014).
[3] G. Raffelt, Phys. Rev. D 86, 015001 (2012)] [4] G. Vasilakis, et. al, Phys. Rev. Lett. 103, 261801 (2009).
[5] K. Tullney,et. al. Phys. Rev. Lett. 111, 100801 (2013) [6] P.-H. Chu,et. al., Phys. Rev. D 87, 011105(R) (2013).
[7] M. Bulatowicz, et. al., Phys. Rev. Lett. 111, 102001 (2013), [8] Lee, et.al. Phys. Rev.Lett. 120, 161801 (2018).



Experimental parameters

motor

Nb.coate d‘r

q ua_;rtz __sam pi e—yr
blocks valves g

Nb/Gold coated
Quartz block

sample pickup coil

4 mm

/
;  cryostat

Rotation index

Tungsten source mass (high nucleon density)
11 segments

100 Hz nuclear spin precession frequency

2 x 1021 / cc 3He density

3 mm x 3 mm x 150 pum volume

Separation ~200 um




Ordinary magnetic fields cannot be used to reach near unity polarization

Hyperpolarized 3He

exp[—pyB/k,T]

Optical pumping techniques
e Metastability exchange optical pumping
a mirror b 23p
-
helmm cell 1083 nm
OP transition
2°S
‘”/ \
— Metastability |
exchange
S% / collisions r"
!
1'sy —t

OP,IJ?
circular

polariser

if

Conference Series 294 (2011) 012002

M Batz, P-] Nacher and G Tastevin, Journal of Physics:

ndiana . MEOP apparatus
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Hyperpolarized 3He at cryostat (MEOP)

3He Polarization
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Experimental challenges

Systematie-Iiffect;Meise source Background Level Notes
Magnetic gradients 3x107° T/m Limits T3 to ~ 100 s
Possible to improve w/shield geometry
C Vibration of mass > 10-2T For 10 pm mass wobble at wpq
External vibrations 5x 1072 T/vH For 1 pm sample vibration (100 Hz)
Patch Effect 10_2L{—({%]2 T Can reduce with V' applied to Cu foil
Flux noise in squid loop 2x 1072 T/VH Assuming 1udy/vHz
Trapped flux noise in shield 7 x 1072 \/1;1_ Assuming 10 em~? flux density
Johnson noise 10~29( mb )T/vHz f is SC shield factor (100 Hz)
Barnett Effect 10_22{ 1 ]s) Can be used for calibration above 10 K
Magnetic Impurities in Mass  }1072° — 10_”{1—’;?)( 1?0) T 7 is impurity fraction (see text)
Mass Magnetic Susceptibility 10_22{%) T Assuming background field is 10719 T

Background field can be larger if f > 10°

— = —

\/
Table 1: Table of estimated systematic error and ncm;e sources, as discussed in the text. The

projected sensitivity of the device is 3 x 10~ 9(12- 1000" ZI‘/‘V

e Design/Simulation Work:
* Experimental testing in progress: Vibration tests, Shielding factor f test thin-film SC, Magnetic impurity tests



Superconducting Magnetic Shielding

— Essential to avoid Johnson noise

Meissner Effect

* No magnetic flux across

superconducting

boundary
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Method of Images

e Make “image currents”
mirrored across the
superconducting boundary

s
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N

Dipole with image 17



The Problem of Unwanted Images

e ARIADNE uses magnetized I {Pe Bl = CoMSE
spheroid ‘ %“l * By I My
- Constant interior field '
- B

e Magnetic shielding
introduces “image spheroid”

Interior field varies « B;, # const.

[E—

* B # m;

— variations in nuclear
Larmor frequency

But want to drive entire sample on resonance



Flattening Solution

e 1 coil - simple
configuration
e Expected field from
spheroid ~1 uT
e lonthe0.1-1A
range
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H. Fosbinder-Elkins, et.al.,
arxiv:1710.08102 (2017).

Gradient Cancellation

Magnetic Field with Gradient Cancellation

dared

Gradient Cancellation

= No cancellation

- cradient 98 times flatter
cancellation I=1.6 A
Skrac = 0.17%

enabling T, of ¥100 s

-0.002

-0.001

0.000

0.001

ooz -
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Tuning Solution —“D” Colls

Tune field with Helmholtz coils
e Helmholtz field only flat near the

center

e Geometry restrictions prevent the
spheroid from being centered in
traditional Helmholtz coils

“D” coils look like

Helmholtz coils when
their images are included {

Inner straight-line
currents cancel

Outer currents do not

[ “D"coils

One “D” coil and image (bird’s eye view)



Quartz Block Sensor module

\

* Block Assembly

Current Key: %
T “preolls A- Upper

Helmholtz Coil g C
B — Spheroid
Symmetry ¢_squip

_"—'""'T _____
' 1 coil D~ Primary
(circular) Correction Coil |
= E — Secondary
= Correction Coil ﬁ]
F - Lower
Helmholtz Coil F

Fabrication/polishing tests in process
Latest batch just delivered Dec 2020



Thin Film Superconducting Shielding ¢ N

@ Shield out ordinary magnetic noise

@® Sputtered Niobium on quartz tubes/different geometries
for tests

@ Tests of adhesion, Tc, shielding factor

© 750 nm end imag
750 nm end real
500 nm end imag| |

500 nm end real
400 nm end imag
400 ni

- 250 nm end imag
250 nm end real | 7

Younggeun Kim, Dongok Kim, Yun Chang Shin, Andrei Matlashov CAPP/IBS, A. Fang (Stanford)



Thin Film Superconducting Shielding Test
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Sample holding bolt D|pc‘f:rle\c oA
G10 tube Electronics

e New Lead single layer
e Nb sample 1

e Combined Sample
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G10 tube
Capillary for SQUID control wires

SQUID position holder
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e tube Frequency [Hz]

® ~10"6 achieved so far (10”8 goal)

@® Shielding Factor test @® Sputter deposition being optimized
setup Nb film 750nm ® Using supplemental lead foil

thickness achieves theoretical value ~1078
24

Younggeun Kim, Dongok Kim, Yun Chang Shin, Andrei Matlashov CAPP/IBS



Source
Mass
Prototype

® Material: tungsten
® 11 segments

® 3.8 cmin diameter

25



Source Mass Characterization

Magnetized the wheel with a 30 mT
magnet

Wheel was brought under multichannel
SQUID device in shielded room

(PTB)

26



Source Mass Characterization

and after degaussing

r=16.667mm

e o,

De-gaussing reduces residual field
To approx ~pT level near surface

Magnetic Field (pT)

Consistent with expected Johnson
noise

27
(PTB)



Low-field, high-
resolution optical
magnetometry:
QuSpin optical
magnetometers

Magnetic Field (pT)

|
rotor boundary - ~

sensor AW
sor AV

Tungsten wheel

E o

|
[

x (mm) 6 (units of 1m)

N. Aggarwal, et.al., arXiv:2011.12617 (2020)



Speed Stability -Direct Drive Stage

Stage speed stability error - unloaded, in air

® Optical encoder
@® Current feedback control

e T —— Rotation speeq control
_ .  VelFbk (THETA) (deg/msec) 8.3 Hz ~ 1 partin 10000
" — VelErr (THETA) (deg/msec q
< - {THETR) Geg/mser) RMS ~ 1 partin 3000

VelCmd (THETA) (deg/msec)
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it T

Time (sec)

Allows utilization
of T, >100s

Amplitude

20
Frequency




Rotary test Assembly

Rod details

Material: Ti6Al4V
Diameter: 5 + .01mm
Length: 7.5 £ .17
Ovality: <.0004"
Runout: <.0005"

Original runout .0005" reduced to .0003"
after bearing attachment




Rotational :
Stab I I Itv Reference Photodiode

e Two interferometers pointed at Signal Photodiode 90% rumows  Experiment
bottom of sprocket

e Distance “d” is found

e Thus, wobble distance “x” can be
found using geometry, calibrated
with laser beam bounce

e Distance Sensitivity 19 pm/VHz

Interferometers

e R o , o . " v . 0 . i
DAL BA11 ORI OAI) 0AM @15 0SIE OMT 0MA  oNE  om
1

e ot BN peteeocer [ oo [ Peeecs [ |



SQUID
Development

Custom fabricated SQUID on quartz

—_—
o
o

* Low-noise
gradiometer
| design under
W Irn Il WM{ 45T, Hz investigation
(CAPP/KRISS)

Field noise (fT../VHZz)
3

1 10
Frequency (Hz)

Field Noise from SQUID measured inside a
magnetically shielded room Yong-Ho Lee (KRISS)



Future projections: axion searches at the Standard
guantum limit

QCD Axion Frequency

kHz MHz GHz THz>
Casper-e NMR DM Radio ADMX-G2ARIADNE
Axion ‘ QcD
coupling xion
strength band
4 I 'l '] I 'l 'l I 'l 'l I 'l >
peV neV peV meV

QCD Axion Mass

Adapted from K. Irwin



Axion searches at the Standard quantum limit

Green arrows: searches beyond the SQL

QCD Axion Frequency

kHz MHz GHz TH
<4 ] ' ¥ ] ' ' I ' ' I Z>
Casper-e NMR DM Radio ADMX-G2ARIADNE
Axion QcD
coupling xion
strength

band

Photon upconverters + Spin squeezing
4 : . Spin squeezing : . . | . >
peV neV peV meV
QCD Axion Mass

Adapted from K. Irwin



Conclusion

 ARIADNE - Fifth-force axion search using NMR method
— Gap in experimental QCD axion searches
0.1 meV<m, <10 meV
- No need to scan mass, indep. of local DM density
— Cryostat completion planned Summer 2021

—> Covers entire QCD axion parameter space when
combined with haloscope and helioscope experiments
(ADMX, HAYSTAC, Orpheus, DM Radio, LC Circuit,
CAPP, CASPEr, MADMAX, IAXO)!
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