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Introduction

Strong CP problem and Axion

* Neutron Electric Dipole Moment (nREDM): d,, = 3x107'°6,¢p e - cm
* Expect: 65cp = 0(1)
* NEDM d,, < 1.8x107%¢e-cm: Oycp < 10710 [1]
* Unnatural small H_QCD: Strong CP problem

* Peccei-Quinn proposed global U(1)pq symmetry to solve the Strong CP
problem [2],

* Minimizing solution is Oa¢r = EQCD + % =0
a
* An additional CP violating source (e.g CKM phase of EW CP violation)
shifts the minimum to B¢ # 0! [3]
[1] C. Abel et al ., Phys. Rev. Lett., 124:081803, 2020.

HQCD = HQCD + Det(Arg Mq) [2] R. D. Peccei and H. R. Quinn, Phys. Rev. Lett., 38:1440-1443, 1977.
[3] J. E. Moody and F. Wilczek, Physical Review, 30:130-138, 1984.
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Introduction

AXxion parameter space

fa [GeV]
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* Axion could be a cold dark matter candidate

* Favored mass range for dark matter axion : CMB

8 — T

® 1ueV s m, < 10meV [1,2] Pre inflation 8 — 0 BRIt CITI: Burst duration [ONPLLYA
* Haloscope searches can cover mass range
1ueV £ m, < 0.1meV, ; ;
: Cold DM axion range : Solar neutrino
* Relies on dark matter axion density ——————-- >

: Globular
ELLLLLLSS

B

1071 1072 10°% 107 10° 10> 100* 10°° 102 100! 10" 100! 102 10°

[1] C. Hagmann and P. Sikivie, Nucl. Phys. B363(1):247-280, 1991. ’na [eV]
[2] G. Raffelt and D. Seckel. Phys. Rev. Lett., 60:1793— 1796,1988. Fig from: Rouven Essig et al. arXiv:1311.0029. 2013.

e 0.1 meV < m, < 10 meV range needs another
methods for axion search CASPEr
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Introduction

AXxion mediated interaction

\ Axion flux density
* Axion can interact with SM fermions [1] \

\ . .
* Axion interactions can be categorized into two parts -ermion spin
* CPodd: Ly = g.ayy

* Additional CP violation 6,5 required, g, ~ 0.p/f, [1,2]

ngs9g,
87‘[me

* CPeven: L, = g,0,apytysy

V(r) = @G- ) (— + —) -2/ = i . B,

* Fermion spin couples to gradient of axion field

* |n non-relativistic limit, the axion mediated interaction acts as a fictitious magnetic
field on fermion spin

* The sensible interaction scale depends on the axion Compton wavelength 4,

_ [1] J. E. Moody and F. Wilczek, Phys. Rev. D 30, 130, 1984
Ag/2m = 1mm 0.2 meV [2] M. Pospelov, Phys. Rev. D, 58:097703, 1998..
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ARIADNE

fa [GeV]
10 10 10 10 102 10 10 10° 10% 107 10

® Search for axion using the monopole-dipole
iInteraction between unpolarized mass and
polarized fermion.

8 — T

®* No axion dark matter assumption is
necessary

Pre inflation 8 — 0 Pre inflation Burst duration REhEELYS:

®* Potential to probe broad axion mass range
with single measurement:

ﬁ

0.1lmeV s m, < 10meV ARIADNE

Haloscope

Globular

®* Potential to reach the QCD axion
parameter space

CASPEr

®* Strong correlation with nucleon EDM in

: m, (eV
the axion mass range o [eV]
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Axion Resonant InterAction DetectioN Experiment

CMB

Solar neutrino

L
____ I

1071 1072 10°% 107 10° 10° 100%* 10°° 102 100! 10 101

10*

Fig from: Rouven Essig et al. arXiv:1311.0029. 2013.
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ARIADNE

ARIADNE - Schematic

B

Wy = YBO = 21tX100 Hz

Figure from A.A. Geraci presentation

* Fictitious magnetic field B_:
— - thgp (_> . A) (277: | 1 ) e_znr/)laf

A7 T2
* Distance modulation — B_¢ oscillation
* Spin system resonantly enhance B

* |tis not governed by Maxwell's equations

* Tungsten: Source mass, 3He: NMR target

Superconducting shield

/

NMR target

SQUID magnetometer

1. Nuclear Magnetic Resonance
2. High sensitive SQUID magnetometer
3. Superconducting shield
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ARIADNE

ARIADNE - projected sensitivity

Force range [m]

1O_|1| I | 10I_|2| I | 10I_|3| I T 10I_|4| Ll 1 | ) Experlmenta”y aIIOwed QCD aXIOn
* Upper limit: nEDM [1]
10-27 - Previous experiments E
= Astrophysical bounds : ® nger ||m|t EW CP VIOIatIOn [2]

=

3
(O8]
-]

* Prototype ARIADNE:

* NMR target: Polarized 3He gas

p—

3
W
W

* Constraints by quantum
fluctuation of NMR target

Monopole-Dipole coupling, g¢'g;)

® 0.ImeV = m, < 4meV

10_39 I 1T T 1] I I T 1T T 1] I I T 1T T 1] I I [
10-° anO_[4eV] 107 * Sensitivity does not rely on axion
a . .
[1] C. Abel et al ., Phys. Rev. Lett., 124:081803, 2020. denSIty In dark matter

*Integration time: 10° S 2] Georgi, H., and L. Randall, 1986, Nucl. Phys. B276, 241.
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ARIADNE

Improved design features

* Vibration-hardened SQUID based detector

* Detector is placed under external magnetic field with external
vibrational noises: need to remove

* Performance of thin film superconducting magnetic shield

* Thin superconductor film deposited on quartz
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Vibration-hardened SQUID based detector
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Works at CAPP

Issue with magnetometer

D-Shape coll
(Radius: 15 mm)

---ﬁ

SQUID needs to be quite near
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Works at CAPP

Issue with magnetometer

w; /21 = 100 Hz 10% SQUID magnetometer noise spectrum
BO‘mG SQUID based
200 ym detector 1000
6.0 mm
E 100
I
)
F =
yo) ) 10
O
N
S
& 1 — AM16-19
— AM16-26
0-1 50 100 150 200
Frequency [HZ]
®* Measured noise inside magnetic shielded room with lead
N shield
Superconducting shield
Detector needs to be quite near ®* Current magnetometer design= Vibration issue

Younggeun Kim
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Works at CAPP

Magnetometer vs. gradiometer

X
5 M.

Inner pickup loops

Mi ~ "~ Compensation loop
. X
YA

* Second order coaxial planar gradiometer

* Magnetometer

* Composed of single pickup loop ) Sggﬁ:ﬁ:;igat}gggmer pickup loops and

* Low intrinsic noise * High balance level (10°)

* High sensitive to vibration noise * Sensitive to local dipole source
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Works at CAPP

Noise vs. gradiometer

Outer loop (Compensation loop) Outer coil (Compensation)

1000 5 R, = \/ERLZ \ Inner pickup loop
| — Inner loop ]

— QOuter loop

— Gradiometer =
... Gradiometer Intrinsic “

4 Figfrom Y. J. Kim, et al. Physical Review D, 91(10):102004, 2015.

| * Gradiometer: two SQUID magnetometers
and electric compensation circuit

* Gradiometer:

0 50 100 150 200 e Low and flat noise figure near 100Hz
Frequency [Hz]

* | ess sensitive to vibration
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Works at CAPP

Hz |

Noise field [fT/

Optimization of gradiometer

1000

100

0.10

0.01!

SN
©

: I o o
. | o TTTmmmm—eel & *
e Magnetometer
e Gradiometer
--- NMR quantum limit

06 08 10 12 14 16 1.8 20
Pickup loop distance [mm]

SQUID magnetometer/
gradiometer pickup loop

Pickup loop distance

0.4mm Polarized 3He |
D-coll

Superconducting shield

Vibration level: 1nm/vVHz

Spin induced quantum noise: 10 fT/VHz

Gradiometer intrinsic noise: 3fT /vVHz

This gradiometer will be used in ARIADNE

Younggeun Kim
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Thin film superconducting magnetic shield
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Works at CAPP

Superconducting thin-film magnetic shield

Ay =0.2Mmm:ma~1meV

* Superconducting (SC) thin film shield reduces

4mm Nb film : : :
4 external magnetic noise (e.g: Johnson noise)
200 ym
«— * Required noise level :
150 ym
4+

§Bmin < 6Bspin ~ 3x1071°T/VHz

Z. Y 2

o

Hum

=
E * Shielding factor (SF) > 5x10°

SHe

* SC film deposited on quartz substrate

® SC film thickness < 10um

Quartz
- ,Loﬂm ® Evaluate the quality of thin films on quartz by
measuring SFs.

H. Fosbinder-Elkins, Y. Kim et al., Quantum Science and Technology, 2021.
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Works at CAPP

Shielding factor vs Film thickness

Nb film thickness: 750nm

1x10°— — ——""—"—"—"" " 100F « o T T
g t.\ SF/10° = 1.7, AL off = 96 nm
- SF = 5.3%10°, Residual O,: 0.9 nTorr 902_ : ’
% 5 x 105 o o o o O o o | :
© 80f
LL 'g‘ - — Simulation
= g 70 SF/105 = 5.3,
S SF = 1.7x10°, Residual O,: 5.4 nTorr < 6Ol Pl — 5C nm
E N E = N N O O :___: _______________ . L eff
& 1x10° 00 E
40} : B
500 1000 1500 2000 2500 3000 30— 2 — 4 — 6 — 8 — 1-0
Frequency [HZz] Shielding Factor/10°

* SF of two Nb film samples fabricated under Pure Nb: A; (4K) =~ 40nm (BCS), &,/1: Purity parameter

different condition A ett = Apure (T + &0/

Quartz tube size: OD: 14 mm, Height: 150mm

H. Fosbinder-Elkins, Y. Kim et al., Quantum Science and Technology, 2021. Coherence Iength (60): 39 nm, Electron mean free path (l)
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Works at CAPP

Shielding factor vs Film thickness

_ 5x10’ e
-09 ® o '
3 .-
SC film thickness D 2107 . + X axis shielding _
- " : T
07 um ~ 12 5 um S . . Y axis shielding |
B Zg 1x10’ :
@)
5x10° ¢
Z 5 SC film thickness [um]
* Estimate shielding factor with change of film thickness
R with Nb film quality 15" = 55nm,
Joh ise ~10712T /+/Hz, Do .
spi?] Qﬁgﬂt{]ﬁﬁ?mit - 10—14 T/\Z/m * Shielding factor > 5x10° for thickness > lum
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Vibration-hardened SQUID based detector
Thin film superconducting magnetic shield

Source mass optimization
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Works at CAPP

Axion field modulation vs. sprocket tooth depth

Current tooth

* Current tooth depth (Ar): 200 um ol e oIVIITIT R postton
_________ 4mm
* Axion induced field strength suppress as _
(B, ~ p 2T [Aq A, = h/m,c) Y Ar: depth of tooth
6
* Modulation decrease Ar < A, 5| Gl DR
* Evaluate B, with different depths ; 1T} | || /f | / |
'I"«""""
* 2mm depth would provide 4.2 times stronger 2 \J ka | 'J
modulation 1l 4 g \ 5 N
: : = Tooth: 2.0 — Tooth: 1.0
* 4~6 times signal enhancement ~ 0.1meV 05 ngth: 15 mz e ngth: 02 ::
axion 0T 20 40 60 80
Sprocket inner radius: 15mm, Outer radius: 19mm, Height: Tmm Time [ms]
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Improved sensitivity with
optimized design
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Sensitivity estimation

Estimated noise with Gradiometer

Noise source Noise level (Wb) Reduction method After reduction (Wb)

Superconducting shield ~10-24

- ~10N-16
Johnson noise Source mass 10 (Shielding factor: 5x107)

Sl G )i le Myle] (Y-8 Source mass rotation ~10-%" radial Superconducting shield ~10-2°
J ~10-18 vertical (Shielding factor: 5x107) ~10-25
Vibration noise [[hatnas ~10-20 Planar gradiometer™” 1026

(1nm/VHz) (Balance level ~ 10°)

Dominant noise: Spin system quantum fluctuation induced noise ~ 1022 Wb

*. Background noise: Oscillates with Larmor precession frequency (Barnett effect ...)
**: Planar gradiOmeter intrinsic noise: ~10-23 Wb Integration time: 1 month
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Sensitivity estimation

Projected sensitivity estimation

M, [eV]
103 10~4 107>
102
PI‘eV
Z . \\\ . 5 e)(p I‘Im
ZGO 10-28 X Astrophysical bounds €nts
éb \\\\\\\\ Magnetometer
= 107 e T Superconducting shield
oF :
= 250 times
@) 10—32
— _ Thin film gradiometer
o 1 6 times
gﬁ 10-34 New source mass design
. NEpy .- (Tooth depth 2.0 mm)
L M
ot im;y
Q Itdil o\ 1
8.4 10—36 E .8)( 10\268
5 Wcp v cm
2 10—38 atloll
: : 10~4 103 102 10t _
Vibration level: 1nm/VHz A, /27 [m] » Integration time: 1month
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Sensitivity estimation

ARIADNE and nucleon EDMs

m, [eV]
103 1074 107>
1026 L1 | 1 T I | 1 T O O | 1 T I O il

Previo, 1 * Combine with ARIADNE and
107 Astrophysical bounds imens | nucleon EDM provides decisive
‘ | Information

| ® Scenario:

* ARIADNE: Null axion

* pEDM measure: d,, ~ 107*’e - cm

* Exclude QCD axion independent of
axion DM:

Monopole-Dipole coupling, ¢V gy

RN | | [ RN | [ | N | [ | 1 1T
4 .3 —9 =]
10 o m] 10 1 0.2meV S m, < 3meV

Y. K. Semertzidis and S. Youn. , 2104.14831

Younggeun Kim 2021.09.16. TAU meeting



Summary

* Axion mediated monopole-dipole interaction would be a strong indication of
nonzero f.p

* ARIADNE is an experiments to detect axion mediated monopole-dipole interaction
iIn sub-millimeter range

* Superconducting thin film, second order coaxial planar gradiometer attenuates
noise to explore axion mass 0.1meV — 4 meV.

* Combine with ARIADNE and nucleon EDM provides decisive information for axion
search
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