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Dark Matter and New Interactions 

ÅAbout 96% of the Universe is filled with non-baryonic 
components; dark energy and dark matter

ÅDark matter is not associated with Standard Model  ONew  
theory 

ÅTheories beyond Standard Model predict weakly-coupled 
scalar, pseuo-scalar bosons as dark matter candidate

ÅSome light mass bosons may be an answer for dark matter 
and other fundamental physics questions: ex) axions

ÅCould it be associated with another, as of yet, unobserved 
interactions? 

3 https://physics.aps.org/articles/v11/48



New spin-dependent interactions? 

ÅWeakly-coupled, long-range interactions are a generic consequence of spontaneously 

broken continuous symmetries (Goldstone theorem)

ÅSuch boson with small enough mass have macroscopic Compton wavelength  O

possible to mediate new interactions in longer range.

ÅSpecific theories (axions, extra dimensions) imply new interactions at sub-mm scales

ÅDark energy density ofḐ ρÍÅ6 order ḐOρππ‘Í scale 

ÅExperimental tests for new spin-dependent interactions

ÅLaboratory constraints in ñmesoscopicò range is less common
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An example of non-standard spin-dependent 

interaction with spin 0 boson exchange

5

Ὣ Ὥ‎Ὣ

Monopole-dipole interaction mediated by axions

ÅOriginated from  ὒ ‪Ὣ Ὥ‎Ὣ ‪‰
ÅAxion mediated interaction between polarized and unpolarized objects 

ÅViolates both P and T symmetry

ÅInvestigated by searching for frequency shifts correlated with position of unpolarized mass

ÅNot very well constrained over ñmesoscopicò range ( ‘άḐάά )
J. E. Moody and F. Wilczek, Phys. Rev. D 30, 130, 1984

ὒ ‪Ὣ Ὥ‎Ὣ ‪‰



ÅSearch for QCD axion from monopole-dipole interaction between Tungsten mass and polarized 3He

ÅEffective magnetic field from

ÅIndependent from fermion's magnetic moment, 

Ånot couple to the angular moment or charge 

ÅNo Maxwell equation ỉ can't be screened by magnetic shielding

Ɇὄ drive spin precession in a laser-polarized 3He: ὄ

ὄ
ᴆ

Ḑρπ 4ᴼὄ
ᴆ

Ḑρπ

ÅDetect NMR signal with SQUID

ÅResonant enhancement of signal with ὗḐ‫Ὕ

ÅSource the axion field from local mass: no dark matter axion required

ÅPotential to probe broad axion mass range:  πȢρÍÅ6ά ρπÍÅ6

Axion Resonant InterAction DetectioN Experiment 

(ARIADNE)

6
A. Arvanitaki and A. A. Geraci, Phys. Rev. Lett. 113, 161801, 2014

J. Jaeckel and A. Ringward, Ann. Rev. Nucl. Part. Sci. 60, 405, 2010

CAPP-MAX

SQUID

ὄ

ὄ
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Experimental Design of ARIADNE

ÅDetector part

ÅPolarized 3He gas (Indiana): Ḑς ρπȾÃÃdensity

ÅQuartz block (Northwestern/Stanford) with 3He chamber ofḐρπÍÍ
σÍÍ ρυπ‘Í

ÅSuperconducting magnetic shield (CAPP/Northwestern/Stanford): Ḑ
ρπ3Ȣ&

ÅSQUID (CAPP): ḐτÆ4Ⱦ(Ú

ÅSource Mass part

ÅRotating Stage (Northwestern): 11 segments, 10Hz, ‫ ρπ‫  

ÅRotational Source Mass (UIUC): Tungsten (high nuclear density)
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3He Sample Chamber 

Source Mass

SQUID
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Non-magnetic LHe Dewar

ÅNon-magnetic LHe Dewar made with G10 and Al, ɛ-metal Shielding

ÅAssembled at Northwestern University:  Now in vacuum and cooling test

ÅWill be moved to Indianan University for installation of main components inside



Quartz block for 3He/SQUID
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ÅAssembly of multiple quartz blocks: maintained at ~4.2K

ÅA spheroidal chamber for 3He sample with ρπÍÍσÍÍ ρυπ‘Í
ÅWall thickness on a side to the source mass Ḑχυ‘Í
ÅA sets of D coil for generating magnetic holding fields

ÅNb layer with shielding factor ofḐρπ

Nb Layer

3He chamber

Quartz

SQUIDQuartz

D-shape coil

H Fosbinder-Elkinset al2022Quantum Sci. Technol.7 014002



ÅThe SQUID needs to be placed in the 30mG of holding field 

ÅAmbient noise Ễ Magnetometer vs Gradiometer

ÅThe SQUID needs to be sensitive enough to detect dipole field

ÅMagnetic noise level of SQUID:ḐτÆ4Ⱦ(Ú,

ÅThe SQUID needs to be fully thermalized at 4.2K

ÅThermalization/operation of SQUID without direct contact with LHe
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SQUID Development at CAPP/IBS
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SQUID under the Magnetic Field
ÅMeasured Displacement power spectral 

density with accelerometer on a low 

vibrational pad (LVP) at CAPP

ÅThere exists a vibration with a level of Ḑ

ςÎÍȾ(Ú at 100Hz

ÅWith a size of Ὠ σάά in SQUID 

pickup coil under the 30mG of holding 

field 

ÅMagnetic noise level:‏ὄ ςÐ4Ⱦ(Ú

ÅSecond order planer coaxial planner 

gradiometer 
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Transduced Magnetic Flux

ÅMagnetic flux passing through the 

pickup loop : ɮ

ÅThe compensation coil for 

gradiometer : ὶ ςὶ

Magnetometer Gradiometer

z0(mm) r ὲ (zWb) r ὲ (zWb)

0.5 1.42 56.3 1.48 89.7

1.0 1.55 24.8 1.74 34.0

1.5 1.78 13.6 2.04 17.7

2.0 2.07 8.47 2.43 10.7
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Optimization of SQUID Gradiometer

Ɇ3.2

ÅIntrinsic noise ‏‰ ρ‘‰Ⱦ(Ú

ÅVibrational noise ‏‰ ρÎÍȾ(Ú

ÅQuantum noise ‏‰
ᴐ

ÅRelative SNR to SNR(z0=2mm, r=2.17mm)

Gradiometer

z0(mm) r SNRmax ὲ (zWb)

0.5 1.45 3.3 89.1

1.0 1.61 2.7 33.3

1.5 1.88 1.7 17.2

2.0 2.17 1.0 10.3
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Magnetic Field Noise
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Thin-film SQUID Gradiometer

ÅPrototype for test purpose

ÅFabricated by Star Cryo. LLC based on CAPP design 

values

ÅInner coil 1: d=3.45mm, t=0.05mm

ÅInner coil 2 : d=3.57mm, t=0.05mm

ÅOuter coil : d=5mm, t=0.1mm

ÅEstimated SQUID intrinsic noise: ḐτÆ4Ⱦ(Ú

ÅSpin induced noise:ḐρπÆ4Ⱦ(Ú
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SQUID Noise spectrum

ÅMeasured in a Magnetic 

Shielding Room (MSR)

ÅCooled SQUID with LHe 

ÅMeasured magnetic field noise 

level:ḐρτÆ4Ⱦ(Ú at 100Hz
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SQUID in the Quartz Container  

ÅNeed to cool down SQUID 
through contact with 
Quartz block

ÅNeed to install SQUID in a 
very specific position

ÅNeed to be able to swap 
SQUID

ÅSQUID holder with a 
material of good thermal 
conductivity (also non-
magnetic)

(Å chamber SQUID SQUID with Holder
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Thermal properties of materials

[1] J. Clarke and I. A. Braginski. The SQUID Handbook, Wiley VCH, 2004.

ÅQuartz (single crystal) :  Ḑςππ7ȾÍ+ or higher 

ÅG10 and Pyrex : ḐπȢρ7ȾÍ+

ÅPolycrystalline Ceramic (MACOR) : Ḑρ7ȾÍ+ at 4K
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Ceramic Holder

T sensor 

High

T sensor Low

Expected thermal conductivity: ~1W/m/K at 4K

Ceramic SQUID Holder

Ceramic Holder with SQUID

4K Stage


