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TODAY’S MENU



SPIN-
DEPENDENT 
FORCE SEARCH 
FOR AXIONS



ARIADNE GOAL
Only experiment to directly test for nuclear couplings mediated by QCD axion in the 
lab
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AXION-MEDIATED INTERACTIONS BETWEEN 
NUCLEONS

N N : 𝒎𝒎𝟏𝟏 𝒎𝒎𝟐𝟐

𝑈𝑈𝑠𝑠𝑠𝑠 ∝ 𝑔𝑔𝑠𝑠1𝑔𝑔𝑠𝑠2

𝝈𝝈𝟏𝟏 𝝈𝝈𝟐𝟐

𝑈𝑈𝑝𝑝𝑝𝑝 ∝ 𝑔𝑔𝑝𝑝1𝑔𝑔𝑝𝑝2

𝒎𝒎 𝝈𝝈

𝑈𝑈𝑠𝑠𝑠𝑠 ∝ 𝑔𝑔𝑠𝑠𝑔𝑔𝑝𝑝

5Refs: https://journals.aps.org/prd/abstract/10.1103/PhysRevD.30.130

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.30.130
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MONOPOLE-DIPOLE FORCES DUE TO AXION

𝑈𝑈𝑠𝑠𝑠𝑠 𝑟𝑟 =
ℏ2𝑔𝑔𝑠𝑠𝑁𝑁𝑔𝑔𝑝𝑝𝑁𝑁

8 𝜋𝜋 𝑚𝑚𝑁𝑁

1
𝑟𝑟 𝜆𝜆𝑎𝑎

+
1
𝑟𝑟2

𝑒𝑒−
𝑟𝑟
𝜆𝜆𝑎𝑎 �𝜎𝜎 ⋅ 𝑟̂𝑟

𝒎𝒎 𝝈𝝈
𝒓𝒓

6Refs: 2010.03889, https://journals.aps.org/prd/abstract/10.1103/PhysRevD.30.130, https://www.science.org/doi/10.1126/sciadv.abm9928, 2006:12508, 1801.08127

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.30.130
https://www.science.org/doi/10.1126/sciadv.abm9928
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𝑔𝑔𝑠𝑠𝑁𝑁 𝑔𝑔𝑝𝑝𝑁𝑁 range predicted by various theoretical models ~ 
10−38 − 10−30 , (depend on mass/𝑓𝑓𝑎𝑎)
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STATE OF THE ART IN 𝑔𝑔𝑠𝑠𝑔𝑔𝑝𝑝

O’Hare & Vitagliano, PRD 102 115026 2021

• Search for PQ axions 
10-6 eV < ma < 10-3 
eV

• probe into the PQ 
axion parameter 
space with ~ 108 
improvement over 
previous techniques 

https://arxiv.org/abs/2010.03889


ARIADNE EXPERIMENT CONCEPT

𝑈𝑈𝑠𝑠𝑠𝑠 𝑟𝑟 =
ℏ2𝑔𝑔𝑠𝑠𝑁𝑁𝑔𝑔𝑝𝑝𝑁𝑁

8 𝜋𝜋 𝑚𝑚𝑁𝑁

1
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+
1
𝑟𝑟2

𝑒𝑒−
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• Spins in hyperpolarized Helium-3 gas
• Transverse modulation by rotating a wheel with 

gear shaped pattern
• NMR-like transition if modulation matches He 

Larmor frequency
• Axion field doesn’t obey Maxwell’s equations, SM 

fields shielded using a superconductor

𝜔𝜔𝐿𝐿 = 11 𝜔𝜔rot

𝐵𝐵axion

Z

X

Y

3He spin

Quartz block with 
superconducting shield

Ellipsoid 3He cell

Source Squid 
pickup 
loop



CUSTOM CRYO DESIGN FOR 𝐵𝐵𝑒𝑒𝑒𝑒𝑒𝑒~10−21𝑇𝑇 
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3He glass tubes

• Non-magnetic
• Low vibration
• multi-temperature 
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PRECISION MAGNETOMETRY AT UC DAVIS

● large volume magnetically shielded room – undergoing characterization and 
renovation

First, “dirty” 
measurement



ARIADNE ROTATION ASSEMBLY

Fibers



BACKGROUND AND DATA ANALYSIS
1. Improved background estimate from impurities

• PTMCMC
• Include correlation with rotational speed measurement

2. Background from susceptibility and Barnett effect
3. Noise modeling, measurement, analysis
4. Signal analysis

• Correlation of axion signal with rotation speed, 
• correlation between sample cells
• Subtraction in SQUID gradiometer

Plots created by Masters student Shreya Agarwal



OPTICAL 
LEVITATION 
FOR DARK 
MATTER 
SEARCHES



OPTICAL TRAPPING FOR GW DETECTION

Searching for new physics with a 
levitated-sensor-based GW detector
Aggarwal et al PRL 128, 111101

L = 1m, disc
L = 1m, stack
L= 10 m, stack
L = 100 m, stack



OPTICAL TRAPPING

K. Schakenraad et al

Niklas Elmehed, Nobel Media

𝑈𝑈 𝑟𝑟 = −
1
2
𝛼𝛼 (𝑟𝑟 ) 𝐸𝐸2(𝑟𝑟)



GW DETECTOR USING OPTICAL TRAPS

Δ𝐿𝐿 =
ℎ
2
𝐿𝐿, Δ𝑥𝑥𝑎𝑎 = Δ𝐿𝐿, Δ𝑥𝑥𝑠𝑠 =

ℎ
2
𝑥𝑥𝑠𝑠

Δ𝑥𝑥𝐺𝐺𝐺𝐺 = Δ𝑥𝑥𝑠𝑠 − Δ𝑥𝑥𝑎𝑎 = ℎ
2

(𝑥𝑥𝑠𝑠 − 𝐿𝐿),  maximized at 𝑥𝑥𝑠𝑠 → 0

𝐹𝐹𝐺𝐺𝐺𝐺 = 𝑀𝑀Ω𝑇𝑇2  Δ𝑥𝑥𝐺𝐺𝐺𝐺  = 𝑀𝑀 Ω𝑇𝑇2
𝐿𝐿
2

 ℎ0 cosΩ𝐺𝐺𝐺𝐺𝑡𝑡

𝐿𝐿

Arvanitaki and Geraci, 
PRL 110, 071105 (2013)



TRAPPING OF FLAT OBJECTS IN THE LAB…



TRAPPING OF NAYF HEXAGON PLATES



STATE OF THE ART IN OPTICAL TRAPPING

𝜂𝜂thermal = Ω𝑧𝑧
2𝜋𝜋

2
𝑀𝑀𝜌𝜌𝜌𝜌

𝛾𝛾𝑔𝑔 ∝ 1/𝜌𝜌𝜌𝜌 
𝜂𝜂recoil =

Ω𝑧𝑧
2𝜋𝜋

3/2 𝑀𝑀
𝛾𝛾𝑠𝑠𝑠𝑠

 



STAY TUNED…

• Miniature GW detector based on levitated 
nanoparticles to probe GWs in 10 kHz – 300 
kHz band

• Limited by gas damping and photon recoil

• Proposed new design with 20 times improved 
sensitivity and theoretically verified feasibility

• Will set independent limits on BH 
superradiance and primordial black holes

• Further improvements can be achieved by 
xylophone configuration and/or  increasing 
the mass 



Andreus/Depositphotos

DM SEARCHES 
IN AUDIO-
BAND GW 
DETECTORS
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LIGO HAVE 
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CBC Searches

24



CBC Searches

“Chirping” GW
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INSPIRAL GWS REFRESHER

ℎ0 =
4
𝑑𝑑

𝐺𝐺 ℳ
𝑐𝑐2

5/3 𝜋𝜋𝑓𝑓𝐺𝐺𝐺𝐺
𝑐𝑐

2/3 • Low mass = 
• Low strain
• Higher merger frequency
• Slower frequency evolutioṅ𝑓𝑓𝐺𝐺𝐺𝐺 =

95
5
𝜋𝜋8/3 𝐺𝐺 ℳ

𝑐𝑐2

5/3

 𝑓𝑓𝐺𝐺𝐺𝐺
11/3
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2/3 • Low mass = 
• Low strain
• Higher merger frequency
• Slower frequency evolution
• Long signal duration
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GWS FROM ULTRALIGHT PRIMORDIAL BLACK HOLES

1. Conduct CW searches in LIGO data to look for primordial black holes (PBHs) 
2. Establish joint limits from LIGO, levitated-sensor GW detectors, and 3G detectors
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GWS FROM ULTRALIGHT PRIMORDIAL BLACK HOLES

1. Conduct CW searches in LIGO data to look for primordial black holes (PBHs) 
2. Establish joint limits from LIGO, levitated-sensor GW detectors, and 3G detectors

Miller, A.,  Aggarwal, N.,  et al. Constraints 
on planetary and asteroid-mass primordial 
black holes from continuous gravitational 
wave searches.
PRD 2022



GW Constraints ON Asteroid mass PBHs

𝑚𝑚1 = 2.5 𝑀𝑀⊙

Miller, A.,  Aggarwal, N., A. et 
al. Constraints on planetary 
and asteroid-mass primordial 
black holes from continuous 
gravitational wave searches.
PRD, 2022

28



NEW ANALYSIS TECHNIQUES (GENERALIZED FREQUENY HOUGH 
TRANSFORM) TO CONSTRAIN INTERMEDIATE REGION

Miller, A.,  Aggarwal, N.,  et al. GW constraints on 
planetary mass primordial black holes using LIGO 
O3a data.
Arxiv 2402.19468

GFHFH



NEW ANALYSIS TECHNIQUES (GENERALIZED FREQUENY HOUGH 
TRANSFORM) TO CONSTRAIN INTERMEDIATE REGION

Miller, A.,  Aggarwal, N.,  et al. GW constraints on 
planetary mass primordial black holes using LIGO 
O3a data.
Arxiv 2402.19468

CW CBC LSD
GFHFH
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ULTRALIGHT DILATONIC DARK MATTER DIRECT COUPLING WITH 
LIGO REFERENCE CAVITIES

Hall, E and Aggarwal, N
Advanced LIGO, LISA, and Cosmic 
Explorer as dark matter transducers, 
2022, arxiv 2210.17487



ULTRA-HIGH 
FREQUENCY 
GRAVITATIONAL 
WAVE 
INITIATIVE



GWS INFORM ASTROPHYSICS AND COSMOLOGY

32



Biggish bang: artist's impression of a 
neutron-star merger (Courtesy: NASA)

GWS INFORM ASTROPHYSICS AND COSMOLOGY

32

https://physicsworld.com/wp-content/uploads/2018/04/gw170817.png
https://physicsworld.com/wp-content/uploads/2018/04/gw170817.png


Biggish bang: artist's impression of a 
neutron-star merger (Courtesy: NASA) 300 different theories ruled out by a SINGLE measurement!!!

GWS INFORM ASTROPHYSICS AND COSMOLOGY

32

https://physicsworld.com/wp-content/uploads/2018/04/gw170817.png
https://physicsworld.com/wp-content/uploads/2018/04/gw170817.png


GWS ABOVE THE AUDIO BAND? 

http://www.ctc.cam.ac.uk/activities/UHF-GW.php

Members: Nancy Aggarwal, Mike Cruise, 
Valerie Domcke, Francesco Muia, Fernando 
Quevedo, Andreas Ringwald, Jessica Stenlechner, 
Sebastien Steinlechner



NUMEROUS INTERESTING SOURCES & PROMISING 
TECHS!!!

Aggarwal, N., Aguiar, O.D., Bauswein, A. et al. Challenges and 
opportunities of gravitational-wave searches at MHz to GHz 
frequencies. Living Rev Relativ 24, 4 (2021).
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THANKS!
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● PTB: Jens Voigt, Wolfgang Killian, Sylvia Guttenberg
● Stanford University: Aharon Kapitulnik, Alan Fang
● UIUC: Josh Long
● Caltech: Andrew Laeuger
● MIT: Nergis Mavalvala, Evan Hall, Swadha Pandey, Bobby Lanza
● LSU: Thomas Corbitt, Jon Cripe Torrey Cullen
● Nikhef: Andrew Miller
● Georgia Tech: Surabhi Sachdev
● CAPP: Yannis Semeridis, Yun Shin
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