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§ Ul-mate Goal : Detec-on of dark ma8er through its  gravita-onal interac-on with visible ma8er 
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Mo6va6on: Gravita6onal Detec6on of Dark Ma=er

§ At this mass level, the passing DM provides a gravita-onal impulse to the detector



Examples of Some Mechanical Sensors

Suspended mirror [Matsumoto et al. PRA  (2015)]

Optomechanical resonator [Painter et al. Nature (2011)]

Op-cally trapped par-cle [Kiesel et al. PNAS (2013)]

Levitated par-cle at Prof. David Moore’s 
group at Yale

Chip-based accelerometer at Prof. Sunil 
Bhave’s group at Purdue
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Impulse Measurement Basic Readout Scheme

light phase shiW ~ x(t)

readout light phase 
via interferometer
→ measure x(t) 
→ infer F(t)

distance = x

Δp

<latexit sha1_base64="4zT+z7L5LJg3++L/MZCwhLwfbrQ=">AAACD3icbVDLSgMxFM3UV62vUZdugkVpN2VGiroRioq4rGBboVOHTCZtQzOZIbkjlNI/cOOvuHGhiFu37vwb08dCWw9cODnnXnLvCRLBNTjOt5VZWFxaXsmu5tbWNza37O2duo5TRVmNxiJWdwHRTHDJasBBsLtEMRIFgjWC3sXIbzwwpXksb6GfsFZEOpK3OSVgJN8+zHmXTADBCS54QNIiPsMel+A796MnvipAEYfg23mn5IyB54k7JXk0RdW3v7wwpmnEJFBBtG66TgKtAVHAqWDDnJdqlhDaIx3WNFSSiOnWYHzPEB8YJcTtWJmSgMfq74kBibTuR4HpjAh09aw3Ev/zmim0T1sDLpMUmKSTj9qpwBDjUTg45IpREH1DCFXc7IpplyhCwUSYMyG4syfPk/pRyT0ulW/K+cr5NI4s2kP7qIBcdIIq6BpVUQ1R9Iie0St6s56sF+vd+pi0ZqzpzC76A+vzB8oEmgE=</latexit>

�p(⌧) =

Z ⌧

0
F (t)dt
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Continuous Position Measurement in Optomechanical 
System

§ A prototypical optomechanical system consists of :

§ A par-ally transparent fixed mirror on one side.

§ A suspended, moveable mirror on another side.

§ The system can be described by the following
Hamiltonian,

Htot = Hcav +Hmech +Hbath
<latexit sha1_base64="dH/iNv5Qgako5ohdDBU3GgNQmwA=">AAACKHicbVDLSgNBEJyN7/ha9ehlMAiCEHajoBdR9JJjBBOFZAmzk04yZPbBTG8wLPs5XvwVLyKKePVLnMRForFgoKq6m+kuP5ZCo+N8WIW5+YXFpeWV4ura+samvbXd0FGiONR5JCN15zMNUoRQR4ES7mIFLPAl3PqDq3H9dghKiyi8wVEMXsB6oegKztBYbfu82k5bCPeYYoRZRs/oj8HZMMsOf2QAvD+tfYZGt+2SU3YmoLPEzUmJ5Ki17ZdWJ+JJACFyybRuuk6MXsoUCi4hK7YSDTHjA9aDpqEhC0B76eTQjO4bp0O7kTIvRDpxpydSFmg9CnzTGZj19N/a2Pyv1kywe+qlIowThJB/f9RNJMWIjlOjHaGAoxwZwrgSZlfK+0wxjibbognB/XvyLGlUyu5RuXJ9XLq4zONYJrtkjxwQl5yQC1IlNVInnDyQJ/JK3qxH69l6tz6+WwtWPrNDfsH6/AJgG6il</latexit>

p2

2m
+

1

2
m!2

mx2

<latexit sha1_base64="xR+9alNvyICcjgbR9frubVqkn+g=">AAACFHicbVDLSsNAFJ34rPUVdelmsAhCoSShosuiG5cV7AOaNEymk3boTBJmJmIJ+Qg3/oobF4q4deHOv3HaZqGtBwbOPede7twTJIxKZVnfxsrq2vrGZmmrvL2zu7dvHhy2ZZwKTFo4ZrHoBkgSRiPSUlQx0k0EQTxgpBOMr6d+554ISePoTk0S4nE0jGhIMVJa8s2qGwqEs6Tv5JnD8yqc17aucg7dmJMh8nnfgQ99xzcrVs2aAS4TuyAVUKDpm1/uIMYpJ5HCDEnZs61EeRkSimJG8rKbSpIgPEZD0tM0QpxIL5sdlcNTrQxgGAv9IgVn6u+JDHEpJzzQnRypkVz0puJ/Xi9V4aWX0ShJFYnwfFGYMqhiOE0IDqggWLGJJggLqv8K8QjpVJTOsaxDsBdPXiZtp2bXa+e39UrjqoijBI7BCTgDNrgADXADmqAFMHgEz+AVvBlPxovxbnzMW1eMYuYI/IHx+QOwAp30</latexit>

Hint = ~g0↵
x

x0
X = ~GxX

<latexit sha1_base64="6TZFuM7h6e3Lr5ai8AzI4fWV9jQ="></latexit>

laser in

9

Xin Yin

Xout Yout

Fin

<latexit sha1_base64="Icp7Sl8ofp3V4++meIHlu+/WFPY=">AAACA3icbVDLSsNAFJ34rPEVdaebwSK0CCUpRV0W3bisYB/SpGUynbRDJ5kwMxFLKLjxV9y4UMStP+HOv3HaZqGtBy4czrmXe+/xY0alsu1vY2l5ZXVtPbdhbm5t7+xae/sNyROBSR1zxkXLR5IwGpG6ooqRViwICn1Gmv7wauI374mQlEe3ahQTL0T9iAYUI6WlrnVougMfCejykPRR4aEIC61O+fSuUy52rbxdsqeAi8TJSB5kqHWtL7fHcRKSSGGGpGw7dqy8FAlFMSNj000kiREeoj5paxqhkEgvnf4whida6cGAC12RglP190SKQilHoa87Q6QGct6biP957UQFF15KozhRJMKzRUHCoOJwEgjsUUGwYiNNEBZU3wrxAAmElY7N1CE48y8vkka55JyVKjeVfPUyiyMHjsAxKAAHnIMquAY1UAcYPIJn8ArejCfjxXg3PmatS0Y2cwD+wPj8AWzOlXY=</latexit>

~!(x)(X2 + Y 2)
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§ 𝑌"#$ is what we have experimental access to via an external homodyne interferometer.

Yout = ei�cYin +G�c�m [Fin � ~G�cXin]
<latexit sha1_base64="plR+yH3gwGmt2HB0NpX1sRhuF24="></latexit>

§ To es-mate the force F on the mechanics given our observed  𝑌"#$ :

FE =
Yout

G�c�m
<latexit sha1_base64="/ltewnkkF/BTiqhLHBw2tywGDgE=">AAACGnicbVDLSgMxFM3UV62vUZdugkVwVWaqoBuhKD6WFexDOsOQSTNtaCYTkoxQhvkON/6KGxeKuBM3/o3pY6GtB8I9nHMvN/eEglGlHefbKiwsLi2vFFdLa+sbm1v29k5TJanEpIETlsh2iBRhlJOGppqRtpAExSEjrXBwMfJbD0QqmvA7PRTEj1GP04hipI0U2O5VcAnPoBdJhDN4H2RJqnOYZ9cQegMkBDIV92mAJyWGeWCXnYozBpwn7pSUwRT1wP70uglOY8I1ZkipjusI7WdIaooZyUteqohAeIB6pGMoRzFRfjY+LYcHRunCKJHmcQ3H6u+JDMVKDePQdMZI99WsNxL/8zqpjk79jHKRasLxZFGUMqgTOMoJdqkkWLOhIQhLav4KcR+ZlLRJs2RCcGdPnifNasU9qlRvj8u182kcRbAH9sEhcMEJqIEbUAcNgMEjeAav4M16sl6sd+tj0lqwpjO74A+srx9+OZ9O</latexit>

Con6nuous Posi6on Measurement in Optomechanical 
System

1

�i⌫ + /2

<latexit sha1_base64="QBa/K7gO+xbgTRO1xk09bMHL4fo=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEQaxJqeiy6MZlBfuAJpTJdNIOnUyGmYlQQnDjr7hxoYhbv8Kdf+O0zUJbD1w4nHMv994TCEaVdpxvq7C0vLK6VlwvbWxube/Yu3stFScSkyaOWSw7AVKEUU6ammpGOkISFAWMtIPRzcRvPxCpaMzv9VgQP0IDTkOKkTZSzz7wQolw6mbpGYUeT069ERICnVeznl12Ks4UcJG4OSmDHI2e/eX1Y5xEhGvMkFJd1xHaT5HUFDOSlbxEEYHwCA1I11COIqL8dPpCBo+N0odhLE1xDafq74kURUqNo8B0RkgP1bw3Ef/zuokOr/yUcpFowvFsUZgwqGM4yQP2qSRYs7EhCEtqboV4iEwm2qRWMiG48y8vkla14tYqF3e1cv06j6MIDsEROAEuuAR1cAsaoAkweATP4BW8WU/Wi/VufcxaC1Y+sw/+wPr8ATurlrA=</latexit>

�1

m(⌫2 � !2
m + i�⌫)

<latexit sha1_base64="kNFXmRqCWhH1Ogq626FQy8NZepQ=">AAACFHicbVA9SwNBEN2LXzF+RS1tFoMQCQl3IaJl0MZSwWggl4S5zV6yZHfv2N0TwpEfYeNfsbFQxNbCzn/jJqbQxAcDj/dmmJkXxJxp47pfTmZpeWV1Lbue29jc2t7J7+7d6ihRhDZIxCPVDEBTziRtGGY4bcaKggg4vQuGFxP/7p4qzSJ5Y0YxbQvoSxYyAsZK3XzJDxWQtOyNU1H0ZdKplv1I0D50RaeKS8zvgxCArXM87uYLbsWdAi8Sb0YKaIarbv7T70UkEVQawkHrlufGpp2CMoxwOs75iaYxkCH0actSCYLqdjp9aoyPrNLDYaRsSYOn6u+JFITWIxHYTgFmoOe9ifif10pMeNZOmYwTQyX5WRQmHJsITxLCPaYoMXxkCRDF7K2YDMCmZGyOORuCN//yIrmtVrxa5eS6Vqifz+LIogN0iIrIQ6eoji7RFWoggh7QE3pBr86j8+y8Oe8/rRlnNrOP/sD5+AYQtJ2U</latexit>

�i⌫ � /2

�i⌫ + /2

<latexit sha1_base64="xzJPAwnIQKFafMsSVka1rKBE42k=">AAACFHicbZDLSgMxFIYzXmu9jbp0EyyCUFpnSkWXRTcuK9gLdIaSSTNtaCYTkoxQhj6EG1/FjQtF3Lpw59uYtiNq6w+Bn++cw8n5A8Go0o7zaS0tr6yurec28ptb2zu79t5+U8WJxKSBYxbLdoAUYZSThqaakbaQBEUBI61geDWpt+6IVDTmt3okiB+hPqchxUgb1LWLXigRTksUejyBJegNkRDotDL+RsUf1LULTtmZCi4aNzMFkKnetT+8XoyTiHCNGVKq4zpC+ymSmmJGxnkvUUQgPER90jGWo4goP50eNYbHhvRgGEvzuIZT+nsiRZFSoygwnRHSAzVfm8D/ap1Ehxd+SrlINOF4tihMGNQxnCQEe1QSrNnIGIQlNX+FeIBMStrkmDchuPMnL5pmpexWy2c31ULtMosjBw7BETgBLjgHNXAN6qABMLgHj+AZvFgP1pP1ar3NWpesbOYA/JH1/gWJcJyf</latexit>
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<latexit sha1_base64="E9o9kgPpjjnMWdOBVMLqnUhPckI="></latexit>

SFF / ↵hF 2
ini+ �hX2

ini+ �hY 2
ini



Noise in Measurements
§ Various sources of noise in quantum measurement :

§ Coupling of the measurement device with its 
environment

§ Measurement added noise (Depends on how we 
probe the system)

§ Measurement added noise in optomechanical system:

§ Shot Noise : Arises from sta-s-cal coun-ng 
error of photons

§ Backac-on Noise : Arises from fluctua-ons in 
the radia-on pressure of light

Shot

Thermal

Back-action
Total noise

10-4 10-2 100 102 104 106 108 1010
10-55

10-50

10-45
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10-35
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10-25

10-20

10-15

10-10

ν (Hz)

S F
F
(N

2
/H
z)

Position Sensing Noise PSD
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<latexit sha1_base64="E9o9kgPpjjnMWdOBVMLqnUhPckI="></latexit>

SFF / ↵hF 2
ini+ �hX2

ini+ �hY 2
ini



Standard Quantum Limit of Impulse Measurement

*Caves et al, 1980
<latexit sha1_base64="TXybFWV15EvyM2IRMW4wjO44dYg=">AAACGXicbVDLSgNBEJz1GeMr6tHLYBA8hV0R9SjqQcFDgiYRsiHMTnqTwZnddaZXCMv+hhd/xYsHRTzqyb9x8jj4Kmgoqrrp7goSKQy67qczNT0zOzdfWCguLi2vrJbW1hsmTjWHOo9lrK8DZkCKCOooUMJ1ooGpQEIzuDkZ+s070EbE0RUOEmgr1otEKDhDK3VKrn8KEhk972S+VvSydpFTvwe31De3GjM/1Ixnfj9gmqo8wzzvlMpuxR2B/iXehJTJBNVO6d3vxjxVECGXzJiW5ybYzphGwSXkRT81kDB+w3rQsjRiCkw7G32W022rdGkYa1sR0pH6fSJjypiBCmynYtg3v72h+J/XSjE8bGciSlKEiI8XhamkGNNhTLQrNHCUA0sY18LeSnmf2TDQhlm0IXi/X/5LGrsVb7+yV9srHx1P4iiQTbJFdohHDsgROSNVUiec3JNH8kxenAfnyXl13satU85kZoP8gPPxBZ1CoL4=</latexit>

�ISQL �
r

~m
t

~ 1 GeV/c for m= 1 ng, t= 10 us
7



Some Examples in Par6cle Physics
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Impulse Sensing with Op6cally Levitated Sensors

9

• 1 ng dielectric spheres, op-cally levitated, kHz 
trap

• ~75 MeV momentum transfer resolu-on (~ few x 
SQL)

• Con-nuous monitoring of two or three spa-al 
axes gives direc-onal sensi-vity

Search for new Interactions in a Microsphere Precision 
Levitation Experiment (SIMPLE) @ D. Moore group
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Impulse Sensing with Op6cally Levitated Sensors



Windchime
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Carney, Ghosh, Krnjaic, Taylor, Phys. Rev. D 102, 072003

Video courtesy: Sean Kelley, NIST



Bulk Silicon Z-axis Accelerometer

• Bulk Silicon 70 mg accelerometer with soW 
tether

• Resonance frequency ~ 10 kHz, Acc. 
Sensi-vity ~ 10'(g/√𝐻𝑧

• Dual read-out – free space op-cs AND
waveguided photonics

Windchime/Protochime Experimental Setup

Pictures Courtesy: Hao Tian, Sunil Bhave (Purdue)
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Methods to get below SQL
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• General representation of the force power spectral density

• Squeezing

• Backaction evasion

Methods to get below SQL

<latexit sha1_base64="TaqmgZzQFqNHHvuX2RmAtYZy2Ao=">AAAB/XicbVDLSsNAFJ34rPEVHzs3g0VwVRIp6rLoxmUF+4AmlMl00g6dZMLMjVJD8VfcuFDErf/hzr9x2mahrQcuHM65l3vvCVPBNbjut7W0vLK6tl7asDe3tnd2nb39ppaZoqxBpZCqHRLNBE9YAzgI1k4VI3EoWCscXk/81j1TmsvkDkYpC2LST3jEKQEjdZ1D2w8ZEOwr3h8AUUo+YLfrlN2KOwVeJF5ByqhAvet8+T1Js5glQAXRuuO5KQQ5UcCpYGPbzzRLCR2SPusYmpCY6SCfXj/GJ0bp4UgqUwngqfp7Iiex1qM4NJ0xgYGe9ybif14ng+gyyHmSZsASOlsUZQKDxJMocI8rRkGMDCFUcXMrpgOiCAUTmG1C8OZfXiTNs4p3XqneVsu1qyKOEjpCx+gUeegC1dANqqMGougRPaNX9GY9WS/Wu/Uxa12yipkD9AfW5w9rR5ST</latexit>

� ! 0

<latexit sha1_base64="I1gq77JBvBtVW5nppQ1tOSGYhGc=">AAACB3icbZDLSgMxFIYz9VbH26hLQYJFcFVmpKgLF0U3Livai7TDkEnTNjTJDElGKMPs3Pgqblwo4tZXcOfbmLaDaOsPgY//nMPJ+cOYUaVd98sqLCwuLa8UV+219Y3NLWd7p6GiRGJSxxGLZCtEijAqSF1TzUgrlgTxkJFmOLwc15v3RCoaiVs9ionPUV/QHsVIGytw9m14E6StIO1IDqnI7n4og+fQDZySW3YngvPg5VACuWqB89npRjjhRGjMkFJtz421nyKpKWYkszuJIjHCQ9QnbYMCcaL8dHJHBg+N04W9SJonNJy4vydSxJUa8dB0cqQHarY2Nv+rtRPdO/NTKuJEE4Gni3oJgzqC41Bgl0qCNRsZQFhS81eIB0girE10tgnBmz15HhrHZe+kXLmulKoXeRxFsAcOwBHwwCmogitQA3WAwQN4Ai/g1Xq0nq03633aWrDymV3wR9bHNwJ0mCM=</latexit>

SXinYin < 0
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<latexit sha1_base64="E9o9kgPpjjnMWdOBVMLqnUhPckI="></latexit>

SFF / ↵hF 2
ini+ �hX2

ini+ �hY 2
ini



X

Y

ΔX=𝑒/

ΔY=𝑒'/

ΔX ΔY ≥ 1

• This minimum Heisenberg uncertainty 
relation must be satisfied but the noise can 
be redistributed within these two 
quadratures.

• Squeezing parameter r describes the 
strength of squeezing

• Detection in squeezed direction is more 
sensitive

Squeezing

15



Examples of Squeezing

• Advanced LIGO

• Experiments from ORNL (Pooser, Savino, 
Batson, Beckey, Garcia, Lawrie, Phys. Rev. 
Le8. 124, 230504)

• Experiments from Aspelmeyer group 
(h8ps://arxiv.org/pdf/2202.09322.pdf)

Nature Photon 7, 613–619 (2013)
16



Monitoring Momentum Instead of Posi6on

<latexit sha1_base64="kIjyNl3NYcw/6xTH/hbTUdCZ6ss=">AAACG3icbVA9SwNBEN3z2/gVtbQZDIJVuBNRG0G0sVQwGsiFMLfZJEv29o7dOTUc+R82/hUbC0WsBAv/jZsYQaMPBh7vzTAzL0qVtOT7H97E5NT0zOzcfGFhcWl5pbi6dmmTzHBR4YlKTDVCK5TUokKSlKimRmAcKXEVdU8G/tW1MFYm+oJ6qajH2NayJTmSkxrFnQKcNvLQxCA19eEQQlRpBwFuoQqhke0OoTHJzbeeQrVRLPllfwj4S4IRKbERzhrFt7CZ8CwWmrhCa2uBn1I9R0OSK9EvhJkVKfIutkXNUY2xsPV8+FsftpzShFZiXGmCofpzIsfY2l4cuc4YqWPHvYH4n1fLqHVQz6VOMxKafy1qZQoogUFQ0JRGcFI9R5Ab6W4F3kGDnFycBRdCMP7yX3K5Uw72yrvnu6Wj41Ecc2yDbbJtFrB9dsRO2RmrMM7u2AN7Ys/evffovXivX60T3mhmnf2C9/4J0FefdQ==</latexit>

Hint = ↵xX ! ↵pX
17



Backac6on Evading Measurement with Optomechanical 
System

§ We study a concrete optomechanical realiza-on where,

§ Two ring cavi-es share a common mechanical
element, a two-sided mirror.

§ The light interacts with the shared mirror twice 
from opposite direc-ons with a short -me delay 
𝑡2.k

�� / x(t),�p = +k

�� / �x(t+ td),�p = �k

delay line td

6

*Braginsky & Khalili , 1990
Hint = ~GxX � ~G0

xX
0

<latexit sha1_base64="rau0VSvXIR6UY0egqEwc/dNcfjc=">AAACI3icbVDLSgMxFM3Ud31VXboJFsGNZUYqiiCILnRZwT6gU0smvW1DMw+SO9IyzL+48VfcuFDEjQv/xbSdhVoPBE7OuZfkHC+SQqNtf1q5ufmFxaXllfzq2vrGZmFru6bDWHGo8lCGquExDVIEUEWBEhqRAuZ7Eure4Grs1x9AaREGdziKoOWzXiC6gjM0UrtwdtNOXIQhJiLANKXnNO/2PaboNR3SBj3MLvdupIQPY+0+mfK0XSjaJXsCOkucjBRJhkq78O52Qh77ECCXTOumY0fYSphCwSWkeTfWEDE+YD1oGhowH3QrmWRM6b5ROrQbKnMCpBP150bCfK1HvmcmfYZ9/dcbi/95zRi7py2TPooRAj59qBtLiiEdF0Y7QgFHOTKEcSXMXynvM8U4mlrzpgTnb+RZUjsqOeXS8W25eHGZ1bFMdskeOSAOOSEX5IZUSJVw8kieySt5s56sF+vd+piO5qxsZ4f8gvX1DRNOo1Q=</latexit>

Ghosh, Carney, Shawhan, Taylor, Phys. Rev. A 102, 023525
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Noise PSD in Con6nuous Momentum Measurement

Shot

Thermal

Back-action
Total noise

Total noise (position sensing)
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/H
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Velocity Sensing Noise PSD

<latexit sha1_base64="C7BdgUqKeUrffl9wVYrmKktUd3k="></latexit>

�pnoise ⇡
r

~m
t

L1/4 < �pSQL =

r
~m
t
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Inductive Readout ?

§ Ideally, we are looking for a system :

�⃗�I

∇×𝐸 = −
𝜕𝐵
𝜕𝑡

<latexit sha1_base64="m1sgWDZd0V8JlGGYHjnn36nWpyo=">AAACBHicbVDLSsNAFJ3UV42vqMtuBovgqiRS1I1QdNNlBfuAJoTJdNIOnUyGmYlQQhdu/BU3LhRx60e482+ctllo64ELh3Pu5d57IsGo0q77bZXW1jc2t8rb9s7u3v6Bc3jUUWkmMWnjlKWyFyFFGOWkralmpCckQUnESDca38787gORiqb8Xk8ECRI05DSmGGkjhU7Fhs0w92UCKddTeA2hj5gYIShgL3Sqbs2dA64SryBVUKAVOl/+IMVZQrjGDCnV91yhgxxJTTEjU9vPFBEIj9GQ9A3lKCEqyOdPTOGpUQYwTqUpruFc/T2Ro0SpSRKZzgTpkVr2ZuJ/Xj/T8VWQUy4yTTheLIozBnUKZ4nAAZUEazYxBGFJza0Qj5BEWJvcbBOCt/zyKumc17yLWv2uXm3cFHGUQQWcgDPggUvQAE3QAm2AwSN4Bq/gzXqyXqx362PRWrKKmWPwB9bnD64eljg=</latexit>

Hint = ↵pX

§ Ques-on: What is the op-mum way to observe the EMF ?

𝐸𝑀𝐹 ∝ 𝑣

20



Conclusion & Future Directions

§ We studied the fundamental limita-ons to the sensi-vity of a given device to small, rapid impulses.

§ We demonstrated the case of impulse sensing with an optomechanical sensor.

§ This protocol has a wide variety of applica-ons in metrology, par-cle physics, etc.

§ Current and future direc-ons:

§ Experiment: ORNL+Purdue, squeezed light with membrane ring resonators

§ Theory: develop backac-on evasion/momentum sensing proposals

21
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