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Some of the smallest things measured (so far)

2

Yoctogram mass sensing (10-24 g)
Nature Nano 7 301 (2012)

Zeptometer displacement sensing (10-21 m)
PRD 93, 112004(2016)

Attotesla magnetic field sensing (10-18 T)
PRL 110 160802 (2013)

Attosecond time-keeping (10-18 s)
Nat. Comm. 6 6896 (2015), PRL 116 063001 (2016)

Yoctonewton Force sensing (10-24 N)
Science 344 1486 (2014)
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} atomic/ spin 
systems

} harmonic 
oscillator 
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Two simple models in AMO physics
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Spin 1/2

captures transitions between 
2 discrete energy states
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Measuring fields via spin based sensors
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NMR/MRI

Susceptibility of energy difference 
to various environmental factors 

makes spins versatile sensors 
~!

External magnetic/electric fields

Protein Structure Magnetometers

Spin 1/2
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Measuring weak forces via Harmonic 
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Susceptibility of equilibrium 
position to various environmental 
forces make harmonic oscillators 

versatile sensors 

Harmonic Oscillator

~!~!

LIGO

Single spin detection setup

x0x0
0

AFM
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The dark sector
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} >95% of our Universe

Image: NASA
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Shedding light on the dark sector
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Look outside: better astrophysical surveys

XENON 1T experiment

Look inside: direct detection experiments

Super CDMS ADMX

Table-top 
precision 

measurement 
experiments

Roman Space TelescopeVictor Blanco Telescope James Webb Telescope

Image: Various websites..
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Dark Matter
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23% of our universe is made of Dark Matter.

There is ~90 orders of magnitude uncertainty in the composition of Dark Matter.

QCD axions,  
Dark photons, 

Dilatons

WIMPs,  
sterile 

neutrinos

Quark  
nuggets

Black holes,  
White dwarfs, 
Brown dwarfs

85% of the mass in typical galaxies is Dark Matter.

Image help: Natalie Schmidt
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How much Dark Matter is around me?
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Image: https://xkcd.com/2186/
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Dark matter detectors -overview

Single Phonon/
nuclear recoil 

detector
Weak recoil 

detector

 GW  
detector/

Telescopes
Resonant amplifiers

Image: Natalie Schmidt
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Ultralight Dark Matter

These DM particles of mass        will behave like a coherent wavem�

�(r, t) ⇡ �0 cos (!�t� k�.r+ . . . )

Detecting dark-matter waves with a network of precision-measurement tools, A. Derevianko, Phys. Rev. A 97, 042506 (2018).

For mass <1 eV/c2 , DM must be bosonic

⇢DM ⇡ 0.3 GeV/cm3�0 =
~

m�c

p
2⇢DM

!� = m�c
2/~

k� = m�v/~

Amplitude:

Frequency:

Wavenumber: v = 10�3c

Coherence time:
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Ultralight Dark Matter

These DM particles of mass        will behave like a coherent wavem�

�(r, t) ⇡ �0 cos (!�t� k�.r+ . . . )

Detecting dark-matter waves with a network of precision-measurement tools, A. Derevianko, Phys. Rev. A 97, 042506 (2018).

For mass <1 eV/c2 , DM must be bosonic

⇢DM ⇡ 0.3 GeV/cm3�0 =
~

m�c

p
2⇢DM

!� = m�c
2/~

k� = m�v/~

Amplitude:

Frequency:

Wavenumber: v = 10�3c

Coherence time:

The signal oscillates at angular freq. given by DM mass

Locally  coherent over  ~106 oscillations

It’s always there! 
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How to think of “dark photons”

13

How do we know (normal) photons exist?

(Kind of works for all ultralight particles)
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How to think of “dark photons”
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How do we know (normal) photons exist?

Photons as virtual particles mediate electrostatic forces 
(e.g. Coulomb’s law)

Photons as real particles directly do something measurable
(e.g. Photoelectric effect)

(Kind of works for all ultralight particles)
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How to think of “dark photons”

13

How do we know (normal) photons exist?

Photons as virtual particles mediate electrostatic forces 
(e.g. Coulomb’s law)

Photons as real particles directly do something measurable
(e.g. Photoelectric effect)

Dark photon search example: 

Dark photon search example:  haloscope experiments

EP violation experiments

(Kind of works for all ultralight particles)
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-Differential measurement scheme requirement

14

On the relative motion of the Earth and the Luminiferous Ether, 
A. A. Michelson and E. W. Morley, American Journal of Science 34, 203, 36 (1887). 

Return of the “ether”
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Return of the “ether”
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-Differential measurement scheme requirement

14

On the relative motion of the Earth and the Luminiferous Ether, 
A. A. Michelson and E. W. Morley, American Journal of Science 34, 203, 36 (1887). 

Return of the “ether”

vs.

Need a “ruler” that does not interact with dark matter

Need a “ruler” that interacts differently with dark matter than you
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Searches for ultralight DM

15Image: Joey Betz, SS

M. Safronova + SS
New Horizons: Scalar and Vector ultralight dark matter 
Snowmass Proceedings of the US community study on the Future of Particle Physics (arXiv:2203.14915)
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Searches for ultralight DM

15Image: Joey Betz, SS

M. Safronova + SS
New Horizons: Scalar and Vector ultralight dark matter 
Snowmass Proceedings of the US community study on the Future of Particle Physics (arXiv:2203.14915)
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Overview of ultralight DM detection philosophy       

Overview of mechanical dark matter detectors

Overview of quantum optics for dark matter detectors

28
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Figure 21 The full measured noise spectrum contains con-
tributions from the intrinsic fluctuations of the mechanical
oscillator, but also extra noise due to imprecision in the mea-
surement (typically flat in frequency) and noise due to the
backaction heating of the oscillator. Bottom: The value of the
measured noise spectral density evaluated at the mechanical
resonance, plotted as a function of the power of the measure-
ment beam. At lower powers, imprecision noise dominates
(few photons yield bad phase resolution), while at higher
powers the backaction noise represents the most important
contribution. The standard quantum limit minimal noise is
reached at intermediate powers.

coupling rate g0. This is of advantage, since the ratio of
quantum backaction to thermal force noise (at � = 0) is
given by:

S̄F F (�m)/S̄
th

F F
(�m) = g0�m/(2kBT�m) (P/Êcav) (�2+Ÿ

2
/4)≠1

.

(75)
These atomic cloud experiments have allowed to access
the radiation pressure shot noise spectrum, e.g. via track-
ing the heating of the cloud (see Figure 22).

Current solid-state based devices still exhibit both sig-
nificantly smaller ratios g0/Ÿ and deleterious e�ects of
thermal noise, which make the observation of radiation
pressure shot noise e�ects a challenging task. One possi-
ble strategy is to measure the cross-correlations between
a strong beam exerting radiation pressure force fluctu-
ations and another beam measuring the resulting dis-
placement fluctuations ((Heidmann et al., 1997); see also
(Borkje et al., 2010) for a more recent analysis). This idea
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Figure 22 Observation of quantum radiation pressure force
fluctuations through the energy transferred to a near-ground-
state mechanical oscillator. Experiments were performed with
an ultracold atomic gas serving as the mechanical element
within a Fabry-Perot optical cavity. In (a), the energy trans-
ferred to the gas was quantified via the rate at which atoms
were ejected from a finite-depth optical trap. The force fluctu-
ation spectral density at the mechanical oscillation frequency,
SFF(�m), is thereby obtained at di�erent detunings � be-
tween the cavity probe and resonance frequencies. In (b),
from the power di�erence between the red and blue motional
sidebands observed in the emission of a resonantly driven op-
tical cavity, one obtains the heat flux into the mechanical
system via the cavity probe. The observed heating, given in
units of mechanical energy quanta per second, matches well
to that predicted for intracavity shot noise from a coherent
optical field (gray line). From (a) (Murch et al., 2008) and
(b) (Brahms et al., 2012) [Courtesy of D. Stamper-Kurn]

has been demonstrated for a model situation with delib-
erately introduced classical noise instead of the quantum
shot noise of a laser beam (Verlot et al., 2009). In an-
other experiment, it was demonstrated how the radia-
tion pressure backaction can be employed for amplifying
an interferometric signal, which can lead to a sensitivity
lower than the SQL (Verlot et al., 2010). Recently, first
signatures of a direct observation of radiation pressure
shot noise have been reported (Purdy et al., 2013).

B. Optical QND measurements

The weak displacement measurements discussed in the
last section e�ectively try to measure non-commuting
observables simultaneously, namely the two quadrature
components of motion. They are therefore limited funda-
mentally by the Heisenberg uncertainty principle. How-
ever, it is also possible to perform measurements of a sin-
gle observable. This observable can be measured with ar-
bitrary precision, thereby approaching an idealized pro-
jection measurement. Repeating the measurement before
the state had a chance to decay would reproduce the same
outcome. This is because the system’s Hamiltonian com-
mutes with the observable (neglecting decay). Therefore
such measurements are called quantum non-demolition
(QND) (Braginsky and Khalili, 1996, 1995; Braginsky
et al., 1980). These have been successfully realized in the
quantum optical domain (Haroche and Raimond, 2006;
Leibfried et al., 1996; Lvovsky and Raymer, 2009).

Overview
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Cast of characters: harmonic oscillators
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Image: Cavity Optomechanics, M. Aspelmeyer, T.J. Kippenberg and F. Marquardt, RMP 86, 1391(2014). 

An isolated mode of a floppy mechanical oscillator

State	of	 the	art	sensitivities1
• Force:		10#$%	'/ )*�

• Acceleration:		10#,-	./ )*�

• Strain:		10#$,	/ )*�

1: Carney et. al, arXiv:2008.06074 (2020) .
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Mechanical dark matter detectors- overview
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Resonant amplifier of 
a continuous signal

Image: Natalie Schmidt
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Single phonon 
detector

Resonant amplifier of 
a continuous signal

Image: Natalie Schmidt
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Single phonon 
detector

Weak recoil 
detector

Resonant amplifier of 
a continuous signal

Image: Natalie Schmidt
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Single phonon 
detector

Weak recoil 
detector

 GW  
detector

Resonant amplifier of 
a continuous signal

Image: Natalie Schmidt



Patras Aug 2022 

Mechanical dark matter detection
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Mechanical systems are already constraining dark matter

LIGO
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Mechanical systems are already constraining dark matter

LIGO
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Mechanical dark matter detection

Levitated microspheres

Mechanical systems are already constraining dark matter
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Mechanical dark matter detection

Phonon recoil 
detectors

Mechanical systems are already constraining dark matter
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Mechanical dark matter detection

(primarily) Cavity-based searches

Mechanical systems are already constraining dark matter
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Mechanical detectors of ultralight DM

23

Resonant amplifier of 
a continuous signal
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Mechanical DM detectors- overview
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Arvanitaki et al. PRL 116, 031102 (2016).

Carney et al. NJP 23 023041 (2021).

Manley et al. PRL 124, 151301 (2020).

Manley et al. PRL 126, 061301 (2021).

Geraci et al. PRL 123, 031304 (2019).

Branca et al. PRL 118 021302 (2017).

Graham et al. PRD 93, 075029 (2016).

Guo et al. Comm. Phys 2, 1-7 (2019).

Kennedy et al. PRL 125, 201302 (2020).

Campbell et al. PRL 126, 071301 (2021)…
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Scalar coupling: experimental signature

Strain signal

Amplified in a macroscopic solid

Amplified on acoustic resonance

scalar	DM	field
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Mechanical detectors

26

• Vermeulen et al. Nature 600, 424-428 (2021) 

• Branca et al. PRL 118, 021302 (2017) 

• Kennedy et al. PRL 125, 201302 (2020) 

• Savalle et al. PRL 126, 051301 (2021) 

• Campbell et al. PRL 126, 071301 (2021)

(GEO600)

(AURIGA)

(DAMNED)

GW 
detectors

Optical 
cavities

Strain Signal



Patras Aug 2022 

Mechanical detectors

26

• Vermeulen et al. Nature 600, 424-428 (2021) 

• Branca et al. PRL 118, 021302 (2017) 

• Kennedy et al. PRL 125, 201302 (2020) 

• Savalle et al. PRL 126, 051301 (2021) 

• Campbell et al. PRL 126, 071301 (2021)

(GEO600)

(AURIGA)

(DAMNED)

GW 
detectors

Optical 
cavities

Strain Signal



Patras Aug 2022 

Compact mechanical resonators
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Superfluid helium detector for DM

28
V. Vadakkumbatt, M. Hirschel, J. Manley, T. J. Clark, S. Singh, J. P. Davis, PRD 104 082001 (2021).

Tunable resonant mass detector for high frequency (continuous) gravitational waves, 
and ultralight scalar dark matter detection:

John Davis group @

➢Thermally-limited➢High-Q ➢Tunable 

Image: Marvin Hirschel

HELIOS: superfluid helium based ultralight dark matter optomechanical sensor 
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Vector coupling: experimental signature

29

vector	DM	field

Differential	acceleration	signal

Depends on charge-to-mass ratio

Amplified on acoustic resonance

D. Carney et al New J. Phys. 23 023041 (2021). 
J. Manley et al. PRL 126, 061301 (2021). 
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SiN membrane detector

30

Thermal

laser	shot

Searching for vector dark matter with an optomechanical accelerometer, 
J. Manley, M. D. Choudhary, D. Grin, S. Singh and D. J. Wilson, PRL 126, 061301 (2021). 

For vector gauge bosons (dark photons) coupling to B-L “charge”:

Wagner et al. Classical and Quantum Gravity 29.18 (2012): 184002.
Touboul et al.  Physical review letters 119.23 (2017): 231101.
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Mechanical detectors for vector Dark Matter
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Searching for vector dark matter with an optomechanical accelerometer, 
J. Manley, M. D. Choudhary, D. Grin, S. Singh and D. J. Wilson, PRL 126, 061301 (2021). 
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Mechanical sensing of ultralight dark matter
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Mechanical quantum sensing in the search for dark matter, 
Carney et. al, Quantum Sci. Technol. 6 024002 (2021) .

D. Carney D. Moore C. RegalG. Krnjaic
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Ultralight scalar and vector DM constraints

33

MAGIS-km
MAGIS 100

GEO 600

EP
Dy/Dy

H/Si

Rb/Cs

Holometer
Cs/ca

v 

Cs/cav 

DAMNED 

AURIGA

Nuclear
 Clock

Sr/Si

H/Quartz,  
Quartz/Sapphire

<latexit sha1_base64="Um6o+tA6+2glLxwngDaYXOZJfAU="></latexit>

Sr+/cav

<latexit sha1_base64="DVicT/FRkp8tro9WGejM7x7Kurw="></latexit>

Al
+ /Yb

,Yb
/Sr,

Al
+ /Hg

+

Heliu
m
Sapphire

PillarQ
uar

tz

<latexit sha1_base64="UTO0nAauHsvdNiZOvkYA8Mh1WUg=">AAACIXicbVDLSgMxFM34rPVVdekmWAQXUmZE0WWtG5cV7AM6pWQyt21oJhmSjFiG+QC/ww9wq5/gTtyJH+BvmD4WtvVA4HDOudzcE8ScaeO6X87S8srq2npuI7+5tb2zW9jbr2uZKAo1KrlUzYBo4ExAzTDDoRkrIFHAoREMbkZ+4wGUZlLcm2EM7Yj0BOsySoyVOoWiH8hHCNPUVxG+1kbJuD/U1ub+aUUmItRZZlNuyR0DLxJvSopoimqn8OOHkiYRCEM50brlubFpp0QZRjlkeT/REBM6ID1oWSpIBLqdjo/J8LFVQtyVyj5h8Fj9O5GSSOthFNhkRExfz3sj8T+vlZjuVTtlIk4MCDpZ1E04NhKPmsEhU0ANH1pCqGL2r5j2iSLU2P5mtmh7VB/CLG+b8eZ7WCT1s5J3UXLvzovlyrSjHDpER+gEeegSldEtqqIaougJvaBX9OY8O+/Oh/M5iS4505kDNAPn+xfO+aT4</latexit>

Astrophysical Bounds

Stellar cooling

Eöt-Wash (DM)

MICROSCOPE

MAGIS-100 Initial

MAGIS-100 Upgrade

Optomechanical Membranes

LIGO/Virgo

Eöt-Wash (EP)

LIGO O1

10-22 10-20 10-18 10-16 10-14 10-12 10-10 10-8 10-6

10-28

10-26

10-24

10-22

10-20

10-6 10-4 10-2 100 102 104 106 108

Vector boson mass, mDM [eV]

G
au
ge
co
up
lin
g,
g B

-
L

Compton frequency, fDM [Hz]

Parameter plots Credit: Abhishek Banerjee, Tejas Deshpande, Sumita Ghosh, Jack Manley, Ciaran, O’Hare 

AURIGA
Cavity-cavity

Sup
erf luid

 4 H
e

Sapphire

Quartz 
BAW

DAMNED
Cs-cav

ity
Sr+ -cavi

tyHolometer

Iodine
GEO600

MAGIS-1
00

Microw
ave-o

ptical

SrOH

H/Quartz
Quartz/Sapphire

EP
Pillar

Astrophysical bounds

Red giant cooling

MAGIS-k
m

H-cavity

Eöt-Wash (DM)

MICROSCOPE

LIGO/Virgo

Eöt-Wash (EP)

LIGO O1

Optomechanical
Membranes

10-22 10-20 10-18 10-16 10-14 10-12 10-10 10-8 10-6

10-28

10-26

10-24

10-22

10-20

10-6 10-4 10-2 100 102 104 106 108

Vector boson mass, mDM [eV]

Co
up
lin
g
str
en
gt
h,
g B

Compton frequency, fDM [Hz]

New Horizons: Scalar and Vector ultralight dark matter 
Snowmass Proceedings of the US community study on the Future of Particle Physics (arXiv:2203.14915)



Patras Aug 2022 34

Overview of ultralight DM detection philosophy       

Overview of mechanical dark matter detectors

Overview of quantum optics for dark matter detectors
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Figure 21 The full measured noise spectrum contains con-
tributions from the intrinsic fluctuations of the mechanical
oscillator, but also extra noise due to imprecision in the mea-
surement (typically flat in frequency) and noise due to the
backaction heating of the oscillator. Bottom: The value of the
measured noise spectral density evaluated at the mechanical
resonance, plotted as a function of the power of the measure-
ment beam. At lower powers, imprecision noise dominates
(few photons yield bad phase resolution), while at higher
powers the backaction noise represents the most important
contribution. The standard quantum limit minimal noise is
reached at intermediate powers.

coupling rate g0. This is of advantage, since the ratio of
quantum backaction to thermal force noise (at � = 0) is
given by:

S̄F F (�m)/S̄
th

F F
(�m) = g0�m/(2kBT�m) (P/Êcav) (�2+Ÿ

2
/4)≠1

.

(75)
These atomic cloud experiments have allowed to access
the radiation pressure shot noise spectrum, e.g. via track-
ing the heating of the cloud (see Figure 22).

Current solid-state based devices still exhibit both sig-
nificantly smaller ratios g0/Ÿ and deleterious e�ects of
thermal noise, which make the observation of radiation
pressure shot noise e�ects a challenging task. One possi-
ble strategy is to measure the cross-correlations between
a strong beam exerting radiation pressure force fluctu-
ations and another beam measuring the resulting dis-
placement fluctuations ((Heidmann et al., 1997); see also
(Borkje et al., 2010) for a more recent analysis). This idea
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Figure 22 Observation of quantum radiation pressure force
fluctuations through the energy transferred to a near-ground-
state mechanical oscillator. Experiments were performed with
an ultracold atomic gas serving as the mechanical element
within a Fabry-Perot optical cavity. In (a), the energy trans-
ferred to the gas was quantified via the rate at which atoms
were ejected from a finite-depth optical trap. The force fluctu-
ation spectral density at the mechanical oscillation frequency,
SFF(�m), is thereby obtained at di�erent detunings � be-
tween the cavity probe and resonance frequencies. In (b),
from the power di�erence between the red and blue motional
sidebands observed in the emission of a resonantly driven op-
tical cavity, one obtains the heat flux into the mechanical
system via the cavity probe. The observed heating, given in
units of mechanical energy quanta per second, matches well
to that predicted for intracavity shot noise from a coherent
optical field (gray line). From (a) (Murch et al., 2008) and
(b) (Brahms et al., 2012) [Courtesy of D. Stamper-Kurn]

has been demonstrated for a model situation with delib-
erately introduced classical noise instead of the quantum
shot noise of a laser beam (Verlot et al., 2009). In an-
other experiment, it was demonstrated how the radia-
tion pressure backaction can be employed for amplifying
an interferometric signal, which can lead to a sensitivity
lower than the SQL (Verlot et al., 2010). Recently, first
signatures of a direct observation of radiation pressure
shot noise have been reported (Purdy et al., 2013).

B. Optical QND measurements

The weak displacement measurements discussed in the
last section e�ectively try to measure non-commuting
observables simultaneously, namely the two quadrature
components of motion. They are therefore limited funda-
mentally by the Heisenberg uncertainty principle. How-
ever, it is also possible to perform measurements of a sin-
gle observable. This observable can be measured with ar-
bitrary precision, thereby approaching an idealized pro-
jection measurement. Repeating the measurement before
the state had a chance to decay would reproduce the same
outcome. This is because the system’s Hamiltonian com-
mutes with the observable (neglecting decay). Therefore
such measurements are called quantum non-demolition
(QND) (Braginsky and Khalili, 1996, 1995; Braginsky
et al., 1980). These have been successfully realized in the
quantum optical domain (Haroche and Raimond, 2006;
Leibfried et al., 1996; Lvovsky and Raymer, 2009).

Overview



Patras Aug 2022 

How to think of “dark photons”— think again

35

How do we know (normal) photons exist?

Photons as virtual particles mediate electrostatic forces 
(e.g. Coulomb’s law)

Photons as real particles directly do something measurable
(e.g. Photoelectric effect)

Dark photon search example: 

Dark photon search example:  haloscope experiments

EP violation experiments

(Kind of works for all ultralight particles)
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How do we know (normal) photons exist?

Photons as virtual particles mediate electrostatic forces 
(e.g. Coulomb’s law)

Photons as real particles directly do something measurable
(e.g. Photoelectric effect)

Dark photon search example: 

Dark photon search example:  haloscope experiments

EP violation experiments

(Kind of works for all ultralight particles)

Much weaker signal 
than their  

“bright photon” 
counterpart!
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(In particle physics, today’s signal is tomorrow’s noise floor)

On the relative motion of the Earth and the Luminiferous Ether, 
A. A. Michelson and E. W. Morley, American Journal of Science 34, 203, 36 (1887). 

Observation of Gravitational Waves from a Binary Black Hole Merger, 
B.P. Abbott et. al, Phys. Rev. Lett 116, 061102 (2016).

129 years later!
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(In particle physics, today’s signal is tomorrow’s noise floor)

On the relative motion of the Earth and the Luminiferous Ether, 
A. A. Michelson and E. W. Morley, American Journal of Science 34, 203, 36 (1887). 

Observation of Gravitational Waves from a Binary Black Hole Merger, 
B.P. Abbott et. al, Phys. Rev. Lett 116, 061102 (2016).

129 years later!

A very small 
fractional change 

in position
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Back action of a position measurement

37

For a quantum oscillator [x̂, p̂] = i~
Heisenberg uncertainty relation

�x̂�p̂ � ~
2

�p̂ � ~
2�x̂

Measurement back-action

Measuring     perturbs   , which in turn perturbs subsequent measurement of     p̂x̂ x̂

�x(⌧) = �x(0) + ⌧ ⇥ �p(0)

m
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2 Eugene S. Polzik1 and Klemens Hammerer2: Trajectories without quantum uncertainties
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X-X0 

P+P0 

X-X0 

P+P0 

X 

Y 
t 

Fig. 1 Trajectories for various quantum states. Upper row - quantum states of the system, lower row - trajectories. From
left to right: coherent state, squeezed state, EPR state with positive mass(frequency), EPR state with negative mass (frequency)

According to the rules of quantum mechanics the precision to which we can know the position X of any object
is restricted in several ways. First and foremost Heisenberg’s principle requires that the uncertainties of position
and its conjugate variable, momentum P , have to fulfill at any time �X�P � ~/2 as a consequence of the
canonical commutator [X,P ] = i~. This does not of course forbid that the position takes on an arbitrarily sharp
value at a particular instant time, provided the momentum is totally blurred at the same moment. Such a squeezed
state of motion has been demonstrated for a massive hamrinic oscillator in the form of a trapped ion [23]. However,
as the system evolves – e.g. X(t) = X(0) + tP (0)/m for a free particle of mass m – the large uncertainty in
momentum will cause a large uncertainty in position at later times. Therefore the trajectory of a freely evolving
quantum particle cannot be known to arbitrary precision for arbitrary times, as further explained in Fig. 1.

Fortunately there is a quantum trick which can be played to fight the quantum conspiracy. Note first that the
measurement of a position X necessarily is the measurement of a relative distance X �X0 between the particle
and the origin at X0. Whereas usually this point of reference is taken to be a classical object, we considere a
quantum reference frame [24, 25]. This point of reference is considered as a quantum degree of freedom on equal
footing with the variable of the system to be measured, such that [X0, P0] = i~. That is to say, measurement and
knowledge of the position of a particle always implicitly refers to a relative distance X�X0 between two systems.
Assume now that this relative position is measured at time t = 0. The relative position at future times assuming
a free evolution is then given by X(t) � X0(t) = X(0) � X0(0) + t[P (0)/m � P0(0)/m0]. Assume now that
the “quantum origin” is a very special sort of particle, namely one with a negative mass, the physics of which will
be detailed below. Moreover, let the mass be of equal magnitude as the one of the particle to be measured but of
opposite sign, m0 = �m. Under this assumption the free evolution of the relative position is

X(t)�X0(t) = X(0)�X0(0) + t[P (0) + P0(0)]/m. (1)

Nota bene, the relative position now couples to the sum of the momenta P + P0. This is an important point
because those are commuting quantities, [X �X0, P +P0] = 0, such that they can be known simultaneously with
arbitrary precision. The states which possess reduced – or even vanishing – variances of relative position and sum

Copyright line will be provided by the publisher

“Trajectories without quantum uncertainties”, 

E. S. Polzik and K. Hammerer, Annalen der Physik, (2014).  

�x(⌧) = �x(0) + ⌧ ⇥ �p(0)

m

Backaction effects are built up by repeated measurements

H =
1

2
m!

2
x̂
2 +

1

2m
p̂
2

dx̂

dt
=

i

~ [Ĥ, x] =
p̂

m

In general,
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Figure 21 The full measured noise spectrum contains con-
tributions from the intrinsic fluctuations of the mechanical
oscillator, but also extra noise due to imprecision in the mea-
surement (typically flat in frequency) and noise due to the
backaction heating of the oscillator. Bottom: The value of the
measured noise spectral density evaluated at the mechanical
resonance, plotted as a function of the power of the measure-
ment beam. At lower powers, imprecision noise dominates
(few photons yield bad phase resolution), while at higher
powers the backaction noise represents the most important
contribution. The standard quantum limit minimal noise is
reached at intermediate powers.

coupling rate g0. This is of advantage, since the ratio of
quantum backaction to thermal force noise (at � = 0) is
given by:

S̄F F (�m)/S̄
th

F F
(�m) = g0�m/(2kBT�m) (P/Êcav) (�2+Ÿ

2
/4)≠1

.

(75)
These atomic cloud experiments have allowed to access
the radiation pressure shot noise spectrum, e.g. via track-
ing the heating of the cloud (see Figure 22).

Current solid-state based devices still exhibit both sig-
nificantly smaller ratios g0/Ÿ and deleterious e�ects of
thermal noise, which make the observation of radiation
pressure shot noise e�ects a challenging task. One possi-
ble strategy is to measure the cross-correlations between
a strong beam exerting radiation pressure force fluctu-
ations and another beam measuring the resulting dis-
placement fluctuations ((Heidmann et al., 1997); see also
(Borkje et al., 2010) for a more recent analysis). This idea
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Figure 22 Observation of quantum radiation pressure force
fluctuations through the energy transferred to a near-ground-
state mechanical oscillator. Experiments were performed with
an ultracold atomic gas serving as the mechanical element
within a Fabry-Perot optical cavity. In (a), the energy trans-
ferred to the gas was quantified via the rate at which atoms
were ejected from a finite-depth optical trap. The force fluctu-
ation spectral density at the mechanical oscillation frequency,
SFF(�m), is thereby obtained at di�erent detunings � be-
tween the cavity probe and resonance frequencies. In (b),
from the power di�erence between the red and blue motional
sidebands observed in the emission of a resonantly driven op-
tical cavity, one obtains the heat flux into the mechanical
system via the cavity probe. The observed heating, given in
units of mechanical energy quanta per second, matches well
to that predicted for intracavity shot noise from a coherent
optical field (gray line). From (a) (Murch et al., 2008) and
(b) (Brahms et al., 2012) [Courtesy of D. Stamper-Kurn]

has been demonstrated for a model situation with delib-
erately introduced classical noise instead of the quantum
shot noise of a laser beam (Verlot et al., 2009). In an-
other experiment, it was demonstrated how the radia-
tion pressure backaction can be employed for amplifying
an interferometric signal, which can lead to a sensitivity
lower than the SQL (Verlot et al., 2010). Recently, first
signatures of a direct observation of radiation pressure
shot noise have been reported (Purdy et al., 2013).

B. Optical QND measurements

The weak displacement measurements discussed in the
last section e�ectively try to measure non-commuting
observables simultaneously, namely the two quadrature
components of motion. They are therefore limited funda-
mentally by the Heisenberg uncertainty principle. How-
ever, it is also possible to perform measurements of a sin-
gle observable. This observable can be measured with ar-
bitrary precision, thereby approaching an idealized pro-
jection measurement. Repeating the measurement before
the state had a chance to decay would reproduce the same
outcome. This is because the system’s Hamiltonian com-
mutes with the observable (neglecting decay). Therefore
such measurements are called quantum non-demolition
(QND) (Braginsky and Khalili, 1996, 1995; Braginsky
et al., 1980). These have been successfully realized in the
quantum optical domain (Haroche and Raimond, 2006;
Leibfried et al., 1996; Lvovsky and Raymer, 2009).

L

“Quantum optomechanics”, 

M. Aspelmeyer, T. J. Kippenberg and F. Marquardt RMP  86, 1391(2014).  
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Beyond the Standard Quantum Limit
In quantum optics, there are no problems, only features.

Inject squeezed vacuum

Measure a commuting observable
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2 Eugene S. Polzik1 and Klemens Hammerer2: Trajectories without quantum uncertainties
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Fig. 1 Trajectories for various quantum states. Upper row - quantum states of the system, lower row - trajectories. From
left to right: coherent state, squeezed state, EPR state with positive mass(frequency), EPR state with negative mass (frequency)

According to the rules of quantum mechanics the precision to which we can know the position X of any object
is restricted in several ways. First and foremost Heisenberg’s principle requires that the uncertainties of position
and its conjugate variable, momentum P , have to fulfill at any time �X�P � ~/2 as a consequence of the
canonical commutator [X,P ] = i~. This does not of course forbid that the position takes on an arbitrarily sharp
value at a particular instant time, provided the momentum is totally blurred at the same moment. Such a squeezed
state of motion has been demonstrated for a massive hamrinic oscillator in the form of a trapped ion [23]. However,
as the system evolves – e.g. X(t) = X(0) + tP (0)/m for a free particle of mass m – the large uncertainty in
momentum will cause a large uncertainty in position at later times. Therefore the trajectory of a freely evolving
quantum particle cannot be known to arbitrary precision for arbitrary times, as further explained in Fig. 1.

Fortunately there is a quantum trick which can be played to fight the quantum conspiracy. Note first that the
measurement of a position X necessarily is the measurement of a relative distance X �X0 between the particle
and the origin at X0. Whereas usually this point of reference is taken to be a classical object, we considere a
quantum reference frame [24, 25]. This point of reference is considered as a quantum degree of freedom on equal
footing with the variable of the system to be measured, such that [X0, P0] = i~. That is to say, measurement and
knowledge of the position of a particle always implicitly refers to a relative distance X�X0 between two systems.
Assume now that this relative position is measured at time t = 0. The relative position at future times assuming
a free evolution is then given by X(t) � X0(t) = X(0) � X0(0) + t[P (0)/m � P0(0)/m0]. Assume now that
the “quantum origin” is a very special sort of particle, namely one with a negative mass, the physics of which will
be detailed below. Moreover, let the mass be of equal magnitude as the one of the particle to be measured but of
opposite sign, m0 = �m. Under this assumption the free evolution of the relative position is

X(t)�X0(t) = X(0)�X0(0) + t[P (0) + P0(0)]/m. (1)

Nota bene, the relative position now couples to the sum of the momenta P + P0. This is an important point
because those are commuting quantities, [X �X0, P +P0] = 0, such that they can be known simultaneously with
arbitrary precision. The states which possess reduced – or even vanishing – variances of relative position and sum

Copyright line will be provided by the publisher

Figure from: “Trajectories without quantum uncertainties”, 

E. S. Polzik and K. Hammerer, Annalen der Physik, (2014).  

Coherent backaction noise cancelation

Couple to another harmonic oscillator, but with a 
negative mass

“Atom-based coherent quantum-noise cancellation in optomechanics,”                               
F. Bariani, H. Seok, S. Singh, M. Vengalattore, P. Meystre, Phys. Rev. A 92, 043817 (2015).

Exciting times ahead!



Patras Aug 2022 

Overview

42

Overview of ultralight DM detection philosophy       

Overview of mechanical dark matter detectors

Overview of quantum optics for dark matter detectors
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Figure 21 The full measured noise spectrum contains con-
tributions from the intrinsic fluctuations of the mechanical
oscillator, but also extra noise due to imprecision in the mea-
surement (typically flat in frequency) and noise due to the
backaction heating of the oscillator. Bottom: The value of the
measured noise spectral density evaluated at the mechanical
resonance, plotted as a function of the power of the measure-
ment beam. At lower powers, imprecision noise dominates
(few photons yield bad phase resolution), while at higher
powers the backaction noise represents the most important
contribution. The standard quantum limit minimal noise is
reached at intermediate powers.

coupling rate g0. This is of advantage, since the ratio of
quantum backaction to thermal force noise (at � = 0) is
given by:

S̄F F (�m)/S̄
th

F F
(�m) = g0�m/(2kBT�m) (P/Êcav) (�2+Ÿ

2
/4)≠1

.

(75)
These atomic cloud experiments have allowed to access
the radiation pressure shot noise spectrum, e.g. via track-
ing the heating of the cloud (see Figure 22).

Current solid-state based devices still exhibit both sig-
nificantly smaller ratios g0/Ÿ and deleterious e�ects of
thermal noise, which make the observation of radiation
pressure shot noise e�ects a challenging task. One possi-
ble strategy is to measure the cross-correlations between
a strong beam exerting radiation pressure force fluctu-
ations and another beam measuring the resulting dis-
placement fluctuations ((Heidmann et al., 1997); see also
(Borkje et al., 2010) for a more recent analysis). This idea
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Figure 22 Observation of quantum radiation pressure force
fluctuations through the energy transferred to a near-ground-
state mechanical oscillator. Experiments were performed with
an ultracold atomic gas serving as the mechanical element
within a Fabry-Perot optical cavity. In (a), the energy trans-
ferred to the gas was quantified via the rate at which atoms
were ejected from a finite-depth optical trap. The force fluctu-
ation spectral density at the mechanical oscillation frequency,
SFF(�m), is thereby obtained at di�erent detunings � be-
tween the cavity probe and resonance frequencies. In (b),
from the power di�erence between the red and blue motional
sidebands observed in the emission of a resonantly driven op-
tical cavity, one obtains the heat flux into the mechanical
system via the cavity probe. The observed heating, given in
units of mechanical energy quanta per second, matches well
to that predicted for intracavity shot noise from a coherent
optical field (gray line). From (a) (Murch et al., 2008) and
(b) (Brahms et al., 2012) [Courtesy of D. Stamper-Kurn]

has been demonstrated for a model situation with delib-
erately introduced classical noise instead of the quantum
shot noise of a laser beam (Verlot et al., 2009). In an-
other experiment, it was demonstrated how the radia-
tion pressure backaction can be employed for amplifying
an interferometric signal, which can lead to a sensitivity
lower than the SQL (Verlot et al., 2010). Recently, first
signatures of a direct observation of radiation pressure
shot noise have been reported (Purdy et al., 2013).

B. Optical QND measurements

The weak displacement measurements discussed in the
last section e�ectively try to measure non-commuting
observables simultaneously, namely the two quadrature
components of motion. They are therefore limited funda-
mentally by the Heisenberg uncertainty principle. How-
ever, it is also possible to perform measurements of a sin-
gle observable. This observable can be measured with ar-
bitrary precision, thereby approaching an idealized pro-
jection measurement. Repeating the measurement before
the state had a chance to decay would reproduce the same
outcome. This is because the system’s Hamiltonian com-
mutes with the observable (neglecting decay). Therefore
such measurements are called quantum non-demolition
(QND) (Braginsky and Khalili, 1996, 1995; Braginsky
et al., 1980). These have been successfully realized in the
quantum optical domain (Haroche and Raimond, 2006;
Leibfried et al., 1996; Lvovsky and Raymer, 2009).
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Heroic experiments!
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Heroic experiments!

What if dark matter is not ultralight?
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On the relative motion of the Earth and the Luminiferous Ether, 
A. A. Michelson and E. W. Morley, American Journal of Science 34, 203, 36 (1887). 
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Not measuring this signal 
led to a better 

understanding of the 
nature of light
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On the relative motion of the Earth and the Luminiferous Ether, 
A. A. Michelson and E. W. Morley, American Journal of Science 34, 203, 36 (1887). 

Not measuring this signal 
led to a better 

understanding of the 
nature of light

Constraining the available parameter space for dark matter will lead to a better 
understanding of properties of dark matter.  
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coupling 
strength

scalar 
field SM term

A. Derevianko. PRA 97.4 (2018): 042506.

Consider couplings to 

EM field electron mass

Leads to modulation of fundamental constants:

electron massfine-structure constant

scalar DM strains atoms

Bohr radius

A. Arvanitaki et al. PRL 116.3 (2016): 031102.

Linear scalar couplings to SM Lagrangian terms:
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Consider DM as a vector field in vacuum:
Plane waves

Lagrangian density for massive vector field:

mass	termkinetic	
term

coupling	 term

coupling	 strength number	 of	
dark	charges

This leads to a force:

D. Carney et al New J. Phys. 23 023041 (2021). 
J. Manley et al. PRL 126, 061301 (2021). 
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L. De Lorenzo and K. Schwab, Journal of Low Temperature Physics 186, 233 (2017) 

• 2.7 kg Superfluid helium 
(Niobium shell) 

• 11cm radius 
• 50cm length 
• Q=109   
• T=10mK 

Scalar DM parameter space



Patras Aug 2022 

Scalar DM parameter space

50

• Sapphire test mass 
• 15 mm radius 
• 10cm length 
• Q=109   
• T=10 K 

Rowan et al. Physics Letters A 265.1-2 (2000): 5-11. 
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• Sapphire micropillar 
• 0.3 g mass 
• 1 cm length 
• Q=109 
• T=10mK  

L. Neuhaus, Cooling a macroscopic mechanical oscillator 
close to its quantum ground state, Ph.D. thesis, Universite 
Pierre et Marie Curie - Paris VI (2016).
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• Quartz BAW resonator 
• 15 mm radius 
• 1 mm length 
• Q~109   
• T=10mK 

M. Goryachev and M. E. Tobar. Phys. Rev. D 90, 102005 (2014). 
S. Galliou et al. Scientic reports 3, 2132 (2013). 
M. Goryachev et al. Applied Physics Letters 100, 243504 (2012). 
Arvanitaki et al. Physical review letters 116.3 (2016): 031102. 
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Searching for scalar dark matter with compact mechanical resonators, 
J. Manley, D. Wilson, R. Stump, D. Grin and S. Singh, PRL 124 151301 (2020) .

For scalar bosons (dilatons) modulating the mass of electron: 


