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WIMP	Searches
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FIG. 5: 90% confidence level upper limit on �SI from this
work (thick black line) with the 1� (green) and 2� (yel-
low) sensitivity bands. Previous results from LUX [6] and
PandaX-II [7] are shown for comparison. The inset shows
these limits and corresponding ±1� bands normalized to the
median of this work’s sensitivity band. The normalized me-
dian of the PandaX-II sensitivity band is shown as a dotted
line.

injecting an undisclosed number and class of events in
order to protect against fine-tuning of models or selec-
tion conditions in the post-unblinding phase. After the
post-unblinding modifications described above, the num-
ber of injected salt and their properties were revealed to
be two randomly selected 241AmBe events, which had
not motivated any post-unblinding scrutiny. The num-
ber of events in the NR reference region in Table I is con-
sistent with background expectations. The profile likeli-
hood analysis indicates no significant excesses in the 1.3 t
fiducial mass at any WIMP mass, with a p-value for the
background-only hypothesis of 0.28, 0.41, and 0.22 at
6, 50, and 200 GeV/c2, respectively. Figure 5 shows the
resulting 90% confidence level upper limit on �SI . The
2� sensitivity band spans an order of magnitude, indi-
cating the large random variation in upper limits due to
statistical fluctuations of the background (common to all
rare-event searches). The sensitivity itself is una↵ected
by such fluctuations, and is thus the appropriate mea-
sure of the capabilities of an experiment [44]. The inset
in Fig. 5 shows that the median sensitivity of this search
is ⇠7.0 times better than previous experiments [6, 7] at
WIMP masses > 50 GeV/c2.

In summary, we performed a DM search using an ex-
posure of 278.8 days ⇥ 1.3 t = 1.0 t⇥yr, with an ER
background rate of (82+5

�3 (sys) ± 3 (stat)) events/(t ⇥
yr ⇥ keVee), the lowest ever achieved in a DM search
experiment. We found no significant excess above back-
ground and set an upper limit on the WIMP-nucleon
spin-independent elastic scattering cross-section �SI at
4.1⇥10�47 cm2 for a mass of 30 GeV/c2, the most strin-

gent limit to date for WIMP masses above 6 GeV/c2. An
imminent detector upgrade, XENONnT, will increase the
target mass to 5.9 t. The sensitivity will improve upon
this result by more than an order of magnitude.
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Time	to	think	again?!	
Light	WIMPs?
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Gravita4onal	Wave	
Detectors
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[LIGO	test	mass,	Courtesy	Caltech/MIT/LIGO	Laboratory	2016]
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Gravita4onal	Wave	
Detectors

• Decade	long	R&D	efforts	

• Impressive	sensi4vi4es	

• Impressive	results	

• Nobelprize	2017	

• Other	uses	for	this	
technology?
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(Similar	mo8va8on	to	the	talks	from	Jun'ya	Kume,	
Sander	Vermeulen	and	Doris	Todorović)
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Dark	Brownian	Mo4on

• Any	target	mass	in	a	bath	of	DM	

• DM	sca@erings	induce	Brownian	Mo4on	

• Measure	the	posi4on	of	a	light	target	mass	
with	high	precision	

• Look	for	4me-dependent	asymmetries

8

[Cheng,	Primulando,	MS	'19]



Dark Matter Induced Brownian Motion  Ting Cheng (NTHU)
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Inspired by [Valerie Domcke and Martin Spinrath, 2017] 

Assume the motion of the mirror without 
external force is well understood
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[slide	taken	from	Ting	Cheng	now	at	MPIK]



Dark Matter Induced Brownian Motion  Ting Cheng (NTHU)

Recoil Momentum Distribution
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[slide	taken	from	Ting	Cheng	now	at	MPIK]
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Backgrounds

• Many	poten4al	backgrounds	for	our	proposal	
• seismic	noise,	nearby	traffic,	radioac4vity,	etc.	

• In	the	paper	we	discuss	two	examples	
• Neutrinos	(negligible	O(10-14)	events	per	sec)	

• Hits	from	residual	gas	(aber	momentum	cutoff	O(10-9)	
events	per	sec)

11
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[Cheng,	Primulando,	MS	'19]
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Toy	Model:	Damped	
Harmonic	Oscillator

• We	want	to	study	a	simple	toy	model	first	

• The	experimental	output	

• We	neglect	here	some	noise	components

14

mẍc + kc (1 + B�)xc =
F2ti,c
L

[Lee,	Nugroho,	MS	'20]

xiQi,c(t) = xi?,c(t) + x[m,c(t) + x.J,c(t)

Suspension	Thermal	Noise Quantum	Noise DM	Signal

[Moore,	Cole,	Berry	'14]
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Toy	Model:	
Strain	Amplitudes
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[Lee,	Nugroho,	MS	'20]

Assume	KAGRA-like	parameters	
and	qR	=	1	GeV/c2	x	220	km/s
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Signal-to-Noise	Ra4o
• The	op4mal	SNR	is	given	by	

• Near	the	peak	(FWHM)	neglect	quantum	noise	

• Need	light,	cold	targets!
16

[Lee,	Nugroho,	MS	'20;	Moore,	Cole,	Berry	'14]
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DM	Signal	at	KAGRA

17

[Lee,	Nugroho,	MS	'20]

KAGRA	Total	Noise	

qR	in	horizontal	direc8on

qR	in	ver8cal	direc8on

qR	=	1	GeV/c2	x	220	km/s
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Current	Reality

• Op4cally	levitated	
mass	

• Target	mass	1	ng	

• Temperature	200	μK	

• Several	days	
exposure	

• Experimental	
threshold	0.15	GeV

18
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FIG. 3. 95% CL upper limits on the DM-neutron coupling,
↵n, versus DM mass, MX , for several example values of me-
diator mass, m�, assuming fX = 1.

The resulting 95% CL upper limits on ↵n are shown
in Fig. 3. For m� ⌧ 1/bmax, the limits converge to those
for a massless mediator. For 1/bmax

<⇠ m�
<⇠ 1/dsph,

sensitivity to ↵n is reduced due to the reduction in cross
section to ⇠ m�2

� , and further reduced for m�
>⇠ 1/dsph

by the form-factor suppression from interaction of the
DM with only a fraction of the neutrons in the sphere.
In all cases, the limits become weaker at large MX due
to the reduced DM number density and at small MX due
to the momentum threshold.

While the results in Fig. 3 apply for any DM model
interacting with neutrons via the generic potential in
Eq. 1, they can also be translated to a specific micro-
scopic model. As an example, we consider bound states of
asymmetric DM [47, 61] in which composite DM nuggets
of total mass MX can be formed from a large num-
ber (Nd > 104) of lighter constituents, each with mass
md. Recent studies indicate that such composite parti-
cles provide viable DM candidates and could be formed in
the early universe at the required densities to constitute
some, or all, of the relic DM density [42–48].

Example constraints from this search for m� = 0.1 eV,
md = 1 keV, and fX = (0.1, 1) are shown in Fig. 4.
In contrast to nuclear recoils (NR) from nuggets with
these parameters [61], screening of the interaction within
the nugget has negligible e↵ect on d�/dq regardless of
gd since the geometric cross section of the nugget is
much smaller than the total cross section, for all MX

considered. For these parameters, bounds on the DM-
DM scattering cross-section [74] are expected to prevent
such nuggets from providing the dominant component
of DM, but cannot constrain such models if they pro-
vide only a subcomponent of the total relic density, with
fX <⇠ 0.1 [61]. In such models, which typically contain a
complex dark sector and a correspondingly complex for-
mation history, production of a subcomponent of such
composite particles is generically possible, similar to the

FIG. 4. Upper limits on the equivalent DM-neutron
scattering cross-section for a point-like nugget, �Xn ⌘
4⇡↵2

nµ
2
Xn/q

4
0 [61], versus MX , for the model described in the

text with fX = 0.1 (solid) and fX = 1 (dashed). Here �Xn

is evaluated for md = 1 keV, m� = 0.1 eV, and at a refer-
ence momentum of q0 = mnv0 where mn is the neutron mass
and µXn is the DM-neutron reduced mass. Model-dependent
fifth-force constraints [49, 50] (dotted) are also shown, as-
suming gd ⇡ 1. Due to sharp DM nugget form-factor sup-
pression in the parameter space chosen here, existing detec-
tors searching for ⇠eV–keV scale NRs [62–69] only constrain
�Xn � 10�22 cm2. The results reported here exceed even the
projected sensitivity of a ⇠kg-yr exposure of an ambitious fu-
ture detector with NR threshold as low as 1 meV (dot-dashed,
see, e.g., [61, 70–72]). CMB limits on DM-baryon interactions
assume a coupling to protons, which is model-dependent and
need not apply here [73], although the fX = 1 region is ex-
pected to be excluded by DM self-interaction bounds [61, 74],
which do not apply for fX <⇠ 0.1.

wide range of composite particles formed in the visible
sector.

These results—using only a single, nanogram-mass
sphere and less than a week of livetime—already pro-
vide many orders of magnitude more sensitivity to DM
interactions in these models than existing direct detec-
tion searches. Large detectors searching for DM-induced
NRs using cryogenic calorimeters [62, 63], semiconduc-
tors [64, 65], or liquid noble targets [66–69] do not signif-
icantly constrain these models due to the low probability
of producing events above their ⇠eV to keV scale energy
thresholds. In contrast, the techniques presented here
(similar to other proposed techniques utilizing collective
excitations of many atoms, e.g., [9, 61, 75]) take advan-
tage of the large enhancement in cross-section from scat-
tering coherently from a nanogram mass and ability to
detect momentum transfers as small as ⇠ 0.2 GeV, corre-
sponding to a recoil energy of the sphere’s COM motion
of ⇠30 neV. For su�ciently massive mediators and light
constituents, such as the parameters shown in Fig. 4,
and assuming gd ⇡ 1, these results extend between 1–3
orders of magnitude beyond stringent constraints from
fifth-force bounds on gn, if such particles make up a frac-

[Monteiro	et	al.	'20]
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Lots	of	R&D

19

10

Physical device Mass Frequency Temp. Quantum limit Sensitivity, e.g. acceleration, strain, force...

Resonant acoustic wave:

BAW/Weber bar [41] 1000 kg 1 kHz 4 K hs ⇠ 10�21/
p
Hz

HBAR/phonon counting [76] 50 µg 10 GHz 10 mK single phonon �E ⇠ 30 µeV
hs ⇠ 10�15/

p
Hz

(hs ⇠ 10�9/
p
Hzbroadbandbelowres)

superfluid helium cavities [52] 1 ng 300 MHz 50 mK single phonon �E ⇠ 1 µeV

Resonant and below-resonance detectors:

cantilever optomechanical ac-
celerometer [77]

25 mg 10 kHz 300 K
p
Sa ⇠ 3 ⇥ 10�9 g/

p
Hz

(
p
Sa ⇠ 10�7 g/

p
Hz broadband below res)

SiN-suspended test mass ac-
celerometer [78, 79]

10 mg 10 kHz 300 K
p
Sa ⇠ 10�7 g/

p
Hz

(
p
Sa ⇠ 10�6 g/

p
Hz broadband below res)

membrane optomechanics [80–
86]

10 ng 1.5 MHz 100 mK at SQL
p
Sa ⇠ 10�7g/

p
Hzp

Sf ⇠ 10�17 N/
p
Hz

crystalline cantilever for force
sensing [87]

0.2 ng 1 kHz 200 mK
p
Sa ⇠ 3 ⇥ 10�7g/

p
Hzp

Sf ⇠ 10�18 N/
p
Hz

Pendula above resonance:

LIGO mirror [88] 10 kg 10 Hz – 10 kHz 300 K SN limited above
100 Hz

p
Sa ⇠ 4 ⇥ 10�15 g/

p
Hz at 100 Hzp

Sx ⇠ 10�19 m/
p

Hz

suspended mg mirror [89–91] 1 mg 1 – 10 kHz 300 K factor of 20 in
displacement from
(o↵-resonant) SQL

p
Sa ⇠ 7 ⇥ 10�11 g/

p
Hz at 600 Hzp

Sx ⇠ 5 ⇥ 10�17 m/
p
Hz

crystalline cantilever [92] 50 ng 10 – 100 kHz 300 K at (o↵-resonant)
SQL

p
Sa ⇠ 2 ⇥ 10�7 g/

p
Hz at 20 kHzp

Sx ⇠ 10�16 m/
p

Hz

Levitated and free-fall systems:

LISA pathfinder [93] 15 kg 1 – 30 mHz 300 K
p
Sa ⇠ 10�15 g/

p
Hz

mm magnetically-levitated
sphere [94]

4 mg 20 Hz 5 K
p
Sa ⇠ 2 ⇥ 10�7 g/

p
Hzp

Sf ⇠ 8 ⇥ 10�12 N/
p

Hz

sub-mm magnetically-levitated
sphere [95]

0.25 µg 1–20 Hz laser cool
to < 9 K

p
Sa ⇠ 10�7 g/

p
Hzp

Sf ⇠ 2 ⇥ 10�16 N/
p

Hz

optically trapped microsphere
[96]

1 ng 10 – 100 Hz laser cool
to 50 µK

factor of 100 in
displacement from
(o↵-resonant) SQL

p
Sa ⇠ 10�7 g/

p
Hzp

Sf ⇠ 10�18 N/
p
Hz

optically trapped nanosphere
[97, 98] (rotational [99])

3 fg 300 kHz laser cool
to 12 µK

ground state
p
Sa ⇠ 7 ⇥ 10�4 g/

p
Hzp

Sf ⇠ 2 ⇥ 10�20 N/
p

Hzp
S⌧ ⇠ 10�27 Nm/

p
Hz

trapped ion crystal [18] 10�6 fg 1 MHz
p
Sa ⇠ 50 g/

p
Hzp

Sf ⇠ 4 ⇥ 10�22 N/
p

Hz

TABLE I. Examples of currently-available mechanical sensors. Sensitivities for continuous sensing
are represented by the relevant noise power spectral densities (e.g. Sa is the acceleration noise
power), or threshold (�E is the single-phonon detection threshold). Here we summarize solid-state
mechanical detectors, although atom interferometers can be characterized by similar metrics.

meant to be exemplary, and not exhaustive. It can also be considered a starting point,
i.e. rapid progress in mechanical detectors is being made in many fields, and as exemplified
in the workshop on which this white paper is based, there is increasing cross-development
between sensors of widely di↵ering scales that will lead to fruitful technical improvements.

A central issue is to map the advantages of di↵erent physical architectures to di↵er-
ent searches. For cases where an impulse detector is desired, an essentially free mass can
be created by using a low-frequency pendulum measured above its resonance frequency,
i.e. at time-scales faster than an oscillation period. An interesting alternative is to lev-
itate particles and then release them after state preparation to perform measurements in
free-fall. Ultralight searches are likely to be first pursued by resonant detectors—ideally
tunable resonant detectors. The center of mass motion of a cantilever, membrane [100], or
even levitated sphere are appropriate in this situation. For ultralight searches that result
in changes in atomic strain due to e↵ective signatures that appear as time-variations in
fundamental constants or atomic length scales, and hence excitation of e↵ective breathing
modes, bulk acoustic modes are of interest [40]. Importantly, detection of such bulk acoustic

White	paper:	
"Mechanical	Quantum	Sensing	
in	the	Search	for	Dark	Ma@er"	

[arXiv:2008.06074]
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Summary	and	Conclusions

• Gravita4onal	Wave	Astronomy	has	just	begun	

• Impressive	new	technologies	

• Can	we	use	them	to	find	DM?	
• Maybe.	

• We	need	more	research

21
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A	bit	of	Adver4sement

The	Future	is	DARK	Workshop	

29th	of	June	-	1st	of	July	

Free	registra4on	

• Neutrinos	

• Dark	Ma@er	

• Gravita4onal	Waves		
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