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Cosmic	Relics

• Cosmic	Relics	are	produced	in	the	early	
universe	and	are	s0ll	around	today	

• Examples:	
• Cosmic	Microwave	Background	(not	the	focus	here)	

• Cosmic	Neutrino	Background	(no	direct	observa0on	yet)	

• Dark	MaMer	(only	seen	gravita0onally)

4
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The	Cosmic	Neutrino	
Background

• Produced	1	s	aXer	Big	Bang	(CMB:	379k	years)	

• Number	density:	about	330	cm-3	=	6	n0	

• Temperature:	1.9	K	

• Average	kine0c	energy:	0.5	meV	

• Velocity:	10-3	-	1	c	

• CNB	neutron	cross	sec0on:	10-27	pb	(10-63	cm2)

5
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Cold	Dark	MaMer

• Produced	?	s	aXer	Big	Bang	

• Local	energy	density:	0.3-0.4	GeV/cm3	

• Mass:	???	(10-22	eV/c2	-	105	M☉)	

• Local	peak	velocity:	∼250	km/s		

• Cross	sec0on	to	ordinary	maMer:	???	cm2

6
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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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Gravita0onal	Wave	
Detectors
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[LIGO	test	mass,	Courtesy	Caltech/MIT/LIGO	Laboratory	2016]
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Gravita0onal	Wave	
Detectors

• Decade	long	R&D	efforts	

• Impressive	sensi0vi0es	

• Impressive	results	

• Nobelprize	2017	

• Other	uses	for	this	
technology?
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• Es0mated	sensi0vity	

		
• LIGO-like	interferometers	

	

		
• Einstein	telescope	maybe	

	

CNB wind

l

Interferometer

d

Pendulum

θ

The	Experiment

11

[Domcke,	MS	'17]

[For	more	general	par4cle	physics	applica4ons,	
see	Englert,	Hild,	Spannowsky	'17]

aGA:P & 10�16 +Kfb2

a1h & 3 · 10�18 +Kfb2

a & g

l
dKBM
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AXer	some	calcula0ons...
• Es0mate	the	average	induced	accelera0on	

from	the	neutrino	wind	
	

• Compare	to	experimental	sensi0vity	

12

[Domcke,	MS	'17;	see	also	Duda	et	al.	'01,	...,	
Opher	'74]

a*L" . O(10�27) +Kfb2

aGA:P & 10�16 +Kfb2
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Other	"Winds"
• Solar	neutrinos	

• Cold	WIMP	Dark	MaMer	(mDM		>	1	GeV/c2)	

• Light	WIMP	Dark	MaMer	(mDM		=	3.3	keV/c2)

13

abQH�`�� � 3 · 10�26 +Kfb2

a.J � 4 · 10�30

�
(A � Z)2

76 A

� � �X�N

10�46 +K2

� �
�/�`FUHQ+�HV

10�24 ;/+K3

��
�X

10�3

�2

+Kfb2

aHB;?i .J � Nc a.J � 109 a.J

[Domcke,	MS	’17;	see	also	Duda	et	al.	'01]

[There	is	also	plenty	of	works	on	ultralight	bosonic	DM	not	based	on	individual	par4cle	sca-ering,	see,	e.g.,	
Arvanitaki	et	al.	'15;	Graham	et	al.	'15;	Aoki	&	Soda	'16;	Pierce	et	al.	'18;	Morisaki	&	Suyama	'18;	Fukuda,	

Matsumoto	&	Yanagida	'18;	...]
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Dark	Brownian	Mo0on

• Any	target	mass	in	a	bath	of	DM	

• DM	scaMerings	induce	Brownian	Mo0on	

• Measure	the	posi0on	of	a	light	target	mass	
with	high	precision	

• Look	for	0me-dependent	asymmetries

15

[Cheng,	Primulando,	MS	'19]



Dark Matter Induced Brownian Motion  Ting Cheng (NTHU)

Potential Setup

Laser

Fixed Mirror 

Detector 

Movable Mirror 
DM wind

ti ti+1
t

x

Predicted value
Measured value

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)
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[slide	taken	from	Ting	Cheng	now	at	MPIK]



Dark Matter Induced Brownian Motion  Ting Cheng (NTHU)
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Backgrounds

• Many	poten0al	backgrounds	for	our	proposal	
• seismic	noise,	nearby	traffic,	radioac0vity,	etc.	

• Two	examples	
• Neutrinos	

• Hits	from	residual	gas

19
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Backgrounds

• Small	neutrino	cross	sec0on	and	target	mass	
• Negligible	O(10-14)	neutrino	events	per	sec		

• Residual	gas	
• Naively,	many	O(109)	events	per	sec	

• Not	a	relevant	noise	in	LIGO/KAGRA	

• AXer	momentum	cutoff	O(10-9)	events	per	sec

20
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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

23

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:	Noise
• Thermal	noise	from	fluctua0on-dissipa0on	

theorem	

• Standard	Quantum	Limit	

• The	noise	strain	amplitude	is

24

[Saulson	'90;	Gonzales,	Saulson	'94;	
Thorne	'87]
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[Callen,	Welton	'51;	
Callen,	Greene	'55]
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Toy	Model:	DM	Signal	I
• The	DM	signal	is	easier	to	model	for	a	real	eq.	

• That	has	the	solu0on	

• And	we	will	need	

25

[Lee,	Nugroho,	MS	'20;	Tsuchida	et	al.	'19]

mẍr + 2m!r ⇠ ẋr +m!2
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Toy	Model:	Coefficient	
Matching

• KAGRA	provides	complex	spring	constants	

• DM	modeled	with	real	coefficients	

• Match	oscilla0on	frequency	and	damping	

26

[Lee,	Nugroho,	MS	'20]
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Toy	Model:	DM	Signal	II
• The	DM	signal	aXer	matching	

• The	DM	strain	amplitude	

27

[Lee,	Nugroho,	MS	'20;	Tsuchida	et	al.	'19]
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[Moore,	Cole,	Berry	'14]
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Toy	Model:	
Strain	Amplitudes

28
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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	Ra0o
• The	op0mal	SNR	is	given	by	

• Near	the	peak	(FWHM)	neglect	quantum	noise	

• Need	light,	cold	targets!
29

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

• KAGRA	is	a	new	gravita0onal	wave	
detector	in	Japan	

• Advantage:	Cryogenic	(T	about	20	K)	

• The	mirror	is	a	pendulum	on	springs	
on	a	pendulum	(3	x	coupled,	
damped	harmonic	oscillators)	

• NTHU	and	other	ins0tu0ons	in	
Taiwan	are	members

30Figure 3.1: Cryogenic suspension system. The light blue components are called the
cryogenic sapphire suspension system.

The top of the cryogenic suspension system is so-called platform suspended from a
seismic attenuation system (SAS) by a single metal wire. On this platform there are
mass shifters which adjust the tilt of PF and IR for the initial alignment. Moreover,
in the platform, there is a vertical spring system (GASF) made of metal to reduce the
vertical vibration entering the intermediate mass and the main mirror. The intermediate
mass is suspended using a metal wire from the platform. This intermediate mass also
has mass shifters to adjust the tilt of the intermediate mass and the main mirror for
the initial alignment. During the main interferometer operation, the position and tilt of
this intermediate mass will be controlled by sensors and coil magnet actuators on the
intermediate mass and the intermediate recoil mass suspended from the platform using
three metal wires. These sensors for sensing the differential position between intermediate
mass and intermediate recoil mass are planned to use shadow sensors. A recoil mass of
the main mirror is suspended from the intermediate recoil mass by four metal wires. This
mass is to control the alignment of the main mirror as a recoil mass like intermediate
recoil mass. There are coils on the recoil mass to apply force on the magnets attached on
the mirror. A sapphire suspension system consisting of sapphire blades, sapphire fibers,
and sapphire ears and the main sapphire mirror is suspended from the intermediate mass.
The reason why sapphire is used for these components is that sapphire has high thermal
conductivity and low mechanical loss at low temperatures. There is another important
function except those described above, which is to reduce the vibration of the cooling
system. This topic is described in the latter section.

33
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Equa0ons	of	Mo0on

• The	equa0ons	of	mo0on	take	a	3x3	matrix	
form	

• KAGRA	can	see	ver0cal	and	horizontal	modes	
• two	sets	of	equa0ons

31

[Lee,	Nugroho,	MS	'20	based	on	KAGRA	
Document,	JGW-T1707038v9]
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KAGRA	Noise

32

[Fig.	from	Lee,	Nugroho,	MS	'20	based	on	
KAGRA	Document,	JGW-T1707038v9]
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DM	Signal

• We	only	need	the	Fourier	transform	of	the	
displacement	

• We	can	then	study	the	effect	of	the	test	mass	
for	a	hit	in	different	components	and	
direc0ons

33
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DM	Signal	at	KAGRA
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DM	Signal	at	KAGRA
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DM	Signal	at	KAGRA
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Current	Reality

• Op0cally	levitated	
mass	

• Target	mass	1	ng	

• Temperature	200	μK	

• Several	days	
exposure	

• Experimental	
threshold	0.15	GeV
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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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Outline

• Introduc0on	

• Cosmic	Neutrino	Background	

• Dark	MaMer	

• Summary	and	Conclusions
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Summary	and	Conclusions

• Gravita0onal	Wave	Astronomy	has	just	begun	

• Impressive	new	technologies	

• Can	we	use	them	to	find	cosmic	relics?	
• Cosmic	Neutrino	Background?	No	(probably).	

• Dark	MaMer?	Maybe.	

• We	need	more	research

39



Mar0n	Spinrath	(NTHU) Cosmic	Relics	at	Gravita0onal	Wave	Detectors09/12/20	-	NCTS	ATM

Backup
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Theory:	ScaMering
• The	basic	formula	

• Incoming	flux:	

• #nuclei	in	1	g	test	material:	

• Neutrino-nucleus	cross-sec0on:	

• Coherence	factor:	

• Average	momentum	transfer:
41
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Opher	'74]
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Theory:	ScaMering	

• Neutrinos	can	come	in	three	kinema0cs	
• rela0vis0c	(R)	

• non-rela0vis0c	non-clustered	(NR-NC)	

• non-rela0vis0c	clustered	(NR-C)	

• Two	important	numbers	
• The	cross-sec0on:	

• The	coherence	factor:

42

���A � 10�27 T# = 10�63 +K2
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Residual	Gas
• Gravita0onal	wave	detectors	have	ultra	high	

vacua	in	their	chambers	

• We	can	es0mate	the	hit	rate	from	residual	gas

43
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Residual	Gas
• What	rate	could	we	expect	for	DM?	

• Can	we	cut	on	the	background?	
• Yes!	Cut	on	minimum	recoil	momentum

44
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Residual	Gas
• No	air	flow:		

• The	width	of	the	recoil	momentum	is	

• Use	LIGO	resolu0on	as	naive	es0mate	

• Remaining	gas	hit	rate

45
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Dependence	of	A	on	qmin
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Space-Based	Experiments
• LISA	target	sensi0vity	(0.1	mHz	<	f	<	1	Hz)	

• Expected	strain	amplitude

48
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FIG. 2. Measured rate of reconstructed impulses after all
cuts (black points), compared to the spectrum with only live-
time selections applied (gray, solid) and with no cuts applied
(gray, dashed). The Gaussian background (red, dotted), DM
signal (blue, dot-dashed), and sum of background and sig-
nal (blue, solid) are also shown at the 95% CL upper limit,
↵n = 8.5⇥ 10�8, for MX = 5 ⇥ 103 GeV, m� = 0.1 eV, and
fX = 1. (Inset) Overall signal e�ciency versus amplitude
(black) and estimated error (gray band) above the analysis
threshold, qthr = 0.15 GeV (dotted).

remaining after the lab entry cut. In addition, an “anti-
coincidence cut” was used to exclude any 1 s long time
period where 2 or more events were reconstructed with
amplitudes larger than 1 GeV, further reducing livetime
by 0.2% after the previous cuts. The estimated signal
e�ciency of the anti-coincidence cut due to random co-
incidence of the observed rate of isolated impulses in the
dataset with a DM signal assumed to be uniformly dis-
tributed in time is > 99.5%. After all selection cuts, the
remaining livetime for the DM search is 4.97 days.

For events passing the livetime selection, two event-
level quality cuts were applied. First, the in-loop and out-
of-loop amplitudes were required to be consistent within
the combined resolution of both sensors. The signal ef-
ficiency for this cut was measured from the calibration
pulses to be 95.0± 1.2%, independent of amplitude. Sec-
ond, the �2 statistic between the waveform and best-fit
template was required to be consistent with the distribu-
tion for calibration pulses. The cut threshold was empir-
ically set to accept an equal fraction of calibration events
at each amplitude, resulting in a measured e�ciency of
95.9 ± 1.8%. Finally, the calibration was used to deter-
mine the impulse detection e�ciency versus amplitude,
which provides the dominant ine�ciency for reconstruct-
ing small impulses. The detection e�ciency was mea-
sured from calibration data by counting the fraction of
applied impulses at each amplitude for which a recon-
structed impulse was detected, after correcting for the
rate of accidental coincidences from noise. The detection
e�ciency is measured to be 8.0 ± 1.1% at the analysis
threshold of 0.15 GeV and rises to ⇠100% for impulses
larger than 0.9 GeV. The overall signal e�ciency esti-
mated from the combination of the detection and cut

e�ciencies is shown in the inset of Fig. 2.
The distribution of reconstructed impulses is shown

in Fig. 2, both before and after applying livetime and
quality cuts. For impulses below 1.2 GeV, the data are
consistent with a Gaussian distribution resulting from
the random reconstruction of noise events near threshold.
After all cuts, a non-Gaussian tail of 4 events is observed
between 1.2–1.7 GeV, with no additional events from 1.7–
10 GeV. While the simple analysis performed here cannot
distinguish such events from a DM signal, their distribu-
tion is similar to the much higher rate of background-
like events removed by the livetime selection and quality
cuts. Given this similarity, we do not report a best-fit
DM signal and instead set limits on the coupling of DM
particles to neutrons in the sphere under the assumption
that such events could arise either from DM-induced sig-
nals or backgrounds. We note that the optomechanical
sensors used here are directionally sensitive, and future
analyses searching for diurnal modulation in the distri-
bution of recoil directions could definitively separate a
DM-induced signal from backgrounds [53, 54].
To determine the upper limit on the DM-neutron cou-

pling, ↵n, for a given mediator mass, m�, and dark mat-
ter mass, MX , a profile-likelihood based hypothesis test
is used [55]. The binned negative log-likelihood (NLL) is
calculated for the data and a model consisting of a Gaus-
sian background plus the calculated di↵erential rate of
DM-induced impulses:

dR

dq
(↵n;MX ,m�) =

fX⇢X
MX

Z
dv vf(v)

d�

dq
(2)

where ⇢X = 0.3 GeV/cm3 is the local DM density [56],
for which the composite DM candidate of interest ac-
counts for a fraction fX of the total density, v is the
DM velocity with distribution, f(v), and the di↵erential
cross-section, d�

dq , is determined numerically for classical

scattering from the potential in Eq. 1 [57], generalized
to a uniform density sphere of diameter dsph and pro-
jected onto the x-direction. The “standard halo model”
for f(v) is assumed, with v0 = 220 km/s [58], escape
velocity vesc = 544 km/s [59], and average Earth ve-
locity ve = 245 km/s [60]. The minimum velocity to
produce a recoil above threshold is vmin = qthr/(2MX)
for the analysis threshold, qthr = 0.15 GeV. The upper
limit on the analysis range is 10 GeV. The di↵erential
rate is corrected by the signal e�ciency [Fig. 2 (inset)]
and convolved with a Gaussian of width � = 0.17 GeV
to account for the momentum resolution. Nuisance pa-
rameters account for systematic errors and backgrounds,
including: the amplitude of the Gaussian background;
a multiplicative scaling of the momentum; and a multi-
plicative scaling of Nn. While the background amplitude
is allowed to float freely, the latter two parameters are
constrained by Gaussian terms in the NLL with unity
means and � = 1.3% and 35%, corresponding to the un-
certainties for delec and Nn / d3sph, respectively.

Op0cally	Levitated	Devices

49

[Monteiro	et	al.	'20]
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FIG. 2. Measured rate of reconstructed impulses after all
cuts (black points), compared to the spectrum with only live-
time selections applied (gray, solid) and with no cuts applied
(gray, dashed). The Gaussian background (red, dotted), DM
signal (blue, dot-dashed), and sum of background and sig-
nal (blue, solid) are also shown at the 95% CL upper limit,
↵n = 8.5⇥ 10�8, for MX = 5 ⇥ 103 GeV, m� = 0.1 eV, and
fX = 1. (Inset) Overall signal e�ciency versus amplitude
(black) and estimated error (gray band) above the analysis
threshold, qthr = 0.15 GeV (dotted).

remaining after the lab entry cut. In addition, an “anti-
coincidence cut” was used to exclude any 1 s long time
period where 2 or more events were reconstructed with
amplitudes larger than 1 GeV, further reducing livetime
by 0.2% after the previous cuts. The estimated signal
e�ciency of the anti-coincidence cut due to random co-
incidence of the observed rate of isolated impulses in the
dataset with a DM signal assumed to be uniformly dis-
tributed in time is > 99.5%. After all selection cuts, the
remaining livetime for the DM search is 4.97 days.

For events passing the livetime selection, two event-
level quality cuts were applied. First, the in-loop and out-
of-loop amplitudes were required to be consistent within
the combined resolution of both sensors. The signal ef-
ficiency for this cut was measured from the calibration
pulses to be 95.0± 1.2%, independent of amplitude. Sec-
ond, the �2 statistic between the waveform and best-fit
template was required to be consistent with the distribu-
tion for calibration pulses. The cut threshold was empir-
ically set to accept an equal fraction of calibration events
at each amplitude, resulting in a measured e�ciency of
95.9 ± 1.8%. Finally, the calibration was used to deter-
mine the impulse detection e�ciency versus amplitude,
which provides the dominant ine�ciency for reconstruct-
ing small impulses. The detection e�ciency was mea-
sured from calibration data by counting the fraction of
applied impulses at each amplitude for which a recon-
structed impulse was detected, after correcting for the
rate of accidental coincidences from noise. The detection
e�ciency is measured to be 8.0 ± 1.1% at the analysis
threshold of 0.15 GeV and rises to ⇠100% for impulses
larger than 0.9 GeV. The overall signal e�ciency esti-
mated from the combination of the detection and cut

e�ciencies is shown in the inset of Fig. 2.
The distribution of reconstructed impulses is shown

in Fig. 2, both before and after applying livetime and
quality cuts. For impulses below 1.2 GeV, the data are
consistent with a Gaussian distribution resulting from
the random reconstruction of noise events near threshold.
After all cuts, a non-Gaussian tail of 4 events is observed
between 1.2–1.7 GeV, with no additional events from 1.7–
10 GeV. While the simple analysis performed here cannot
distinguish such events from a DM signal, their distribu-
tion is similar to the much higher rate of background-
like events removed by the livetime selection and quality
cuts. Given this similarity, we do not report a best-fit
DM signal and instead set limits on the coupling of DM
particles to neutrons in the sphere under the assumption
that such events could arise either from DM-induced sig-
nals or backgrounds. We note that the optomechanical
sensors used here are directionally sensitive, and future
analyses searching for diurnal modulation in the distri-
bution of recoil directions could definitively separate a
DM-induced signal from backgrounds [53, 54].
To determine the upper limit on the DM-neutron cou-

pling, ↵n, for a given mediator mass, m�, and dark mat-
ter mass, MX , a profile-likelihood based hypothesis test
is used [55]. The binned negative log-likelihood (NLL) is
calculated for the data and a model consisting of a Gaus-
sian background plus the calculated di↵erential rate of
DM-induced impulses:

dR

dq
(↵n;MX ,m�) =

fX⇢X
MX

Z
dv vf(v)

d�

dq
(2)

where ⇢X = 0.3 GeV/cm3 is the local DM density [56],
for which the composite DM candidate of interest ac-
counts for a fraction fX of the total density, v is the
DM velocity with distribution, f(v), and the di↵erential
cross-section, d�

dq , is determined numerically for classical

scattering from the potential in Eq. 1 [57], generalized
to a uniform density sphere of diameter dsph and pro-
jected onto the x-direction. The “standard halo model”
for f(v) is assumed, with v0 = 220 km/s [58], escape
velocity vesc = 544 km/s [59], and average Earth ve-
locity ve = 245 km/s [60]. The minimum velocity to
produce a recoil above threshold is vmin = qthr/(2MX)
for the analysis threshold, qthr = 0.15 GeV. The upper
limit on the analysis range is 10 GeV. The di↵erential
rate is corrected by the signal e�ciency [Fig. 2 (inset)]
and convolved with a Gaussian of width � = 0.17 GeV
to account for the momentum resolution. Nuisance pa-
rameters account for systematic errors and backgrounds,
including: the amplitude of the Gaussian background;
a multiplicative scaling of the momentum; and a multi-
plicative scaling of Nn. While the background amplitude
is allowed to float freely, the latter two parameters are
constrained by Gaussian terms in the NLL with unity
means and � = 1.3% and 35%, corresponding to the un-
certainties for delec and Nn / d3sph, respectively.
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LiMle	(Incomplete)	
Overview

• MDM	<	1	MeV:	quantum	decoherence	

• MDM	<	10-4	eV:	Sound	of	DM	

• MDM	<	10-11	eV:	Varia0on	of	fundamental	
constants		

• 10	M☉	<	MDM	<	105	M☉:	GW	lensing	

• MDM	<	10-11	eV:	Dark	Photons	

• MDM	<	10-10	eV:	Mirror	oscilla0ons
50
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Ultralight	DM
• Large	occupa0on	number	➙	acts	like	a	

classical	field	

• Mo0vated	by	string	moduli	fields	

• Lagrangian

51
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Mo0on	of	Op0cal	
Instruments

• The	DM	wave	pushes	op0cal	instruments	

• Assuming	plane	DM	waves	

• where	
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Prospects	in	this	Setup
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