
12/10/21

Dark	Matter	Scattering	in	
Optomechanical	Experiments

Martin	Spinrath

National	Tsing	Hua	University,	Hsinchu,	Taiwan


Cosmology	Frontier	in	Particle	Physics:	Astroparticle	Physics	and	Early	
Universe	/	International	Joint	Workshop	on	the	SM	and	Beyond


NTU	&	NTHU

Mostly	based	on	collaborations	with 
C.	Ting,	R.	Primulando	[arXiv:1906.07356]	and	C.-H.	Lee,	C.	S.	Nugroho	[arXiv:2007.07908]



Martin	Spinrath	(NTHU) DM	Scattering	in	Optomechanical	Experiments12/10/21

Outline

• Introduction


• Dark	Matter

• Particle	Physics	Approach


• Gravitational	Wave	Astronomy	Approach


• Wave-like	Dark	Matter


• Summary	and	Conclusions

2



Martin	Spinrath	(NTHU) DM	Scattering	in	Optomechanical	Experiments12/10/21

Outline

• Introduction


• Dark	Matter

• Particle	Physics	Approach


• Gravitational	Wave	Astronomy	Approach


• Wave-like	Dark	Matter


• Summary	and	Conclusions

3



Martin	Spinrath	(NTHU) DM	Scattering	in	Optomechanical	Experiments12/10/21

Dark	Matter	Evidences

4

[M33	rot.	curve,	Source:	Wikipedia]
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[Chandra	picture	of	the	bullet	cluster]
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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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Gravitational	Wave	
Detectors
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[LIGO	test	mass,	Courtesy	Caltech/MIT/LIGO	Laboratory	2016]
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Gravitational	Wave	
Detectors

• Decade	long	R&D	efforts


• Impressive	sensitivities


• Impressive	results


• Nobelprize	2017


• Other	uses	for	this	
technology?
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Dark	Brownian	Motion

• Any	target	mass	in	a	bath	of	DM


• DM	scatterings	induce	Brownian	Motion


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


• Look	for	time-dependent	asymmetries

9

[Cheng,	Primulando,	MS	'19]



Dark Matter Induced Brownian Motion  Ting Cheng (NTHU)

Potential Setup
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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)
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Hsinchu, Taiwan

[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	potential	backgrounds	for	our	proposal

• seismic	noise,	nearby	traffic,	radioactivity,	etc.


• Two	examples

• Neutrinos


• Hits	from	residual	gas

14
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Background	from	Neutrinos

• Large	flux	of	solar	neutrinos	which	penetrate	
all	materials	and	interact	with	matter


• For


• We	expect	O(10-14)	neutrino	events	per	sec.	
15

�⌫ ⇡ 6⇥ 1010 1/(b +K2)

�⌫ ⇡ 10�44 +K2

MT = 10�3 ; Q7 +�`#QM

[Cheng,	Primulando,	MS	'19]
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Residual	Gas
• Gravitational	wave	detectors	have	ultra	high	

vacua	in	their	chambers


• We	can	estimate	the	hit	rate	from	residual	gas

16

R�iK = nA |v| f(v)

⇡ 8.3⇥ 109
 

P

10�10 K#�`

r
ky E
T

A

KK2

!
1

b
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Martin	Spinrath	(NTHU) DM	Scattering	in	Optomechanical	Experiments12/10/21

Residual	Gas
• What	rate	could	we	expect	for	DM?


• Can	we	cut	on	the	background?

• Yes!	Cut	on	minimum	recoil	momentum

17
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[Cheng,	Primulando,	MS	'19]
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Residual	Gas
• No	air	flow:	


• The	width	of	the	recoil	momentum	is 

• Use	LIGO	resolution	as	naive	estimate


• Remaining	gas	hit	rate

18
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qKBM ⌘ 2⇥ 10�23 F; Kfb



Martin	Spinrath	(NTHU) DM	Scattering	in	Optomechanical	Experiments12/10/21

Idealized Experiment 
Experi

ment w
ith

 noise 
and cu

toff 

CDEX

C
R
ESST(2019) CRESST(2017)

EDELW
EISS

Sensitivity	Estimate

19
[Cheng,	Primulando,	MS	'19]
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Damped	Harmonic	
Oscillator

• KAGRA	uses	complex	spring	constants


• The	experimental	output

21

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]

(we	neglected	some	noise	components	here)

<latexit sha1_base64="KdtYOXb2RnnpK4PEKdYgaGu7hpI="></latexit>

!2
c ⌘ kc/m
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Noise
• Thermal	noise	from	fluctuation-dissipation	

theorem


• Standard	Quantum	Limit


• The	noise	strain	amplitude	is

22

[Saulson	'90;	Gonzales,	Saulson	'94; 
Thorne	'87]

S[m =
8 ~

m!2 L2

hn =
q

h2
i? + h2

[m =
p

Si? + S[m

[Callen,	Welton	'51;	
Callen,	Greene	'55]

<latexit sha1_base64="NQqL8uIcaxoVVlNkpoRBrUHnzc4="></latexit>
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DM	Signal

• Assuming	DM	instantaneous	scattering


• which	enters	the	DM	strain	amplitude 

23

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

|x̃.J(!)|2 =
q2R

m2 L2

1

(!2 � !2
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r
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[Moore,	Cole,	Berry	'14]
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Strain	Amplitudes
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Assume	KAGRA-like	parameters

and	qR	=	1	GeV/c2	x	220	km/s
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Signal-to-Noise	Ratio
• The	optimal	SNR	is	given	by


• Near	the	peak	(FWHM)	neglect	quantum	noise


• Need	light,	cold	targets!
25

[Lee,	Nugroho,	MS	'20;	Moore,	Cole,	Berry	'14]
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Numbers	as	in	previous	figure



• A cryogenic (T ~ 20 K) interferometer 
located in Kamioka, Japan


• A new GW detector with two 3 km 
baseline arms arranged in an “L” 
shape


• Started running on 25th February 
2020

[KAGRA , Courtesy KAGRA Observatory, ICRR, The University of Tokyo]

KAGRA

Chun-Hao Lee (NTHU) 7Light DM Scattering in GW Detectors Asia-Pacific Workshop on Particle Physics and Cosmology 2021

[slide	taken	from	Chun-Hao	Lee]
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• An equation of motion 
in matrix form

• Two sets of equations

‣ For DM hits in vertical and 

horizontal direction, 
respectively 

≡

[KAGRA Document, JGW-T1707038v9]

Chun-Hao Lee (NTHU) 8Light DM Scattering in GW Detectors Asia-Pacific Workshop on Particle Physics and Cosmology 2021

[slide	taken	from	Chun-Hao	Lee]
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KAGRA	Noise

28

[Fig.	from	Lee,	Nugroho,	MS	'20	based	on	
KAGRA	Document,	JGW-T1707038v9]
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[C. H. Lee, C. S. Nugroho and M. Spinrath, EPJ C 80, no. 12, 1125 (2020)]

• qR = 1 GeV/c2 x 220 km/s

KAGRA

Intermediate 
Mass (IM)

Chun-Hao Lee (NTHU) 9Light DM Scattering in GW Detectors Asia-Pacific Workshop on Particle Physics and Cosmology 2021

[slide	taken	from	Chun-Hao	Lee]
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• qR = 1 GeV/c2 x 220 km/s

Chun-Hao Lee (NTHU) 10Light DM Scattering in GW Detectors Asia-Pacific Workshop on Particle Physics and Cosmology 2021

[slide	taken	from	Chun-Hao	Lee]
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Space-Based	Experiments
• LISA	target	sensitivity	(0.1	mHz	<	f	<	1	Hz)


• Expected	strain	amplitude

31

[Lee,	Nugroho,	MS	'20]

p
S�g  3

p
2 7K b�2/

p
>x ⇥

p
1 + (f/8 K>x)4

p
S�g,.J ⇠ 4.1⇥ 10�7

r
f

>x 7K b�2/
p

>x

[LISA	Pathfinder	'16]
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Other	technology

• Optically	levitated	
mass


• Target	mass	1	ng


• Temperature	200	μK


• Several	days	
exposure


• Experimental	
threshold	0.15	GeV

32
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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]

[for	an	overview	DM	searches	using	Mechanical	
Quantum	Sensing,	see	arXiv:2008.06074]
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Little	(Incomplete)	
Overview

• MDM	<	1	MeV:	quantum	decoherence


• MDM	<	10-4	eV:	Sound	of	DM


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


• 10	M☉	<	MDM	<	105	M☉:	GW	lensing


• MDM	<	10-11	eV:	Dark	Photons


• MDM	<	10-10	eV:	Mirror	oscillations
34

[Riedel	’12;	Riedel,	Yavin	'16]

[Arvanitaki,	Dimopoulos,	van	Tilburg	’16; 
AURIGA	'16]

[Stadnik,	Flambaum	’14;	'15;	Grote,	Stadnik	'19]

[Jung,	Shin	’17]

[Pierce,	Riles,	Zhao	’18]

[Morisaki,	Suyama	’18]
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Ultralight	DM
• Large	occupation	number	➙	acts	like	a	

classical	field


• Motivated	by	string	moduli	fields


• Lagrangian

35

[Morisaki,	Suyama	’18]
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Motion	of	Optical	
Instruments

• The	DM	wave	pushes	optical	instruments


• Assuming	plane	DM	waves


• where 
 

36

[Morisaki,	Suyama	’18]
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Prospects	in	this	Setup

37

[Morisaki,	Suyama	’18]
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Summary	and	Conclusions

• Gravitational	Wave	Astronomy	has	just	begun


• Impressive	new	technologies

• Macroscopic	objects	at	the	quantum	limit


• Can	we	use	them	to	find	DM?

• Maybe.


• We	need	more	research

39



Martin	Spinrath	(NTHU) DM	Scattering	in	Optomechanical	Experiments12/10/21

Backup

40
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Didn't	we	already	find	it?

41

[https://www.forbes.com/sites/startswithabang/2019/02/28/earliest-signal-ever-
scientists-find-relic-neutrinos-from-1-second-after-the-big-bang/#50b3e913d99c]
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Didn't	we	already	find	it?

42
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Figure 3: Left: Contours showing 1� and 2� exclusions in the ↵-� plane for the two redshift

bins z1 and z3, both from the BAO data alone and after imposing a CMB prior on ↵. Right: One-

dimensional likelihood of � without (blue) and with (red) the ↵-prior for the combined redshift

bins. The dashed line is the result after marginalizing over the lensing amplitude AL.

measured in [19], these results are in good agreement with forecasts for the data based on [8],

�(↵z1) = 0.021, �(↵z3) = 0.019 and �(�) = 1.5. A similar level of agreement between forecasts

and actual performance was obtained for the measurement of ↵ in the conventional BAO analysis

of BOSS DR12 [19].

While the phase shift is naturally described in Fourier space, the measurement of the BAO scale

is often depicted as the determination of the BAO peak location in configuration space [25, 26].

In configuration space, the phase shift modifies the shape of the BAO peak, moving correlations

around the peak position from small to large scales. As described in Appendix B, we have

incorporated this change into the configuration-space analysis of the BAO signal. The resulting

constraint on the amplitude of the phase shift is � = 0.4±2.1, which is statistically consistent with

the result of the Fourier-space analysis. While the change to the BAO peak is simply the inverse

Fourier transform of the phase shift, the broadband modeling and peak isolation in configuration

and Fourier space are distinct, and the agreement between the two measurements confirms that

a comparable measurement can also be made in configuration space.

Adding a CMB prior

The BAO-only measurement of � is limited by the degeneracy with ↵(z). However, in a given

cosmology, the allowed range of ↵(z) has to be consistent with constraints on the cosmological

parameters. Our interest is to measure the neutrino-induced phase shift in the BAO signal

assuming a background cosmology that is consistent with the Planck CMB constraints. We

compute the prior on ↵(z) from the Planck 2015 temperature and polarization data3 [11] while

marginalizing over any additional cosmological information, including all e↵ects of Ne↵ . At each

point in the Monte Carlo Markov chains, we compute the values of ↵z1 and ↵z3 associated with

3We use the low-l (2  l  29) temperature and LFI polarization data, and the high-l (30  l  2508) plik

cross half-mission temperature and polarization spectra. In “TT-only”, we omit the high-l polarization spectra.

8

[Baumann,	Beutler,	Flauger,	Green,	Slosar,	Vargas-
Magaña,	Wallisch,	Yèche	'18	(Nature	Physics	'19)]
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Inverse	Beta	Decay

• Lots	of	Neutrinos	around


• Radioactive	nuclei,	e.g.	
tritium


• Wait	for	a	neutrino	
capture


• Goes	back	to	Weinberg

43

[Weinberg	’62]
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Energy	Spectrum

44

[Long,	Lunardini,	Sabancilar	’14]
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• Number	of	tritium	target	nuclei:	2	x	1025	(100	g)


• Rate	for	Dirac	particles	(no	right-helical	neutrinos	
today):


• Rate	for	Majorana	particles	(both	helicities	equally	
present):


• Background	rate	within	0.1	eV	of	endpoint:	2	Hz

Numbers

45

[PTOLEMY	'13; 
Long,	Lunardini,	Sabancilar	’14]

�.
*L" = �̄ c n0 NT ⇡ 4.06 v`�1

�J
*L" = 2�.

*L" ⇡ 8.12 v`�1
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Current	Status
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9Università degli Studi di Pisa e INFN Sezione di Pisa, Pisa, Italy
10INFN Sezione di Roma, Roma, Italy
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Abstract

We propose to achieve the proof-of-principle of the PTOLEMY project to directly detect the
Cosmic Neutrino Background (CNB). Each of the technological challenges described in [1, 2]
will be targeted and hopefully solved by the use of the latest experimental developments and
profiting from the low background environment provided by the LNGS underground site. The
first phase will focus on the graphene technology for a tritium target and the demonstration of
TES microcalorimetry with an energy resolution of better than 0.05 eV for low energy electrons.
These technologies will be evaluated using the PTOLEMY prototype, proposed for underground
installation, using precision HV controls to step down the kinematic energy of endpoint electrons
to match the calorimeter dynamic range and rate capabilities. The second phase will produce a
novel implementation of the EM filter that is scalable to the full target size and which demon-
strates intrinsic triggering capability for selecting endpoint electrons. Concurrent with the CNB
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FIG. 3: Top: 2D constraints on the jointly varying
⇤CDM+N⌫+N��

⌫ parameter space. The constraints on N⌫

(damping) and N��
⌫ (phase shift) are essentially orthogonal.

Bottom: Constraints from March 2013 Planck temperature
power spectrum measurements on the number of neutrino
species from (1) blue/solid: varying N��

⌫ while holding N⌫

fixed at three and (2) green/dashed: varying along the physi-
cal direction N⌫ = N��

⌫ . The constraints assume a Gaussian
⌧ prior of mean µ = 0.085 and width � = 0.015.

Results from Planck: We use the publically available
likelihood code clik [9] to determine constraints from
the 2013 Planck temperature power spectrum measure-
ments, with the polarization constraints approximated as
a Gaussian prior on the optical depth to last scattering
⌧ for simplicity[15]. We place uniform (flat) priors on
the parameters N⌫ and N

��
⌫ , which results in a flat prior

for the physical case where N⌫ = N
��
⌫ . We explore the

model space using the MCMC routines provided by the
Python library CosmoSlik [16].

In Fig. 3 we show the constraint on N
��
⌫ from the

⇤CDM +N
��
⌫ model. For comparison, we include the

constraints on the ⇤CDM +N⌫ model space, with the
phenomenological amplitude A(N ��

⌫ , N⌫) ⌘ 0. We find
best-fit values of N⌫ = 3.3+0.7

�0.2 [17] and N
��
⌫ = 2.3+1.1

�0.4.
To quantify the significance of the detection we con-
ducted a likelihood ratio test. We found that the min-
imum �

2 (⌘ �2 lnL) decreased by 19.9 when switching
from a ⇤CDM model with N

��
⌫ = 0 to the ⇤CDM + N

��
⌫

model. A �
2 di↵erence this large or larger will occur, as-

suming N
��
⌫ = 0, with the same probability, 8⇥ 10�6, as

a 4.5� Gaussian fluctuation.

While letting N⌫ and N
��
⌫ vary independently (top of

Fig. 3), the width of the constraint on N⌫ is dominated
by an ns- N⌫ degeneracy: fixing ns results in roughly a
halving of the characteristic width of the posterior in the
N⌫ direction. For the N ��

⌫ direction, no such correlations
exist, so while our constraints on N⌫ depend somewhat
on the characterization of initial conditions due to infla-
tion (as well as, in extended models such one with the
helium fraction Yp free), our constraint on N

��
⌫ is due to

a feature in the data that is di�cult to mimic with other
cosmological degrees of freedom. In addition, we find the
constraints on N⌫ and N

��
⌫ are nearly uncorrelated. This

lack of correlation follows from the fact that the response
of Cl to changing the phase shift is essentially orthogo-
nal to the response due to other observable e↵ects of the
cosmic neutrino background in the CMB.

Finally, we note that there is a slight dependence on
priors for the 2D posterior shown in Fig. 3. If we switch
from uniform priors on the number of neutrino speciesN⌫

and N
��
⌫ to their corresponding neutrino fractions R(N⌫)

and R(N ��
⌫ ), the average value of the posterior shifts

down by
�
�N⌫ = 0.3,�N

��
⌫ = 0.5

�
, a shift of slightly

more than 0.5� in both directions. This is predominantly
due to a contraction in the high probability region at high
N⌫ or N

��
⌫ . Regardless of prior, N ��

⌫ = 0 is heavily dis-
favored.

Conclusions: In this letter, we present the first detec-
tion of the temporal phase shift generated by neutrino
perturbations during the acoustic oscillation phase of cos-
mological evolution, and find an amplitude of this e↵ect
consistent with the standard value associated with the
three known neutrino species. As pointed out by Bashin-
sky and Seljak [6] this subtle signature is a particularly
robust one, di�cult to mimic by either changes to the ini-
tial conditions or matter content. Our detection of this
e↵ect is thus the most model-independent determination
to date of the existence of the CNB. CMB Polarization
measurements will bring even more robustness as they
are capable of definitively ruling out the remote possi-
bility of mimicking the phase shift e↵ect by a designer
alteration of the initial conditions.

Were we to have found N⌫ 6= N
��
⌫ we would be com-

pelled to look for a physical explanation, such as ⌫ ⌫

scattering which could inhibit free streaming [10][18].
With current data, we see consistency with the standard
model. Future datasets, such as from Planck including
polarization spectra [11] and CMB stage-4 power spectra
[12] will provide even stronger constraints on the phase
shift, either providing a signature of new physics or in-
creasing confidence in the standard cosmological model.
We forecast that these will achieve �(N ��

⌫ ) = 0.41 and
0.09 respectively.

⇤ Electronic address: btfollin@ucdavis.edu

Didn't	we	already	find	it?
• In	2018	>95%	confidence	from	BAO+CMB	data


• Already	in	2015	strong	evidence	from	CMB:	
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sky and Seljak [6] this subtle signature is a particularly
robust one, di�cult to mimic by either changes to the ini-
tial conditions or matter content. Our detection of this
e↵ect is thus the most model-independent determination
to date of the existence of the CNB. CMB Polarization
measurements will bring even more robustness as they
are capable of definitively ruling out the remote possi-
bility of mimicking the phase shift e↵ect by a designer
alteration of the initial conditions.

Were we to have found N⌫ 6= N
��
⌫ we would be com-

pelled to look for a physical explanation, such as ⌫ ⌫

scattering which could inhibit free streaming [10][18].
With current data, we see consistency with the standard
model. Future datasets, such as from Planck including
polarization spectra [11] and CMB stage-4 power spectra
[12] will provide even stronger constraints on the phase
shift, either providing a signature of new physics or in-
creasing confidence in the standard cosmological model.
We forecast that these will achieve �(N ��

⌫ ) = 0.41 and
0.09 respectively.

⇤ Electronic address: btfollin@ucdavis.edu

[Follin,	Knox,	Millea,	Pan	'15]
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Theory:	Magnetic	Torque

• Neutrino	background	splits	electron	energy	levels	
(spin	effect	➞	magnetic	effect)


• For	one	flavour


• Caveats:

• Experimentally	difficult	(magnetic	effect)


• Needs	lepton	asymmetry	
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Dependence	of	A	on	qmin
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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.

Optically	Levitated	Devices
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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.


