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Dark	MaDer	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	DM?	Heavy	DM?
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Dark	MaDer:	The	Challenge
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FIG. 3. The mass range of allowed DM candidates, comprising both particle candidates and primordial
black holes. Mass ranges are only approximate (in order of magnitude), and meant to indicate general
considerations.

possible by mass and spin. Fig. 3 gives a compact summary of the landscape and the main tourist
spots - we will visit each below.

A brief aside on MOND. — MOdified Newtonian Dynamics (MOND) is a framework for modified
gravity on galactic scales [8], originally put forth as an alternative to dark matter. A specific
relativistic theory is needed to obtain predictions during the early universe. Assuming no additional
matter content, popular candidates such as TeVeS [9] give a notably worse fit to CMB and large
scale structure data compared to ⇤CDM [10, 11]. A recent analysis of Milky Way rotation curve
and stellar kinematics data is also in tension with MOND [12].

A Bosons vs. fermions and the WDM limit

The keV mass scale is a special scale which, roughly speaking, demarcates thermally-produced
DM (either a fermion or boson) from nonthermally-produced bosonic DM. There are two separate
arguments here: first, a fermion DM candidate must have mass greater than O(keV) in order to
be consistent with observations of galaxies, and second, DM that is thermally produced from the
SM bath must also have mass greater than O(keV) to be consistent with observations of large scale
structure.

Using observations of the kinematics of stars in galaxies, a general statement can be made about
the spin of a potential DM candidate. Galaxies reside inside dark matter halos, gravitationally
bound overdensities that extend well beyond the typical radius for the stellar component of the
galaxy. As a simple example, we can model this halo as an object that underwent gravitational
collapse and is now virialized. Except close to the baryonic component, the gravitational potential

7

[Taken	from	Lin	2019	TASI	lecture]

One	common	effect:	gravita2onal	force
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Gravita)onal	Wave	
Detectors
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[LIGO	test	mass,	Courtesy	Caltech/MIT/LIGO	Laboratory	2016]



Mar)n	Spinrath	(NTHU) DM	Searches	in	GW	Detectors15/11/23

Gravita)onal	Wave	
Detectors

• Decade	long	R&D	efforts	

• Impressive	sensi)vi)es	

• Impressive	results	

• Nobelprize	2017	

• Other	uses	for	this	
technology?
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Similar	Talks	in	this	
Workshop

• Xing-Yu	Yang	"Sources	for	Pulsar	Timing	Array	
Observa)ons"	on	Monday	

• Asuka	Ito	"Gravita)onal	Wave	Search	through	
Electromagne)c	Telescopes"	

• Yong	Tang	"Probing	Ultralight	Dark	MaDer	with	Space-
based	Gravita)onal-Wave	Interferometers"	earlier	today	

• Huaike	Go	"Some	Recent	Developments	on	BSM	Probes	
with	Gravita)onal	Waves"	on	Friday	

• ...?

9
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Damped	Harmonic	
Oscillator

• KAGRA	uses	complex	spring	constants	

• The	experimental	output

11

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)
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Noise
• Thermal	noise	from	fluctua)on-dissipa)on	

theorem	

• Standard	Quantum	Limit	

• The	noise	strain	amplitude	is

12

[Saulson	'90;	Gonzales,	Saulson	'94;	
Thorne	'87]
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[Callen,	Welton	'51;	
Callen,	Greene	'55]
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Two	DM	Forces	
(we	considered)

• Short-range	force,	instantaneous	scaDering	

• Long-range	force,	con)nuous	scaDering

13
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[Hall,	Callister,	Frolov,	Müller,	Pospelov,	Adhikari	'16;	
Lee,	Primulando,	MS	'22]
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DM	Signal	
(Short-Range	Force)

• Assuming	DM	instantaneous	scaDering	

• which	enters	the	DM	strain	amplitude	

15

[Lee,	Nugroho,	MS	'20;	Tsuchida	et	al.	'19]
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[Moore,	Cole,	Berry	'14]
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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	Ra)o
• The	op)mal	SNR	is	given	by	

• Near	the	peak	(FWHM)	neglect	quantum	noise	

• Need	light,	cold	targets!
17

[Lee,	Nugroho,	MS	'20;	Moore,	Cole,	Berry	'14]
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The	Future?!

• Op)cally	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]

[for	an	overview	DM	searches	using	Mechanical	
Quantum	Sensing,	see,	e.g.,	arXiv:2008.06074]



• 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]
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KAGRA	Noise

21

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

[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)
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Outline

• Mo)va)on	

• Dark	Ma'er	in	KAGRA	
• Introduc)on	

• Par)cle	Dark	MaDer	

• Heavy	Dark	Ma'er	

• Summary	and	Conclusions
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DM	Signal	
(Long-Range	Force)

• Long-Range	force,	con)nuous	scaDering	

• We	consider	λ	to	be	similar	to	the	arm	length	

• Need	to	consider	all	mirrors	simultaneously

24
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How	to	define	the	SNR	
frequency	range?	

25

[Lee,	Primulando,	MS	'22]

A	selec)on	of	possible	DM	signals.

Trade-off:	
Wider	range	
• larger	SNR	ρ	
• numerically	costly	

Compromise	
3	-	133	Hz	

Larger	frequencies	less	
important	to	find	ρ	>	1
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Direc)onal	Signal	
Dependence

26

[Lee,	Primulando,	MS	'22]
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Event	Rate	Es)mate
• Define	a	large	sphere	

• Es)mate	the	number	of	DM	objects	passing	
through	it	

• Mul)ply	with	frac)on	of	events	with	SNR	>	
threshold
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[Lee,	Primulando,	MS	'22]
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Assump)ons

• Standard	Halo	Model	for	DM	velocity	
distribu)on	

• Flat	distribu)on	for	DM	ini)al	posi)on

28

[Lee,	Primulando,	MS	'22]
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Expected	Event	Rate
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[Lee,	Primulando,	MS	'22]
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Outline

• Mo)va)on	

• Dark	MaDer	in	KAGRA	

• Summary	and	Conclusions
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Summary	and	Conclusions

• DM	might	be	different	than	expected	

• Looking	for	mechanical	forces	is	the	safest	bet	

• Impressive	new	technologies	
• Macroscopic	objects	at	the	quantum	limit	

• Can	we	use	them	to	find	"exo)c"	DM?	
• Maybe.

31
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Backup
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Comparison
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[Lee,	Primulando,	MS	'22]
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Parameter	Dependence

• Cut	through	
interferometer	plane	

• DM	velocity:	
220	km/s	in	z-direc)on	

• λ	=	1	km,	δSM	δDM	=	105	

• Inside	the	contours:	
SNR	>	1
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[Lee,	Primulando,	MS	'22]
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Parameter	Dependence

• Cut	through	
interferometer	plane	

• DM	velocity:	
220	km/s	in	z-direc)on	

• mDM	=	10	kg,	
δSM	δDM	=	105	

• Inside	the	contours:	
SNR	>	1
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Parameter	Dependence

• Cut	through	
interferometer	plane	

• DM	velocity:	
220	km/s	in	z-direc)on	

• λ	=	1	km,	mDM	=	10	kg		

• Inside	the	contours:	
SNR	>	1
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Expected	Event	Rate

• Find	frac)on	of	events	with	SNR	>	threshold	

• Assump)ons	
• Standard	Halo	Model	for	DM	velocity	distribu)on	

• Flat	distribu)on	for	DM	ini)al	posi)on
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[Lee,	Primulando,	MS	'22]
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Expected	Event	Rate
• Numerical	challenge	since	SNR	cannot	be	

inverted	

• The	observable	event	rate	is	then	given	by	
	
	
	
where	Rtotal	counts	the	DM	par)cles	going	
through	a	sphere	with	a	sufficiently	large	radius

38

[Lee,	Primulando,	MS	'22]

<latexit sha1_base64="H1XFXQH/O5L4kWtT5/LewaPc4Kc="></latexit>

Robs = p(1)Rtotal

=
p(1)

2

Z
|~�DM · ~S|fv(~vDM) d2 ~S d3 ~vDM



Mar)n	Spinrath	(NTHU) DM	Searches	in	GW	Detectors15/11/23

Expected	Event	Rate
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Expected	Event	Rate
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