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Despite the unquestionable empirical success of quantum theory, witnessed by the recent uprising of
quantum technologies, the debate on how to reconcile the theory with the macroscopic classical world is
still open. Spontaneous collapse models are one of the few testable solutions so far proposed. In particular,
the continuous spontaneous localization (CSL) model has become subject of intense experimental research.
Experiments looking for the universal force noise predicted by CSL in ultrasensitive mechanical resonators
have recently set the strongest unambiguous bounds on CSL. Further improving these experiments by
direct reduction of mechanical noise is technically challenging. Here, we implement a recently proposed
alternative strategy that aims at enhancing the CSL noise by exploiting a multilayer test mass attached on a
high quality factor microcantilever. The test mass is specifically designed to enhance the effect of CSL
noise at the characteristic length rc ¼ 10−7 m. The measurements are in good agreement with pure thermal
motion for temperatures down to 100 mK. From the absence of excess noise, we infer a new bound on the
collapse rate at the characteristic length rc ¼ 10−7 m, which improves over previous mechanical
experiments by more than 1 order of magnitude. Our results explicitly challenge a well-motivated region
of the CSL parameter space proposed by Adler.

DOI: 10.1103/PhysRevLett.125.100404

The question of whether the quantum superposition
principle remains valid all the way up to the macroscopic
domain is still debated. While the widespread belief is
that linearity is a fundamental property of nature [1,2],
this assumption has been questioned repeatedly [3–7].
Spontaneous collapse models [8–12] offer a clear and,
under fairly general assumptions [13,14], unique pheno-
menology describing the breakdown of quantum super-
positions when moving toward the macroscopic scale,
while preserving the quantum properties of microscopic
systems. By construction they are empirically falsifiable
[15] and are therefore attracting increasing theoretical and
experimental interest [16–37].
The general assumption of collapse models is that a

universal classical noise drives the state of any material
system toward a localized state, even in the absence of any
measurement process. An inbuilt amplification mechanism
makes sure that the collapse scales with the size of the
system, so that only sufficiently macroscopic objects are
effectively localized [15].
In this work, we present a new experimental test of the

continuous spontaneous localization (CSL) model [9,10].

In CSL, the noise is characterized by two phenomenologi-
cal parameters: the collapse rate λ, measuring the strength
of the collapse, and a characteristic length rc, defining its
spatial resolution. The conservative values λ ≃ 10−17 s−1

and rc ¼ 10−7 m [8,9] were initially proposed by Ghirardi
et al. [8,9] by assuming that the collapse becomes effective
at the transition between the mesoscopic and the macro-
scopic world. A larger value for λ has been suggested by
Adler [10] under the assumption that the collapse is already
effective at mesoscopic scale, resulting in λ ∼ 109�2 times
larger than at rc ¼ 10−7 m, and ∼1011�2 times larger at
rc ¼ 10−6 m.Moreover, according to Adler, much larger or
smaller values of rc are physically less motivated [10].
The current strongest experimental bounds on the

CSL parameters come from noninterferometric tests that
exploit an unavoidable indirect effect of collapse models,
namely a tiny violation of the energy conservation [8].
Relevant examples are spontaneous x-ray emissions from
Germanium [18–20], spontaneous heating of massive bulk
systems [21–25], or universal force noise on mechanical
systems [26–36]. Bounds based on the first two effects are
already ruling out Adler’s parameters, but they can be
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easily evaded by reasonable assumptions on the spectrum
of the CSL noise [21,38]. Conversely, experiments based
on mechanical resonators, with characteristic frequency in
the mHz–kHz range, are more robust against changes in the
noise properties.
In Ref. [31], some of us reported an excess noise in a low

temperature cantilever that could be in principle explained
by CSL according to Adler’s parameters [10]. Here, we
explicitly test this hypothesis by implementing a novel
method to significantly enhance, by almost 2 orders of
magnitude, the CSL noise, thereby circumventing the
intrinsic difficulties of a further direct reduction of thermal
and background noise in these experiments. Following
Refs. [28–30], the one-sided spectral density of the CSL
force noise on the x direction acting on a mass density
distribution ρðrÞ can be written as

SFCSL
¼ ℏ2λr3c

π3=2m2
0

Z
dqq2xe−q

2r2c jρ̃ðqÞj2; ð1Þ

where ρ̃ðqÞ is the Fourier transform of ρðrÞ and m0 is the
nucleon mass. The effect described by Eq. (1) features a
nontrivial dependence on the geometry and can be enhanced
around a given rc by a properly designed multilayered test
mass, as discussed in detail in Ref. [39]. In order to detect the
smallest possible CSL effect, one needs to minimize the
thermal force noise spectral density SFth

¼ 4kBTmω0=Q,
which calls for mechanical resonators with low temperature
T, low frequency ω0, and high Q.
In our experiment, the mechanical sensor is a silicon

cantilever [see Fig. 1(a)] of the type developed for atomic

force microscopy. The same sensor was used in previous
tests of CSL [31]. A multilayer test mass has been glued on
the cantilever end [see Fig. 1(b),(c)]. It is a cuboidal
structure formed by 47 alternate layers of SiO2 and
WO3, fabricated by sputtering. For details on the design
and fabrication, see the Supplemental Material [40].
As described in Ref. [39], the multilayer structure enhances
the effect of the CSL noise for rc ≲ d=3 where d is
the mean layer thickness. The enhancement scales as the
density contrast Δρ ¼ ρ1 − ρ2 and the number of layers
[40]. In this experiment, we have ρ1 ¼ 7.17 × 103 kg=m3

and ρ2 ¼ 2.20 × 103 kg=m3, which are respectively
the densities of WO3 and SiO2. The mean layer thickness
d ¼ ð370� 4Þ nmwas specifically chosen to maximize the
CSL noise enhancement at rc ≈ 10−7 m. Based on the
measured geometrical parameters, we estimate the value of
the multilayer mass m ¼ ð7.1� 0.2Þ × 10−10 kg.
We attach to the cantilever a second smaller mass, a

ferromagnetic microsphere, whose motion is detected by a
superconducting quantum interference device (SQUID)
magnetic flux sensor [see Fig. 1(d)] placed at a distance
of ∼50 μm [31]. This detection method is very convenient
and, owing to the low power dissipated by the SQUID, is
compatible with the low temperature regime of the
experiment. We notice that the ferromagnetic sphere and
the cantilever itself give additional, although smaller,
contributions to the CSL force noise, which have been
accounted for.
The cantilever and SQUID are enclosed in a mechan-

ically isolated shielded copper box thermally linked to the
mixing chamber plate of a dry dilution refrigerator.
The mixing chamber temperature is stabilized by a pro-
portional integral differential controller. Before performing
any measurement, we wait for at least two hours to ensure
that the temperature is settled, although the thermalization
time is expected to be much shorter. We measure
the resonance frequency and quality factor of the
fundamental flexural mode of the cantilever by means
of ringdown measurements. The resonance frequency is
f0 ¼ 3532.7 Hz, while it was measured as f00 ¼ 8174 Hz
before attaching the multilayer test mass and with the
magnetic sphere already in place [31]. Accordingly, we use
the added mass method to estimate the effective stiffness
k of the cantilever with respect to the effective position of
the test mass on the cantilever. We obtain the value
k ¼ ð0.43� 0.01Þ N/m. As observed in a previous experi-
ment, the intrinsic quality factor depends slightly on
temperature [40], likely due to two-level systems in the
silicon cantilever [31]. The maximum measured quality
factor is Q ¼ ð2.83� 0.03Þ × 106 at the lowest operation
temperature T ¼ 30 mK. Remarkably, attaching the large
test mass on the cantilever did not spoil the very high Q
factor [31]. This result was crucial to keep a very low
thermal noise and was achieved through a careful gluing
procedure [40]. However, a larger mass implies higher

FIG. 1. Details of the experiment. (a) Low resolution SEM
micrograph of the assembled cantilever with the multilayer test
mass and the magnetic microsphere. (b),(c) SEM micrographs of
the multilayer test mass from top (b) and side (c) view, respec-
tively. Here, the alternate layers of WO3 and SiO2 are shown in
bright and dark, respectively. (d) Simplified scheme of the
detection technique, with a gradiometric SQUID magnetometer
that detects the variable magnetic field induced by the oscillating
ferromagnetic microsphere.
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sensitivity to acceleration noise from external vibrations.
For this reason, we developed a new three-stage mass-
spring suspension, improving the isolation at f ¼ f0 by
about 40 dB.
At a given temperature T, we estimate the power spectral

density of the force noise by acquiring and averaging a
large number of high resolution periodograms of the
SQUID magnetic flux signal. The cantilever motion
appears as a resonant peak centered at f0 on top of a
white noise floor mainly due to the SQUID imprecision
noise. The amplitude of the peak depends on T. Some
representative averaged spectra are shown in Fig. 2. We
perform a weighted fit of each spectrum with the theoretical
curve [40] expressed by

SΦ ¼ Aþ Bf40 þ Cðf2 − f21Þ2
ðf2 − f20Þ2 þ ðff0Q0 Þ2

: ð2Þ

Here, the apparent quality factor Q0 takes the place of the
intrinsic (or true) Q, which is related to the thermal noise.
Q0 is generally different from Q due to a well understood
cold damping effect induced by the SQUID feedback
electronics [31]. The noise parameters A and C and the
antiresonance f1 are related to the SQUID noise operated
under a conventional flux-locked loop (i.e., negative feed-
back) and are almost temperature independent. A full noise
model discussing the origin of these terms is discussed in
the Supplemental Material [40]. The Lorentzian term
amplitude B contains the relevant information on the force
noise and can be expressed as

B ¼ Φ2
x

�
SF0
k2

þ 4kBT
kω0Q

�
; ð3Þ

where Φx ¼ dΦ=dx is the magnetomechanical coupling
factor that converts a cantilever displacement x into a
SQUID magnetic flux Φ, SF0 is the spectral density of any

nonthermal force noise, and the last term is the thermal
noise, which according to the fluctuation-dissipation
theorem is proportional to T=Q. The identification of the
latter term in Eq. (3) allows us to determine Φx and thus to
calibrate any nonthermal contribution to B.
Figure 3 shows the measured B as a function of T=Q

where Q ¼ QðTÞ is measured at the same temperature T.
The data follow the expected linear behavior described in
Eq. (3) down to T=Q ¼ 67 nK, which corresponds to
T ¼ 100 mK. However, the data at lower temperatures
(inset of Fig. 3) indicate a crossover to a different linear
regime characterized by a lower slope and positive inter-
cept. This behavior is definitely incompatible with Eq. (3)
and in particular cannot be explained by temperature
independent noise such as CSL.
A possible explanation is to assume that at least two

dissipation channels are acting on the cantilever motion,
one of which is not cooling further below the crossover
temperature [30,49]. Formally, we split the dissipation as
1=Q ¼ 1=Qa þ 1=Qb, where Qa and Qb are associated
with different thermal baths at the temperatures Ta and Tb,
respectively. In the high temperature limit, the system is
well thermalized, and Ta ¼ Tb ¼ T, where T is the
temperature measured by a calibrated thermometer placed
on the experimental stage. In the low temperature limit, one
of the two temperatures, say Ta, saturates to a constant
crossover temperature Ta ≈ Tco, while the second bath is
still well thermalized, Tb ¼ T.
Thermal saturations in low temperature systems are

typically described by the relation

Ta ¼ ðTn
co þ TnÞ1=n: ð4Þ
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FIG. 2. Representative averaged power spectra of the SQUID
flux noise around the cantilever fundamental resonance. The
curves refer to the temperatures T ¼ 1000 mK, T ¼ 200 mK,
and T ¼ 30 mK, respectively, from the top to the bottom. The
solid lines are the best fits to the three datasets with Eq. (2).

FIG. 3. Measured amplitude of the Lorentzian peak B as
function of T=Q. The main panel shows all data in log-log scale
for better visualization. The inset reports only the low temper-
ature points in linear scale to underline the crossover between the
high temperature and low temperature regimes. The two solid
curves represent the linear fits for the points below and above
crossover temperature. The linear fit of the data at high temper-
ature is used to bound the CSL noise.
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Such a relation is obtained by assuming a steady heat load
on the bath at Ta combined with a finite thermal conduct-
ance toward the main bath at T, varying as Tn−1 [49,50].
The most common exponent is n ¼ 4 and is related to a
contact thermal resistance. In our case, we suspect that the
cantilever motion couples magnetically to dissipating
elements located on the SQUID chip, which is expected
to saturate in the 50–100 mK temperature range. The
dissipating elements could be either surface electron spins
[51] or vortices in superconducting films [52]. A simple
thermal model supporting this possibility is discussed
in the Supplemental Material [40]. There, we also fit the
whole dataset of Fig. 3 with the combined function
B ¼ B0 þ Baðx4 þ x4coÞ1=4 þ Bbx, where x ¼ T=Q, while
B0, Ba, and Bb are fitting constants determining the
constant contribution and the thermal noise from baths a
and b, respectively. This analysis provides a determination
of the crossover at xco ¼ ðT=QÞco ≈ 53 nK, which corre-
sponds to Tco ≈ 85 mK. Note that the saturation is effec-
tively very sharp, so that the related excess noise rapidly
vanishes for T ≳ Tco. However, the data of Fig. 3 are in
principle compatible with other models with larger n and
thus do not allow one to make conclusive claims on the
actual saturation mechanism.
In the following, we will make the assumption that the

observed crossover is indeed related to a thermal saturation,
regardless of its precise physical origin, meaning that for
T < Tco the data cannot be simply interpreted by Eq. (3).
Therefore, to estimate the magnitude of a possible CSL
noise effect compatible with the experiment, we restrict our
analysis to the range T ≥ 100 mK. The restricted dataset
follows a linear behavior remarkably well. A weighted
orthogonal linear fit with the function B0 þ B1T=Q
yields the values B0 ¼ ð−4.64� 5.31Þ × 10−21 Φ2

0=Hz
and the slope B1 ¼ ð3.29� 0.03Þ × 10−12 Φ2

0=ðK · HzÞ.
The fact that the intercept is compatible with 0 is in
full agreement with the fluctuation-dissipation theorem,
thus indicating that the system is well thermalized in
the restricted high temperature range. According to
Eq. (3), the fitting parameters B0 and B1 can be used to
estimate the residual nonthermal force noise, which
reads

SF0 ¼
4kBk
ω0

B0

B1

; ð5Þ

thus giving SF0 ¼ ð−1.51� 1.77Þ × 10−36 N2=Hz. We use
the procedure described in Ref. [53] to determine the upper
limit on a strictly positive CSL force noise SF0;CSL ≤
2.07 × 10−36 N2=Hz at the 95% confidence level. Note
that, according to the form of Eq. (4), any residual effect of
saturation in the high temperature data would increase the
noise in such a way as to increase the value of B0.
Therefore, our estimation of CSL noise should be regarded
as conservative.

The corresponding upper bound on λ is derived taking
into account the actual geometry and the materials of the
whole mechanical resonator, which is composed of the
multilayer mass, the magnetic sphere, and the cantilever.
The contribution from the multilayer mass is largely
dominant at rc < 10−7 m and is responsible for a second
minimum of the upper bound at rc ≈ 10−7 m [39]. The
resulting exclusion plot is shown in Fig. 4. The fluctuations
in the upper bound due to the uncertainties in the geometry
and density of the different subsystems are of the order of
the thickness of the curve in Fig. 4 and cannot be
appreciated due to the very compressed logarithmic scale.
The current experiment improves significantly, by

almost 2 orders of magnitude, the previous upper bounds
from cantilever experiments at the correlation length
rc ¼ 10−7 m [31] and by more than 1 order of magnitude
the bound from LISA Pathfinder [34]. We are thus sub-
stantially challenging the parameter region proposed by
Adler [10]. Moreover, the data reveal that the excess noise
observed in a previous related experiment [31] is incom-
patible with a CSL effect for rc ¼ 10−7 m. On the other
hand, they do not provide substantial new insight into the
origin of that excess noise. Indeed, the absolute value of
the excess force noise in the previous experiment, featuring
the same cantilever, magnet, and SQUID, is compatible

FIG. 4. Exclusion plot for the CSL collapse parameters. Red
solid line and shaded area: upper bound and excluded region from
the present experiment at the 95% confidence level. Cyan dashed
line and shaded area: upper bound and excluded region from
LISA Pathfinder [34]. Light purple dash-dot-dotted line and
shaded area: upper bound and excluded region from a previous
cantilever experiment [31]. Purple dot-dashed line: lower limit of
a possible CSL effect from the excess noise observed in the latter
experiment [31]. Blue dotted line: upper bound from x-ray
emission from a Germanium sample [20]. Since this experiment
probes CSL at much higher energies ∼1019 Hz, the upper bound
is easily evaded by assuming a spectral cutoff of the CSL noise
[38]. The green region represents estimations of CSL parameters
from Adler, assuming CSL is effective at mesoscopic scale [10].
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with the error bar of the new experiment. The improved
bound on the CSL parameters arises entirely from the
largest mass load and the specific multilayer structure.
We underline that the strong improvement of the bound

at rc ¼ 10−7 m depends on the peculiar features of the
CSL model, which make the force noise sensitive to spatial
variations of the test mass internal density [39,54].
Different localization models may lead to different
behavior. For instance, in the Diosi-Penrose model, the
force noise is essentially insensitive to the shape and the
spatial distribution of the mass [28,29]. In principle,
specific ad hoc modifications of the CSL model may lead
to a different behavior as well.
Another point to consider here is that the original

estimation of the value of λ by Adler was based on very
crude assumptions and analysis. Thus, the proposed para-
meter space represented by the blue region in Fig. 4 should
be taken as indicative [55]. In this sense, a further improve-
ment by at least 1 order of magnitude, possibly with different
experimental techniques, may be needed to provide a strong
falsification of CSL under Adler’s assumptions.
Despite these caveats, our measurements are clearly

reducing the probability that CSL effects will be found
at λ≳ 10−10 Hz. Eventually, one should explore the more
conservative framework initially proposed by Ghirardi et al.
[9]. In this case, the CSL effects, if existing, could feature
a much lower collapse rate λ. Cantilever experiments may
be still improved by 1 to 2 orders of magnitude with
technological advances in mechanical isolation [56] and a
careful characterization of all noise sources. Novel experi-
mental techniques will be needed to fully probe the entire
CSL parameter space. Nanomechanical systems at high
frequencies [57] and levitated microparticles at low
frequencies [35,58–60] are the most promising routes
toward this ambitious goal, together with interferometric
techniques on earth [17] and in space [61].

The data supporting this study are openly available
at Ref. [62].
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