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The Majorana Demonstrator neutrinoless double-beta decay experiment comprises a 44 kg (30 kg 
enriched in 76Ge) array of p-type, point-contact germanium detectors. With its unprecedented energy 
resolution and ultralow backgrounds, Majorana also searches for rare event signatures from beyond 
standard model physics in the low energy region below 100 keV. In this Letter, we test the continuous 
spontaneous localization (CSL) model, one of the mathematically well-motivated wave function collapse 
models aimed at solving the long-standing unresolved quantum mechanical measurement problem. While 
the CSL predicts the existence of a detectable radiation signature in the x-ray domain, we find no evidence 
of such radiation in the 19-100 keV range in a 37.5 kg-y enriched germanium exposure collected between 
December 31, 2015, and November 27, 2019, with the Demonstrator. We explored both the non-mass- 
proportional (n-m-p) and the mass-proportional (m-p) versions of the CSL with two different assumptions: 
that only the quasifree electrons can emit the x-ray radiation and that the nucleus can coherently emit an
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amplified radiation. In all cases, we set the most stringent upper limit to date for the white CSL model on 
the collapse rate, A, providing a factor of 40-100 improvement in sensitivity over comparable searches. Our 
limit is the most stringent for large parts of the allowed parameter space. If the result is interpreted in terms 
of the Diosi-Penrose gravitational wave function collapse model, the lower bound with a 95% confidence 
level is almost an order of magnitude improvement over the previous best limit.

DOI: 10.1103/Phy sRevLett. 129.080401

Spontaneous wave function collapse models [1-9] aim at 
solving the long-standing unresolved measurement prob
lem of quantum mechanics through a stochastic nonlinear 
modification of the Schrddinger equation. The additional 
phenomenological term in the Schrddinger equation, which 
fundamentally breaks the quantum superposition principle 
in large scale systems, is interpreted as a universal noise field 
defined at each point in spacetime [10]. In these models, the 
interaction with the noise field localizes a system even in the 
absence of a measurement process, always resulting in 
definite outcomes after a quantum mechanical measure
ment. The rate of the wave function collapse scales with the 
size of the system, resulting in a fast localization of 
macroscopic systems while not significantly affecting the 
standard quantum mechanical motion of the microscopic 
world. These collapse models are considered to be one of the 
few mathematically consistent, testable quantum theories of 
wave function collapse [6,11,12],

The continuous spontaneous radiation (CSL) model 
is one of the most well-studied among collapse models. 
A series of theoretical papers [1-4,13-15] have developed a 
consistent theory, in which particles undergo spontaneous 
localization around definite positions following a Poisson 
distribution characterized by a mean frequency A, which is 
the collapse rate, and a correlation length rc, which is the 
spatial resolution of the collapse. Larger values of A (i.e., 
faster localization) imply the quantum-to-classical transition 
would occur at smaller mesoscopic scales, while smaller A 
values (i.e., slower localization) indicate the transitions 
occur at larger, macroscopic scales. The paper by Adler
[14] provides a summary of the various experimental limits 
on the theory.

One consequence of the CSL is that a free charged 
particle will be accelerated during the collapse and will 
emit electromagnetic radiation, which is not predicted by 
standard quantum mechanics [14-20]. Detection of this 
radiation in the x-ray regime would be a direct test of the 
CSL theory. In the naive version of the CSL, where the 
collapse noise is modeled as white noise, the measurement 
of x-ray radiation between 1016 and 1020 Hz (0.1-100 keV) 
can place a stringent limit on the model. A colored noise 
CSL model was later introduced, motivated by the claim 
that any field with a physical origin should always have a 
nonflat spectrum with a cutoff frequency (£2) [15,21-24]. 
In these colored extensions, the value of £2 is commonly 
chosen to be 1011 — 1012 Hz, similar to some of the most 
common backgrounds with cosmological origins [24].

The radiation in the x-ray regime exceeds this cutoff, and 
therefore the constraints from x-ray measurements become 
weaker in the colored extensions [25]. A CSL signature 
search using x-ray measurements does not only set a stringent 
limit on previously unexplored parameter space, but also 
serves as a direct test of the white CSL model. In this Letter, 
we only consider the case of the white CSL.

The rate of x rays emitted by a free particle in the CSL 
model was first calculated by Fu [16] under two different 
assumptions on the coupling ac with the noise field: the 
non-mass-proportional (n-m-p) version where ac is thought 
to be independent of the particle mass, and the mass- 
proportional (m-p) version where ac is considered to be 
proportional to the particle mass. We examine both cases to 
set the most stringent limits.

We first consider the n-m-p version of the CSL. Since the 
Bremsstrahlung radiation from an accelerated charged 
particle of mass mx is proportional to a2/m\, the x-ray 
emission rate in this case is suppressed by mx. A sponta
neous radiation emitted from acceleration of a free particle 
would have an energy (E) dependence of 1 /E, with the 
emission rate dT(E) given by

dr(E) A fiA
dE f An2 e0mxc3 r2cE

Here, Ay is a charge-dependent amplification factor, c0 is 
the vacuum permittivity, and c is the speed of light in 
vacuum [16]. For the colored CSL, Eq. (1) would be 
modified with a frequency-dependent nontrivial colored 
noise spectrum [25], which is beyond the scope of this 
Letter. The x-ray emission rate was searched for using Ge 
atoms in previous literature, first considering emissions 
from four outermost electrons [16] and later with the 
assumption that 30 quasifree electrons would contribute 
to the radiation [19]. The amplification factor, which is q2 
for a single particle with charge q, is considered as Ay = 
NGeNee2 for a unit detector mass. Here, /VGe is the number 
of germanium atoms per unit mass, Ne = 30 is the number 
of quasifree electrons in Ge, and e is the elementary charge.

In the m-p CSL, the x-ray emission rate is independent of 
m\ [16]. In this case, Eq. (1) should be multiplied by a 
factor (mx/m0)2 where the reference mass m0 is set as 
equal to the nucleon mass:

dT(E) A fiA
dE f Ajr2e()mlcir2cE
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The same amplification factor Af = NGeNee2 can be used 
considering emissions from quasifree electrons [19].

More stringent limits on X for the m-p CSL may be 
derived by considering the coherent x-ray emission from 
nuclei [20]. Here, the wavelength of the emitted photon Xk 
is smaller than the distance between electrons and the 
nucleus (0.1 nm) but much larger than the typical size of the 
nucleus (10-5 nm). This corresponds to the energy range of 
10—10s keV [20]. In this case, the nucleus can be viewed as 
a single charged particle with q = Ze, where Z = 32 is the 
atomic number of germanium. In the m-p CSL where the 
contribution from nucleus is not suppressed by its large 
mass, the amplification factor becomes Af = NGe x (Z2 + 
30) x e2 [20]. The Z2 term is due to the coherent 
emission from nuclei, while 30 is from the quasifree 
electrons. In this Letter, we consider both quasifree 
electron-only assumption and the coherent nuclear emis
sion model separately.

The Majorana Demonstrator, described in detail in 
Ref. [26], was designed to search for the neutrinoless 
double beta decay (Ov/3/3) of 76Ge using arrays of p-type 
point contact high-purity germanium detectors [26]. It 
consisted of two modules of high-purity germanium detec
tors with a total mass of 44.1 kg, of which 29.7 kg were 
enriched to 88% 76Ge, that operated from 2015 to 2021. With 
its ultralow background and unprecedented energy resolu
tion (o = 0.13 keV at 10.37 keV) among experiments at a 
similar mass scale, the Majorana low energy program has 
demonstrated its potential to search for anomalous x-ray 
signatures from beyond-standard-model physics [27]. Since 
the last release [27], the Collaboration’s low energy program 
has improved its analysis tools, in both the background 
reduction and the efficiency determination [28]. The 
achieved background level is 0.01 counts/(keV kg d) at 
20 keV, and the efficiency is (92.4 ± 1.5)% at 20 keV. 
The exposure used for this analysis was collected between 
May 2016 and November 2019, and reached 37.5 kg-y 
enriched exposure [28].

The theoretical lower bounds on X arise from the postulate 
that the CSL should resolve the measurement problem [29]. 
Imposing the condition that the collapse should be 
observable to the human eye at macroscopic scale, 
Ghirardi, Rimini, and Weber suggested typical values of/ = 
10-16/s at a conventional value of rc = 10-7 m [1,2,4]. 
Bassi et al. proposed X = 10-10±2/s [30] with the same 
postulate. Adler suggested X = 10_8±2/s at rc = 10-7 m 
and X = 10-6±2/s at rc = 10-6 m from observations 
of the wave function collapse at mesoscopic scales [14]. 
Variations of the theory permit a wide range of values and 
placing limits on the (X, rc) parameter space test elements of 
the theory.

We fit the model spectrum to the data using the unbinned 
extended likelihood method. In general, the efficiency- 
corrected spectral model T(E) used to fit the data can be 
written as

T(E) = e(E) x ,W(E) + g6,-g,-(E) (3)

where e(E) is the detection efficiency for a single-sited 
x-ray event with energy E, s is the number of CSL-induced 
events, W(E) is the normalized, l/E dependent CSL 
probability density function (PDF), bt is the number of 
events induced by the background and B, is the 
normalized PDF of the background i. The efficiency and 
the energy resolution were obtained from dedicated studies 
described in Ref. [28]. All fit parameters were left free, 
except the positions and the widths of the known back
ground peaks. The positions of the peaks were fixed at 
known values, while Gaussian constraints were imposed for 
the widths. The energy resolutions at the peak energies 
were used as the mean of the constraints, with 30% 
uncertainties. Since the CSL radiation signature extends 
across a broad fit range, the constraints on the peak widths 
have minimal impact on the sensitivity of this Letter. No 
other constraints were imposed on the fit parameters.

The Majorana Collaboration has studied the 5- 
100 keV region extensively, releasing multiple physics 
results [27,31] over time. In this region, the background 
model consists of the tritium beta decay spectrum, a flat 
Compton continuum, the 46.5 keV 210Pb spectral line and an 
additional continuum associated with it (hereafter, mass-210 
continuum), and known x-ray peaks [28]. Contributions from 
other ^-decaying isotopes such as 60Co and 63Ni are negli
gible compared to the Compton contribution with their 
considerably high endpoint energy [32].

We set the fit range to be 19-100 keV. The upper bound 
of the fit range at 100 keV is chosen to fully use the entire 
Majorana low energy data to minimize the uncertainty of 
the flat spectra. As the x-ray signature expected from the 
CSL model is 1/E-dependent, constraining the flat spectra 
enhances the sensitivity of this analysis. Above 100 keV, 
multisited events start to be significant and the low energy 
cut efficiencies become unreliable. The lower bound of the 
fit range is set at 19 keV to fully avoid the contribution from 
the tritium spectrum and minimize the contribution from 
the mass-210 continuum, which is yet to be explored [28]. 
As the mass-210 continuum has a rising tail at lower 
energies, we set the most conservative upper limit on the 
l/E CSL radiation signature by limiting the fit range above 
19 keV and assuming the mass-210 spectra to be flat. The 
30 outermost electrons may be treated as quasifree, as the 
binding energy of the 2s orbital electrons in Ge (1.414 keV) 
is more than 1 order of magnitude lower than 19 keV [19]. 
The conditions for the coherent emission from nuclei 
discussed above are also fulfilled in this energy range.

The highest-energy non-negligible x-ray peak in the 
Majorana low energy spectrum is the 10.4 keV emission 
line from 68Ge [27]. No x-ray peak is observable within the 
fit range of 19-100 keV [27,31-41]. Equation (3) can be 
written as
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T(E)=e(E) Nw—+NgBg(E) ± NfBf±Nm&(E — 46.5)

(4)

w, g, /, and m represent the CSL signature, the 210Pb y 
Gaussian spectral line at 46.5 keV, the flat continuum, 
and the mass-210 continuum, respectively. Bf is a uniform 
distribution that extends throughout the entire fit 
range, while @(E - 46.5) is the Heaviside step function 
with a cutoff at 46.5 keV. Nw = l/[log(100)-log(19)], 
A^/ = [1/(100-19)] keV-1, and Vm = [l/(46.5-19)]keV_1 
are normalization constants of corresponding PDFs. The 
rate of wave function collapse per exposure, R0, is given by

^o = fX^/(kg-y). (5)

The best-fit value for the CSL signature with la 
uncertainty is j = (6.259 ± 398.8) counts in the 19- 
100 keV region over a 37.5 kg-y exposure, which corre
sponds to R0 = (0.10 ± 6.39)/(kg-y), or (0.28 ± 1.75)x 
10_3/(kg-d). We set an upper limit on the CSL signature by 
using the CLs method [42] with the p-value pcls = po/Pi- 
The 95% confidence level (CL) upper limit on R0 is 
0.0368/(kg-d). Figure 1 illustrates the 95% CL upper limit.

The systematic uncertainties on this limit arise from 
energy determination and detection efficiency. The energy 
parameter used for this analysis is determined by weekly 
calibration and was thoroughly studied in Ref. [43] and 
cross-checked specifically for the low energy analysis 
using the known x-ray peaks in Ref. [28]. The reported 
offset in the energy calibration is within 1%. By adding

— CSL signature 
Compton

— Mass-210
— Total
— Data

Energy [keV]

FIG. 1. The 95% CL spectral fit for the CSL radiation signature 
from wave function collapse. The 95% CL upper limit value for 
Ro is 0.0368/(kg-d).

small offsets within the bounds determined by this Letter of 
up to ±0.1 keV to the energy of the data (and the efficiency 
curve, also from the data) we can estimate the impact of the 
uncertainty of the energy offset. The study found the 
maximum variation in the upper limit to be 0.3%. This 
analysis uses the final efficiency obtained from a dedicated 
study, which includes an uncertainty band around the 
nominal curve [28]. If the lower bound efficiency is used 
instead of the nominal efficiency curve, the 95% CL limit is 
weakened by 3.0%. On the other hand, if the upper bound 
efficiency is considered, the limit improves by 3.1%. 
Hence, we assign ±3.1% systematic uncertainty on the 
final limit from the efficiency calculation. The systematic 
uncertainties from the energy determination (0.3%) and the 
efficiency calculation (3.1%) are added in quadrature to get 
a 3.1% total systematic uncertainty. For the nominal value 
of R0 < 0.0368/(kg-d), the 3.1% systematic uncertainty 
corresponds to ±0.0011/(kg-d). Hence, the final 95% CL 
limit for the Majorana CSL x-ray radiation signa- 
ture Ro < (0.0368 ± 0.001 l)/(kg-d).

Finally, to check that our choice of energy range does not 
bias our result, we varied the fit range between 18.7 and 
20.0 keV at the lower bound and 95 and 100 keV at the 
upper bound. The variation of the lower bound resulted in a 
maximum 5.4% change on upper limit on R0, which is 
consistent with the 3.1% systematic uncertainty. Varying 
the upper bound to lower energy reduced the achieved 
upper limit by up to 17% due to increased uncertainty in the 
flat background.

We present this result in three different interpretations:
(1) n-m-p limit where the contribution from nuclei is 
negligible, (2) m-p considering only the radiation from 
quasifree electrons, and (3) m-p considering coherent 
emission from nuclei. For the n-m-p CSL, Eq. (1) yields 
the limit in the (A — rc) parameter space to be a band of 
A/rp = (5.15 ± 0.16) x 10-6 s-1 m-2, which is a factor of 
39 improvement over the previous limit [19]. The result is 
presented in Fig. 2 as a red dash-dotted line, with 
limits from previous experiments searching for the CSL 
signature for comparison. The bands from the systematic 
uncertainty are hidden within the line widths and not visible 
in this log-log plot. We set the most stringent limit 
below rc < 10-4 m

For the m-p CSL, Eq. (2) yields

i < (4.78 ± 0.15) x 10^ x^ [s-1m-2]. (6)

When only the 30 quasifree electrons are considered to emit 
the x-ray radiation, the 95% CL upper limit is a band of 
Xjr-Q = (17.4 ±0.5) s-1 m-2. This is also a factor of 39 
improvement over the previous best limit [19]. Our result is 
the first to fully exclude the theoretical value suggested by 
Bassi et al. with this assumption. If the coherent emission 
from nuclei is considered, the 95% CL limit for the m-p
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1-8 _

FIG. 2. Upper limits on the wave function collapse parameters 
compared to existing upper limits from other experiments. Other 
limits are from cold atom experiments (magenta) [44,45], 
interpretation of the LIGO and LISA pathfinder gravity wave 
experiments (green) [46], cantilever measurements [12,47,48] 
where an anomalous result has been reported (blue) [48], and 
CSL heating effect interpretation of heat leaks in low temperature 
experiments (cyan) [49,50]. The limits found from previous x-ray 
studies [19,20] are shown as orange lines. There is also a 
theoretical lower limit obtained by imposing that a graphene 
disk of radius 10 fim (minimum resolution of human eye) is 
localized in less than 1 ms (minimum time resolution of human 
eye) (black) [29]. Some proposed lower bounds by Adler [14], 
Bassi [30], and Ghirardi, Rimini, and Weber (GRW) [1] are also 
shown as black vertical lines, a gray vertical line, and a black 
hollow circle, respectively.

CSL is a band of A/rp = (4.94 ± 0.15) x 10-1 s_1 m-2 in 
the (A - rc) parameter space. This is a factor of 105 
improvement over the previous best limit [20] with the 
same assumption, and we set the most stringent limits in the 
region rc < 10-6 m. The two limits are shown in Fig. 2 as a 
red dotted line and a red solid line, respectively.

Using the same result, we present a similar limit for 
another version of the collapse model, the Diosi-Penrose 
(DP) model [8,9], which has been extensively studied in 
recent literature [51]. Similarly to the CSL, the DP model 
predicts a radiation signature with an energy dependence of 
l/E. Hence, the same fit can place a limit on the DP model.

The rate of the DP radiation signature is given in 
Ref. [51] as

dT(E) 2e2GZ2NGeM 1 1
dE 3 n3/2e0c3 RqPE

where the physical constants G is the gravitational constant, 
Z is the atomic number of germanium, M is the mass of the 
experiment, and RDP is the characteristic cutoff length of 
the DP model [51].

With the upper limit of R0 = (0.0368 ± 0.001 l)/(kg-d), 
we get a 95% CL lower bound on the cutoff length of 
RuP > (4.94 ± 0.15) x 10-10 m. This is almost an order 
of magnitude better than the previous best limit of 
5.4 x 10-11 m [51] and 2 orders of magnitude higher than 
Rol, > 5.0 x 10“12 m predicted by Penrose for germanium 
crystals [51].

We analyzed the Majorana low energy data in the 19- 
100 keV region to search for the x-ray radiation signature 
from the CSL wave function collapse model. We inves
tigated the non-mass-proportional and the mass-propor
tional versions of the CSL with two different assumptions: 
first by considering only the emissions from the quasifree 
electrons and then considering the coherent emission from 
nuclei. Our limits on the white CSL are orders of magnitude 
lower than the former leading x-ray limits, and are the most 
stringent in the field for a range of rc values < 10-6 m 
depending on models. If only the quasifree electrons are 
considered to emit the x-ray radiation, our result is the first 
to exclude the theoretical value suggested by Bassi et al. for 
the m-p CSL. Extensions of the CSL models such as the 
colored noise models are required to evade such stringent 
constraints. In these terms, the Majorana result can be 
interpreted as a test of the white noise model itself. Our 
result experimentally motivates the pursuit of the colored 
CSL with nontrivial frequency spectrum. We also improved 
the lower limit on the Diosi-Penrose collapse model by 
almost an order of magnitude, adding significance to the 
exclusion of the parameter-free version of the model.
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