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Abstract. The article reviews our recent experimental results on the Continuous Spontaneous
Localization (CSL) model and on the gravity related collapse model developed by Didsi and
Penrose (DP). These models of dynamical reduction of the wave function consist in non-
linear and stochastic modifications of the Schréedinger equation, which lead to a progressive
breakdown of the superposition principle, as the size of the system increases. We performed
a high sensitivity survey of the spontaneous radiation phenomenon, predicted by the collapse
models, at the Gran Sasso underground National Laboratory of INFN in Italy. Our studies set
the strongest bounds on the CSL parameters, in a broad region of the parameters space, and
rule out the DP in its present formulation.

1. Dynamical collapse models and spontaneous radiation

Quantum Theory (QT) is the basis of our understanding of the physical world. Since its
inception QT successfully described plenty of puzzling experimental phenomena, it was the
cornerstone of the development of modern chemistry, of nuclear physics and of quantum field
theory, just to give some examples, and presently fuels the growth of vanguard technologies.
Despite its success and the outstanding precision of the experimental validations, QT still
contains a conundrum in its grounding pillars. Why the superposition principle, characterizing
the evolution of microscopic systems, does not carry over to macroscopic objects? Why in the
act of measuring the deterministic dynamics is replaced by a probabilistic behaviour governed
by the Born rule?

Models of dynamical reduction of the wave function represent phenomenological, and testable,
concrete solutions to the problem (see e.g. [1, 2, 3, 4, 5, 6, 7, 8], for a review and references see
also [9]). They consist in non-linear and stochastic modifications of the Schréedinger equation,
which preserve the QT predictions in the microscopic regime, and go over to classical mechanics
in the macroscopic limit, by breaking down the quantum linear evolution proportionally to the
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growing size of the system.

Besides interferometric experiments (see e.g. [10, 11, 12, 13, 14]), collapse models can be also
probed with indirect tests (see e.g. [15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27]). Common
denominator of this second class of experiments is to exploit the random motion associated to
the collapse mechanism, which allows to test the effect of the models predictions on macroscopic
objects. Clear advantage is the magnification effect, which leads to the stronger constraints on
the collapse models, this is the case of micrometer cantilever [16], gravitational wave detectors
[28, 29] and X/7-ray measurements [25, 26, 27|, the latter being the subject of this paper.

We will review in this paper our latest experimental results on the Continuous Spontaneous
Localization (CSL) and on the Diési-Penrose (DP) models. In the CSL model [4, 5, 6] the
non-linear and stochastic terms are characterized by the interaction with a continuous set of
independent noises, with zero average, Gaussian correlation in space and, in the simplest version,
white correlation in time. The model is defined in terms of two phenomenological parameters,
denoted by A and r¢. A has the dimensions of a rate and sets the strength of the collapse. r¢ is
a correlation length which determines the spatial resolution of the collapse, the collapse is weak
if the superposition size is much smaller than r¢, while becomes effective for delocalizations
which are much larger than rc. Different theoretical considerations lead to alternative choices
for the parameters: Ghirardi, Rimini and Weber [3] proposed A = 10~7s™! and r¢ = 10~ "m,
Adler [30] proposed A = 10732571 for rc = 10~"m, and A = 1075*2s~! for rc = 10~ 5m.

Roger Penrose argued [7, 8] that when a system is found in a spatial quantum superposition,
a corresponding superposition of two different space-times is generated. The superposition is
unstable and decays in time. The more massive the system in the superposition, the larger the
difference in the two space-times and the faster the wave-function collapse. The average collapse
time 7 would then be given by the expression 7 ~ h/FE,, where h is the reduced Planck’s
constant and Ej is the gravitational self-energy of the difference between two (stationary) mass
distributions of the superposition. Lajos Didsi developed a dynamical theory of gravity-related
wave function collapse [1, 2] which predicts the same form for the collapse time. Considered that
the gravitational self-interaction energy diverges for point-like constituents, Didsi introduced
[31] a minimum length Ry, which limits the spatial resolution of the mass density. E, is then a
function of Ry, the smaller Ry the faster the collapse.

An unavoidable consequence of the dynamics of both the CSL and the gravity related collapse
developed by Didsi, is that the non-linear interaction with the noise-filed induces a Brownian-like
diffusion motion for the particles which, if charged, emits radiation. This phenomenon, which
is not predicted in the context of QT, is usually called spontaneous radiation, and represents
the observable which was investigated in our experimental surveys. The spontaneous radiation
rate, due to the emission of protons in the atomic nuclei, was calculated in Refs. [27, 26] and is
given by the following equations (left for the CSL model and right for the DP model):
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Natoms 18 the number of atoms in the system with atomic number N4, ¢ is the speed of light, €
is the vacuum permittivity, mg is the nucleon mass, G is the universal gravitational constant,
E and t are the energy and the time. Electrons are relativistic in the energy range which was
considered in our analyses, hence their contribution to the spontaneous radiation emission can
not be considered.

The paper is organized as follows: in Section 2 the experimental apparatus is described,
in Section 3 is given a brief description of the statistical analysis and the constraints on the
characteristic parameters of the CSL and DP models are summarized, while concluding remarks
and the future developments of our studies are outlined in Section 4.
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2. The experimental setup

The experimental apparatus was based on a coaxial p-type High Purity Germanium detector
(HPEGe) surrounded by multiple shielding layers: the inner shielding consisting of 5cm thick
electrolytic copper, the external part of lead (30 cm from the bottom and 25 cm from the sides).
Both the shielding and the cryogenic system were enclosed in an air tight steel housing, flushed
with boil-off nitrogen, in order to suppress radon contamination (see Fig. 2 in Ref. [26] for a
schematic representation of the setup, further details on the setup structure can be found in
Ref. [26] and therein references). The experiment was operated in the extremely low background
environment of the Gran Sasso underground National Laboratory of INFN in Italy.

The goal of the measurement was to disentangle a faint contribution of the spontaneous
radiation emission process, to the measured spectrum, from environmental background. To this
aim an accurate characterization of the whole apparatus was performed with a validated Monte
Carlo (MC) code [32] based on the GEANT4 software library [33].

The measured spectrum (corresponding to an exposure of 124 kg - day) is shown in Fig.
1 of Ref. [27]). The energy range fulfills the theoretical requirements for the validity of the
calculated rates (Eq. (1)). In AE the main contribution to the background was found to
be originated by residual radionuclides, present in the materials of the setup, whose measured
activities represented the inputs of the MC simulations. The magenta distribution in the same
figure represents the simulated background, 88% of the measured spectrum can be described in
terms of known emission processes.

The simulation also allowed to compute the efficiencies, as a function of the energy, for the
detection of spontaneously emitted photons in each component of the setup. To this end 10%
photons, with uniform spatial distribution, were generated in each material in steps of 200
keV (i.e. 15 points in the AF). The efficiency functions ¢;(E) (i labelling the material of the
detector) were then estimated by means of polynomial fits of the corresponding distributions,
for each component of the detector which gives an appreciable contribution. The results of this
analysis are summarized in Fig. 2 and Table 1 of Ref. [27].

3. Summary of the data analyses and results
The strategy of the Bayesian statistical analysis was to perform a comparison of the theoretically
predicted spontaneous emission rate, generated by each component of the apparatus and
weighted by the experimental efficiency and acceptance, with the measured distribution,
accounting for the estimated background.

Given the calculated efficiency functions, and the theoretical rate (Eq. (1)), the expected
number of measured events, due to the spontaneous emission by protons belonging to the i-th
material, during the acquisition time 7 is:

[ oo
AE dF

Summation over ¢ yields the total expected signal contribution, which is a function of the
phenomenological parameters (A, r¢) or Ry, depending on the selected collapse model. As an
example the shape of the total expected spontaneous radiation signal, according to the CSL
model, is shown in Fig. 1.

The measured counts were assumed to fluctuate according to a Poissonian distribution and
the probability density functions for the expected number of counts were derived, from which the
following constraints on the models parameters were calculated, corresponding to a probability
of 0.95:
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Figure 1. Energy distribution of the expected spontaneous radiation signal, according to CSL.
The area of the distribution is normalised to unity (n.u.) in the energy range AE = (1000—3800).

see Refs. [27, 26] for more details concerning the data analysis.

The first limit in Eq. (3) represents the stronger existing bound on the CSL model for values
of the correlation length 7¢ < 10~%m. The limit on Ry (right side in Eq. (3)) is about three
orders of magnitude stronger than previous bounds in the literature [29]. If Ry is chosen as the
size of the nucleus’s wave function (as suggested by Penrose), our result is to be compared with
the square-root of the mean square displacement of a nucleus in the lattice. For the Germanium
crystal, cooled down at the liquid Nitrogen temperature, this would amount to an Ry value of
about 0.05-10~'%m, which is more than one order of magnitude less than the lower limit set by
our experiment.

4. Conclusions and perspectives

We summarized the results of a dedicated measurement, performed at the Gran Sasso
underground National Laboratory of INFN. We set the strongest bounds on the CSL
phenomenological parameters in the region rc < 107%m. Penrose’s proposal for a gravity-
related collapse of the wave function, in the present formulation, is ruled out. Our result
indicates that the idea of gravity-related wave function collapse, which remains very appealing,
will probably require a new approach. Indeed new theoretical developments are seeking for
non-Markovian and/or dissipative versions of the collapse models, predicting a lower rate of
spontanoeus radiation depending on the photon frequency. Both Penrose and Didsi are also
pursuing the idea of a radiation free gravity-related collapse.

This pushes our efforts through further refinements our experimental techniques and data
analyses methods. We are presently expanding our sensitive energy region from the MeV to few
keV, with experimental setups based on Broad Energy Germanium detectors and ultra-radio
pure targets. We are investigating the application of Machine Learning algorithms to identify
the faint signal of the dynamical collapse, towards a deeper understanding of the foundations of
Quantum Mechanics.
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