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The experiments are performed in the low-background environment of the underground Gran 
Sasso National Laboratory of INFN: 
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● overburden corresponding to a 
minimum thickness of 3100 m w.e.

● the muon flux is reduced by almost six 
orders of magnitude, n flux of three 
oom.

● the main background source consists 
of γ-radiation produced by long-lived 
γ-emitting primordial isotopes and 
their decay products.

The LNGS laboratories environment

we are here … and here



- Why the quantum properties (superposition) do not carry over to the macro-world? 

- The mechanism at the basis of the transition from Quantum to Classical behavior is not embedded in QT 

- Superposition principle is a consequence of the linearity of the Schroedinger equation, which has to break 
down at a certain scale.     

- Phenomenological dynamical models of w. f. collapse (Dios, Ghirardi, Rimini, Weber, Pearle, Adler, Penrose, 
Karojhazi, Lukacs, Milburn, Bassi ...): progressive reduction of the superposition, proportional to the increase 
of the mass of the system under consideration.
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QT & dynamical reduction



modify the Schroedinger dynamics in one capable to describe the collapse, preserving QM at microscopic 
scale:

1) Non linear ;

2) Stochastic ;

3) Von Neumann reduction:

We want this state to evolve in:

Dynamical reduction, the idea





- Decoherence means destruction of interference   ->   diminishes coherent dispersion

large dispersion of an observable - Quantum           ;             small dispersion - Classical

- Decoherence induce classicality in quantum systems

- Decoherence of various observables can be correlated or anticorrelated
e.g. decoherence of local energy induces decoherence of position of massive objects

- But Nature does not tell us which observable is the primary, to induce decoherence on the others and, 
hence, classicality 
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May collapse emerge from space-time uncertainty? 



Initial state of a quantum system is a superposition of two eigenstates of total Hamiltonian

time evolution
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If local time would be affected by uncertainty -> decoherence
Diosi, L. (2005), Braz. J. Phys. 35, 260, Diosi, L., and B. Lukacs (1987), Annalen der Physik 44, 488, Diosi, L. (1987), Physics 
Letters A 120, 377, A. Bassi et al.,Rev. Mod. Phys. 85,471

Let us add an uncertainty to the time

and assume that is distributed Gaussian, with zero mean, and dispersion which is proportional to the mean 
time, then the density matrix evolves as:



The off-diagonal terms decay in time !
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If local time would be affected by uncertainty -> decoherence
Diosi, L. (2005), Braz. J. Phys. 35, 260, Diosi, L., and B. Lukacs (1987), Annalen der Physik 44, 488, Diosi, L. (1987), Physics 
Letters A 120, 377, A. Bassi et al.,Rev. Mod. Phys. 85,471



The time evolution for the density matrix
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Time uncertainty and decoherence

Described by the von Neumann equation

                    turns to

 G. J. Milburn Prys. Rev. A 44 5401 (1991)



local time uncertainty means uncertainty of the local
gravitational potential                 

In the Newtonian limit

What if the gravitational potential should not be quantized ???

QM requires an absolute indeterminacy of the gravitational field. 
Diosi and Lukacs [ Ann. Phys. 44, 488 (1987)] same arguments of  [ N. Bohr and L. Rosenfeld, K. Dan. Vidensk. Selsk., Mat.-Fys. 
Medd. 12, 1 (1933)]

I.E. the gravitational potential is a c-number stochastic variable, whose mean value is to be identified with 
the classical Newtonian potential. 



Master equation

substituted in the master equation

the local time correlation 
  is extremely small

yields



Master equation
Denote the configuration coordinates (classical and spin) of the dynamical system by X. The corresponding 
mass density at the point  r  is 

Given the coordinate eigenstate |x>  we have 

So if one introduces the damping time:

the master equation becomes



Energy decoherence

If the difference between the mass distributions of two states  |X>  and  |X’>   
in superposition becomes big

damping time becomes small

ENERGY DECOHERENCE



Proton: m ≃ 10-27 Kg,   R ≃ 10-15 m
𝜏DP≃ 106 years

Dust grain: m ≃ 10-12 Kg,   R ≃ 10-5 m
𝜏DP≃ 10-8 s

a b

Gravity induced collapse



The DP theory is parameter-free, but the gravitational self energy difference diverges for 
point-like particles   ->   a short-length cutoff R0 is introduced to regularize the theory.
- Diósi: minimum length R0 limits the spatial resolution of the mass density, a short-length cutoff to 

regularize the mass density. EG  becomes a function of  R0  the larger  R0  the longer the collapse time.
- Penrose: solution of the stationary Shroedinger-Newton equation, with R0  the size of the particle mass 

density

Direct tests: creating a large superposition of a massive system, to guarantee
that decay time is short enough for the collapse to become effective before any kind of external 
noise disrupts the measurement, matter-wave interferometry with macromolecules, phononic 
states, experiments in space: no gravity ---> more time (MAQRO, CAL, etc..).

Kovachy, T. et al. Quantum superposition at the half-metre scale. Nature 528, 530–533 (2015). Fein, Y. Y. et al. Quantum superposition of molecules beyond 25 kDa. Nature Physics 15, 1242–1245 
(2019). Lee, K. C. et al. Entangling macroscopic diamonds at room temperature. Science 334, 1253–1256 (2011).
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Gravity induced collapse



Unavoidable side effect of the collapse: Brownian-like diffusion of the system in space.

Collapse probability is Poissonian in t -> Lindblad dynamics for the statistical operator -> free particle 
average square momentum increases in time. 
A recent general result, see S. Donadi, L. Ferialdi, A. Bassi, “Collapse dynamics are diffusive”   
arXiv:2209.09697v1 [quant-ph]

Then charged particles emit spontaneous radiation. We search for spontaneous radiation emission 
from a germanium crystal and the surrounding materials in the experimental apparatus.

Strategy:   simulate the background from all the known emission processes ->  perform a 
Bayesian comparison of the residual spectrum with the theoretical prediction -> look for an 
eventual signal of collapse
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Testing collapse models by means of Gamma ray spectroscopy 

https://arxiv.org/abs/2209.09697v1


● CSL - s. e. photons rate:
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Theoretical prediction
GAMMA RAYS spontaneous emission  E > hundreds of keV

● DP - s. e. photons rate:

Bassi - Donadi

In  range ∆E = (1 - 4)MeV electrons 
are relativistic, only the contribution 
of protons (N) is considered.

λ  - collapse strength  
rC - correlation length 
see e. g. S. L. Adler, JPA 40, (2007) 2935, Adler, S.L.; Bassi, A.; Donadi, S., JPA 46, (2013) 
245304.
R0 - size of the particle mass density. See e.g. Diósi, L. J. Phys. Conf. Ser. 442, 012001 (2013)., 
Penrose, R. Found. Phys. 44, 557–575 (2014).



The experimental setup

The experimental apparatus is based on a coaxial p-type high purity germanium detector 
(HPGe):

- Exposure 124 kg ⋅ day, mGe ~ 2kg
- passive shielding: inner - electrolytic 

copper, outer - lead
- on the bottom and on the sides 5 cm 

thick borated polyethylene plates give a 
partial reduction of the neutron flux

- an airtight steel housing encloses the 
shield and the cryostat, flushed with 
boil-off nitrogen to minimize the presence 
of radon.
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Measured spectrum and background simulation

● the activities are measured for each component
● the MC simulation accounts for:

1. emission probabilities and decay schemes
         for each radio-nuclide in each material
1. photons propagation and interactions
2. detection efficiencies.

The simulation describes 88% of the 
spectrum:

integral measured counts

The experimental apparatus is characterised, through a validated MC code, based on the 
GEANT-4 software library. The background is due to emission of residual radio-nuclides:
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MC simulation



Lower bound on R0 
expected signal contribution

● 10 8 photons generated for each energy for 
each material

● efficiency functions are obtained by 
polinomial fits 

● the expected signal contribution is:

The expected number of photons spontaneously emitted by the nuclei of all the materials of the 
detector are obtained weighting the theoretical rate for the detection efficiencies:  
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with   a = 1.8 10 -29 m3



Lower bound on R0 
expected signal contribution

Energy distribution of the expected signal, 
resulting from the sum of the emission 

rates of all the materials,
weighted for the eciency functions.

The area of the distribution is normalised to 
the unity (n. u.)

The expected signal of spontaneously emitted photons by the nuclei of all the materials of the 
detector is obtained weighting the theoretical rate for the detection efficiencies:  
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zc is distributed according to a Poissonian with 

    The pdf of R0  is then given by probability inversion:

The prior                                           accounts for previous limits from gravitational wave detectors and 
neutron stars data analyses [Phys. Rev. D 95, 084054 (2017), Phys. Rev. Lett. 123, 080402 (2019)].

A bound on R0 is obtained from the cumulative pdf:

Lower bound on R0 
pdf of R0 

R0  > 0.54 ⋅ 10-10 m
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Lower bound on R0 

If R0 is the size of the nucleus’s wave 
function as suggested by Penrose, we have 
to compare the limit  with the properties 
of nuclei in matter.

In a crystal R 20 =〈u2 〉 is the mean square displacement of a nucleus in the lattice, which, for 
the germanium crystal, cooled to liquid nitrogen temperature amounts to:
THEORETICAL EXPECTATION   R0 = 0.05 ⋅10-10 m

“Underground test of gravity-related wave function collapse”. Nature Physics  17, 
pages 74–78 (2021)

EXPERIMENTAL :   R0  > 0.54 ⋅ 10-10 m
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The future of Gravity-related collapse

Penrose proposal is rouled out in present formulation!

ways out .. generalized models e.g. :

● add dissipation terms to the master equation and stochastic nonlinear Schroedinger 
equation of the DP theory, to counteract the runaway energy increase, 

● non-Markovian correlation function.
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The future of Gravity-related collapse

Penrose proposal is rouled out in present formulation!

ways out .. generalized models e.g. :

● add dissipation terms to the master equation and stochastic nonlinear Schroedinger 
equation of the DP theory, to counteract the runaway energy increase, 

● non-Markovian correlation function.

complex dependence of the S. E. on energy and on the atomic structure is to be considered!



Constraints on the CSL
Similar analysis leads to bounds on the strength and correlation length of the CSL

(Eur. Phys. J. C (2021) 81: 773)
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𝝺/rC
2 < 52 m-2 s-1



First separate determination of pdfs for 𝝺 and rC 
Entropy 2023, 25(2), 295

● Experimental studies of the spontaneous radiation phenomenon focused so far on the  λ/rC
2  ratio, which regulates the 

predicted yield    ->     allow to exclude regions of the ( λ−rC ) parameter space. 

● Combined information from theoretical considerations and other experiments has led to the further exclusion of sectors 
of the (λ−rC ) plane, characterized by a different functional relation between λ and rC .

● Including this rich prior information in the statistical analysis permits to disentangle the two parameters’ probability 
density functions:
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original value by GRW



The future of spontaneous radiation:
from γ-rays to X-rays

MAJORANA DEMONSTRATOR - PHYS. REV. LETT. 129, 080401 (2022)
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Non-Markovian extension

cutoff frequency

low-energy range 
is relevant

BUT  -  In this range S.E. from 
protons and valence electrons 

cancels !  ALSO e- start to emit 
coherently

applying the same S.E. rate above

𝝺/rC
2 < 0.494 ± 0.015 m-2 s-1



X-rays spontaneous radiation
the CSL
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In the low-energy regime, the photon w.l. is comparable to the atomic orbits dimensions:
e.g.    𝝺dB(E=15 keV) = 0.8 A 
𝜌1s = 0.025 A ;  𝜌4p = 1.5 A 

𝝺ɣ R0 

●  IF   𝝺ɣ greater than particles 
distances -> they emit coherently

● IF  correlation length greater than 
particles distances -> the 
stochastic field vibrates them 
coherently

           CANCELLATION
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In the general case:

at each energy the atomic structure influences the shape 
of the expected S.E. spectrum

X-rays spontaneous radiation
the CSL
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In the general case:

at each energy the atomic structure influences the shape 
of the expected S.E. spectrum

X-rays spontaneous radiation
the CSL
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 arXiv:2301.09920v1 [quant-ph]  https://doi.org/10.48550/arXiv.2301.09920

● at each energy the atomic structure influences the expected S.E. spectrum shape
● accurate shape analyses should allow to set much stronger bounds
● in principle the S.E. spectrum shape is different for different collapse models.

X-rays spontaneous radiation in Ge

CSL DP

https://arxiv.org/abs/2301.09920v1
https://doi.org/10.48550/arXiv.2301.09920
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 arXiv:2301.09920v1 [quant-ph]  https://doi.org/10.48550/arXiv.2301.09920

● at each energy the atomic structure influences the expected S.E. spectrum shape
● accurate shape analyses should allow to set much stronger bounds
● in principle the S.E. spectrum shape is different for different collapse models.

X-rays spontaneous radiation in Xe

CSL CSL

https://arxiv.org/abs/2301.09920v1
https://doi.org/10.48550/arXiv.2301.09920
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 arXiv:2301.09920v1 [quant-ph]  https://doi.org/10.48550/arXiv.2301.09920

● at each energy the atomic structure influences the expected S.E. spectrum shape
● accurate shape analyses should allow to set much stronger bounds
● in principle the S.E. spectrum shape is different for different collapse models.

X-rays spontaneous radiation in Xe

DPDP

https://arxiv.org/abs/2301.09920v1
https://doi.org/10.48550/arXiv.2301.09920
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To generalize the concept for a local time
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Local time uncertainty and decoherence

one defines the correlation 

Galileo invariant spatial correlation function

If the total Hamiltonian is decomposed in the sum of the local ones 

The master equation suppresses superpositions of eigenstates of local energy



Reminder .. proper time interval

In special relativity the Minkowski metric is

the coordinates of the arbitrary Lorentz frame are

the infinitesimal time-like interval is

due to invariance of the interval, if we consider the coordinates of an instantaneous rest frame



Reminder .. proper time interval

The proper time interval is then the integral on the world-line

In general relativity the analogous expression for the generic metric tensor yields

and when constant coordinates are chosen



local time uncertainty means uncertainty of the local grav. 
potential                 

In the Newtonian limit

Here then comes the crucial point … it is assumed that the gravitational potential should not be quantized

BUT  that QM requires an absolute indeterminacy of the gravitational field.

I.E. the gravitational potential is a c-number stochastic variable, whose mean value is to be identified with 
the classical Newtonian potential. 

Then local time fluctuation is related to a fluctuation of the local gravitational potential



.. so correlations of local uncertainties of Newtonian gravity
can lead to correlation of local time uncertainties.

Can the gravitational field be measured with unlimited precision?
Diosi and Lukacs [ Ann. Phys. 44, 488 (1987)] apply the arguments of  [ N. Bohr and L. Rosenfeld, K. Dan. 
Vidensk. Selsk., Mat.-Fys. Medd. 12, 1 (1933)]:

The apparatus, obeying QM, is characterized by parameters m, R , T. In realistic measurements only a 
time-space averaged gravitational field is meaningful 

The target is a point-like particle (of mass m) at rest at time t=0, immersed in the field g. Detector measures 
momentum changes. In the time T the momentum gain is   



Can the gravitational field be measured with unlimited precision?
It’s useless to increase R and T, since this would decrease the error on average field, not on the instantaneous 
local field of the Newtonian theory. m can be increased, till its own field does not perturb g, i.e. till:

Given the optimal mass choice then:

If the limitation is universal then the actual gravitational field is:

solution of Poisson Eq.

stochastic fluctuation



Uncorrelated gravitational field fluctuations
It’s useless to increase R and T, since this would decrease the error on average field, not on the instantaneous 
local field of the Newtonian theory. m can be increased, till its own field does not perturb g, i.e. till:

Given the optimal mass choice then:

If the limitation is universal then the actual gravitational field is:

The squared dispersion of the averaged gS is inversely proportional to the space-time cell volume  ->  hence gS is 
uncorrelated in time and space

  



Gravitational potential as a stochastic variable
In terms of the potential, this can be regarded as a stochastic variable, with momenta:

The covariance function for the gravitational potential is not dependent on the parameters of the gedanken 
apparatus (m, T, R), which may suggest universality of the potential intrinsic fluctuation.  

Going back to the searched correlation of the local time fluctuation



Master equation

substituted in the master equation

the local time correlation 
  is extremely small

yields



Master equation
Denote the configuration coordinates (classical and spin) of the dynamical system by X. The corresponding 
mass density at the point  r  is 

Given the coordinate eigenstate |x>  we have 

So if one introduces the damping time:

the master equation becomes



Energy decoherence

If the difference between the mass distributions of two states  |X>  and  |X’>   in superposition becomes big

the corresponding damping time becomes short

the corresponding off-diagonal terms of the density operator vanish

this QM violating phenomenon is ENERGY DECOHERENCE

in Diosi approach.



X-rays spontaneous radiation
the CSL
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In the low-energy regime, the photon w.l. is comparable to the atomic orbits dimensions

general expression for the rate applies:

let’s consider the simple case of a white CSL:
the stochastic fluctuations ALWAYS 

vibrate electrons and protons coherently

if   𝝺dB<< 𝜌1s   

S. Donadi et al., Eur. Phys. J. C (2021) 81: 773



X-rays spontaneous radiation
the CSL
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the stochastic fluctuations ALWAYS 
vibrate electrons and protons coherently

if   𝝺dB<< 𝜌1s   

Atomic structure range

let’s consider the simple case of a white CSL:



X-rays spontaneous radiation
the CSL
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the stochastic fluctuations ALWAYS 
vibrate electrons and protons coherently

if   𝝺dB<< 𝜌1s   

Present bound

let’s consider the simple case of a white CSL:
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In the low-energy regime, the photon w.l. is comparable to the atomic orbits dimensions

general expression for the rate applies:

non-Markovian CSL is simpler:
the stochastic fluctuations ALWAYS 

vibrate electrons and protons coherently
if   𝝺dB> 𝜌1s

electrons and protons emit coherently

e.g.    𝝺dB(E=15 keV) = 0.8 A 
𝜌1s = 0.025 A ;  𝜌4p = 1.5 A 

X-rays spontaneous radiation
the CSL
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both electrons and protons contribute:

nuclear emission

X-rays spontaneous radiation
the CSL
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both electrons and protons contribute:

electronic emission

X-rays spontaneous radiation
the CSL



53

both electrons and protons contribute:

electrons-protons
coupled emission

X-rays spontaneous radiation
the CSL
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both electrons and protons contribute:

in the limit    𝝺dB>> 𝜌4p

1

1

1

1

X-rays spontaneous radiation
the CSL
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both electrons and protons contribute:

in the limit    𝝺dB>> 𝜌4p

1

1

1

1

In neutral matter
complete cancellation !

X-rays spontaneous radiation
the CSL



CSL

averaged density matrix evolution can be derived from a standard 
Schroedinger equation with a random Hamiltonian. Such equation does not 
lead to the state vector reduction, because it is linear, but reproduce the 
same noise averaged density matrix evolution (photon emission rate ..)

and                            is a white noise field (in the simplest case), with 
correlation function

So N is a Gaussian noise field, with zero mean, and correlation 
function:   



The Hamoltonian density: 



The Hamoltonian density: 

                           perturbation terms

the calculation is performed at first order in 
So the first-order transition amplitude for a charged particle to emit
a photon, as a consequence of the interaction with the noise field is 
calculated.



If the correlation function in time of the collapsing noise is a delta, the 
expected rate of radiation, as a consequence of the interaction of the 
non-relativistic particle with the noise filed (spontaneous radiation) is:

                           



Emission rate in the non-white noise case

If a general correlation function in time is considered for the collapsing 
noise:

the photon emission rate changes as:

Second term: the probability of emitting a photon with momentum
p is proportional to the weight of the Fourier component of the noise 
corresponding to the frequency ωp = pc.



The first term is independent on the photon momentum

such term is un-physical. It arises because perturbation theory is
formally not valid in the large time limit, since the effect of the noise
accumulates continuously in time. Such terms disappears when adding 
higher terms in the perturbative expansion, or the perturbative 
calculation is “cured” by e.g. confining the noise.



Time correlation functions for the stochastic noise considered in 
literature:

whose Fourier transform is

or the Gaussian case:

 


