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Abstract: We are experimentally investigating possible departures from the standard quantum mechanics&€™& nbsp; predictions at the Gran Sasso
underground laboratory in Italy. In particular, with radiation detectors we are searching signals predicted by the collapse models (spontaneous
emission of radiation) which were proposed to solve the &oameasurement problema€s in quantum physics and signals coming from a possible
violation of the Pauli Exclusion Principle.&nbsp;

| shall discuss our recent results published in Nature Physics under the title &€odJUnderground test of gravity-related wave function collapsea€e,
where we ruled out the natural parameter-free version of the gravity-related collapse model.&nbsp; | shall then present more generic results on
testing CSL (Continuous Spontaneous L ocalization) collapse models and discuss future perspectives.

Finally, | shal briefly present the VIP experiment with which we look for possible violations of the Pauli Exclusion Principle by searching for
&€od mpossibled€s atomic transitions and comment the impact of this research in relation to Quantum Gravity models.

& nbsp;
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SIDDHARTA

Sllicon Drift Detector for Hadronic Atom Research by Timing Application
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Laboratori Nazionali del Gran Sasso,
Istituto Nazionale di Fisica Nucleare
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Quantum Mechanics tests:
- Collapse Models

- Pauli Exclusion Principle Violation
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The measurement problem
Possible solutions:
-De Broglie - Bohm
- Many-World Interpretations

-Collapse of the w.f.




What are collapse models

1. Collapse models = solution of the
measurement problem

Paradox-free description of the quantum
world

1200 A
2. Collapse models = rival theory of vl A
Quantum Mechanics 3 i’;
< 800 |- | l
They are related to experiments g @l & L&
testing quantum linearity R P A "I
= B ey o

3. Collapse models as phenomenological
models of an underlying pre-quantum

theory

Can gravity causes the collapse?
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Collapse models

A. Bassi and G.C. Ghirardi, Phys. Rept. 379, 257 (2003) A. Bassi ef al., Rev. Mod. Phys. 85, 471 (2013)

The general structure is

A

A = ——%Hdt + VA = (A))dW, — (A - (4))%ds| ),
(A)e = (Ye|Aler)

New physical effects

Which kind of operators?

Natural assumption: the collapse operators - which identify the “preferred
basis”, should be connected to position

NOTE: The Born rule comes out automatically
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CSL model

P. Pearle, Phys. Rev. A 39, 2277 (1989). G.C. Ghirardi, P. Pearle and A. Rimini, Phys. Rev. A 42, 78 (1990)

] A
dipe) = |~ Hat +VA [ 2N — NI = 5 [ ¥ ) = (V)oPae | 1
System’s Hamiltonian NEW COLLAPSE TERMS — New Physics
8
N(x) = a'(x)a(x) particle density operator choice of the
operators
(N(X))t — (qj)th(XHd)t) nonlinearity

W;(x) = noise E[Wy(x)] = 0, E[W,(x)W,(y)] = d(t — s)e—(*/9(—¥)* stochasticity

two

A = collapse strength rc = 1/y/a = correlation length parameters
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Which values for A and r_? 6

Microscopic world \
(few particles) rx

—84+92 _
R L Tk

Mesoscopic world
Latent image formation
+
perception in the eye
(~ 10 - 10° particles)

S.L. Adler, JPA 40, 2935 (2007)

wajsAs ayj jo azis buisealduy

,\ . 10_ ]_'?S -] A. Bassi, D.A. Deckert & L Ferialdi, EPL 92, S000€ (2010)

! AN "M LASSICA =

TRANSITION Macroscopic world

e (> 10'3 particles) I -

G.C. Ghirardi, A. Rimini and T. Weber, PRD 34, 470 (1986)

re =1/Va ~ 10~ %cm v

PREDICTIONS of collapse models are different from standard quantum
mechanical predictions ... they can be tested experimentally! ...
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1. Quantum mechanics

>
2. Collapse models
g‘\i‘ ",(_\- L V\,\I.!“l -
N 'z, T
7
8
/’/\V/}\ / .
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oe

... spontaneous photon emission

Besides collapsing the state vector to the position basis in non relativistic QM
the interaction with the stochastic field increases the expectation value of particle's energy

l

implies for a charged particle energy radiation (not present in standard QM) !!!

1) Plausibility test of collapse models (ex. Karolyhazy model, collapse is induced by
fluctuations in space-time = unreasonable amount of radiation in the X-ray range).

2) The comparison between theoretical prediction and experimental results will provide
constraints on the parameters of the CSL model

2
1. Quantum mechanics drk | e“\h
dk 2mleomicik

Q. Fu, Phys. Rev. A 56, 1806 (1997)
2. Collapse models N

o e S.L. Adler, A. Bassi & S. Donadi,
/\\m %.;)H;f?_”' . ArXiv 1011.3941
/-.\'/ ,"JF\ o =

Pirsa: 21040026 Page 30/67



Pirsa: 21040026

New analysis: results and discussion
The X-ray spectrum was fitted assuming the predicted energy dependence

dl'y,  a(N)

dk: fe

With o)) free parameter, bin contents are treated with Poisson statistics.

[ Entries 280

N
[}

counts/(1keV)
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New limit on colapse model parameters — Entropy 19 (2017) 319

Bounds on CSL parameters
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Figure 2. Mapping of the A — rc Continuous Spontaneous Localization (CSL) parameters: the originally
proposed theoretical values (GRW, Adler) are shown as black points; the region excluded by theory
(theory) is represented in gray. The excluded region according to our analysis is shown in cyan for the

non-mass pmpurtional case (n-m-p) and in magenta for the mass propurtinnnl case (m-p).
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Dynamical Reduction Models:

l”-"f = {'—;ih!th -+ \'.\/t"i‘ll_\(,‘(]— \[\]1)“’”;(.\]--) /H’{M\(\)\(K] ;J-t” ')
L -

System’s Hamiltonian NEW COLLAPSE TERMS — New Physics

- CSL - non-linear and stochastic modification of the Schrédinger equation ...

A - collapse strength r_~ 10" m — correlation length

measures the strength of the collapse
strongly debated, see e. g. S. L. Adler, JPA 40, (2007) 2935
Adler, S.L.; Bassi, A.; Donadi, S., JPA 46, (2013) 245304.

- Diosi — Penrose — gravity related collapse model ...
system is in a quantum superposition of two different positions —
superposition of two different space-times is generated —

the more massive the superposition, the faster it is suppressed.

The model characteristic parameter R0
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Roger Penrose proposed that a spatial quantum superposition
collapses as a back-reaction from spacetime, which is curved in
different ways by each branch of the superposition. In this sense,
one speaks of gravity-related wave function collapse. He also
provided a heuristic formula to compute the decay time of the
superposition—similar to that suggested earlier by Lajos Diosi,
hence the name Diosi—Penrose model.

Page 34/67



where AEpp measures how large, in gravitational terms, the superposition 1s. Given a system
with mass density u(r), in the simple case of the centre of mass being in a superposition of
two states displaced by a distanced,

AEpp(d) = 8:C / dr [ g PE) [p(r' +d) — p(r')] )

v —r'|

Equations (1) and (2), which are valid in the Newtonian limit, were previously proposed by
Di6si'”'8, following a different approach. For a point-like u(r) = mé(r — rg), with m the mass of
the particle and 6 the Dirac delta distibution, equation (2) diverges because of the 1/r factor,
leading to an instantaneous collapse, which is clearly wrong. To avoid this problem, one has
to smear the mass density. This is implemented in different ways by Diosi and Penrose. Diosi
suggests introducing a new phenomenological parameter, measuring the spatial resolution
of the mass density'?2?; Penrose instead suggests that the mass density of a particle is given
by u(r) = mig(r, £)1? (ref. ®), where ¢(r, t) is a stationary solution of the Schrédinger-Newton

equation??2, For either choice, we will call the size of the particle’s mass density Ro.
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Even without proposing a detailed mathematical model, Penrose provides a formula that
estimates, in non-relativistic and weak-gravitational-field limits, the expected time rpp of the

collapse of a quantum superposition'*:

TDP = WDP (1)
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The collapse depends on the effective size of the mass density of
particles in the superposition, and is random: this randomness
shows up as a diffusion of the particles’ motion, resulting, if
charged, in the emission of radiation. We computed the radiation
emission rate, which is faint but detectable
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Lindblad dynamics for the statistical operator p(f) describing the
state of the system (Supplementary Information):

dp(t) - ;'[H_ /)(I)‘ .17;1(4' "' dx [ dy |le|

« R (3)
[M(y), [M(x),p(t)]]

ond term accounts for the gravity-related collapse. In equation (3) I
is the system’s Hamiltonian and M(x) = > Ha(X, X, ) gives the total
mass density, with p,(x,X,) the mass density of the nth particle,
centred around x,,. Taking for example a free particle with momen-
tum operator p, the contribution of the second term to the aver-
age momentum (p) = Tr|pp| is zero, while the contribution to the
average square momentum (p?) increases in time. This is diffusion.
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Starting from equation (3), we computed the radiation emission
rale, that is the number of photons emitted per unit time and unit
frequency, integrated over all directions, in the range of wavelength
A€ (107-107") nm, corresponding to energies F € (10-10°) keV. The
reason for choosing this range can be understood in terms of a semi-
classical picture: each time a collapse occurs, particles are slightly
and randomly moved. This random motion makes them emit radia-
tion, if charged. When their separation is smaller than 4, they emit
as a single object with charge equal to the total charge, which can
be zero for opposite charges as for an atom. In contrast, when their
separation is larger than 4, they emit independently. Therefore, in
order to maximize the emission rate, electrons and nuclei should be
independent (4 < atomic radius), while protons in the same nucleus
should behave coherently (4> nuclear radius). This is achieved by
considering the emission of photons with wavelength in the range
mentioned above. In this range, the coherent emission of protons
contributes with a term proportional to (Ne)* (N is the atomic num-
ber), while electrons contribute incoherently with a weaker term
proportional to Ne®. For this reason, and also because in the range
of energies considered in our experiment the electrons are relativis-
tic, while our derivation is not, to be conservative we will neglect the
contribution of the electrons to the emission rate.
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both models induce a diffusion motion for the wave packet :

each time a collapse occurs the center of mass is shifted towards the localized wave function
position. Since the process is random this results in a diffusion process

a b

S . © »:%9

spontaneous emission (A. Bassi & S. Donadi)

- CSL - s. e. photons rate:
dl”

" i o Ahe?
= 4 (N2 + Ng) - (N, ; s 5 5
dE {( P e) - (Nal )} m2eoctmirs E

- Diosi — Penrose —s. e. photons rate:

(1'( 2 \V_) A\v“

2
-7 . ) (5] .,. -
3 m3/2gpc3 Rgw

dl’y

rla.,'
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We then performed a dedicated experiment at the Gran Sasso
underground laboratory to measure this radiation emission rate.
Our result sets a lower bound on the effective size of the mass
density of nuclei, which is about three orders of magnitude larger

than previous bounds. This rules out the natural parameter-free
version of the Diosi—Penrose model.
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Spontaneous emission including nuclear protons -
data taking at LNGS (ultrapure Ge)!
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Figure 1: Schematic representation of the experimental setup: 1 - Ge crystal, 2 - Electric con-
tact, 3 - Plastic insulator, 4 - Copper cup, 5 - Copper end-cup, 6 - Copper block and plate, 7 -
Inner Copper shield, 8 - Lead shield.
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HPGe detector based experiment @ LNGS

cosmic rays, bremsstrahlung  Region Of Interest AE=(1000 - 3800)keV
from “Pb & daughters compatible with theretical constrains

24

three months data taking with : .3
2kg Germanium active mass i y

\'4 § m‘
the pdf of the models parameters is % | -
obtained within a Bayesian model:
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Our experiment sets a lower bound on R, of the order of 1 A,
which is about three orders of magnitude stronger than previ-
ous bounds in the literature*’; see Fig. 5. If R, is the size of the
nucleus’s wave function as suggested by Penrose, we have to con-
front our result with known properties of nuclei in matter. In a
crystal, Ry = y/(u?) where (#?) is the mean square displacement
of a nucleus in the lattice, which can be computed by using the
relation****(u?) = B/8n%, where B=0.20 A? is the Debye—Waller factor
for the germanium crystal®, cooled to liquid nitrogen temperature.
One obtains R,=0.Q5X% 10" m, which is more than an order of mag-
nitude smaller than the lower limit set by our experiment. Therefore,
we conclude that Penrose’s proposal for a gravity-related collapse of
the wave function, in the present formulation, is ruled out.
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HPGe detector based experiment @ LNGS

cosmic rays, bremsstrahlung  Region Of Interest AE=(1000 - 3800)keV
from “°Pb & daughters compatible with theretical constrains
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Fig. 5: Lower bounds on the spatial cutoff Rg of the DP model.
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Of course, alternatives are always possible. Following Diosi, one option is to
leave R0 completely free; however, this comes at the price of having a
parameter whose value is unjustified, apparently disconnected from the mass
density of the system as well as from gravitational effects. Another option is to
change the way the collapse is modelled (Poissonian decay), thereby adding
extra terms and parameters to take into account a more complex dynamics, as
done for other collapse models. This kind of extension has not been envisaged in
the literature so far. Our result indicates that the idea of gravity-related wave
function collapse, which remains very appealing, will probably require a
radically new approach.
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Narrowing the parameter space
of collapse models with ultracold
layered force sensors

A. Vinante et al.
Phys.Rev.Lett. 125 (2020) 10,
100404

1078

107

10°®
2 40"

®
-

s

10"

107"

' N
e W e 0 W Wt e

re (m)

FFIG. 4: Exclusion plot for the CSL collapse parameters.
Red solid line and shaded area: upper bound and excluded
region [rom the present experiment at the 95% conflidence
level. Cyan dashed line and shaded area: upper bound and ex-
cluded region from LISA Pathfinder [34]. Light purple dash-
dot-dotted line and shaded area: upper bound and excluded
region from a previous cantilever experiment [3I]. 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 Germa-
nium sample [Z0]. Since this experiment probes CSL at much
higher energies ~ 10'? Hz, the upper bound is ecasily 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 [1{]].
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Narrowing the parameter space
of collapse models with ultracold
layered force sensors

A. Vinante et al.
Phys.Rev.Lett. 125 (2020) 10,
100404

Paper in preparation

A(s™

10-1°

10"

10712

1094 0¥ 4% W0 WweF 0% 10
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FFIG. 4: Exclusion plot for the CSL collapse parameters.
Red solid line and shaded area: upper bound and excluded
region [rom the present experiment at the 95% conflidence
level. Cyan dashed line and shaded area: upper bound and ex-
cluded region from LISA Pathfinder [34]. Light purple dash-
dot-dotted line and shaded area: upper bound and excluded
region from a previous cantilever experiment [3I]. Purple
dot-dashed line: lower limit of a possible CSL eflect from

the excess noise observed in the latter experiment [31]. Blue
dotted line: upper bound from X-ray emission from a Germa-
nium sample [Z{]]. Since this experiment probes CSL at much
higher energies ~ 10'? Hz, the upper bound is ecasily 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 [1{]].
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ture perspectives

Apricon w

HPGe detector + ultrapure Pb active shielding:
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BEGe detector + pulse shape discrimination
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pushing the lower E threshold to few keV

bt ke g
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“Is Quantum Theory exact? From quantum foundations to quantum
appllcatlons” 23-27 September 2019 (Frascatl, LNF- INFN)

; ~'_‘“-, e mvdﬂ)‘h.&*ﬁug :
- \ /

“Is Quantum Theor) exact? Exploring the quantum boundaries” 101 11
December 2020 (https://agenda.infn.it/event/24187/overview)
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Frank and Ernest

Luedtions.

_OH wowr

7, PARADIéM

-What indaces the collapse:
Codld be nelated with gravity?
-Has it anything to do with dark
Sector (matter, energy)?

- Do there any theony beyond LY




https://fgxi.org/community/forum/topic/3638
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Project Title

ICON: Novel intertwined theoretical and experimental approach to test the
ORCHestrated Objective Reduction theory as physical basis of consciousness

Project Summary

The nature of human consciousness, the most extraordinary phenomenon
experienced by all of us, is the most important of all yet unsolved problems.
Is consciousness rooted in the realm of natural sciences? This question is
overarching biology, physics, mathematics, philosophy. We plan to contribute
answering this question, by setting up and applying an innovative approach.
Within the ICON project, we will critically investigate at an unprecedented
level, the Orch OR unique theory (Orchestrated objective reduction), put
forward by Hameroff and Penrose, theory which places consciousness within the empirical sciences,
musing about its connection with quantum mechanics and gravity, and sneaking into the “pretty hard
problem” of consciousness: is there a theoretical framework that can determine which physical systems

and processes can be associated with consciousness? We will break the chain of long-lasting debates by
setting the ground for an intertwined theoretical and experimental validation, performing fundamental
dedicated measurements, setting Orch OR on a much more solid ground. Our ICON project represents
a major progress in bridging the gap between physical laws and consciousness, by studying the intimate
mechanisms of those phenomena proposed to generate consciousness in humans and the Universe,
with a potential monumental breakthrough in consciousness studies.
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We also search for the impossible atoms

An experiment to test the Pauli Exclusion
Principle (PEP) for electrons in a clean
environment (LNGS) using atomic physics

methods — the VIP experiment
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Theories of Violation of Statistics
O.W. Greenberg: AIP Conf.Proc.545:113-127,2004

“Possible external motivations for violation of statistics include:
(a) violation of CPT, (b) violation of locality, (c) violation of
Lorentz invariance, (d) extra space dimensions, (e) discrete space
and/or time and (f) noncommutative spacetime. Of these (a) seems
unlikely because the quon theory which obeys CPT allows
violations, (b) seems likely because if locality is satisfied we can
prove the spin-statistics connection and there will be no violations,
(c), (d), (e) and (f) seem possibie... ...........

Hopefully either violation will be found experimentally or our
theoretical efforts will lead to understanding of why only bose
and fermi statistics occur in Nature.”

Pirsa: 21040026 Page 59/67



Experimental method:
Search for anomalous X-ray transitions

when bringing “new” electrons

& @ =) e 6
=l —e-& n=1 —@-—@-o—
Normal 2p —>1s 2p —>1s transition
transition Vl.olaFmg
Energy 8.04 keV Pauli principle

Energy 7.7 keV

Messiah Greenberg superselection rule
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TESTING VIOLATIONS OF THE
PAULI EXCLUSION PRINCIPLE
INDUCED
FROM NON-COMMUTATIVE
SPACE-TIME

Andrea Addazi,
Fudan University, Shanghai.

in collaboration with A. Marciano (Fudan),

We propose underground
experiments!!!

Claim:
Pauli Exclusion principle violations
Induced from quantum gravity
can be tested
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PEP violation in quantum gravity

nodels can embed PEP violating transitions!
s
PEP is a consequence of the spin statistics theorem based on:
Lorentz/Poincaré and CPT symmetries; locality; unitarity and causality. Deeply
related to the very same nature of space and time

1

most effective theories of QG foresee the non-commutativity of the space-time
quantum operators (e.g. k-Poincare, 6-Poincare)

1

non-commutativity induces a deformation of the Lorentz symmetry and of the

locality — naturally encodes the violation of PEP

S. Majid, Hopf algebras for physics at the Planck scale, Class. Quantum Grav. 5 (1988) 1587.
S. Majid and H. Ruegg, Bicrossproduct structure of Kappa Poincare group and noncommutative geometry, Phys. Lett. B 334 (1994) 348,
hep-th/9405107.
M. Arzano and A. Marciano, Phys. Rev. D 76, 125005 (2007) [arXiv:0707.1329].
G. Amelino-Camelia, G. Gubitosi, A. Marciano, P. Martinetti and F. Mercati, Phys. Lett. B 671, 298 (2009) [arXiv:0707.1863].

1

PEP violation is suppressed with §2 = (E/A)%, k depends on the specific model,
E is the energy of the PEP violating transition, A is the scale of the space-time
non-commutativity emergence.
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CERN Courler March 2018

Exclusion principle

Putting the Pauli exclusion
principle on trial

If we tightly grasp a stone in our hands, we neither expectit to vanish
nor leak through our flesh and bones. Our experience is that stone
and, more generally, solid matter is stable and impenetrable. Last
year marked the 50th anniversary of the demonstration by Freeman
Dyson and Andrew Lenard that the stability of matter derrves from
the Pauli exclusion principle. This prineiple, for which Wolfgang
Pauli received the 1945 Nobel Prize in Physics, is based on ideas so
prevalent in fundamental physies that their underpimnings are rarely
questioned. Here, we celebrate and reflect on the Pauli principle, and
survey the latest experimental efforts to testit.

The exclusion principle (EP), which states that no two fermions
can occupy the same quantum state, has been with us for almost
a century. In his Nobel lecture, Pauli provided a deep and broad-
ranging account of its discovery and its connections to unsolved
problems of the newly born quantum theory. In the early 1920s,
before Schrodinger’s equation and Heisenberg’s matrix algebra
had come along, a young Pauli performed an extraordinary feat
when he postulated both the EP and what he called “classically
non-deseribable two-valuedness” —an early hint of the existence of
electron spin —to explain the structure of atomic spectra.

“[ ( Y4\

Portrait of a young Pauli at Svein Rosseland’s institute in Oslo in
the early 1920s, when he was thinking deeply on the applications
of quantum mechanics to atomic physics.
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“This could be the discovery of the century. Depending,
of course, on how far down it goes.”
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“This could be the discovery of the century. Dependmg
of course, on how far down it goes.
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HPGe detector based experiment @ LNGS
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three months data taking with
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the pdf of the models parameters is
obtained within a Bayesian model:
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