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Sllicon Drift Detector for Hadronic Atom Research by Timing Application
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Quantum Mechanics tests:

- Collapse Models

- Pauli Exclusion Principle Violation
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The measurement problem

Possible solutions:

-De Broglie o0 Bohm

- Many- World Interpretations

-Collapse of the w.f.




What are collapse models

Collapse models = solution of the
measurement problem

Paradox -free description of the quantum
world

1200 - 4
Collapse models = rival theory of w00 |
Quantum Mechanics

BO0 -

GO0 [~

Counts ins0s

They are related to experiments _
testing quantum linearity

iy

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 et al., Rev. Mod. Phys. 85, 471 (2013)

The general structure is

A} = |~ Hdt + VNA — {A))dW, — (A — (A))dt] [4),

(A)e = (Ve|Althy)

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



CSL model

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

dfve) = | -3 Hat + VA [ @V — (NGNIWi() — § [ o) = (8 e 1)

System’s Hamiltonian NEW COLLAPSE TERMS —) New Physics

N(x) = a'(x)a(x) particle density operator choice of the
operators

<N(X))f — <¢t|N(1‘f)|¢'t) nonlinearity

Wi(x) = noise  E[W,(x)] = 0, E[W(x)W,(y)] = 5(t — s)e~(@/Dx-¥)* stochasticity

/ two

@trength rc = 1/+/a = correlation length T




Which values for A and r_? 6

Microscopic world \
(few particles) ; L

X 10—8:t2$-— 1

OQUANTUM CLASSICAIL
TRANSITION Mesoscopic world
RSNy 20023 Latent image formation
+
perception in the eye
(~ 10 - 10° particles)
S.L. Adles, JPA 40, 2935 (2007)

A - 10— 178— 1 A. Bassi, D.A. Deckert & L Ferialdi, EPL 92, S0006 (2010)
QUANITUM - CLASSICAL .
TRARSITION Macroscopic world

(> 1013 particles)

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

re = 1/y/a ~ 10 %em

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

wajysAs ayj jo azis buiseatduy



FRHEE PARTICLE

1. Quantum mechanics

2. Collapse models

ﬂ,\i’%’i‘”’“"




... spontaneous photon emission 8

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 OM) !!!

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

FREE PARTICLI

1. Quantum mechanics drk 62)\ﬁ

dk 2méeomick

v

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

:@,- W S.L. Adler, A. Bassi & S. Donadi,
» Sy ArXiv 1011.3941

/\i > 111\



Our analysisusing published data of the IGEX experiment (K. |
Piscicchia) l

The IGEX experiment is a leactivity Ge based experiment dedicated to the b O |
decay research. (C. E. Aalseth et al., IGEX collaboration Phys. Rev. C 59, 2:
(1999))

In (A. Morales et al., IGEX collaboration Phys. Lett. B 534 8002)) the
published data acquired for an exposure of 8 dayin the energyrange:

Low-energy data from the IGEX RG-II detector (Mt = 80 kg day)

E (keV) Counts E (keV) Counts E (keV) Counts
45 18 195 4 345 4
5.5 25 205 5 355 4
6.5 16 215 1 36.5 6
1.5 11 225 4 375 3
85 23 235 4 385 3
9.5 9 245 4 395 3

10.5 12 255 4 405 5
11.5 17 265 4 41.5 4
12.5 12 275 9 425 0
135 7 285 4 435 2
14.5 6 295 3 445 3
15.5 6 305 2 455 5
16.5 8 315 2 46.5 2
17.5 6 325 1 475 3
18.5 1 335 1 485 4




New analysistesults and discussion

The Xray spectrumwas fitted assuming the predicted energy dependence:

dl'y  a(N)
dk ke

With a(l ) free parameter, bin contents are treated with Poisson statistics.
= ] | Entries 280
:‘__.E 25

20

as | [

10 ; B

5 Ly

° I5 - ‘1|0| - |1|5| - |2‘0| - I2|5| - ‘3|0‘ -3 l l

35 40 45

Fit resul@(\) = 110 £ 7 C/nd.f =11 E(keV)




New limit on colapse model parameters T Entropy 19 (2017) 319

Bounds on CSL pommeters

A <68 1071251 mass prop.,

A<20- 1078 s 1 non-mass prop.

10-"  10-%  10-% 10-* 102 10° 102

re (m)

Figure 2. Mapping of the A —r¢ 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

nor-mass proportional case (n-m-p) and in magenta for the mass proportional case (m-p). 34



Dynamical Reduction Models:

d|i) = [—%11(1: + \/X/,P.r(_\'(x) — (N (x))e)dW;(x) — ; /,/1’.,-(_\’(:() — (N(x))e)dt| |)

System’s Hamiltonian NEW COLLAPSE TERMS = New Physics

- CSL - non-linear and stochastic modification of the Schrodinger 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 R



Roger Penrose proposed that apatial qguantum superposition
collapses as a backeaction from spacetime which is curved in
different ways by each branch of the superpositionin this sense,
one speaks of gravityrelated wave function collapseHe also
provided a heuristic formula to compute the decay time of the
superpositiond similar to that suggested earlier by Lajos Diosi,
hence the name Diog$iPenrose model.




Even without proposing a detailed mathematical model, Penrose provides a formula that
estimates, in non-relativistic and weak-gravitational-field limits, the expected time 1pp of the

collapse of a quantum superposition'*:

h

Top = FDP (1)



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

two states displaced by a distance d,

AEpp(d) = —8:G f dr / ar MO lir Irttli-')l ur') @

Equations (1) and (2), which are valid in the Newtonian limit, were previously proposed by
Diosi'”'8, following a different approach. For a point-like u(r) = mé(r - rg), with m the mass of
the particle and é 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 Didsi and Penrose. Diosi
suggests introducing a new phenomenological parameter, measuring the spatial resolution
of the mass density'???; 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.



The collapse depends on theffective size of the mass density of
particles in the superposition, and is random: this randomness
Sshows up as a diffusion of th
charged, in the emission of radiationWe computed the radiation
emission rate, which is faint but detectable




Lindblad dynamics for the statistical operator p(f) describing the
state of the system (Supplementary Information):

Y= hHp(n)] - 5¢ [ dx [ dy

. . (3)
[M(y), [M(x), p(1)]]

ond term accounts for the gravity- related collapse. In equation (3) I
is the system’s Hamiltonian and M(x) = > u,(x, X, ) gives the total
mass density, with u,(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.



Starling from equation (3), we compuled the radiation emission
rale, that is the number of pholons emilled per unil lime and unit
[requency, integraled over all directions, in the range of wavelength
A€ (107°-107") nm, corresponding to energies E€ (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 opposile charges as for an alom. In conltrast, when their
separalion is larger than 4, they emil independenlly. Therelore, 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 atlomic 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.



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

spontaneous emission (A. Bassi & S. Donadi)

- CSL - s. e. photons rate:

- . N o Ah =
—= = {(NZ + N.) - (N.T)} (

= P; 9
dr2eqBmsra E

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

(II} 2 G(’2N2Na

dw  373/2¢9cRR3w’




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 parametefree
version of the Didsi Penrose model
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Spontaneous emission including nuclear protoQs
data taking at LNGS (ultrapure Ge)!

B —




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.



HPGe detector based experiment @ LNGS

three months data taking with
2kg Germanium active mass

v

the pdf of the models parameters is
obtained within a Bayesian model:

AZ e g(ATX — A)
Am

fo* AgeddA,

PA(Ry)) =

By >0:54 % 107" ni

AisTh

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

Counts keV™"
3 »

o N - o L
EENEIAMmMeSSSSSSSoo8

E (koV)

Bounds on CSL parameters

K Piscicchia et al.,
S Entropy (2017) 19, 319

10-1¢ 10-% 10-9 10-4 10-2 109 10°
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Our experiment sets a lower bound on R, of the order of 1A,
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
nucleuss wave [unction as suggested by Penrose, we have to con-
front our result with known properties of nuclei in matter. In a
crystal, Ry = +/(u?) where (&) is the mean square displacement
of a nucleus in the lattice, which can be computed by using the
relation****(u?) = B/8x?, where B=0.20 A2 is the Debye—Waller factor
for the germanium crystal®, cooled to liquid nitrogen temperature.
One obtains R;=0.05x 10"""m, which is more than an order of mag-
nitude smaller than the lower limit set by our experiment. Therefore,
we conclude that Penroses proposal for a gravity-related collapse of
the wave [unclion, in the present formulation, is ruled oul.



Fig. 5: Lower bounds on the spatial cutoff Ry of the DP model.
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Of course, alternatives are always possible. Following Diésine option is to

leave RO completely freehowever, 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 effect&nother option is to
change the way the collapse is modelled (Poissonian decdlgereby 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 |
the literature so far. Our result indicates that the idea of gravityrelated wave
function collapse, which remains very appealing, will probably require a
radically new approach.



Narrowing the parameter space
of collapse models with ultracold
layered force sensors

A. Vinante et al.
Phys.Rev.Lett. 125 (2020) 10,
100404
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FIG. 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% confidence
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 [31]. Purple
dot-dashed line: lower limit of a possible CSL eflect [rom
the excess noise observed in the latter experiment [31]. Blue
dotted line: upper bound from X-ray emission from a Germa-
nium sample [2{]]. Since this experiment probes CSL at much
higher energics ~ 10" 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 [11]].



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 preparatio
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FIG. 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% confidence
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 [31]. Purple
dot-dashed line: lower limit of a possible CSL eflect [rom
the excess noise observed in the latter experiment [31]. Blue
dotted line: upper bound from X-ray emission from a Germa-
nium sample [2{]]. Since this experiment probes CSL at much
higher energies ~ 10" 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 [11]].
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HPGe detector + ultrapure Pb active shielding:
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BEGe detector + pulse shape discrimination
pushing the lower E threshold to few keV
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Catalina Curceanu
INFN - Laboratori Nazionali di Frascati

Lajos Diési
Wigner Research Centre for Physics

Maaneli Derakhshani
Rutgers University

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 phenomenaon
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 guestion, by setting up and applying an innovative approach.
Within the ICON project, we will critically investigate at an unprecedented
level, the Orch OR unigue 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. OQur 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.



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 1 the VIP experiment



Required for

A bosons.
v =y (a)y,(D) Ty, (D)y,(a)
A Required for
Probability amplitude that fermions.

both states "a" and "b" are
occupied by electrons 1 and
2 in either order.
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