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

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

Finally, I shall briefly present the VIP experiment with which we look for possible violations of the Pauli Exclusion Principle by searching
a€eimpossiblea€« 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

Arez ™'t
E [A14]
&\ LNGS
Sina Macerata Ascoli Pceno
P g
Terni
Grosseto
o Teramo Gr
Terni | A24]
F &
Yiterbeo .rJ Peada e
I T A Reti L X I A
€l
PRescars
L'Aquia
~ Chieti
(1] [ | A25]
=
R ®e0 m a )
412 Rcmam_.Jla |
Frosinone
bern

Latina

Pirsa: 21040026 Page 12/67



Pirsa: 21040026 Page 13/67




Pirsa: 21040026 Page 14/67




: / y
\ L NGS-INFN — cosmic s lence /!

: ',:j\ % AN \§ \

“k\ﬁf 3& ‘ﬁ“\ \
\\ \\\\“ 1 W
\\. ('fﬁf‘-n.-ks N

A \"t\
/ \\n\\}}v‘f

\
\

ANV (e
\ 0\\'!’!‘-’&1 !

_ " ' \0.0\\“'\
(e
"'I,\}fo‘o,f'/ /

R0

ROV

‘ (N g: \ ' "
VARG

’m“a‘t"\’ a ,
‘L "\l !@.» \ (g
//ﬂi’" :: t&’b

R
OO Vi A
\\ 4 .‘

"‘

A




Pirsa: 21040026 Page 16/67



irsa: 21040026 Page 17/67



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 . g
Quantum Mechanics g ]M
- I
They are related to experiments 5 el & le
testing quantum linearity wp  af T R
20N mg;h? ‘“‘1‘%‘:-));_

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

dlv): = —%Hdt 4 \/X(A — (A)¢)dW; — g(A — <A>t)2dt V)¢

(A)e = (Ve|Aly)

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 (19_89). G.C. Ghirardi, P. Pearle and A. Rimini, Phys. Rev. A 42, 78 (1990)

] A
dlepy) = l—%Hdt +VA / d*z(N(x) — (N(x))¢)dW(x) — = / d®z(N(x) — (N (x)):)%dt| [1¢)
System’s Hamiltonian NEW COLLAPSE TERMS = New Physics
N
N(x) = af(x)a(x) particle density operator choice of the
operators

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

two

A = collapse strength 7o = 1/y/a = correlation length parameters
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Which values for A and r_? 6

Microscopic world \
(few particles) N

—842 _
A ~ 10755251

el el Mesoscopic world
er s aun Latent image formation
+
perception in the eye
(~ 101 - 10° particles)

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

wajsAs ayj jo azis buisealduy

,\ - 10_ ]_'?S -1 A. Bassi, D.A. Deckert & L Ferialdi, EPL 92, SO0006 (2010)
0 ANITUM LASSICA =
TRANSITION Macroscopic world
(GRW 1986) ” -
(> 103 particles) | S

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

re = 1/ya ~ 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
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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 dl' e“\h
dk 2mleom2ci k

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

2. Collapse models I
o o~ W S.L. Adler, A. Bassi & S. Donadi,
Pl “;L’xf';«.__' ArXiv 1011.3941
N/ r“k\‘ — >
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New analysis: results and discussion
The X-ray spectrum was fitted assuming the predicted energy dependence

(/FA- (l(/\)

dk— k

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

[ Entries 280

N
0

counts/(1keV)

20

15

10

0 1

AR o [ T T S e 1 2| N e A AR 0] I v B A
5 10 15

20 25

Fit result(l(/\) = ll“ i T

Page 31/67



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

Bounds on CSL parameters

X — e, g e

10-2F A <6810 1 S 1 mass prop.,

m-=p / n—m-=p i
10°4¢
v ar—18
A<20-10 18 -1 hon-mass prop.
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Figure 2. Mapping of the A — r Continuous Spontaneous Localization (CSL) parameters: the originally
5 <t C 5 3
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 pmpurtinnal case (n-m-p) and in magenta for the mass prupnrtinzml case (m-p).
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Dynamical Reduction Models:

j N q . ’ - ,\ . - . 92
d|iy) = {—j—: Hdt + Vv / d* (N (x) — (N (x))e)dWe(x) — - /J“‘f(_\(x) — (N (x))e)%dt]| |¥)
i .

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 R,
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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.
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where AEpp measures how large, 1n 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 / 4 PE) [p(r" +d) — p(r')] -

v —r'|

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 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 isimplemented 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) = mlg(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’*:

TDOp = WBP (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( 3 4xGC
ol — —Ii[H, p(t)] — € [ dx [ dy ItIYI

; : (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
[requency, integrated over all directions, in the range of wavelength
A€ (10—-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 atom. In contrast, when their
separation is larger than 4, they emil 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 Q % b }Q
=1 9 o
spontaneous emission (A. Bassi & S. Donadi)
- CSL - s. e. photons rate:

dl’ % 3 e Ahe?
== -\V_ 1 -\« = -\u l P . 9 9
dE {( & ) - }} dméeocPmyréE

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

ffl ‘; _) (e ._)A\J_’A\v,,

r/vd
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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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