uantum
ISSION

Searching for sig
collapse through
or:l

(INFN

\ o - . -:' -
- ' \ e —-
P \ \\ (*_

v n behalf of the VIP-2 collaboratl_o_n_-

\_\\*

Q"‘--—-

r:,”

“\?




(NGS laboratories environment: the cocmic cilence -.

(
W

The experiments are performed in the low-backgrovnd environment of the underground

Gran Sasco National Laboratory of INFN:

o "‘«;‘,..\m

® overburden correcponding to a
minimum thicknecs of 3100 m w.e.

® the muon flux is reduced by almost
cix orders of magnitude, n flux of
three oom.

® the main backgrovnd source
consicts of Y -radiation produced

by long-lived Y -emitting primordial

icotopes and their decay products.



Collapse Models

DYNAMICAL COLLAPSE MODELS:

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

- Stochastic and non-linear modifications of the Schroedinger dynamics ->

spontaneous collapse, progressive reduction of the superposition, proportional to the
increase of the mass of the system

L. Didsi (2023) J. Phys.: Conf. Ser. 2533 012005)

Spontaneous decoherence induced by space-time indeterminacy
&
Irreversibility in Quantum Gravity/Cosmology at the Planck scale

lead to the same structure of master equations

One way to perform sensitive tests - experimental search for
spontaneous radiation




Radiation measurements to test the collapse

e Side effect of the stochastic collapse dynamics:
a Brownian-like diffusion of the system in space Phys. Rev. Lett. 130, 230202

(2023).

Collapse probability is Poissonian in t -> Lindblad dynamics for the statistical
operator -> free particle average square momentum increases in time.

e 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 -> extract the pdf of the model parameters -> bound the
parameters.




Gravity related collapse: the Diosi-Penrose model

Didei: QT requirec an abeolute indeterminacy of the gravitationa field, -> the local gravitational
potential shovld be reqarded ac o stochastic variable, whose mean valve coincides with the MNewton

potential, and the correlation function ic:

hG

<O (') > = < 4(r,1) > < (') >~

o(t—1t)

Penrose: When a system is in a cpatial quantum superpocition, a correcponding cuperposition of
two different cpace-times ic generated. The superposition is vnstable and decays in time. The more
massive the cystem in the superpocition, the larger the difference in the two space-times and the

faster the wave-function collapce.

v.P &8

L. Di6si and B. Lukéacs, Ann. Phys. 44, 488 (1987), L. D16s1, Physics letters A 120 (1987) 377, L. Di6si, Phys.
Rev. A 40, 1165-1174 (1989), R. Penrose, Gen. Relativ. Gravit. 28, 581-600 (1996), R. Penrose, Found. Phys.
44, 557-575 (2014).



Gravily related collapce

AEDP:MG/dr/dr’[M“(T) — ()] [alr) = p(r)|
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Gravity related collapse

The DP theory is parameter-free, but the gravitational self enerqy difference diverges
for point-like particles -> a chort-length cutoff R ic infroduced to reqularize the
theory.

Didei: minimum length R, limite the spatial resolvtion of the mass density, a
chort-length cutoff to regularize the mass density. EG becomes a function of R the
larger R the longer the collapee time.

Penrose: colution of the stationary Shroedinger-Newton equation, with ,Qo the size of
the particle mase dencity.



Spontaneous emicsion in the' -rays regime

\
® (SL- ¢ e phofons rate:
| by (e hA N— . .
== = s (N V) the photon wl. A is intermediate
e SO RGP between the nuclear dimension and the
> lower atomic orbit radius -> protons
® DP-c. e phofons rate: emit coherently, electrons emit
Jr |PP o independently
—| = ———— (N2 +N
dE |, 12773/"26003R8E{ p T Nej

_/

N - collapse strength

¢, - correlation length
cece 9. S (. Adler, JPA 40, (2002) 2935, Adler, S.(.; Bassi, A.; Donad;, S, JPA 46, (2013) 245304.

R 5" cize of the fartic/e mase dehS’ity. See e.9. Didei, (. ]. Phys. Conf. Ser. 492, 012001 (2013),
Penrose, R. Found. Phys. 44, 5572-575 (2014). 8







The experimental setup

The experimental apparatus is baced on a coaxial p-type high purity germanium detector

(HPGe):

Figure 1: Schematic representation of the experimental setup: 1 - Ge crystal, 2
- Electric contact, 3 - Plastic insulator, J - Copper cup, 5 - Copper end-cup, 6 -
Copper block and plate, 7 - Inner Copper shield, 8 - Lead shield.

Exposure 129 kg * day, m. ~ 24g
passive shielding: inner - electrolytic
copper, outer - lead

on the botfom and on the cides 5

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

an airfight cteel housing encloses
the shield and the cryostat, flushed
with boil-off nitrogen fo minimize
the presence of radon.
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Meagcvred cpectrvm and background cimulation

The experimental apparatus is characterised, through a validated MC code, based on
the GEANT-4 coftware library. The background is dve to emicsion of residual
radio-nuclides:

® the activitiec are meacured for each

70 component
60| | ® the MC simvlation accounts for:

A0 1. emission probabilities and decay

% —

é 40;_ integral meagured counte cchemes

‘% 30 [ | 2. = b76. for each radio-nuclide in each material

2 zog{-ﬂj 1. phofons propagation and inferactions
el 7 M 'Lﬁ | MC cimulation 2. detection efficiencies.
o, ] m i U T T #m,ﬁm{. T W T
1,000 1,500 2,000 E(kz\,fo)OO 3,000 3,500 TA_e rimu/ation derck,'éeg 88% of, tAe

cpectrum:

N o m; Az] T iVT'eC,'ij zb — E 7b . — 506
Zbij = ! e |
1Mij
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Efficiency Ge crystal

Efficiency Cu block + plate

Expected signal contribution

The expected number of photone spontaneoucly emitfed by the nuclei of all the materials
of the detector are obtained weighting the theoretical rate for the detection
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Expected signal contribution

The expected cignal of sponfaneously emifted photons by the nuclei of all the materials
of the detector is obtained weighting the theoretical rate for the detection efficiencies:

 0.0012 Euergy distribution of the ex,becz‘ea/

0.0010

cignal, resufting from the sum of the

0.0008 emission ratec of afl the materials,

0.0006

weighted for the eciency functiong.

0.0004 The area of the dictribution ic normalised

to the wnity (n. u.)

IIIIIIII|III|III|I

0.0002

1 1 1 I 1 | 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1
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The statistical model

- bin-by-bin Bayecian comparicon of data - MC -Th. expectation

- aim of the analysis: extract the posterior pdf for the parameters of the model (p)
P(p, b|data) =

P(pl|data) :/ P(p,b|data) db
/Dy P(data|p,b) - Py(p) - Po(b)

~ [ P(datalp,b) - Po(p) - Po(b) d(p) db

N
Ai(p
(ikelihood:  P(data|p,b) = H

1 L a(ata
| B smallest 95 .09% interval(s)
1.00 | e 2%

MC
Ai(p, b) = /A f5(E.b) dE +

E;
Th. expectation

bin couvnts: i fs(E,p) dE.
AFE;

)

""""""""""""""

posterior pdf

P(10™®/R})
o

expected

10°/R}



{ower bound on ,Qa

EXPERIMENTAL : R > 0.5¢ " 107 m (70%
Cl)

g
3

BABM [BUO JE)|ARIE)
SIE)S UOANeN

M— . s If R ic the cize of the nuclevs's wave

1071® [ B 10712 1072 107" 15"° 16*’ R, (m) 5
: Function as cuggested by Penrose, we

. Q have fo compare the limit with the

properties of nuclei in matter.

Inacrystal R = (d®) ic the mean square dicplacement of a nucleus in the lattice,

which, for the germanivm cryctal, cooled to liguid nifrogen temperature amouvnts to:

THEORETICAL EXPECTATION R = 0.05 - 107

‘Undergrovnd fect of emw‘ty-re/az‘ea/ wave function CO//“PS’ e”. Nature P hysice 17,
pages 24-28 (2021) i



Spontaneous emicsion in the X-rays regime

In the low-enerqy regime, the phofon w.l. ic comparable to the atomic orbits dimensions
e.g. }‘48(6:75 kell) = 0.8 A
r, =0.025A; r, =15A

3 qp

Uhen the correlation length of the
model ic of the order of the atomic
dymension and alco A, ic of The
order of the mean afomic radii:

® clectrons ctart to emit

coherently

® clectrons-profons contribution

cancels

16
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Spontaneous emicsion in the X-rays regime

First model which predicts a characteristic spontaneous E. M. radiation

distinctive of the decoherence mechanism:

Phys. Rev. Lett. 132, 250203 (2024)

Ge Ge
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Spontaneous radiation rate for the CSL model (left) and
DP (right) calculated for a Ge atom (top panels) and a Xe
atom (bottom panels. In blue the approximated theory.

The energy spectrum of this
radiation is influenced by the
atomic structure of the emitter.

The spontaneous radiation rate,
within the range of (1-15) keV, is
unique to the specific
decoherence mechanism.



Strongest available bovnds (prefiminary)

Analysis performed in collaboration with XENONNT
arXiv:2506.05507v1 [hep-ex]

--- Theoretical --= Cold Atoms
—— XENONNT (This Work) --- GW Detector
X-ray (Majorana) Cantilever
-~~~ X-ray (Donadi et al.) o GRW
--- Bulk Heating —3— Adler
105 i

108 BOUND on the DP model

— 10-11

S g R >059 10" m (70% CL)
10-17
10720

10-° 107 107 103 0.1
re [m]

FIG. 2. XENONnT 95% C.L. upper bound on the CSL
model parameters, compared to exclusion limits from othei
non-interferometric experiments and theoretical propositions



Experimental bour



Kdrolyhdzi model

With what precision can o time-like fength ¢ = cT in flat spacetime be measured vsing o
quantum probe which obeys the HUP?

As® = lis

ctochastic fluctuation of the metric around the flat Minkowski metric -> minimal
uncertainty in the length measvrement.

In the non-relativistic, weak gravitational field limit  (9oo)s(x,t) =1+ v5(x,t)

From the mean proper length s =E[sg] =cT -> Elys(x,t)) =0

Ascumptions:  Chryg(a,t) =0 Elcs(k)cs(K")] = 6 p F(K)

5 with a Aigh enerqy
8T 14/31.—5/3 toff

3F(%) p cuto 20

X, > 10~"m

From the mean cquare cpread: F(k) =



Kdrolyhdzi model
The stochastic fluctvation of the metric corresponds to the interaction with a random

potential:

’I??JC2

Vﬁ(x, ) =inP(x,1) = T ’yﬁ(a:,t)
particle satisfres the SSE ’ih%wﬁ(& t) = (ﬁo + Vﬁ(t))wﬁ(x, t)

In & pioneering work Disei and (vkdes [Physics (etters A 181, 366 (1793)] first
calculated the sponfaneous emicsion radiation rate

SING e203/? 1/3
= W
dwp, Omeol (%) c7/3h K

The Kdrolyhdzi model predicte an unphycically high amount of emitfed radiation,
more Than 10 oom higher than the most sencitive measurement!



An attempt to revive the Kdrolyhdzi model
New J. Phys. 26 (2024) 013001

They relax the hypothecis that the fluctuations chould saticly the wave equation
E[’)/,BCB: t>ﬁ//’3(m,* t,)] =g(x — z’, |t — t,’)
Further they assume it is factorized:

9(y, |7]) = u(y)v(|7])

The time corr. func. must catisfy:
v(|7]) = —é(l—p)%ihl_% to cope with the K. uncertainty
9\ c/ u(0)

The spacial correlation function is ascumed bavesian:

u(y) =e Tk the correlator R« ic o free parameter.



An attempt to revive the Kdrolyhdzi model
New J. Phys. 26 (2024) 013001

This generafization ceems to restore compatibility with the experiment [Phys. Rev. (ett.
129(8), 080401 (2022)]

comparison with the data provides the constraint:

RK’ Z 0.11 m

Un upper bound is alco provided by requiring the collapse to be strong enough to
quarantee that a single-layered grophene disk of the cize of 10 um (roughly the smallest
visible size by hvman eye) ic spatially localized in the time = 0.01 ¢ (abouvt the smallest

time recolution of the human eye)

R <198 m

Allowed and Excluded Regions for the Parameter Rg

o som 1 oom room for the parameter
| |

Excluded Allowed region Excluded l EK

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50
Rk (m)




But eventually the K-Model is killed again

paper in preparalion

- We repeated the analysis of the data collected with our Ge based apparatus

- The spontaneovs emiscion rate is updated for the generalized K-model

E+4E
S(E:Y) = L f(E) 1:(Y) = b6+ ~ / . S(BY)dE
a Ei—TE
U= M ~ bpMC L AES(E;Y)

| L New lower limit (0% CL)
smallest 95.29://2 :gtgxg:(z)
200 | \ = ggé:%ees:; 66.03% interval zs; RK 2 4 1 64 m

— global mod
~~~~~~~~~~~ marginal mode
o200} Updated Constraints on the Parameter Rg

o Old allowed region Ri> 4.64m
Excluded ' Sy
= = New experimental bound i
100 - I
|
h |
. |

il i | Exduded . Old aIIovyed regionl . . ' Excludedl . ; :
0000 0002 0004 _ 0006 0008 0010 0012 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

Y Rk (m)



Spontaneous radiation in a ML cetting

,bre/:'m/‘n ary

- Can ovr radiation data accomodate an eccess due to a decoherence mechaniom
triggered by stochastic metric fluctuations with the ML constraint?

GUP M(
Ax Ap > g (1 ' [))(Ap)Q) > Aajmin — h\/B = lp

B = (mpc)_2

If the particle obeys GUP the narrowest poscible tube formed by a standing wave

_ Amd v Az2 — BR2
= o

packet, which satvrates GUP ic the KMM sctafe:  Ap

Under the simplect ascumption: the stochastic metric pert. satisfies the wave
equation in emply space

correlation - F(k) =2r B8R k™1



Spontaneous radiation in a ML cetting

,bre/:'m/‘n ary

- Can ovr radiation data accomodate an eccess due to a decoherence mechaniom
triggered by stochastic metric fluctuations with the ML constraint?

GUP M(
Ax Ap > g (]- ' ﬂ(Ap)Q) > Aajmin — h\/B = lp

B = (mpc) ™

If the particle obeys GUP the narrowest poscible tube formed by a standing wave

_ Amd v Az2 — BR2
= o

,bacéet, which satvrates GUP ic the KMM ctate: Ap

Spontaneous radiation rate for a free particle of charge e:

dr'(¢) _ e 2
dE  12m2¢yc3h




Spontaneous radiation in a ML cetting

preliminary

- Can ovr radiation data accomodate an eccess due to a decoherence mechaniom
triggered by stochastic metric fluctuations with the ML constraint?

GUP ML
Az Ap > g (1 e /B(AP)Q) > A:Ijmin — h\/é = {p

b= (mpc)_2

If the particle obeys GUP the narrowest poscible tube formed by a standing wave
_ Azt v/ Az? — Bh2

,bacéet, which satvrates GUP ic the KMM ctate: Ap

Bh
o dot?
Spontaneous radiation rate for a free particle of charge e: w\’dr\ th
dr'(t) e WF"‘VKOW nﬁ".'"g
i 2 00 {3y

dE 12m2€e9c3h



Thank you




