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The Pauli Exclusion Principle (PEP) is a fundamental pillar of quantum theory. Potential vio-
lations of PEP could indicate physics beyond the Standard Model, including existence of extra
dimensions, Lorentz invariance violations, or non-commutative space-time geometries. The VIP
Collaboration conducts high precision X-ray spectroscopy experiments at INFN’s Gran Sasso
Underground National Laboratory to search for atomic transitions that violate PEP. The current
VIP-2 experiment, using copper as target material, aims to improve the exclusion limit for PEP
violation to 82/2 < 4 x 10731, enhancing the previous constraint by two orders of magnitude. We
present our main experimental results so far, and introduce the upcoming experimental upgrade.
Additionally, we discuss the VIP-Lead experiment, which specifically explores PEP violations in

lead atoms within the context of Non-Commutative Quantum Gravity frameworks.
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1. Introduction

The Pauli Exclusion Principle (PEP) is a fundamental concept in quantum mechanics, stating
that no two identical fermions in a system can occupy the same quantum state simultaneously [1].
The PEP has profound implications across multiple domains of physics, influencing the stability
of matter [2], the mechanisms behind superconductivity, and the structure of neutron stars [3].
Its theoretical foundation is rooted in quantum field theory, as first demonstrated by Pauli in the
spin-statistics theorem, which dictates how the symmetry properties of a particle’s wavefunction
depend on its spin, based on a few fundamental assumptions [4, 5].

Violations of the Pauli Exclusion Principle could arise from physics beyond the Standard
Model, including Lorentz invariance violation, the existence of extra dimensions, and quantum
gravity scenarios [6, 7]. Depending on the theoretical framework, violations could occur in so-
called open systems, where a new particle is introduced from outside the system, or in closed
systems, where the violation takes place within a stable and fixed set of particles.

According to the Messiah—Greenberg superselection rule [8], transitions between states with
different exchange symmetries are forbidden. As a result, PEP violations can only be tested in open
systems, where the testing fermion is externally introduced. However, in scenarios involving defor-
mations of space-time, such as in Non-Commutative Quantum Gravity (NCQG), these constraints
can be evaded, potentially allowing PEP violations in closed systems [6].

The VIP collaboration conducts high precision X- and gamma-ray spectroscopy at the INFN
Gran Sasso Underground Laboratory (LNGS) to search for atomic transitions that violate PEP. In
the following sections, we present the experimental efforts of the collaboration, covering both open
and closed system approaches, the results obtained so far, and future prospects.

The VIP-2 experiment represents the collaboration’s primary effort in the open system frame-
work, aiming to improve the model-independent exclusion limit for PEP violation in copper atoms
to 8%/2 < 4 x 1073 (here B%/2 historically represents the violation probability). This would
enhance the previous constraint by two orders of magnitude [9]. In Section 2, we summarize the
main experimental results, and planned upgrades.

The VIP-Lead effort focuses on the closed system scenario, investigating PEP violations in lead
atoms within the framework of Non-Commutative Quantum Gravity [10-12]. The experimental
setup, results and implications are presented in Section 3.

2. VIP-2 Experiment

The VIP-2 experiment is located at the INFN’s underground Gran Sasso National Laboratory,
in Italy. With an overburden of more than 3000 meters of water equivalent, the cosmic-ray
background is significantly reduced, lowering the cosmic muon flux rate by approximately six
orders of magnitude. This low radioactivity environment is an ideal setting to search for tiny effects
such as the PEP violation. The experimental methodology is based on the pioneering approach by
Ramberg and Snow [15], in which the external fermions (electrons) are introduced to a copper target
by means of a high direct current. PEP violation is looked for in anomalous 2p—1s transitions,
where the 1s orbital is already fully occupied. The anomalous Ke transition, induced by the
PEP-violating electrons, would exhibit a shift due to the additional shielding effect, quantified to
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be around 300 eV in copper atoms [16]. The PEP-violating transitions are searched in the X-ray
spectrum of the copper atoms. VIP-2 has the goal of reaching an exclusion of the PEP violation on
B%/2 two orders of magnitude better than the precedent VIP experiment. This is possible through
the use of state-of-the-art radiation detectors, a bigger target, and a stronger direct current. Silicon
Drift Detectors (SDDs) are ideal X-ray detectors, having an excellent spectroscopic response and
a resolution of about 190 eV (FWHM) at 8 keV, and were developed in a collaboration between
Stefan-Meyer-Institut, Politecnico di Milano, and the Fondazione Bruno Kessler [13, 14].

The VIP-2 experiment has operated following an ‘current on-off’ scheme in its final configu-
ration since 2019. The data taking is performed in alternating periods with current on (signal) and
current off (background). The copper targets are kept at a constant temperature of 15 °C with a
dedicated water cooling system. The SDDs are operating at -90 °C and positioned adjacent to the
pair of targets. The operational pressure of the vacuum chamber is maintained at 10~ mbar. The
spectra obtained with current on and off are shown in Figure 1.
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Figure 1: Spectra acquired with current on (blue) and off (orange) by the VIP-2 experiment in approximately
six months of data taking in the Region of Interest 7000-8500 eV. The two peak are the nickel Ka and the
copper Ka lines, while the signal is expected at around 7700 eV. Reproduced from [9].

The data analysis is performed with a Bayesian and frequentist approach, and the upper limit
on the PEP violation is determined through statistical analysis of the data.

Several key factors influence this limit, such as the data taking time, the stability and precision
of the calibration, and the detector resolution. The energy calibration of the SDDs is a critical
experimental task, and its accuracy is often reflected in the precision of the final spectroscopic
observables in the form of systematic uncertainty, often the most relevant. To this end, the
collaboration has developed a novel machine learning and differentiable programming enhanced
calibration technique to improve the energy resolution of the SDDs [17]. The method has shown to
correct for small miscalibrations and to reduce the energy scale uncertainty, improving the physics
reach of the VIP-2 experiment.

The first analysis of six months of data taking is presented in [9], with a 180 A direct current
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circulating in the target for 83 days. The 90% upper limit on the signal yield for the PEP violation
was translated into

B*/2 < 8.6 x 1073 (Bayesian), /2 < 8.9 x 107! (frequentist) (1)

While the full dataset is still under analysis, work is ongoing to commission the experimental
upgrade VIP-3: the new setup is designed to extend the investigation of PEP violations to different
targets made of heavier elements compared to copper. The design of the new setup is outlined in
Ref [18]. The VIP-3 setup is under construction, to be installed and start data acquisition at LNGS
in 2025, aiming to offer new insights into theories allowing PEP violation. The key experimental
parameters upgraded are the use of thicker silicon drift detectors of 1 mm, which will enhance the
sensitivity to more energetic X-rays emitted from these heavier elements, and a stronger current of
400 A circulating in the target. The VIP-3 experiment will employ zirconium, silver, palladium, and
tin as target materials and features a newly developed setup designed to handle and measure these
heavier elements. Additionally, calculations from first principles using the multi-configuration
Dirac—Fock method [19] have already been performed to predict energy shifts for the violating
transitions in these new targets.

3. VIP-Lead Experiment

The VIP collaboration is also conducting the VIP-Lead experiment to investigate PEP violations
in lead atoms, also connected to Non-Commutative Quantum Gravity (NCQG) models. The non-
commutativity of space-time is common to several quantum gravity theories; in this context, the
PEP violation would be a consequence of effect of the dynamically broken Lorentz symmetry unto
the spin statistic theorem.

In the analytic expansion, the PEP violation probability reads [12]:

(3

where E is the energy involved in the atomic transition, the energy scales are expressed as Ag,
characterizing specific models of space-time non-commutativity. 6> accounts for the deformation
of the particles’ statistics, and the expansion captures the behavior of several different classes of
universality of quantum gravity models. In particular the cases corresponding to the selection of
k =1,2,3, represent the x-Poincaré (k = 1), the 6-Poincaré (k = 2) and the triply special relativity
(k = 3) [20] models.

The measurement was conducted at LNGS, using a coaxial p-type High Purity Germanium
(HPGe) detector of about 2 kg in mass, surrounded by 5 cm of radiopure Roman lead. As in the
case of the copper target in VIP-2, the PEP-violating transitions are looked for in the X-ray spectrum
of the lead atoms. In Figure 2, the spectrum acquired with the germanium detector is shown, with
the PEP-violating lead Ka and K§ lines depicted for clarity.

The data was analyzed with a Bayesian approach, and the 90% upper limit on the signal yield
for the PEP violation was translated into the scale of quantum gravity emergence A for the different
models of NCQG.



Testing the Pauli Exclusion Principle and fundamental symmetries with the VIP underground experiment
Fabrizio Napolitano

Counts / 1 keV
(2]
1

65 70 75 80 85 90
E [keV]

Figure 2: Spectrum acquired with the germanium detector in the VIP-Lead experiment, in about 70 days of
data taking. The expected signal distribution is shown in orange with arbitrary normalization. Reproduced
from [12].

As result, the k-Poincaré model, in the Arzano-Marciand [21] x-Poincaré fields’ quantization
model, is ruled out as we obtain A; > 4.2 x 10?! Planck scales. The #-Poincaré model can be
excluded up to a fraction of the Planck scale, with A, > 1.6 X 10~! Planck scales.

In particular, we performed the first measurement for the k = 3 case, excluding this scenario up
to Az > 5.6 x 107 Planck scales. These results provide valuable experimental guidance towards
future developments of possible models, including the triply special relativity framework.

4. Conclusions

The VIP collaboration is conducting high precision X-ray spectroscopy experiments at INFN’s
Gran Sasso Underground National Laboratory to search for PEP-violating atomic transitions, pro-
viding insights into the foundation of the modern quantum theory and of the physics beyond the
Standard Model. The VIP-2 experiment is leading the collaboration’s effort in the open system
framework, aiming to improve the exclusion limit for PEP violation, and reaching 2/2 < 8.6x1073!
with six months of data taking. The full dataset being analyzed, and the first results show a sig-
nificant improvement in the exclusion limit. The VIP-3 experiment is designed to extend these
investigations to heavier elements, and the experimental setup is under construction, aiming to start
data acquisition in 2025.

The VIP-Lead effort is focused on the closed system scenario, where the PEP violation is
searched in the lead atoms, within the context of Non-Commutative Quantum Gravity frameworks.
‘We have significantly constrained the available parameter space for the x-Poincaré, 6-Poincaré, and
triply special relativity models, providing a pathway for future developments in quantum gravity.

Funding

This research was funded by the National Institute for Nuclear Physics (INFN, Italy). This
research was funded in whole, or in part, by the Austrian Science Fund (FWF) grants P25529-
N20, project P30635-N36, and W1252-N27 (doctoral college particles and interactions). For the



Testing the Pauli Exclusion Principle and fundamental symmetries with the VIP underground experiment
Fabrizio Napolitano

purpose of open access, the author has applied a CC BY public copyright license to any author
accepted manuscript version arising from this submission. This publication was made possible
also through the support of Grant 62099 from the John Templeton Foundation. The opinions
expressed in this publication are those of the authors and do not necessarily reflect the views of
the John Templeton Foundation. We also thank the support of the H2020 FET project TEQ with
grant 766900. We gratefully acknowledge support from Centro Ricerche Enrico Fermi (“Problemi
aperti nella meccanica quantistica” project) and from Foundational Questions Institute (Grants No.
FQXi-RFP-CPW-2008 and FQXi-MGB-2011).

References

[1]1 W. Pauli, Uber den zusammenhang des abschlusses der elektronengruppen im atom mit der
komplexstruktur der spektren, Zeitschrift fiir Physik 31 (1925) 765.

[2] F.J. Dyson and A. Lenard, Stability of matter. i, Journal of Mathematical Physics 8 (1967)
423.

[3] N.K. Glendenning, Special and general relativity: with applications to white dwarfs, neutron
stars and black holes, Springer Science & Business Media (2010),
10.1007/978-0-387-47109-9.

[4] W. Pauli, The connection between spin and statistics, Physical Review 58 (1940) 716.

[5] G. Liiders and B. Zumino, Connection between spin and statistics, Physical Review 110
(1958) 1450.

[6] A. Addazi, P. Belli, R. Bernabei and A. Marciano, Testing noncommutative spacetimes and
violations of the pauli exclusion principle through underground experiments, Chinese
Physics C 42 (2018) 094001.

[7] A. Addazi and A. Marciano, A modern guide to 6-Poincaré, Int. J. Mod. Phys. A 35 (2020)
2042003 [1811.06425].

[8] A.M. Messiah and O.W. Greenberg, Symmetrization postulate and its experimental
Sfoundation, Physical Review 136 (1964) B248.

[9] F. Napolitano, S. Bartalucci, S. Bertolucci, M. Bazzi, M. Bragadireanu, C. Capoccia et al.,
Testing the pauli exclusion principle with the vip-2 experiment, Symmetry 14 (2022) 893.

[10] K. Piscicchia, A. Addazi, A. Marciano, M. Bazzi, M. Cargnelli, A. Clozza et al.,
Experimental test of noncommutative quantum gravity by vip-2 lead, Physical Review D 107

(2023) 026002.

[11] K. Piscicchia, A. Addazi, A. Marciano, M. Bazzi, M. Cargnelli, A. Clozza et al., Strongest
atomic physics bounds on noncommutative quantum gravity models, Physical Review Letters

129 (2022) 131301.


https://doi.org/10.1007/BF02980631
https://doi.org/10.1063/1.1705209
https://doi.org/10.1063/1.1705209
https://doi.org/10.1007/978-0-387-47109-9
https://doi.org/10.1103/PhysRev.58.716
https://doi.org/10.1103/PhysRev.110.1450
https://doi.org/10.1103/PhysRev.110.1450
https://doi.org/10.1088/1674-1137/42/9/094001
https://doi.org/10.1088/1674-1137/42/9/094001
https://doi.org/10.1142/S0217751X20420038
https://doi.org/10.1142/S0217751X20420038
https://arxiv.org/abs/1811.06425
https://doi.org/10.1103/PhysRev.136.B248
https://doi.org/10.3390/sym14050893
https://doi.org/10.1103/PhysRevD.107.026002
https://doi.org/10.1103/PhysRevD.107.026002
https://doi.org/10.1103/PhysRevLett.129.131301
https://doi.org/10.1103/PhysRevLett.129.131301

Testing the Pauli Exclusion Principle and fundamental symmetries with the VIP underground experiment
Fabrizio Napolitano

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

K. Piscicchia, A. Marciano, A. Addazi, D.L. Sirghi, M. Bazzi, N. Bortolotti et al., First
experimental survey of a whole class of non-commutative quantum gravity models in the
vip-2 lead underground experiment, Universe 9 (2023) 321.

R. Quaglia, L. Bombelli, P. Busca, C. Fiorini, M. Occhipinti, G. Giacomini et al., Silicon
drift detectors and cube preamplifiers for high-resolution x-ray spectroscopy, IEEE
Transactions on Nuclear Science 62 (2015) 221.

M. Miliucci, A. Scordo, D. Sirghi, A. Amirkhani, A. Baniahmad, M. Bazzi et al., Silicon
drift detectors system for high-precision light kaonic atoms spectroscopy, Measurement
Science and Technology 32 (2021) 095501.

E. Ramberg and G.A. Snow, Experimental limit on a small violation of the pauli principle,
Physics Letters B 238 (1990) 438-441.

C. Curceanu, L. De Paolis, S. Di Matteo, H. Di Matteo and S. Sperandio, Evaluation of the
x-ray transitions energies for the pauli-principle-violating atomic transitions in several
elements by using the dirac-fock method, Technical Report, LNF Preprint INFN-13-21/LNF,
21-11-201 .

F. Napolitano et al., Novel machine learning and differentiable programming techniques
applied to the VIP-2 underground experiment, Measur. Sci. Tech. 35 (2024) 025501
[2305.17153].

S. Manti et al., Testing the pauli exclusion principle across the periodic table with the vip-3
experiment, Entropy 26 (2024) 752.

J. Desclaux, A multiconfiguration relativistic dirac-fock program, Computer Physics
Communications 9 (1975) 31-45.

J. Kowalski-Glikman and L. Smolin, Triply special relativity, Physical Review D 70 (2004) .

M. Arzano and A. Marciand, Fock space, quantum fields, and k-poincaré symmetries,
Physical Review D 76 (2007) .


https://doi.org/10.3390/universe9070321
https://doi.org/10.1109/TNS.2014.2379941
https://doi.org/10.1109/TNS.2014.2379941
https://doi.org/10.1088/1361-6501/abeea9
https://doi.org/10.1088/1361-6501/abeea9
https://doi.org/10.1016/0370-2693(90)91762-z
https://doi.org/10.1088/1361-6501/ad080a
https://arxiv.org/abs/2305.17153
https://doi.org/10.3390/e26090752
https://doi.org/10.1016/0010-4655(75)90054-5
https://doi.org/10.1016/0010-4655(75)90054-5
https://doi.org/10.1103/physrevd.70.065020
https://doi.org/10.1103/physrevd.76.125005

	Introduction
	VIP-2 Experiment
	VIP-Lead Experiment
	Conclusions

