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The VIP Collaboration is performing high sensitivity tests of the Pauli exclusion principle for electrons in
the extremely-low cosmic background environment of the Gran Sasso underground National Laboratory
of INFN. In its open-systems configuration, the experiment checks the continuously renewed symmetry
state of the conductive target, constantly supplied with electrons through a direct current. Consequently,
VIP is operating the sole experiment challenging the spin–statistics connection in compliance with the
Messiah–Greenberg superselection rule. The strongest bounds set by the VIP-2 experiment on the
Pauli exclusion principle violation probability, by exploiting a copper target, will be reviewed. The
future VIP-3 experiment will be presented, the aim of which is to map the Pauli exclusion principle
violation probability as a function of the atomic number of the target under test.
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1. Introduction

According to the Pauli exclusion principle (PEP),
two identical fermions cannot simultaneously oc-
cupy the same quantum state [1]. PEP is deeply
grounded in our microscopic description of Nature,
explaining a wide spectrum of physical phenomena,
ranging from the stability of atoms and nuclei [2]
to superconductivity, and even to the structure of
neutron stars [3]. Despite its simple formulation,
PEP still lacks an intuitive explanation [4, 5], and

a comprehensive demonstration requires a quan-
tum field theory conceptualization, as outlined by
Fierz [6] and then finally proven by Pauli himself [7].
In this context, the spin-statistics theorem showed
that PEP arises from the anti-commutation rules of
fermionic spinor fields and accounted for the exis-
tence of two classes of elementary particles (bosons
and fermions) associated with states of identical
particles which are necessarily either symmetric (for
bosons) or antisymmetric (for fermions) with re-
spect to their permutation.
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Attempts to formulate theoretical models that vi-
olate the statistics of identical particles were pio-
neered by Fermi [8, 9], who discussed the implica-
tions of even a tiny non-identity of electrons. Gentile
introduced intermediate statistics [10], while paras-
tatistics was developed by Green [11, 12]. Ignatiev
and Kuzmin presented a model involving the defor-
mation of the standard Fermi oscillator [13–15], also
discussed by Okun [16]. In this approach, a three
level Fermi oscillator is considered, in which an ad-
ditional level can be accessed with a probability
of β2/2. In this research field, β is still used to
represent the amplitude of a PEP violating tran-
sition. Rahal and Campa investigated the conse-
quences of small PEP violations on the thermo-
dynamic properties of matter [17]. Greenberg and
Mohapatra [18, 19] formulated a local quantum
field theory embedding PEP violation, named quon
model after the q parameter introduced in the model
to deform the algebra

aia
†
j − qa†jai = δij . (1)

The q parameter is related to the violation proba-
bility by the relation β2 = 1 + q. We refer to [20]
for a more detailed review.

The experimental investigation of an observable
signature of a PEP violation, which is strongly de-
manded to constraint the free parameters of the
models, is complicated by a simple but stringent
condition that is common to all of the theoretical
frameworks listed above, known as the Messiah–
Greenberg (MG) superselection rule [21]. The rule
states that transitions between states with differ-
ent symmetry are forbidden. Therefore, a consistent
test of these models requires, for instance, checking
the newly formed symmetry state that follows the
introduction of new fermions in a given system of
identical fermions. We refer to this class of experi-
ments as the open quantum systems spin-statistics
tests. A prototype experiment of this class was per-
formed by Ramberg and Snow [22], following the
suggestion of Greenberg and Mohapatra [18].

The VIP Collaboration is performing high-
precision open-systems tests of PEP for electrons at
the Gran Sasso underground National Laboratory
of INFN and has already improved (see [23]) the
Ramberg and Snow result by a factor of 400. The
strategy is to introduce new electrons in the cop-
per target by means of a direct current (DC). The
searched signature of a PEP violation is represented
by an anomalous electronic transition from the 2p
to the 1s level (Kα) in a copper atom when the fun-
damental level is already occupied by two electrons.
The PEP violating transition would be shifted back-
wards by about 300 eV with respect to the standard
line, as a consequence of the additional screening
effect produced by the second electron occupying
the fundamental level. The calculation of the Pauli-
forbidden radiative-transition energies is performed
using the numerical code MCDFGME [24]. This
program solves the multiconfiguration Dirac–Fock

equations self-consistently, taking into account rel-
ativistic effects (see [25] and references therein).
The violating Kα1 transition would correspond to
7746.73 eV (standard 8047.78 eV), and the violat-
ing Kα2 transition would corresponds to 7728.92 eV
(standard 8027.83 eV); the calculated values are
affected by relative errors of the order of 10−6.
The status and results of the upgraded VIP-2 ex-
periment, which aims to improve the VIP result
by at least two orders of magnitude, are reviewed
in Sect. 2.

In the short-term future, research on the MG al-
lowed PEP violation demands a comparable sen-
sitivity scan of the PEP violation probability as
a function of the atomic number. To use the words
of Okun [26]: “The special place enjoyed by the Pauli
principle in modern theoretical physics does not mean
that this principle does not require further and exhaus-
tive experimental tests. On the contrary, it is specif-
ically the fundamental nature of the Pauli principle
which would make such tests, over the entire periodic
table, of special interest”. This is the scientific goal
of the VIP-3 experiment. Section 3 is devoted to
the description of the ongoing research and devel-
opment (R&D) and preparation activities for the
implementation of the VIP-3 setup, which will take
over after VIP-2 once the data-taking is concluded
(end of 2023/beginning of 2024).

2. The VIP-2 experiment

The goal of the VIP-2 experiment is to improve
by at least two orders of magnitude the result ob-
tained by VIP (β2/2 < 4.7 × 10−29; X-ray spectra
measured, used to extract the limit, are presented
and extensively discussed in [23, 27]). This is being
achieved by a major upgrade of the experimental
setup and a refined scheme for the statistical inter-
pretation of the data. An advanced model of current
electrons propagation and interaction inside the tar-
get is also under development.

The main improvements of the experimental ap-
paratus (see [25, 28] for a detailed description) con-
sist in:

(i) replacement of the charged coupled devices for
the X-rays detection with the state-of-the-art
silicon drift detectors (SDDs) with a thick-
ness of 450 µm characterized by higher energy
resolution (190 eV (FWHM) at 8 keV), large
geometrical acceptance and efficiency of 99%
at 8 keV;

(ii) a more compact and thinner target, ensuring
higher acceptance and efficiency;

(iii) a new target cooling system that allows an en-
hanced circulating current (with a peak value
of 180 A with respect to the 40 A of VIP).
After the exploratory data-taking run (2016–
2017) [25, 28] using two arrays of 1 × 3
SDDs, the fully upgraded setup was com-
pleted (2018–2019) by mounting four arrays
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Fig. 1. The lateral (a) and front (b) sections of the
vacuum chamber and the inner components of the
VIP-2 apparatus.

of 2 × 4 SDD cells and the external passive
shielding complex (an outer lead layer sur-
rounding an internal copper layer) aimed to
provide further suppression of environmental
radiation from underground rocks.

The VIP-2 experiment has been operating in its fi-
nal configuration since May 2019, alternating data-
taking periods with the current on to the periods
with the current off.

The VIP-2 target consists of a pair of copper
strips, each 71 mm long, 20 mm high, and 25 µm
thick, with an interposed cooling pad refrigerated
via a closed chiller circuit (the design of the inner
components of the VIP-2 setup is shown in Fig. 1).
The SDD arrays — two for each external strip face
— are cooled down to −90◦C. In-situ calibration
of detectors is performed by means of a Fe-55 ra-
dioactive source. The whole system (target, detec-
tors, cooling, front-end electronics and calibration
devices) is enclosed in a vacuum chamber kept at
a pressure of 10−5 mbar.

The sensitivity of the VIP-2 experiment was
demonstrated by a progressive approach of the β2/2
limit to the foreseen goal [25, 28, 29]. The strongest
bound on the PEP violation probability, consistent
with the MG superselection rule (see [30]), was re-
cently achieved by VIP-2, based on an analysis of
data corresponding to about six months of experi-
ment operation in its final configuration. Two anal-
ysis frameworks were followed, namely the Bayesian
statistical model and the frequentist confidence lev-
els (CL) approach, which share the same spectral
shape description for the signal and the control
spectra. It was found that the exclusion points are
well consistent within one sigma (measured spec-
tra, with and without the current circulating in the
target, and a detailed discussion of the performed
analyses are presented in [30]). The two approaches
result in the following upper limits for the PEP vi-
olation probability for electrons in copper

β2/2 ≤ 8.6× 10−31 (Bayesian),

β2/2 ≤ 8.9× 10−31 (CL),
(2)

when the propagation of electrons in the target is
described using the electron diffusion model [22],
i.e., the number of electron–atom interactions is ob-
tained from the ratio of the target length and the
electrons scattering length in copper.

According to the more realistic diffusion mod-
els [31, 32], on which we are recently working, the
electron–atom interactions in copper occur over
a characteristic time τ = 3.3 × 10−17 s, therefore
significantly increasing the number of independent
PEP tests performed by each current electron,
leading to the enhanced limits

β2/2 ≤ 6.8× 10−43 (Bayesian),

β2/2 ≤ 7.1× 10−43 (CL).
(3)

3. The VIP-3, testing PEP
over the periodic table

The main technical challenge to be faced when
trying to test the PEP atomic transitions for met-
als characterized by a higher atomic number than
copper, is the decrease of the quantum efficiency of
SDD detectors as a function of increasing energy.
To overcome this problem, our group at Laboratori
Nazionali di Frascati (INFN, Italy), in collaboration
with Fondazione Bruno Kessler (FBK, Italy) and
Politecnico di Milano (PoliMi, Italy), is currently
developing new cutting edge SDD detectors char-
acterized by double thickness, with respect to the
standard detectors used in the VIP-2 experiment
(1 mm versus 0.45 mm). We have already demon-
strated (see Fig. 2) that the quantum efficiency of
the new SDDs, in the energy range 20–25 keV, is
roughly double that of standard detectors, while the
energy resolution remains constant. This will allow
investigation of eventual PEP violation-induced de-
viations, from the standard Kα transitions in pal-
ladium, silver and tin. For example, in silver, the

Fig. 2. The figure shows the quantum efficiency
as a function of energy, for SDD devices of vari-
ous thicknesses. The black curve corresponds to the
detectors currently used in VIP-2, the green curve
shows the efficiency achievable with the new 1 mm
thick SDDs which we are presently developing for
the VIP-3 experiment.
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Fig. 3. The figure shows the layout of the main
SDD array, which is produced for the VIP-3 exper-
iment from the anode side.

PEP violating Kα1 transition is shifted of 482.70 eV
with respect to the standard line, and the corre-
sponding shift for theKα2 is 478.80 eV. Comparable
shifts are found in palladium and tin. Production of
the new SDD devices is presently ongoing and the
finalization is previewed for the end of 2022. The
new system is characterized by pixel dimensions of
7.9 × 7.9 mm2, the width of the last ring has been
extended in order to improve collection at the bor-
der of the active area. The total dimensions of the
chip are 35.6 × 19.8 mm2, which is about 2 mm
wider than the previous chips. The geometry of the
SDD arrays will consist of a 2 × 4 matrix, the an-
ode side of which is shown in Fig. 3. Among the
main improvements characterizing the new detec-
tor system, we want to mention the introduction of
a layout solution on the window-side to reduce the
charge-sharing effect. Moreover, the robustness of
the bonding pads was enhanced.

We are currently finalizing Monte Carlo (MC)
studies to optimize the setup design, in particular
the targets (Pd, Ag, and Sn) geometry, the target-
SDDs geometrical efficiency, the SDDs and target
cooling systems efficiency, the groundings and ca-
ble lengths for noise reduction and electrical sta-
bility. The layout of the compact targets-SDD de-
tectors system is shown in Fig. 4. The planned
configuration will consist of 8 SDD arrays, fac-
ing two target strips, where the direct current will
be circulated. With respect to the 4 SDD arrays
presently arranged in the VIP-2 setup, VIP-3 will
exploit a total of 64 SDD cells, for a double active
area of about 41 cm2, in order to increase the ge-
ometrical efficiency. A new thermal contact will be
realized between the cold-finger and the SDD de-
tectors, made of pure copper to minimize the natu-
ral copper radio-contamination. A new target cool-
ing system made of pure copper will also be built.
With respect to the steel thermal contact and cool-
ing system currently used in VIP-2, the new copper
structures will introduce further advantage. Copper
is characterized by almost one order of magnitude
higher thermal conductivity than steel. This will re-
duce the detectors working temperature (improving
the energy and timing resolution) and also increase

Fig. 4. Schematic representation of the inner con-
figuration of the VIP-3 apparatus. The 8 SDD ar-
rays facing the two target strips are shown, along
with the target and the SDD detectors cooling
system.

Fig. 5. Design of the vacuum chamber which is be-
ing optimized for the VIP-3 setup.

the applicable maximum current circulating in the
target (from the 180 A peak current of VIP-2 up to
400 A). The introduced improvements compensate
the quantum efficiency reduction, from 8 to 25 keV,
thus keeping the sensitivity of the experiment at
least constant.

The readout electronics, dedicated to the new
SDD technology, is also under study. The front-
end electronics must satisfy higher performances in
terms of gain, stability and linearity.

The design of the vacuum chamber (shown
in Fig. 5) is being completed and optimized to ar-
range the new compact SDD detectors, front-end
electronics and cooling system. The increased num-
ber of active channels requires the realization of
a new cold head to satisfy the higher power re-
quest, and new vacuum flange connectors are to
be realized. Moreover, the vacuum-tight electrical
feedthrough will be improved in terms of electrical
stability and thermal dissipation, in order to allow
safe operation up to 400 A circulating current.

The external shielding complex, surrounding the
vacuum chamber will be also improved by adding to
the lead and copper layers a further inner polyethy-
lene tier, which will serve for neutrons suppression.
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4. Conclusions

We reviewed the status and results of the
VIP-2 experiment at the Gran Sasso underground
National Laboratory (LNGS) of INFN, which
represents the highest sensitivity test of the
Pauli exclusion principle for electrons, fulfilling
the Messiah–Greenberg superselection rule. The
analyses of data corresponding to about six months
of operation, of the VIP-2 experiment in its final
configuration, allow to set the following con-
straints on the Pauli exclusion principle violation
probability

β2/2 ≤ 8.6× 10−31 (Bayesian),

β2/2 ≤ 8.9× 10−31 (CL),
(4)

based on two independent Bayesian and frequentist
CLs analyses, respectively, and assuming the
electrons propagation to be described by a simple
electron diffusion model. If a more realistic diffusion
random walk model is accounted for, the following
limits are obtained

β2/2 ≤ 6.8× 10−43 (Bayesian),

β2/2 ≤ 7.1× 10−43 (CL).
(5)

The R&D and preparation activities of the future
VIP-3 experiment, the aim of which is to perform
a comparable sensitivity scan of β2/2 as a func-
tion of the atomic number, were described in detail.
New cutting-edge SDD devices dedicated to VIP-3,
characterized by more than double thickness with
respect to the currently available technology, are
at an advanced state of production. Optimization
and design of the experimental apparatus are un-
der finalization. The installation of the experiment
at LNGS is expected for the end of 2023/beginning
of 2024.

Acknowledgments

This publication was made possible through the
support of Grant 62099 from the John Templeton
Foundation. The opinions expressed in this publica-
tion are those of the authors and do not necessar-
ily reflect the views of the John Templeton Foun-
dation. We acknowledge support from the Foun-
dational Questions Institute and Fetzer Franklin
Fund, a donor advised fund of Silicon Valley Com-
munity Foundation (Grants No. FQXi-RFP-CPW-
2008 and FQXi-MGB-2011), and from the H2020
FET TEQ (Grant No. 766900) and INFN (VIP).
We acknowledge the LNGS (INFN) for the excel-
lent working conditions and the constant support.
We thank the Austrian Science Foundation (FWF)
which supports the VIP2 project with the grants
P25529-N20, project P 30635-N36 and W1252-N27
(doctoral college particles and interactions). K.P.
acknowledges support from the Centro Ricerche En-
rico Fermi-Museo Storico della Fisica e Centro Studi
e Ricerche “Enrico Fermi” (Open Problems in Quan-
tum Mechanics project).

References

[1] I.G. Kaplan, Symmetry, 12, 320 (2020).
[2] F.J. Dyson, A. Lenard, J. Math. Phys. 8,

423 (1967).
[3] N.K. Glendenning, Special and General

Relativity: With Applications to White
Dwarfs, Neutron Stars and Black Holes
Springer, New York 2010.

[4] W.E. Pauli, Nobel Lecture, 1946.
[5] R. Feynman, M. Sands R.B. Leighton, The

Feynman Lectures of Physics, California
Institute of Technology, Pasadena (CA)
1963.

[6] M. Fierz, Helvetica Phys. Acta 12, 12
(1939).

[7] W.E. Pauli, Phys. Rev 58, 716 (1940).
[8] E. Fermi, Scentia 28, 21 (1934).
[9] E. Milotti, arXiv:0705.1363 (2007).
[10] G. Gentile Jr., Il Nuovo Cimento 17, 493

(1940).
[11] H.S. Green, Phys. Rev. 90, 270 (1953).
[12] G. Dell’antonio, O. Greenberg O. Sudar-

shan, in: Group Theoretical Concepts and
Methods in Elementary Particle Physics.
Lectures at the Istanbul Summer School of
Theoretical Physics, 1962 Ed. F. Gursey,
Gordon and Breach, New York 1964,
p. 403.

[13] A.Y. Ignatiev, V.A. Kuzmin, Yad. Fiz. 46,
786 (1987).

[14] A.Y. Ignatiev, V.A. Kuzmin, in:
Quarks’86, Proceedings of the Semi-
nar, Tbilisi 1986, Eds. A.N. Tavkhe-
lidze, V.A. Matveev, A.A. Pivovarov,
I.I. Tkachev, VNU Science Press BV,
Utrecht 1987, p. 263.

[15] A.Y. Ignatiev, Rad. Phys. Chem. 75, 2090
(2006).

[16] L.B. Okun, JETP Lett. 46, 11 (1987).
[17] V. Rahal, A. Campa, Phys. Rev. A 38,

3728 (1998).
[18] O.W. Greenberg, R.N. Mohaparta, Phys.

rev. Lett. 59, 2507 (1987).
[19] O.W. Greenberg, Phys. Rev. Lett. 64, 705

(1990).
[20] K. Piscicchia, A. Amirkhani, S. Bartalucci

et al., J. Phys. Conf. Ser. 1586, 012016
(2020).

[21] A. Messiah, O. Greenberg, Phys. Rev. 136,
716 (1964).

[22] E. Ramberg, G.A. Snow, Phys. Lett. B
238, 438 (1990).

[23] C. Curceanu, S. Bartalucci, S. Bertolucci
et al., Found. Phys. 41, 282 (2011).

365

http://dx.doi.org/10.3390/sym12020320
http://dx.doi.org/10.1063/1.1705209
http://dx.doi.org/10.1063/1.1705209
http://dx.doi.org/,
http://dx.doi.org/,
http://dx.doi.org/,
http://dx.doi.org/10.1103/PhysRev.58.716
http://dx.doi.org/10.1103/PhysRev.58.716
http://dx.doi.org/10.1103/PhysRev.58.716
http://arXiv.org/abs/0705.1363
http://dx.doi.org/10.1007/BF02960187
http://dx.doi.org/10.1007/BF02960187
http://dx.doi.org/10.1103/PhysRev.90.270
http://dx.doi.org/10.1016/j.radphyschem.2005.10.040
http://dx.doi.org/10.1016/j.radphyschem.2005.10.040
http://dx.doi.org/10.1103/PhysRevA.38.3728
http://dx.doi.org/10.1103/PhysRevA.38.3728
http://dx.doi.org/10.1103/PhysRevLett.59.2507
http://dx.doi.org/10.1103/PhysRevLett.59.2507
http://dx.doi.org/10.1103/PhysRevLett.64.705
http://dx.doi.org/10.1103/PhysRevLett.64.705
http://dx.doi.org/10.1088/1742-6596/1586/1/012016
http://dx.doi.org/10.1088/1742-6596/1586/1/012016
http://dx.doi.org/10.1103/PhysRev.136.B248
http://dx.doi.org/10.1103/PhysRev.136.B248
http://dx.doi.org/10.1016/0370-2693(90)91762-Z
http://dx.doi.org/10.1016/0370-2693(90)91762-Z
http://dx.doi.org/10.1088/1742-6596/306/1/012036


K. Piscicchia et al.

[24] J.P. Desclaux, Relativistic Multiconfigura-
tion Dirac–Fock Package.

[25] H. Shi, E. Milotti, S. Bartalucci et al.
(VIP-2 Collaboration), Eur. Phys. J. C 78,
319 (2018).

[26] L. Okun, JETP Lett. 46, 529 (1987).
[27] L. Sperandio, Ph.D. Thesis, University

“Tor Vergata”, 2008.
[28] C. Curceanu, H. Shi, S. Bartalucci et al.,

Entropy, 19, 300 (2017).

[29] K. Pisciccha, J. Marton, S. Bartalucci
et al., Entropy, 22, 1195 (2020).

[30] F. Napolitano, S. Bartalucci, S. Bartalucci
et al., Symmetry, 14, 893 (2022).

[31] E. Milotti, S. Bartalucci, S. Bartalucci
et al., Entropy, 20, 515 (2018).

[32] E. Milotti, S. Bartalucci, S. Bartalucci
et al., Symmetry, 13, 6 (2021).

366

http://dirac.spectro.jussieu.fr/mcdf/mcdf_theory/Mettec/mettec.html
http://dirac.spectro.jussieu.fr/mcdf/mcdf_theory/Mettec/mettec.html
http://dx.doi.org/10.1140/epjc/s10052-018-5802-4
http://dx.doi.org/10.1140/epjc/s10052-018-5802-4
http://dx.doi.org/10.3390/e19070300
http://dx.doi.org/10.3390/e22111195
http://dx.doi.org/10.3390/sym14050893
http://dx.doi.org/10.3390/e20070515
http://dx.doi.org/10.3390/sym13010006

