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The VIP-2 experiment tests the Pauli Exclusion Principle (PEP) for electrons at the Gran Sasso
underground National Laboratories (LNGS) of INFN in Italy, looking for a possible violation. The
LNGS provide an extremely low background environment, ideal for performing high precision
X-ray spectroscopy measurements on electrons atomic transitions. The core of the VIP-2 experimental apparatus is based on a copper target circulated by a Direct Current (DC) and surrounded
by silicon drift detectors (SDDs), which offer excellent performance in X-ray spectroscopy in the
energy range experimentally observed by VIP-2. The aim of VIP-2 is to look for possible PEPforbidden K𝛼 transitions (2p → 1s) in copper atoms, when the 1s level would be already occupied
by two electrons, in contradiction with PEP. The energy of the K𝛼 forbidden transitions is about
300 eV less than the nominal energy of the K𝛼 PEP-allowed transition. This energy shift is due
to the screening effect produced by the extra electron in the fundamental level, and is detectable
through a high precision X-ray spectroscopy measurement. The precedent VIP experiment set the
best upper limit on the PEP violation probability 𝛽2 /2 <4.7 × 10−29 for electrons. The goal of the
VIP-2 experiment is to improve this limit by two orders of magnitude. This paper presents a new
preliminary result, obtained by analysing two sets of data collected with a partial configuration of
the VIP-2 apparatus.
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1. Introduction
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2. The VIP-2 experimental apparatus
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The VIP-2 new apparatus is presently taking data at Gran Sasso underground National Laboratory(LNGS), which provides an extremely low cosmic background environment. The target consists
of 2 strips of copper (71 mm × 20 mm × 25 μm). A Direct Current (DC) of 100 A is circulated on
the target strips. For X-ray detection, 32 Silicon Drift Detector (SDD) cells were installed around
the target. The SDDs are cooled to 150 K with liquid argon and, in these working conditions,
provide an energy resolution is 190 eV FWHM at ∼8 keV and an X-ray detection efficiency of about
99%. Each SDD cell has 0.64 cm2 of active area and a timing resolution of 400 ns. The elements
of the apparatus described above are placed inside a vacuum chamber. The pressure is kept fixed at
10−5 mbar because of the SDD cooling system [7]. In addition, an external shielding was installed
for further background reduction, consisting of an internal layer of copper bricks and an exterior
layer of lead bricks outside the apparatus. More details on the VIP-2 apparatus can be found in [5].
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3. The data analysis: procedure and new preliminary result
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In the VIP-2 experiment, part of the data is collected with a DC circulating on target, thus
introducing newly-injected electrons which interact with copper atoms in an Open System that fulfills
the Messiah-Greenberg superselection rule [8]. In addition, spectra with no current circulating on
the target are acquired as background references.
In this paper, we analyze two sets of data in a non-final configuration of the VIP-2 apparatus.
The first set consists of 42 days of data taking with 100 A circulating on target and 65 days without
current circulating on target, collected before the external shielding installation on the setup. The
second set consists of 40 days of data taking with 100 A circulating on target and 61 days without
current circulating on target, collected with only lateral part of the external shielding installed
around the setup. The spectra are shown in Fig. 1.
A two-facet approach was employed to analyze the data. Since the data taking is operated in two
different experimental conditions and detectors, we perform both a Bayesian and frequentist analysis
based on a binned likelihood function, considering the two separate datasets, using RooFit and
3
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The Pauli Exclusion Principle (PEP), which states that two identical fermions cannot simultaneously occupy the same quantum state [1], represents a fundamental pillar of quantum mechanics.
Particles can be grouped into bosons having integer spin and fermions having half-integer spin.
Bosonic states are symmetrical concerning the application of the permutation transformation (i.e.,
exchange of identical particles), and, conversely, fermionic states are antisymmetrical [2]. The
Messiah-Greenberg (MG) superselection rule [3] forbids transitions between different symmetry
states. Therefore, any experimental evidence of PEP violation would result in particles following
a different statistic than the fermionic and bosonic ones and could lead to a new physics beyond
the Standard Model. The VIP-2 experiment searches for K𝛼 PEP-violating transition (2p → 1s) in
copper with high precision X-rays detectors. This atomic transition is expected to be shifted down
by 300 eV due to the screening effect produced by the additional electron already occupying the 1s
atomic level [6], i.e., at 7746.73 eV. The goal of the VIP-2 experiment is to improve the upper limit
on the Pauli Exclusion Principle violation probability of 𝛽2 /2 <4.7 × 10−29 [4], previously set by
the VIP experiment, by two orders of magnitude.
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RooStat [10]. For this preliminary result, we use the formalism of a counting “on/off” experiment.
The counts are selected in the Region Of Interest (ROI): 7647 − 7847 eV. The background in the data
with current (“on”) is constrained by the data without current (“off”) in each dataset. The number
of the signal events in the data acquired with current can be written as 𝑆𝑖 = 𝐹𝑖 × 𝜖 𝑖 × 𝛽2 /2, where the
𝑖 index runs over the two datasets 𝐷 𝑖 for 𝑖 = 1, 2. The 𝐹𝑖 depends only on the data acquisition time
with current 𝑡𝑖𝑤 𝑐 and a common factor depending on the current, mean free path of the electrons in
copper, absorption probability, and target dimensions. Finally, 𝜖𝑖 depends on the number of SDDs
used in each 𝐷 𝑖 and their Monte Carlo efficiency. The likelihood function can be simply written as:
L (𝐷 𝑖 |𝑆𝑖 , 𝐵𝑖 , 𝑆𝐶 𝐴𝐿𝐸 𝑖 ) = Poiss(𝑁𝑖𝑤 𝑐 |𝑆𝑖 + 𝐵𝑖 ) × Poiss(𝑁𝑖𝑤 𝑜𝑐 |𝐵𝑖 × 𝑆𝐶 𝐴𝐿𝐸 𝑖 ) ,

(1)

𝑛
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where Poiss(𝑛|𝑥) = 𝑥𝑛! 𝑒 −𝑥 , 𝑁𝑖𝑤 𝑐 and 𝑁𝑖𝑤 𝑜𝑐 are the number of events in the 𝐷 𝑖 for the spectrum
with current and without current respectively, 𝐵𝑖 expected background in 𝐷 𝑖 and finally 𝑆𝐶 𝐴𝐿𝐸 𝑖 a
factor which depends on the ratio 𝑡𝑖𝑤 𝑐 /𝑡𝑖𝑤 𝑜𝑐 used to rescale 𝐵𝑖 from the data without current to the
data with the current. The systematic uncertainty on 𝑆𝐶 𝐴𝐿𝐸 𝑖 is folded into the likelihood by adding
multiplicative Gaussian penalty terms. A frequentist analysis is performed using a one-sided test
𝐶 𝐿𝑠+𝑏
statistics [9], and we used 𝐶 𝐿 𝑠 = 1−𝐶
𝐿𝑏 at 90% confidence level. A Bayesian result using the same
likelihood is also at 90% confidence using a flat prior for 𝛽2 /2. Using Monte Carlo Markov Chain
numerical integration, all the parameters are marginalized to obtain the one-dimensional posterior
PDF of 𝛽2 /2. The observed upper limit on 𝛽2 /2 is 4.3−30 for both the frequentist CLs and Bayesian
treatment.
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4. Conclusions
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Two sets of VIP-2 data of 107 and 101 days, respectively with no and partial shielding, were
used to obtain preliminary upper limits on the 𝛽2 /2 probability of violation of the PEP. The data was
analyzed with a frequentist and a Bayesian analysis yielding 𝛽2 /2 < 4.3 × 10−30 at 90% confidence
level. That is the stronger limit to date set by the VIP-2 experiment, using 2019 data with incomplete
setup. After this measurement, the external shielding was completed, and the VIP-2 experiment
started the data taking campaign in its final configuration. The data taking is presently ongoing
with the aim to further improve our limit on the PEP violation probability. To this end, advanced
data analysis techniques are under development.
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Figure 1: Spectra collected with partial shielding configuration (only lateral part). On the left, with 100 A
circulating on target; On the right, without current. In the spectra, titanium and manganese lines come
from the Fe-55 radioactive source installed in the apparatus for calibration; the nickel line comes from the
detectors’ ceramic support.
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