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Abstract In this paper we report on the results of two anal-
yses of the data taken with a dedicated VIP-Lead experi-
ment at the Gran Sasso National Laboratory of the INFN. We
use measurements taken in an environment that is especially
well screened from cosmic rays, with a metal target made of
“Roman lead” which is characterised by a low level of intrin-
sic radioactivity. The analyses lead to an improvement, on the
upper bounds of the Pauli Exclusion Principle violation for
electrons, which is more than one (four) orders of magnitude,
when the electron-atom interactions are described in terms
of scatterings (or close encounters) respectively.

1 Introduction

The Pauli exclusion principle (PEP) is a direct consequence
of the spin-statistics connection which was first formulated
by Fierz [1] and then comprehensively demonstrated by Pauli
[2] using the assumptions that lay at the basis of Quantum
Field Theory (QFT). Therefore, experimental tests of PEP
can be viewed either as tests of the fermionic/bosonic nature
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of the elementary particles, or as tests of the foundations of
QFT.

Experimental tests of the spin-statistics connection are
complicated by a simple but stringent condition. The iden-
tity of the particles under test implies a symmetric Hamil-
tonian, which by its nature, cannot change the symmetry of
any multiparticle wave function. Therefore, the symmetry
of multiparticle states must be conserved. Moreover transi-
tions between states with different symmetry are forbidden
even in a world where the spin-statistics connection does not
hold. This rule goes under the name of “Messiah-Greenberg”
superselection rule [3], and it can be violated only in open
quantum systems, for instance, by looking for transitions
among violating states of a prepared system after the intro-
duction of particles from outside of the considered system. If
charged particles couple universally to the electromagnetic
field then transitions among anomalous states occur at the
standard rate. A prototype experiment of this class has been
carried out in 1990 by Ramberg and Snow [4] following a
suggestion of Greenberg and Mohapatra [5]. The VIP collab-
oration is performing high precision tests of the PEP for elec-
trons [6-8] at the Gran Sasso National Laboratory (LNGS)
of INFN exploiting this method, which consists in measuring
the X-ray emission from a copper strip where a (Direct Cur-
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rent) DC current is circulated, and looking for a difference in
the X-ray emission with current on and off. The basic concept
is that some of the new electrons injected into the copper strip
may form a wrong symmetry state with the electrons in the
inner shells of the copper atoms, so that they could be radia-
tively captured by these atoms and emit anomalous atomic X-
rays as they cascade to the fundamental level of non-Paulian
atoms. The current-on state provides the signal while the
current-off state provides the estimate of the background.

A careful analysis of the method immediately points to
two related questions: how does one define a “new” elec-
tron? Why, besides the “new” electrons injected in the strip,
should not also the electrons already present in the copper
strip contribute to the signal? The problem has been first con-
sidered by Elliot et al. [9], where various levels of “newness”
for the fermion-system were classified. According to [9] the
free electrons present in the conduction band of the conduc-
tor will rarely interact with a specific atom. Considering the
average scattering time (ts) in copper (in parenthesis values
for lead), obtained from the theory of conduction in metal,
19 & 2.5 x 107 s (g ~ 1.3 x 1071 s see [10]), one
finds about 1.21 x 10?! (2.42 x 10??) scatterings per year
and, therefore, it would take at least 480 years (25 years) for a
single electron to scatter off all the atoms in one mole of cop-
per (lead). In [9] it is then assumed that also the free electrons
already present in a conductor target can produce an anoma-
lous X-ray signal from PEP violating transitions. In [9] two
searches for PEP violating signals in lead were performed:
one considering only the newly injected electrons through a
DC current, the second analysing the same data considering
all the electrons in the conduction band as test fermions.

In Sect. 4.1 we estimate the time dependence of the anoma-
lous X-ray emission process, caused by atomic transitions
among “wrong” symmetry states performed by electrons in
the conduction band of a conductor material target. We note
that if PEP violation depends on a property of a selected set
of electrons, then it is not possible to detect it by searching for
anomalous transitions of the conduction electrons. This is due
to the fact that, although interactions are rare, since the for-
mation of a given system of atoms belonging to a target all the
possible violating transitions must already have occurred at
the time of the observation; those electrons must have already
been captured and reside now in stable non-Paulian atoms.
On the other hand if the PEP violation is due to the wrong
pairing of identical fermion pairs (see, e.g., [11]), then violat-
ing transitions of conduction electrons can occur. In this case
the global wave function of the identical fermions is sym-
metric under the exchange of those particular pairs only. As
a consequence, if the conductor target was recently produced
by melting various original pieces, the electrons of one piece
can interact with the atoms of another piece, thus testing the
symmetry state of a new pool of electron pairs.

@ Springer

As pointed out in Sect. 4 the electron-atom interaction
time calculation must also be revised. The view based on
electron-atom scattering is useful in the context of electri-
cal conductivity and is appealing to particle physicists who
can map well-known concepts onto it, however the scatter-
ings of conduction theory are not actually related with the
atoms themselves, but depend on impurities, lattice imper-
fections and on phonons (see, e.g., [12]). For this reason
we have criticised this view and replaced it with a different
picture: in Milotti et al. [10] we propose to use the closest
approaches to atoms instead of scatterings, and we estimate
a “time between close encounters” which is considerably
shorter, Tz ~ 3.3 x 1077 s in copper (1 ~ 2.5 x 10717 5
in lead). This corresponds to about 9.5 x 10> close encoun-
ters per year in one mole of copper (1.3 x 10%* in one mole
of lead) and, consequently, it means that in less than one year
one electron would have the chance to approach all the atoms
in one mole of copper or lead.

In this framework we carried out a dedicated experiment
using a recently forged block of Roman lead as target mate-
rial, corresponding to 108 moles, surrounding a High Purity
Germanium detector (HPGe). The special quality that sets
Roman lead apart is that it has been long screened from cos-
mic radiation [13,14], and for this reason it contains a low
level of radionuclides. The experimental setup is especially
designed for the search of new, rare events (of the order of
few counts per month or even year [15,16]) by combining
the low intrinsic radioactivity of the lead sample with the low
cosmic ray background in the LNGS. As a consequence we
obtain an improvement of a factor 16 on the upper bound of
the 82/2 parameter (commonly used to quantify the prob-
ability of the PEP violation, see Sect. 2) with respect to
the result presented in [9], when we adopt the same scat-
tering scheme. The improvement on the 8%/2 upper bound
increases by more then four orders of magnitude when we
use the “close encounters’ approach. In both cases, the upper
bounds obtained in this work represent the best limit ever on
the PEP violation probability for electrons, when the symme-
try violation is associated to the wrong pairing of electron-
electron pairs.

2 Non-Paulian transitions

The Pauli Exclusion Principle is so deeply embedded in our
theories of the microscopic world that it is extremely dif-
ficult to cast an experiment into a clear theoretical frame-
work. Moreover, the Principle obviously stands on a solid
ground, because so many features of our world appear to be
robust consequences of the validity of the Principle, like, for
instance, the stability of ordinary matter [17,18].

Many scientists have tried to devise schemes that violate
the statistics of identical particles. The case of “slightly non-
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identical” particles was discussed by Fermi as early as 1934
(see Ref. [19], the translation of the paper can be found in
Ref. [20]), and he pointed out that even a tiny non-identity of
electrons would dramatically change the properties of atoms
during the billion of years of their existence, and would show
up somehow in our world. The many difficulties that tests of
the Pauli Exclusion Principle face were summarised in 1980
by Amado and Primakoff [21], who noted, for example, that if
there were two different types of electrons, they would appre-
ciably modify the well-understood pair production processes
(like the Bhabha scattering in electron-positron colliders) and
lead to easily measurable consequences.

In Gentile [22] suggested an intermediate statistics in
which n particles at most could occupy a quantum state,
with the limit cases n = 1 and n = oo for which the
Fermi and Bose statistics are recovered respectively. Such
a condition for the intermediate statistics does not however
define a proper quantum statistics since is not invariant under
change of basis (see Ref. [23]). Green [24] developed the
first proper quantum statistical generalisation of the Bose
and Fermi statistics. He found a trilinear commutation rela-
tion for the annihilation and creation operators, admitting an
infinite set of solutions, one for each positive integer p. p
is the order of the parastatistics (see Ref. [25]), representing
for parabosons the maximum number of particles that can
occupy an antisymmetric state, while for parafermions the
maximum number of particles that can occupy a symmet-
ric state (in particular the same state). Such a parastatistics
provides a set of orthodox theories but, since for example a
parafermi statistics of order 2 allows up to two particles in
each quantum state, the model predicts macroscopic devia-
tions from the experimental evidences.

Ignatiev and Kuzmin presented a model consisting in
a deformation of the standard Fermi oscillator [26,27].
According to this approach (also discussed by Okun’ [28])
in addition to the two standard levels of a Fermi oscillator,
there is an additional level that can only be accessed with
a small probability 8%/2. Soon after the model was pro-
posed, Govorkov showed that it could not be generalised
to a true relativistic quantum field theory, because it would
lead to states with negative norm [29]. Then Greenberg put
forward the “quon model” [5,30], named after the ¢ parame-
ter introduced in the algebra which characterises the model:
aka; — qa;r ar = &,1. The g parameter is closely related
to the violation probability of the Igniatiev and Kuzmin
model, one can establish a correspondence and it can be
shown that B2 = 1 + ¢. Greenberg et al. [5] were suc-
cessful in obtaining a quantum field theory, but eventu-
ally it was shown, once again by Govorkov [31], that the
quon field theory is not relativistic. In theories of statis-
tics violation like the Igniatiev-Kuzmin or quon models,
the violation of PEP is related to a global property of the
selected set of electrons. In Sect. 4.1 we will show that this

kind of models cannot be tested in an experiment searching
for non-Paulian atomic transitions of the conduction elec-
trons.

In 1988, Rahal and Campa [11] presented a different
approach. They looked for possible deviations in the ther-
modynamic properties of matter due to the introduction of a
small violation of the PEP. A small violation would subtly
change the thermodynamic equilibrium of the electron gas.
As it is well known a symmetry violation cannot be intro-
duced by adding a violating term to the Hamiltonian, since
any Hamiltonian (and in general any observable) describing
a system of n identical particles must be totally symmetric,
and then permutationally invariant, with respect to all the
particles. The theoretical argument as set out in [11] can be
exemplified by considering a system of electrons with a wave
function where a few pairs of electrons are in the same state
with a small probability (obviously this holds in the frame-
work of standard quantum mechanics and the appropriate
formalism would be in terms of the density matrix). The sym-
metry properties of the wave function are described in terms
of irreducible representations of the symmetry group of the
electron system, represented by means of a Young tableau in
which the wave function is symmetrised in the variables of
each row and anti-symmetrised in the variables of each col-
umn. The thermodynamic properties of a free-electron gas in
a metal (grand-partition function) can be obtained as well.

In simple terms let us assume that the global wave function
of all the electrons in the universe does not have the exact
symmetry predicted by the Principle, but contains a number
of “wrong” signs. For instance, with three electrons, one such
“wrong” wave function would be

Y (X1, X2, X3) = [P1(x1), Ya(x2), ¥3(x3))
+1¥1(x1), ¥3(x2), ¥2(x3))
+ [¥3(x1), Y1 (X2), ¥2(X3))
+ [¥3(x1), Y2(X2), ¥1(X3))
— Y2 (x1), ¥3(x2), ¥1(x3))
— W (x1), Y1(x2), ¥3(x3)) ()

because of the plus sign at the beginning of the second line.
In this case the Principle would mostly hold as long as the
number of wrongly entangled pairs is sufficiently small, and
the violation would be conserved by any Hamiltonian that is
symmetrical with respect to exchanges of identical particles
(particle indistinguishability would be respected). This view
of the violation is a direct challenge to the spin-statistics
connection [2].

We will show in Sect. 4.1 that the view expressed by Rahal
and Campa can be tested with the conduction electrons which
are present in a metal target, provided that it was recently
moulded from various original fragments.

@ Springer
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Fig. 1 Schematic representation of the Ge crystal (in green) and the
surrounding lead target cylindrical sections (in grey)

3 The VIP-lead experiment

The high purity germanium detector (HPGe) used for this
measurement is a coaxial p-type detector with a Ge crystal
of 8.0 cm diameter, and 8.0 cm length with an inactive layer
of lithium-doped germanium of 0.075 mm all around the
crystal. The active germanium volume of the detector is 375
cm?®. The detector is surrounded by a cylindrical target of
radio-pure Roman lead, which is composed of three sections,
whose thickness is of the order of 5 cm, with a total volume
V ~ 2.17 x 10% cm3. A schematic representation of the Ge
crystal (in green) and the surrounding lead target cylindrical
sections (in grey) is given in Fig. 1. As discussed in Sect. 4.1
the target also rejects a large part of the residual background
which survives the external shielding.

The outer part of the passive shielding of the HPGe detec-
tor consists of lead (30 cm from the bottom and 25 ¢cm from
the sides). The inner layer of the shielding (5 cm) is com-
posed of electrolytic copper. The sample chamber has a vol-
ume of about 15 1 ((250 x 250 x 240) mm?>). The shield
and the cryostat are enclosed in an air-tight steel housing of
1 mm thickness, which is continuously flushed with boil-
off nitrogen from a liquid nitrogen storage tank, in order
to reduce contact with external air (which contains environ-
mental radon) to a minimum. On the bottom and on the sides
5 cm thick borated polyethylene plates are placed, which
give a partial reduction of the neutron flux going towards the
detector. The data acquisition system is a Lynx Digital Signal
Analyser controlled via personal computer software GENIE
2000, both from Canberra-Mirion. A description of a similar
detector can be found in [15,16]. The experimental setup is

@ Springer

Table 1 Values of the parameters which characterise the Roman lead
target

Ts ne(m_3) Nfree At/tg

1.30 - 10715 1.33-10%° 2.89 102 2.78 - 102

operated in the low background environment of the LNGS
(INFN).

The whole detector is characterised and all of its com-
ponents have been put into a validated Monte Carlo (MC)
code (Ref. [32]) based on the GEANT4 software library
(Ref. [33]). This allowed determining, via MC simulation,
the efficiency for the detection of photons emitted inside the
Pb target.

The data analysed in this work correspond to a total acqui-
sition time At ~ 42d ~ 3.6- 106s, collected in summer 2016.
The parameters relevant to this paper and specific of our Pb
target are summarised in Table 1, see Sect. 4.1 for the details.

4 Statistical capture model and data analysis

We consider a block of metal which may contain a frac-
tion of “anomalous” electrons. Each of them may settle in a
wrong symmetry state in the fundamental state of one of the
atoms. When an anomalous conduction electron meets the
atom containing its wrongly paired counterpart, we expect
the electron pair to settle in the lowest potential energy state.
This state has two “paired electrons” and a “normal electron”
in the innermost atomic shell. This brings about a reconfigu-
ration of the electronic structure of the lead atoms in the bulk
metal, so that the external electron configuration of the new
anomalous lead is close to that of thallium. As a consequence
of the reduced effective charge the K, violating transitions
would be shifted with respect to the standard transitions, this
is the experimental signature of PEP violation we look for,
the energies of the violating transitions are given in Sect. 4.2.
Since the original moulding of the metal piece, some of the
electrons already had the chance to perform non-Paulian tran-
sitions and hence reside in stable non-Paulian atoms at the
time of the experimental observation. This fraction of possi-
ble PEP violating electrons is hidden from the observer. The
potential non-Paulian transitions occur as a consequence of
interactions of conduction electrons with atoms which grad-
ually deplete the reservoir of “anomalous” electrons. The
depletion process is described in Sect. 4.1.

In the model adopted in [9] the interactions correspond
to the scatterings in the standard conduction picture. In [10]
we consider a different approach and the condition for the
free electron-atom interaction is a significant overlap of the
wave functions, which we call close encounter. In both
cases the mathematics describing the depletion process is the
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same, however the data analysis proceeds differently for the
two scenarios as a consequence of two separate, important
aspects. The first is the definition of the time between inter-
actions (which are scatterings in [9] and are close encounters
in [10]), the second is the estimate of the capture probability.
For this reason — for the sake of a fair comparison with the
results of [9]— we first adopt the conduction picture in Sect.
4.2. We then move to the close encounters scheme in Sect.
4.3.

4.1 The depletion of the reservoir of free pairs

In the time interval T any given electron experiences on
average T/t interactions with the atoms in the metal block,
where 7 is the mean interaction time. If there are N atoms
in the block then, on average, there are 7 /Nt interactions
between a given atom and a given electron in the block. This
means that for a particular electron-atom pair the probability
of experiencing k interactions in the time interval T is

T/N7)k
% exp(—T/N1), )

P(k) =
assuming that the interactions are independent events so that
the standard hypotheses for the validity of a Poisson model
hold. Then, the probability of no interaction during time 7'
is just

p = P(0) =exp(=T/N7), 3

and when interaction implies capture (as in the close encoun-
ters scheme of Ref. [10]) this is the same as the probabil-
ity that an electron is not captured during time 7. Instead
when we consider a capture probability Py, < 1,1.e., when-
ever capture is not granted in one interaction so that multiple
interactions without capture are possible (as in the scattering
scheme of Ref. [9]), the probability that the electron is not
captured in time T is:

p=exp(=T/Nt) + (1 — Peyy) w exp(—T/NT)
Fot (1= ) (T/kﬂ exp(—T/NT) + - --
- S (1= Pep)" (T/kﬂ exp(—T/N7)
= :::[—T/(Nr/Pcpt)] . “)

This is also the fraction of electrons not yet captured after
time 7. Therefore the total number of free “anomalous” elec-
trons in the metal block decreases in time, and the expected
number of X rays from violating PEP transitions (correspond-

ing to the PEP violation probability 82/2) is given by:

ﬂZ
Nx ~ NfreeNintPcpt€t0t7 exp(—T Pept/NT), 5

where T is the age of the metal block, Ny = At/7 is the
number of interactions per electron (with Ar the measure-
ment time), €, is the detection efficiency and Nfee = ne X V
is the number of conduction electrons in the target volume
V with electron density 7.

We can estimate the average number of anomalous X-rays
by taking N7}/, the measured X-ray excess with respect to the
background level, and we obtain an estimate for the violation
parameter from Eq. (5):

2 N;{Vl

'37 exp(=T Pept/NT) ~ (6)

€tot Pept Nree Nint

However, the actual value of N¥ is quite small when com-
pared with the statistical fluctuation, and in practice this equa-
tion turns into an upper bound with a definite number of stan-
dard deviations o. For instance, taking a 30 excess from the
background level, we find:

2 N3

%exp(—TPcpt/Nr) < (7)

€tot Pept Ntree Nint

In general, we can consider the case in which the target is
composed of a number v of electrically disconnected blocks
(in our case v = 3) each containing a number N; of atoms,
Nf’:m conduction electrons and characterised by an age T;,
then the expected number of X rays from violating PEP tran-

sitions is:

v 2
: B
Nx % 3 Nijee Nin Pept€ion - exp(=T; Pept/ Ni )
i=1
B> i
= NincPept€iot 5 ), Niree €Xp(=Ti Pept/NiT), (8)
i=1

where the parameters Ny and Pep are common to all the v
blocks, and the detection efficiency € is also the same for
all blocks in our experimental conditions. Accordingly, the
experimental limit on the PEP violation probability gener-
alises to:

,3_2 < N3
2 Nint Pept€tot Zrzl ngrec eXp(_TiPcpt/Ni":)

&)

It is worth to stress that the order of magnitude of
Ntg/Pep; is 103 years for one mole of a lead target (even
smaller for the interaction time 7z ) as will be shown in Sects.
4.2 and 4.3. As a consequence, if the age T (T;) of the metal
block (i-th block) is of the order of a geologic time-scale (i.e.

@ Springer
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Fig. 2 Total measured X-ray spectrum (left); same spectrum in the region of the K, standard and violating transitions in Pb (right)

it was not recently moulded from n > 1 original lead frag-
ments electrically disconnected) then each conduction elec-
tron of the target had a long time to interact with each atom
of the target. Independently on the PEP violation model all
the possible violating transitions must already have occurred
at the time of the observation; whatever anomalous conduc-
tion electron-atom state, which existed at the formation of
the metal block, the conduction electron must have already
been captured and resides now in the K-shell of a stable non-
Paulian atom. In this case the expected number of X rays from
violating PEP transitions, as given by Eq. (8) is Nx =~ 0. Let
us now analyse in further detail the experimental condition
of our measurement. Each of the v = 3 blocks constituting
our target were recently (7; = 16 years before the measure-
ment) realised in the same melting from a sample of n > 1
original lead fragments. Each conduction electron of a given
fragment had a long time to interact with each atom of the
fragment and be eventually captured in a PEP violating atom.
But, if the PEP violation is due to the wrong pairing of - well
defined - electron pairs (as in Ref. [11]), an anomalous con-
duction electron of the fragment (among the n) may have
his anomalous counterpart inside another fragment (among
the remaining n — 1). Thus, after melting, all the electrons
of a fragment can interact, and test, all the atoms belonging
to the other n — 1 fragments, searching for their anomalous
counterparts.! Equation (9) is to be modified accordingly:

2
P Mo
2 n_ TiPept :

: v i “n—1 Nt
Nint PCptetOt Zi:l Nfreee " "

(10)

and the term n/(n — 1) accounts for the fact that all the
atoms originally belonging to the melting fragment are not
probes for our measurement. Stated differently, during the

! The total number of atoms in the i-th lead block is
Ny = Z?:] Nl:’ = an:’, assuming for the sake of simplicity the

same number Ni/ of atoms for each fragment.

@ Springer

time 7; corresponding to the age of the i-th block after melt-
ing, each electron in the i-th block undergoes a mean number
T;/(N; — N;/n)t of interactions with the atoms originally
belonging to the other fragments. Obviously Eq. (10) reduces
to Eq. (9) in the limit » — oo of an infinite number of origi-
nal fragments. Since we have no information concerning the
original number n of fragments which was used in the melt-
ing of each block of target, we adopt the most conservative
assumption n = 2 in what follows.

4.2 Interactions as scatterings in the naive conduction
model

Let us first consider the picture in which electron-atom inter-
actions correspond to the scatterings in the standard con-
duction picture. In this case we take T = t5 with 75 =
1.3 x 1075 and Pept = 0.009 in lead (see Ref. [9]) then
the time constant Nt/ Pep in Eq. (7) evaluates to about 2800
years in the case of one mole of lead. The Roman lead blocks
used in this experiment correspond to about 45, 42 and 21
moles respectively, this amplifies the time constant to about
12.4-10* 11.5-10% and 5.8 - 10* years respectively. Because
of these long time constants, with respect to the 16 years
elapsed from the target blocks melting, each of the exponen-
tial factors in the denominator of Eq. (10) can be approx-
imated to one, and Z,V: 1 Nfree = Nfee as given in Table
1.

Figure 2 shows the measured energy distribution. We note
that the average value of the background counts in the range
AE = 65 — 90 keV, where the PEP violating K,; and K,»
transitions are expected to occur, is b = 4.44 counts/keV.

This is roughly four orders of magnitude lower than the
background measured in Ref. [9]. We also notice that the
standard K, lines are practically indistinguishable from the
continuous background. This is partly due to the purity of
the Roman lead target, and partly to the thickness of the
target which is of the order of 5 cm, much thicker than the
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target used in [9] which was about 0.1 cm thick. The target
contributes to suppress the residual background eventually
surviving the external lead and copper shielding layers. The
photo-absorption length in Pb at the energies of the K1 and
Kq2 transitions (i.e. in the energy range 71-74 keV) is of
about 350 wm. Due to self-absorptions only the inner target
shell contributes to the efficiency, the rest of the target acting
as passive shielding.

The precise positions of the two main lines K, and K2
in Pb are reported in Table 2 together with the energies of
the corresponding PEP violating transitions. The energies of
these transitions were calculated with an estimated accuracy
of few eV. These values are obtained on the basis of a Dirac-
Hartree-Slater calculation that includes the Breit interaction
and QED corrections (we refer the reader to Ref. [9] for more
details and further references concerning the calculation).

Since the violating K,, transitions are close to the corre-
sponding normal lines, taking into account the intrinsic res-
olution of the detector which is of the same order, in Ref. [9]
two optimal Regions Of Interest (ROI) around the forbidden
transition energies are defined. For an easier comparison of
our results with those presented in [9] we adopt the same
ROI ranges and €g ;. This is also motivated by the fact that
in our spectrum the K, lines barely emerge — if at all — over
the low continuous background and a similar minimisation
would make little sense.

Table 3 lists the ROI intervals for the violating K, lines,
together with the corresponding efficiency factors and the
total efficiency (€t ): € pg denotes the branching fraction for
the K, line, and €, is the detection efficiency, for photons
emitted inside the Pb target, at the energy corresponding to
the violating K,, atomic transition. In Table 3 the expected
number of counts (given the average b) and the observed
X-ray counts in the two ROI regions are also reported.

The fluctuations in both ROI regions have a Poisson statis-
tics and the likelihood (the probability distribution of the
data) evaluated in the case of null hypothesis is:

<1

b b*?
L(z1,72) = — exp (=) — exp (=b), (11
11 22-

where z| and z, are, respectively, the measured counts in the
first and in the second ROI. Then the probability of obtaining

Table 2 K, atomic transition energies in Pb resulting from violation of
the Pauli Exclusion Principle, indicated by the column labeled (forb.).
For reference the allowed transition energies are also quoted (allow.).
Energies are in eV. See Ref. [9] for details

Transitions in Pb Forb. Allow.
1s-2p32 Ky1 73713 74961
1s-2p1/2 Koz 71652 72798

counts that are higher than those actually measured in both
ROI’s is given by the expression

p= ). exp(=b) Y —exp(=b)
Jj=z1+1 k=z2+1
Z1 i 22 k
bi b
- I—Zﬁexp(—b) [l—zﬁexp(—b)},
j=0 k=0

12)

which evaluates to 0.012 with the measured counts z; = 1
and zo = 7. This is a p value that corresponds to 2.3 standard
deviations (one-sided p value test), which is far too low to
claim that the null hypothesis has been invalidated by the data
and that there is a violation of the Pauli Exclusion Principle.

A 30 upper limit on the PEP violation probability 8%/2

can be obtained from Eq. (10) with the approximation
n TiPept

v i T n— ; ~ .
Zi:l Nflreee "N A Niree:

2
N
PP Mo (13)
2 €tot Pept Nfree Nint

where N3, is the estimate of a 30 deviation from the Poisson
statistics of the assumed flat background in the energy region
65-90 keV. The two lines also differ in total efficiency and
therefore our estimate of the 30 deviation to be used in Eq.
(13) is given by:

N3o 21 22
=3 |+ = (14)
€ €2 €2
tot 1,tot 2.tot

In Eq. (14) z; = 1 and z» = 7 are again the number
of counts in the two ROIs, while € ;,; and €2 ;,; are the
corresponding total efficiencies. By substituting Eq. (14) and
the values reported in Table 1 and Table 3 into the bound Eq.
(13) the 30 upper limit on the PEP violation probability is
found to be:

1
5,82 <1.58-107%, (15)
which improves the result obtained in [9] by a factor 16.

4.3 Interactions as “close encounters”

In the new framework outlined in Ref. [10] we use the closest
approaches to atoms instead of scatterings, corresponding to
a much shorter 1 = tz = 2.5 x 1077 s in lead. In this
scheme the interaction always gives rise to absorption, hence

@ Springer



508 Page 8 of 9

Eur. Phys. J. C (2020) 80:508

Table 3 The ROI intervals for
the forbidden K, atomic

transitions, the corresponding
efficiency factors, the expected

Forb. transitions ~ ROI €ROI €BR €y €ror Expected  Counts
Ka1 (73.4=741)keV 0811 047 50-107° 19.107° 3.1 1
(71.3=72.00keV  0.834 023 3.6-107> 7.0-107° 3.1 7

number of counts with the Ke2

average value of b = 4.44
counts/keV and the observed
X-ray counts in the same
regions

the probability for PEP violation assumes the expression:

2
LA N3o . (16)

2 v N R E
Nint€tot )_j—1 Nipee "' N7

In order to extract a 30 bound we substitute N 3}‘ = N3y in
Eq. (16). By substituting n = 2 the sum in the denominator
of Eq. (16) amounts to:

! oo T
D Niee 71N ~ 519107, (17)

i=1

By applying Eq. (16) the limit on the PEP violation proba-
bility then turns to be:

1
5,32 < 1.53-107%, (18)

which improves the result in [9] by more then four orders of
magnitude.

5 Conclusions and perspectives

The ancient Roman lead is an important resource for low-
background experiments, and here we have used it to obtain
an exceptionally low noise measurement.

The bounds (15) and (18), corresponding to the two
electron-atom interaction schemes, represent the best limits
measured on the PEP violation probability for electrons, pro-
vided that a superselection rule prevents transitions between
normal and anomalous states in a closed system and the viola-
tion is justified by assuming that the global wave function of
all the electrons in the universe contains a number of “wrong”
signs like in Ref. [11].

In the future it may be interesting to produce a new block
of Roman lead, by melting a large number n of Roman lead
fragments, in order to further improve the limits on the prob-
ability of PEP violation for electrons with this kind of test.
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