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Abstract Fermions are subject to the Pauli Exclusion Prin-
ciple (PEP), which is grounded on the spin-statistics theorem
and, hence, related to the very same structure of the under-
lying symmetries. The VIP-2 (VIolation of Pauli exclusion
principle - 2) experiment has been performing extreme sen-
sitivity tests of the PEP, up to its current and final config-
uration, exploiting several experimental setups designed to
study different theoretical models of PEP violation, looking
for a faint signal of physics Beyond the Standard Model.A
current is introduced in the copper target to bring new elec-
trons into the system and, hence, fulfill the requirements of
the Messiah-Greenberg Super-Selection rule. The searched
spin-statistics violating signal corresponds to X-rays emit-
ted when the new electrons perform atomic transitions to the
already filled fundamental level of copper. This work ana-
lyzes the set of the VIP-2 data corresponding to a test run of
68 days in a current modulated regime alternating no current
with current data-taking in short periods (50 s each), instead
the usual alternating months-long data-taking of each of these
two phases. We propose an analysis method to improve the
experiment’s sensitivity: a spectral analysis constraint with
the Discrete Fourier Transformation of the data. Compared to
the spectrum-only analysis, about a factor of 1.5 of improve-
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ment to the limit for the probability of PEP violation for
electrons was obtained.

1 Pauli exclusion principle violation

The Pauli Exclusion Principle (PEP) is a consequence of
the Spin Statistic Theorem [1] and is a pillar of quantum
mechanics, responsible for plenty of physical phenomena,
among which the stability of matter [2]. However, an intu-
itive explanation for the distinction between fermionic and
bosonic statistics is still needed [3]. VIP-2 (VIolation of Pauli
exclusion principle - 2) is performing extreme sensitivity tests
of the PEP for electrons, searching for possible signal of new
physics in the context of several theoretical scenarios.

Proposed reasons for a PEP Violation (PEPV) occurrence
are either related to the nature of the particles, for example,
the paronic field [4–6], or theories Beyond Standard Model,
for instance, Non-Commutative Quantum Gravity (NCQG)
models as per θ -Poincaré [7]. Both predict a certain degree
of PEPV.

The first class of models follows the Messiah-Greenberg
Super-Selection (MGSS) rule [8], for which transitions
among states with different symmetries are forbidden. There-
fore, in this context, an experimental search of PEPV needs to
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Fig. 1 Schematic of PEP-allowed and PEP-violating Kα transition,
respectively, on the left and the right. Reproduced from [12]

introduce new fermions in a pre-existing system of identical
fermions and check for the newly formed symmetry state.
This class of experiments goes under the name of “Open
Systems” tests.

The second class of theories is not constrained by MGSS.
One does not need an injection of new particles since the
ones from the system might violate the PEP spontaneously.
Such a class of experiments are called “Closed Systems”
experiments [9,10].

VIP-2 tests PEPV in an Open System, detecting X-rays
emitted in a copper target circulated by a current. The exper-
imental principle follows the pioneering work performed in
1988 by Ramberg and Snow [11]. X-rays from the Kα tran-
sition (from 2p to 1s) are emitted with the standard energy
of 8047.78 eV for copper Kα1 and 8027.83 eV for Kα2. As
new electrons are injected through the current in the copper
target, their capture in atomic orbitals is a test for the PEPV.
Kα emissions originating from Pauli-forbidden atomic tran-
sitions (Fig. 1) could be observed in a low-background envi-
ronment with high-precision X-ray spectroscopy. The energy
of the PEPV Kα transition in copper is expected to be shifted
down by about 300 eV (7746.73 eV) due to the additional
electron shielding from the fully occupied ground state of the
atom.

Ignatiev and Kuzmin parametrized PEP violation for elec-
trons in terms of a two-level Fermi oscillator, with β the
amplitude for a classically forbidden third-level state [5]. The
resulting probability of a third electron occupying the 1s state
is β2/2. For the VIP-2 experiment, the expected number Nx

of PEPV events is

Nx � β2

2
· Nnew · Nint

10
· efficiency. (1)

Nnew is the total number of “new” electrons injected into
the system given by the current intensity and data acquisi-
tion time. Nint is the number of electron-atom encounters.
The factor 1/10 is an estimation of the capture probability
into the 2p state as shown in [13]. Finally, the “efficiency”
considers the solid angle covered by the detector, the X-ray
absorption in the target strip, and the detector efficiency. The
experiment of Ramberg and Snow set an upper limit for the

PEPV probability for electrons of β2/2 < 1.7 × 10−26. The
VIP experiment, the precursor of VIP-2, improved this limit
by about two orders of magnitude [14]; the studies in [13] by
one.

In the past, the number of electron-atom encounters Nint

was estimated with a “scattering” model: an electron encoun-
ters an atom at every radiation length inside the target. This
model is conservative and underestimates the number of
encounters, since the scattering is due to phonons and lattice
irregularities. Recently, a new model was developed using
a more realistic diffusion random walk model: the “close
encounters” [15]. The results of this analysis are presented
in the context of both approaches.

In this work, we present a new method of data-taking and
analysis to improve the current measurements of the β2/2.
The approach is driven by the work in [16] using a semi-
analytical Monte Carlo simulation. Events are simulated with
a modulated current with a regular period that systemati-
cally introduces PEPV events. Their Fourier Transformation
shows a clear harmonic at the current frequency. We applied
this modulated current idea in a test run of the VIP-2 experi-
ment, switching the current on and off with a regular period-
icity instead of the usual alternating months-long data-taking
for each case. The analysis adapts the concept to our experi-
mental data-taking and the real case, where signal events are,
if any, rare with respect to systematic.

2 The VIP-2 experiment

The VIP-2 apparatus is sited in the underground Gran Sasso
National Laboratory (LNGS), in Italy, beneath about 1400 m
of rock, shielding it from the secondary Cosmic Rays (μ-
flux reduced by a factor of about 106). It comprises a vac-
uum chamber containing 32 Silicon Drift Detectors (SDDs)
and two parallel copper strips as a target (see Fig. 2 for the
schematics). The vacuum chamber is evacuated at a pressure
below 10−5 mbar, allowing the SDDs to be cooled down
safely. Moreover, an external shielding was installed sur-
rounding the VIP-2 vacuum chamber to further reduce the
natural background produced by the residual radioactivity of
the rocks inside the cavern of the LNGS. This outer shield-
ing consists of an inner layer of copper bricks and an exterior
layer of lead blocks. A PT-100 sensor is installed on the
external surface of the vacuum chamber to monitor the tem-
perature within the shielding, kept fixed at 24 ◦C through
an air cooling system. We reported the preliminary analysis
performed before and during the completion of the external
shielding (208 days of data) in [18].

The two copper strips have dimensions of 76 mm long,
20 mm high, and 25µm thick each. During the reported data-
taking period, a Direct Current of 180 A was circulated (wc)
alternated to periods without current (woc).
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Fig. 2 Schematic of the VIP-2 setup (from [17]): in evidence inside the vacuum chamber, the targets (copper strips), the copper conductor used to
inject current, and the SDDs

The 32 SDDs are installed in the apparatus for the X-ray
spectroscopy. They are organized in 4 arrays 2 × 4, arranged
in pairs to form a matrix 4×4 per outer side of a copper strip.
Each SDD is 450µm thick and has an active area of 0.64 cm2

for a total of 5.12 cm2 per array. A cryocooler keeps SDDs
to a temperature of 150 K. Six PT-100 sensors are installed
inside the vacuum chamber to monitor each SDD array’s and
target strips’ temperatures.

A cooling water circuit is installed on the copper strips to
avoid a high rise in the target temperature when the current
circulates, which could affect the high-quality performance
of SDDs. The copper target is kept at a temperature of 20–
25 ◦C. In these working conditions, SDDs provide an energy
resolution for X-rays of about 190 eV Full-Width Half Max-
imum (FWHM) at 8 keV with a detection efficiency of more
than 99%. Such energy resolution allows to disentangle the
PEPV transitions from the standard ones in the energy spec-
trum. SDD working principles and schemes are detailed in
[17].

Finally, to perform in situ SDD calibrations, we placed
a Fe-55 source below the target covered by a 25 µm thick
Titanium foil. This way, the Kα and Kβ lines emitted by Mn
and Ti are used for the SDD calibration. The calibration is
executed in batches of approximately ten days for each SDD
detector, translating their ADC counts into Energy (in eV).

The final configuration of the VIP-2 experiment, with the
complete external shielding, was installed in LNGS in April
2019 and, since then, is in data taking.

2.1 The modulated current data taking

The standard VIP-2 Open System data-taking campaign con-
sists of weeks-long phases with current (wc) alternated with
similarly long phases without current (woc). The latter is a
background reference (see Sect. 3).

We performed a test run acquiring 68 days of data between
October and December 2020. In this run, we introduced the
modulated current data-taking, for which the wc-woc alter-
nation is automatized with a fixed period of 100 s: 50 s of wc
phase, 50 s of woc, with a time precision of 1 s.

3 Spectral analysis

The spectrum region of interest for studying the PEPV is
selected as from 7270 to 8300 eV. It includes the copper
Kα lines (ECu

Kα1 = 8047.78 eV and ECu
Kα2 = 8027.83 eV)

with a small contamination from nickel Kα line (ENi
Kα1 =

7478.15 eV). This contamination is due to the ceramic sup-
port of the SDD arrays. Only Ni Kα1 can be distinguished due
to low statistics. The copper has a relative ratio between the
Kα2 and Kα1 amplitudes of 0.51, as well known from the liter-
ature [19]. Moreover, we consider ECu

Kα2 = ECu
Kα1−19.95 eV

to reduce the number of variables since their energy differ-
ence is precisely measured.

As reported in previous publications [18,20], the VIP-2
standard approach is a Bayesian analysis of a combined spec-
tra Likelihood L = Lwoc · Lwc using the Markovian Chain
Monte Carlo techniques [21] (Metropolis-Hasting algorithm
[22]). Both the Likelihood factors are the product of bin-
by-bin Poissonian distributions P(n | λ), where the counts of

123



  214 Page 4 of 9 Eur. Phys. J. C           (2024) 84:214 

the i-th bin are the data Di and a function of the bin energy
F(Ei ) is the model.

One Likelihood factor is modeled for the woc phase as
follows:

Lwoc(Dwoc,Fwoc)

=
∏

i

P(Dwoc
i |Fwoc(Ei | θ)) (2)

Fwoc(Ei | θ)

= a · (Ei − ECu
PEPV) + b

+
{
ANi · N (Ei − ENi

Kα, σNi)

+ ACu ·
[
N (Ei − ECu

Kα1, σ
Cu)

+ 0.51 · N (Ei − ECu
Kα1 + 19.95, σCu)

]}
wbin . (3)

N (E, σ ) are normal distributions with the centroid centered
around the expected energy peaks and a standard deviation
given by the detector resolution (slightly different for differ-
ent energies). wbin is the bin width (10 eV) used as a factor, so
thus ANi and ACu are expressed as a total number of events
(respectively for the copper or the nickel emissions). The
background is described by a linear function with a slope
a. The function is centered on the PEPV expected energy
(ECu

PEPV = 7746.73 eV); in this way, the interpretation of the
b parameter is the background counts at the signal energy.
With θ , we express the vector of all parameters, later dis-
cussed.

The second Likelihood factor is modeled for the phase
with current wc, which is the same as Fwoc but with one
more normal distribution to describe the PEPV signal with a
total number of events S:

Lwc(Dwc,Fwc)

=
∏

i

P(Dwc
i |Fwc(Ei | θ)) (4)

Fwc(Ei | θ)

= a · (Ei − ECu
PEPV) + b

+
{
ANi · N (Ei − ENi

Kα, σNi)

+ ACu ·
[
N (Ei − ECu

Kα1, σ
Cu)

+ 0.51 · N (Ei − ECu
Kα1 + 19.95, σCu)

]

+ S · N (Ei − ECu
PEPV, σCu)

}
wbin . (5)

The PEPV signal normal distribution is centered around
ECu

PEPV with the copper standard deviation; therefore, the
same σCu is used.

Using the Bayesian inference, the posterior is given by
equation 6:

p(θ |Dwoc,Dwc) = L(Dwoc,Dwc | θ) · p(θ)∫
dθ L(Dwoc,Dwc | θ) · p(θ)

, (6)

where the Likelihood is expressed as

L(Dwoc,Dwc | θ) = Lwoc(Dwoc,Fwoc(θ | E)) ·
· Lwc(Dwc,Fwc(θ | E)) (7)

and p(θ) indicates the product of the priors probability
density functions of the parameters θ . They are the num-
ber of events ANi and ACu, the slope a, the background
count at the PEPV Energy b, and the signal count S, all
with uniformly distributed priors. Because the two data sets
might differ, all parameters in each model are considered
independent, doubling all, except for S, for a total of nine
parameters. Considering the systematic uncertainties of the
calibration, ECu

Kα1 and ENi
Kα become two more free parame-

ters. Their priors are expressed as normal distributions cen-
tered in their known values and with a standard deviation
of the calibration uncertainty (2 eV). ECu

PEPV is considered
fixed. Furthermore, we included σCu and σNi as two extra
free parameters uniformly distributed to consider the system-
atic uncertainties of the detector resolution. The resolution
of the SDDs is shared by the two data sets. As a final sys-
tematic uncertainty, we considered the 1 s precision uncer-
tainty of the data timestamp as a scaling factor to the Fwoc:
Lwoc = ∏

i P(Dwoc
i | scale · Fwoc(Ei | θ)). The scale factor

has a prior normally distributed, centered to 1 (the ratio of the
time of data acquisition with and without current is exactly
1) with a standard deviation of 1 s over 34 days of a single
phase data acquisition time. Counting all, the total number
of free parameters θ is fourteen.

The result of the Bayesian analysis is shown in Fig. 3 as
green and red lines for the without current (blue distribution)
and with current (orange distribution), respectively. Since S
is the parameter of interest, we also show its distribution in
pink, magnified by a factor of 5 for visibility reasons. No
significant signal is found: the shown shaded area represents
the signal distribution inside 90% C.L. of S counts. Thus, the
signal upper limit obtained is S̄spec = 16.11 events at 90%
of C.L., corresponding to a limit on the PEPV probability of

β2

2

∣∣∣∣∣
spec

< 1.25 · 10−30 (scattering) (8)

β2

2

∣∣∣∣∣
spec

< 9.94 · 10−43 (close encounters) . (9)
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Fig. 3 Energy spectra of the VIP-2 calibrated data without (blue) and
with (orange) the current. Their Bayesian optimizations are shown
(green and red, respectively); the signal component distribution inside
the upper limit at 90% of C.L. is shown in pink, magnified by a factor
of 5

Fig. 4 Real (blue) and Imaginary (orange) parts of the DFT, using the
data after the elaboration described in Sect. 4.1. The 0-th, last, and other
harmonic of interest (“central harmonics”) are shown. The y-axis upper
limit is cut at 250 to evidence the fluctuations of all the harmonics (the
amplitude of the 0-th harmonic is about 1200)

4 Modulated current analysis

We consider every phase, with and without current, as a
bin and its number of events as the bin content (the first bin is a
wc) to build the data structure with a period T , and we apply
the Discrete Fourier Transform (DFT) [23] (the algorithm
used is the Fast Fourier Transform). The data D comprises
the background counts B in all bins and the signal events S
only in the wc ones.

The DFT splits the binning into different multiples of T ,
assigning an amplitude (complex number) to each of those
harmonics. In Fig. 4, the harmonic amplitudes for the Real

(in blue) and Imaginary (orange) parts of the DFT are shown
(the y-axis upper limit is cut at 250). The harmonic of inter-
est where the signal presence can appear is in the “last” one
(i.e., the 68th harmonic in this case), representing the period
T , i.e., the switch between current and without current. The
Imaginary amplitude of the last bin is 0 by construction;
therefore, all Imaginary parts are of no interest. Other har-
monics of interest split the period with an equal content of
wc and woc bins: in this case, they are the 1st, 2nd, 4th, 8th,
17th, and 34th, now referred to as “central harmonics.” The
0-th harmonic is, trivially, the total sum of all the events;
therefore, it is not of interest.

The last bin represents the difference of events between
all wc and all woc parts, similar to a spectrum subtraction
analysis. The limit of a spectrum subtraction is the strong
presence of uncertainties due to the Poissonian fluctuations
from both spectra. However, if one can infer about the Poisso-
nian behavior of the data set, the residue is the signal. In other
words, the last bin is the Poissonian distribution of the back-
ground B shifted up (because the first bin of the data structure
is wc) by the signal S. The information about the Poissonian
behavior of the data is inside the central harmonics, since
they have an equal content of wc and woc bins. Therefore,
all their amplitudes are expected to be Normally distributed
around a common mean and a variance. Thoroughly under-
standing this behavior lets us constrain the signal residue in
the last bin. In Sect. 4.2, their behavior and the possible small
dependence on the signal presence are studied data-driven.

4.1 Modulated current data

The structure of the modulated current data must be regular:
all concatenated, no dead time, exact period alternating wc
and woc where the first time bin (i.e., the first 50 s) is a wc
while the last one is a woc. To analyze these data, we restrict
to the same energy range of the spectral analysis: from 7270
to 8300 eV.

We identify a Region of Interest (ROI) as a 150 eV neigh-
borhood (left and right) of the PEPV energy ECu

PEPV =
7746.73 eV: from 7596.73 to 7896.73 eV. This 300 eV
wide energy region is chosen, so thus, exceeding events
might belong to about 95% of the PEPV distribution; in
other words, this is a signal-enriched region. The remain-
ing signal-depleted part is the Background (BKG) region:
(7270 ≤ E[eV] < 7596.73) ∪ (7896.73 ≤ E[eV] < 8300).

In the VIP-2 case, the ROI is a region where 50 s of data-
taking is too short to have enough rate per time bin. Therefore,
to avoid bias toward the 0 events case, we grouped thewc and
woc bins to have a period large enough for having no empty
bins. The period of the regrouped data set is T = 24 hours
(shown in Fig. 4): 12 h wc and 12 h woc. The regrouping is
possible without losing information or generality from the
DFT perspective.
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Fig. 5 Average (top, in blue) and Variance (bottom, in green) of the
difference between the synthetic (synth) and the original (orig) data
set as a function of signal hypotheses. Vertical bars correspond to each
hypothesis’s total spread of the generated synthetic data. The linear fit
is shown in orange. 100 synthetic data sets from the ROI subset were
generated for each S > 0 hypothesis

4.2 Behaviors of the DFT central harmonics

The data set is an ensemble of D = B+S events, where B
has an unknown behavior. Since we know D, we can study it
empirically as a function of hypothetical S to describe it. The
goal is to understand the DFT central harmonic dependen-
cies from the signal presence even in these harmonics. We
assume a Normal distribution with a mean μ and a variance
Var to describe fluctuations. Therefore, we study how these
parameters change under different S hypotheses.

We build a synthetic data set from the data D by subtract-
ing random events from the wc bins as a signal S hypothesis.
The resulting central harmonics are the DFT of a possible B.
The mean and variance of the differences from the original
data set will show their behavior as a function of S without
any assumption on D and B.

We generated 100 synthetic data sets for each signal
hypothesis and compared it with the original data set (syn-
thetic − original). In Fig. 5, the μ and Var of this difference
are depicted, top (in blue) and bottom (in green), respectively;
the vertical bars correspond to the total spread of the gener-
ated synthetic data for each hypothesis. Since S = 0 corre-
sponds to the no subtraction, it is the original case; therefore,
only S > 0 hypotheses are shown. A linear fit is performed
(orange lines), with the slope as a free parameter and the
intercept fixed to 0 (trivially, no variation of the original case
from itself).

The fit result for the μ has a slope of 0. It shows an inde-
pendence from the signal. Instead, the result from the Var
highlights a linear dependence from possible signals. There-
fore, we can build a data-driven model for the Variance as
function of S:

Var = V0 + v · S, (10)

where V0 is the (unknown) baseline Variance, and v is the
slope (about 0.5 in the fit) of the linear dependence from the
signal S.

5 Modulated and spectral combined analysis

From the regularities and relations discussed in Sect. 4.2, we
can build new Likelihood factors from the amplitudes set A
of the data DFT harmonics, normally distributed (N ):

L(A,μ, Var)

=
N∏

i=1

N (Ai | μi , Var = V0 + v · f (σCu)S) (11)

μi =
{

μ0 i �= N

μ0 + f (σCu)S i = N
, (12)

where Var is given by Eq. (10), μ0 is the mean of the central
harmonics, and S is the signal (same as explicit in Eq. (5)).
The product goes for the index i = {1, 2, 4, 8, 17, 34, 68}
(N = 68 is the last harmonic, where S appears in the mean
μN ). The factor f is the fraction of the signal in the sub-
set used, either ROI or BKG. The value of this fraction is a
function of the standard deviation of the signal normal dis-
tribution, i.e., σCu (same as explicit in Eq. (5)):

f ROI(σCu) = cdf(150 | σCu) − cdf(−150 | σCu)

= erf

(
150√
2σCu

)
− erf

( −150√
2σCu

)
(13)

f BKG(σCu) = 1 − f ROI(σCu) , (14)

where cdf is the Cumulative Density Function and the erf the
“error function.” Since the distribution is centered on ECu

PEPV
with a standard deviation of σCu, the fraction in ROI tests the
neighborhood width for this region, i.e., ±150 eV. The BKG
region is trivially complementary to 1.

The most important i-th element for the signal is in the last
one, i.e., L(AN , μN , Var). However, using the distributions
of all the central harmonic sets strong constraints on the μ0

and V0 parameters.
The posterior distribution is built by the product of the

Likelihood factors as in equation 15:
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Fig. 6 Marginalized posterior distribution of S using only the spectral analysis as per Sect. 3 (left) and spectral+modulated combined as per Sect. 5
(right). Colored regions represent the distribution areas; the blue lines represent the prior representation

p(θ |Dwoc,Dwc,AROI,ABKG)

= L(Dwoc,Dwc,AROI,ABKG | θ) · p(θ)
∫

dθ L(Dwoc,Dwc,AROI,ABKG | θ) · p(θ)
, (15)

where

L(Dwoc,Dwc,AROI,ABKG | θ)

= Lwoc(Dwoc | θ) · Lwc(Dwc | θ) ·
· LROI(AROI | θ) · LBKG(ABKG | θ) (16)

is the total Likelihood (factors are written in a more compact
version). Lwoc and Lwc are the factors in Eqs. (2) and (4),
respectively; LROI and LBKG are as per Eq. (11) with f ,
respectively, as per Eqs. (13) and (14).

The parameter vector θ contains, besides the components
discussed in Sect. 3, also the new parameters introduced by
Eqs. (11) and (12): VROI

0 , V BKG
0 , μROI

0 , μBKG
0 , vROI, and

vBKG, extending the dimension of the parameter space from
14 to 20. Since vs are estimated using the synthetic data sets
(see Sect. 4.2 and the bottom plot in Fig. 5), their priors are
normally distributed, centered around the respective fitted
values with their uncertainties as standard deviations. The
priors of the V0s are uniformly distributed since the 0-signal
case is unknown a priori. Instead, the ones from μ0s are
normally distributed with parameters equal to the average
and standard deviation of the central harmonics distributions
since they are independent of the signal. The signal S and
the σCu (used to calculate the f fraction) are shared among
Lwc, LROI, and LBKG.

The result of this Bayesian analysis further constraint the
S parameter as shown in Fig. 6: on the left the marginalized
posterior obtained with the Sect. 3 analysis, on the right intro-
ducing this analysis. Still, no significant signal is found, but
its upper limit at 90% of C.L. is now S̄comb = 21. Compared
to the spectral analysis described in Sect. 3, it is reduced by
about (S̄spec − S̄comb)/S̄spec = 32x%. S̄comb corresponds to

the upper limits of

β2

2

∣∣∣∣∣
comb

< 8.50 · 10−31 (scattering) (17)

β2

2

∣∣∣∣∣
comb

< 6.74 · 10−43 (close encounters) , (18)

improved with respect to the sole spectral analysis (equa-
tion 9).

6 Conclusions and discussions

The analysis proposed in this work uses the combined spectra
(as per standard VIP-2 analysis) and takes advantage of the
modulated current data-taking campaign of about 2 months
as a test run. With the Discrete Fourier Transformation of
the data and a thorough study of its harmonics behavior, we
obtained an improved sensitivity on the probability β2/2 of
PEP violation for electrons. No significant Pauli Exclusion
Principle Violation is found. However, the proposed method
improves the β2/2 upper limit at 90% C.L. by almost a factor
of 1.5 compared to the only spectrum analysis.

From [20] (83 consecutive days with current on and 80
without it), the found upper limit on β2/2 was 6.8 ·10−43 for
the close encounters case (8.6 ·10−31 for the scattering). This
new analysis approach yielded the same results with less than
half of the data acquisition time.

The modulated data taking allows a more powerful and
stringent analysis. This work is the pathfinder for future
endeavors, such as future VIP-2 campaigns and the planned
VIP-3.
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Appendix A Result stability

We used the functions in Eqs. (3) and (5) with the optimized
parameters θ from the posteriors of Eq. (15) to create a toy
Monte Carlo. It simulates the random energy distribution for
woc and wc toy sets in the 7270–8300 eV range. The wc is
generated with S = 0. The data are less of a few counts than
5000 events each in 68 days. Therefore, we simulated 5000
events for each toy set to be closer to the studied case.

To have the modulated toy data set with a period of
T = 100 s, we split the wc and woc toy sets into 68 · 24 ·
3600/100 = 58752 bins each. The toy data populate the
bins randomly following the Poissonian statistics with an
expected rate of 5000/58,752 � 0.085. The final simulation
consists of 117,504 bins alternating wc and woc events from
the simulated toy sets (the first bin has wc elements).

Finally, we simulated 100 signal events (i.e., 1% of the
total simulated events), with the energy normally distributed
around ECu

PEPV = 7746.73 eV with the standard deviation of
the optimized wc σ̂Cu. They are randomly spread, uniformly,
across the 58752 wc bins.

We simulated 100 toy data sets: the run ID in Fig. 7. Using
the combined method discussed in Sect. 5, i.e., both spectral
and modulated current analysis, we obtained the blue regions
shown in figure. For comparison, we also show in orange the
results using only the spectral analysis (Sect. 3). The regions

Fig. 7 90% C.L. regions obtained for 100 toy Monte Carlo (see
Appendix A), using the Combined method discussed in Sect. 5 (blue
area) or Spectrum-only analysis as per Sect. 3 (orange area) in compar-
ison. The simulated signal is 100 events in 68 days (purple dotted line),
with 5000 events in each wc and woc sets

123

https://beta.elsevier.com/researcher/author/policies-and-guidelines/credit-author-statement?trial=true
https://www.springer.com/gp/editorial-policies
https://www.springer.com/gp/editorial-policies
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Eur. Phys. J. C           (2024) 84:214 Page 9 of 9   214 

successfully and stably retrieve the generated events. The
combined case has smaller regions, confirming the improve-
ment delivered by this method even in the case of a small
signal (the average reduction is ∼ 29% in this case).

Displacements observed in the figure, e.g., the orange
area seemingly shifted up, are not significant. The upper and
lower edge differences to the reference line (average upper
edge − 100 and 100 − average lower edge, respectively) are
smaller than their standard deviation: 14.587 ± 26.680 for
the spectral analysis alone (orange) and −10.068 ± 24.870
for the combined case (blue).
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