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Motivation 
- in the words of W. Pauli

PEP lacks a clear, intuitive explanation

... Already in my original paper I stressed the circumstance 
that I was unable to give a logical reason for the exclusion 
principle or to deduce it from more general assumptions.

I had always the feeling and I still have it today, that this is a 
deficiency. 

... The impression that the shadow of some incompleteness 
[falls] here on the bright light of success of the new quantum 
mechanics seems to me unavoidable.

W. Pauli, Nobel lecture 1945



• Pauli Exclusion Principle - presentations
• Violation of fermi- and bose- statistics
• How to search for small amount of violation?
• VIP experiment and result

4

• upgrade in VIP-2 
• preparation status

overview

VIP-2 experiment
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Pauli Exclusion Principle - in its original form

  “In an atom there cannot be two or more equivalent 
electrons for which the values of all four quantum 
numbers coincide. If an electron exists in an atom 
for which all of these numbers have definite values, 
then the state is occupied. ”

            W. Pauli, Zeitschrift für Physik 31(1925) 765.
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Normal 2p→1s 
transition

2p→1s transition
violating Pauli 

Principle

How to search for violation?

8.05 keV for Cu ~ 7.7 keV for Cu

n = 1

n = 2

n = 1

n = 2

anomalous transition X-rays from atomic states

a most intuitive picture:
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Other presentations

anti-symmetric states: one particle per quantum state
Fermi statistics for spin-half particles

Bose statistics for integral spin particles
symmetric many particles in the same quantum state

  “The states of a system containing N identical particles are 
necessarily either all symmetrical or all anti-symmetrical with respect 
to permutations of the N particles.”

Messiah and Greenberg (1964), Symmetrization postulate

Can there be states with mixed symmetry which have a 
small violation to fermi-statistics?

H. Green, Phys. Rev 90, 270 (1953).G. Gentile, Nuovo Cimento 17, 493 (1940).
O. Greenberg and R. Mohapatra, Phys. Rev. Lett. 59, 2507 (1987).

O. W. Greenberg, in Spin-Statistics Connection and Commutation Relations (AIP, 2000), pp. 113–127.

In QM

plus measurements that fix the symmetry of many-particle wavefunctions

In QFT

http://en.wikipedia.org/wiki/Skew-symmetric_matrix
http://en.wikipedia.org/wiki/Skew-symmetric_matrix
http://en.wikipedia.org/wiki/Skew-symmetric_matrix
http://en.wikipedia.org/wiki/Skew-symmetric_matrix
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ground state for 
fermi statistics

ground state for 
PEP-violating statistics: 
with “mixed” symmetry

n = 1

n = 2

n = 1

n = 2

How to search for violation? - again

how to search for such 
states, and how to 

parameterize, if a tiny 
amount of violation 

exists?

transitions between 
different symmetry types 

are not allowed
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ground state for 
fermi statistics

n = 1

n = 2

n = 1

n = 2

How to search for violation? - again

how to search for such 
states, and how to 

parameterize, if a tiny 
amount of violation 

exists?

transitions between 
different symmetry types 

are not allowed

??

ground state for 
PEP-violating statistics: 
with “mixed” symmetry
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LETTERS TO THE E0 I TOR
4.5-miw'te Tc. Five-minute deuteron bombardments of

Mo~ gave rise to a new positron emitter with a half-life of
4.5%0.5 min. and a positron energy of 4.3+0.5 Mev.
A gamma-ray of 1.3&0.3 Mev energy was also present.
The decay curve (Fig. 2} showed a longer lived period
with a 2.7-hr. half-life, the existence of which has already
been indicated. ' As a result of its mode of production,
this 4.5-min. Tc activity is probably Tc~ or Tce.
40-mingle Tc. Bombardment of Mo' and Mo' gave

rise to a 40&5 min. Tc radioactivity (Fig. 3) emitting
charged particles having an energy of 2.0+0.5 Mev. The
decay curves show the presence of the previously known
2.7 hr. and ~2 day Tc activities. '
Z.g-hoer Tc. Although a 2.7-hr. activity had been

previously observed in a Mo target, ' no work had been
done on the character and energies of its radiations or on
its unambiguous chemical identification. Bombardments
of Mo~ gave good yields of a 2.7+0.1-hr. Tc which was
shown to be a positron emitter by magnetic deflection.
A positron energy of 1.2 +0.2 Mev, and a hard gamma-ray
of 2.4%0.5 Mev were determined by absorption measure-
rnents. This activity is probably Tc~ or Tc".
This note reports only a part of the results from a

general program for the characterization and assignment
of the various radioactivities of element 43 produced by
deuteron bombardments with the enriched Mo isotopes.
The complete data and discussion will, appear in a forth-
coming article.
*This document is based on work performed under Contract Number

W-7405 eng 26 for the Atomic Energy Project at Oak Ridge National
Laboratory.
i Sagane, Kojima, Miyamoto, and Ikawa, Phys. Rev. SV, 750 (1940).
~ Delsasso. Ridenour, Sherr. and White, Phys. Rev. 55, 113 (1939).
~ G. T. Seaborg and E. Segrh, Phys. Rev. 55, 808 (1939).

Menti6cation of Beta-Rays arith
Atomic E1ectrons

M. GOLDHABER AND GERTRUDE SCHARFF-GOLDHABER
Department of Physics, Unhrersity of I/linois, Urbana, IEHnois

May 8, 1948

HE old question whether beta-rays are identical with
atomic electrons was recently reviewed by Crane. '

When this problem was much discussed about ten years
ago, experiments by Zahn and Specs' set doubts at rest by
showing that the value of e/m for beta-rays does not difFer
from the value found for atomic electrons by more than
1.5 percent. While this and other indirect evidence support
the assumption that beta-rays and atomic electrons are
identical, the question remains ". . . whether or not
experiments can exclude the possibility that, for example,
the spin of the beta-particle is difkrent from one-half unit,
with only a slight e6'ect upon the mass. This kind of
question should be answered as precisely as possible for
the record. . . ."3
As long as experiments show only that a particular

property of beta-rays has the same value, within the
attainable experimental error, as the corresponding prop-
erty of atomic electrons, some doubts whether beta-rays
and atomic electrons are identical might persist. We have

ENO WINQOW
GEIGER COUNTER

~2I4 MG/CM~AI—II5 MG/CM Cu
46MG/QM~ W~24MG/CM Pb

Fio. 1.Arrangement used in search for photons from beta-rays stopped
in lead.

carried out an experiment which is based on the well-
founded assumption that Pauli's exclusion principle mould
not hold for a pair of particles if they difFered in any
property whatsoever. In this way we have been able to
answei' the question raised with a degree of certainty
which could not be attained by determining the value of
any single property of beta-rays and electrons.
The ex/)eriment is based on the following consideration:

when beta-rays are stopped in matter, their final fate will
depend on whether or not they are identical with atomic
electrons. If they were not identical with atomic electrons,
they would not obey Pauli's exclusion principle and could
therefore be captured into bound orbits "filled" with
atomic electrons. Their transition to the lowest orbit
would take place within an extremely short time and would
be accompanied by K x-rays, slightly longer in wave-
length than the K x-rays characteristic of the capturing
atom, because of the additional screening. A test for the
absence or presence of these x-rays can thus decide whether
or not beta-rays are identical with electrons.
To carry out the experiment, it is convenient to use a

source which emits soft beta-rays and no gamma-rays It
is also desirable that the source have high specific activity
and that the beta-rays be stopped in a heavy element.
We have used as a source of beta-rays C" in the form of
BaCO3, with 3—5 percent of the carbon consisting of C'4.
This source emits beta-rays of 155 kev maximum energy
and no gamma-rays. 4 The experimental arrangement is
shown in Fig. 1. The C" source was deposited on lead.
The bare source emitted "in the direction" of the Geiger
counter approximately 5)(10' beta-rays per min. This
was estimated by measuring the counting rate with 7.55
mg/cm' Al absorbing the beta-rays. This absorber was
found to reduce the intensity of a weak C" source to
15 percent. Corrections for absorption in the air and the
mica window (~3 mg/cm') were also made. To search
for x-rays the source was covered by a lead foil (24.0
mg/cm~) which absorbed practically all beta-rays. When
soft photons and secondary electrons were filtered out by
113 mg/cm' of Cu and 214 mg/cm' of Al, approximately
10 counts per minute above background were detected.

a beta-raycapture

}All the states 
appear to be 
vacant if beta-ray  
is not identical to 
an electron

 “Are the electrons from 
nuclear beta decay same 
as electrons in atoms?” 

 Goldhaber experiment : 
   shed electrons from 14C 
source on lead foil. 
   Estimated limit for PEP 
violation:   ~ 3 x 10-2

M. Goldhaber and G.S. Goldhaber, Phys. Rev. 73 (1948) 1472

Goldhaber & Scharff-Goldhaber experiment

as beta-source



11

Introduce “new” external electrons by a circulating current to a 
conducting (Cu) strip, and search for anomalous transition X-rays

β2 / 2 <= 1.7 x 10 -26 (> 95% C.L.)

Ramberg - Snow experiment

E. Ramberg and G.A. Snow, Phys. Lett. B238 (1990) 438

NX ≥
1
2
β 2Nnew

N int

10

with current

no current

subtraction

gas-tube detector
15% resolution 
@ 8-9 keV

probability of “mixed symmetry state”
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The parameter “β ”

Ignatiev & Kuzmin model           creation and destruction operators
                                                          connect 3 states 

           - the vacuum state                      
           - the single occupancy state
           - the non-standard double-occupancy state

through the following  relations: a+ 0 = 1

a+ 1 = β 2

a+ 2 = 0

a 0 = 0

a 1 = 0

a 2 = β 1

The parameter β quantifies the degree of violation in the transition
 | 1 > → | 2 > .  It is very small and for  β→0 we can have the Fermi - 
Dirac statistic again. 

| 0 >
| 1 >
| 2 >
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The VIP (VIolation of the Pauli Principle) experiment

Goal
 

to improve the limit on the probability of a possible violation 
of the Pauli exclusion principle for electrons, 

set in Ramberg-Snow experiment

by means of 

- sensitive, large-area, X-ray detectors: 
Charge Coupled Device (CCD)

- clean, low-background experimental area (LNGS)
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Experiment apparatusVIP Collaboration / Physics Letters B 641 (2006) 18–22 19

Concerning the violation of PEP for electrons, Greenberg
and Mohapatra [9] examined all experimental data which could
be related, directly or indirectly, to PEP, up to 1987. In their
analysis they concluded that the probability that a new elec-
tron added to an antisymmetric collection of N electrons might
form a mixed symmetry state rather than a totally antisymmet-
ric state is ! 10−9. In 1988, Ramberg and Snow [10] drastically
improved this limit with a dedicated experiment, searching for
anomalous X-ray transitions, that would point to a small viola-
tion of PEP in a copper conductor. The result of the experiment
was a probability ! 1.7 × 10−26 that a new electron circulating
in the conductor would form a mixed symmetry state with the
already present copper electrons.

We have set up an improved version of the Ramberg and
Snow experiment, with a higher sensitivity apparatus [11]. Our
final aim is to lower the PEP violation limit for electrons by at
least 4 orders of magnitude, by using high resolution charge-
coupled devices (CCD) as soft X-rays detectors [12], and de-
creasing the effect of background by a careful choice of the
materials and sheltering the apparatus in an underground labo-
ratory.

In the next sections we describe the experimental setup, the
outcome of a preliminary measurement performed in the Fras-
cati National Laboratories (LNF) of INFN in 2005, along with a
brief discussion on the results and the foreseen future improve-
ments in the Gran Sasso National Laboratory (LNGS) of INFN.

2. The VIP experiment

The idea of the VIP (violation of the Pauli exclusion princi-
ple) experiment was originated by the availability of the DEAR
(DA!NE Exotic Atom Research) setup, after it had success-
fully completed its program at the DA!NE collider at LNF-
INFN [13]. DEAR used charge-coupled devices (CCD) as de-
tectors in order to measure exotic atoms (kaonic nitrogen and
kaonic hydrogen) X-ray transitions. CCDs are almost ideal de-
tectors for X-rays measurement, due to their excellent back-
ground rejection capability, based on pattern recognition, and
to their good energy resolution (320 eV FWHM at 8 keV in the
present measurement).

2.1. Experimental method

The experimental method, originally described in [10], con-
sists in the introduction of new electrons into a copper strip, by
circulating a current, and in the search for X-rays resulting from
the 2p → 1s anomalous radiative transition that occurs if one
of the new electrons is captured by a copper atom and cascades
down to the 1s state already filled by two electrons of oppo-
site spin. The energy of this transition, calculated by using a
multiconfiguration Dirac–Fock method with an estimated error
ε < 10 eV [14], would differ from the normal Kα transition by
about 300 eV (7.729 keV instead of 8.040 keV), providing an
unambiguous signal of the PEP violation. The measurement al-
ternates periods without current in the copper strip, in order to
evaluate the X-ray background in conditions where no PEP vi-
olating transitions are expected to occur, with periods in which

Fig. 1. The VIP setup. All elements at the setup are identified in the figure.

current flows in the conductor, thus providing “fresh” electrons,
which might possibly violate PEP. The fact that no PEP violat-
ing transitions are expected to be present in the measurement
without current is related to the consideration that any initial
conduction electron in the copper that was in a mixed symme-
try state with respect to the other copper electrons, would have
already cascaded down to the 1s state and would therefore be ir-
relevant for the present experiment. The rather straightforward
analysis consists in the evaluation of the statistical significance
of the normalized subtraction of the two spectra, with and with-
out current, in the energy region where the PEP violating tran-
sition is expected.

2.2. The VIP setup

The VIP setup consists of a high purity (" 99.995%) copper
cylinder, 4.5 cm in radius, 50 µm thick, 8.8 cm high, surrounded
by 16 equally spaced CCDs [15]. The CCDs are at a distance of
2.3 cm from the copper cylinder, grouped in units of two chips
vertically positioned. The setup is shown in Fig. 1. The cham-
ber is kept at high vacuum to minimize X-ray absorption and
to avoid condensation on the cold surfaces. The copper target
(the copper strip where the current flows and new electrons are
injected from the power supply) is at the bottom of the setup.
The CCDs surround the target and are supported by cooling
fingers that start from the cooling heads in the upper part of the
chamber. The CCD readout electronics is just behind the cool-
ing fingers; the signals are sent to amplifiers on the top of the
chamber. The amplified signals are read out by ADC boards in
a data acquisition computer.

More details on the CCD-55 performance, as well as on
the analysis method used to reject background, can be found
in [16].

2.3. Measurements

The measurements reported in this Letter have been per-
formed in the period 21 November–13 December 2005, at the
Frascati National Laboratories of INFN, Italy.

S. Bartalucci, et. al, Physics Letters B 641, 18 (2006).
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Experiment setup - 2

Cu target
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Experiment site at Gran Sasso (LNGS)

Laboratori Nazionali del Gran Sasso (LNGS), 
Istituto Nazionale di Fisica Nucleare

TAUP'2013,'Ansilomar/USA,'JMarton' 20'
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Background reduction at LNGS
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The VIP setup at LNGS
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20 VIP Collaboration / Physics Letters B 641 (2006) 18–22

Fig. 2. Energy spectra for the VIP measurements: (a) with current (I = 40 A); (b) without current (I = 0).

Fig. 3. The subtracted spectrum: current minus no-current, giving the limit on PEP violation for electrons: (a) whole energy range; (b) expanded view in the region
of interest (7.564–7.894 keV). No evidence for a peak in the region of interest is found.

Two types of measurements were performed:

• 14510 minutes (about 10 days) of measurements with a
40 A current circulating in the copper target;

• 14510 minutes of measurements without circulating cur-
rent,

where CCDs were read-out every 10 minutes.
The two resulting calibrated in energy X-ray spectra are

shown in Fig. 2(a), with circulating current, and (b), without
current. The spectra refer to 14 CCDs (out of 16), due to noise
problems in the remaining 2. Frequent calibration runs with an
X-ray tube activating the copper and a zirconium foil, resulted
in an energy scale variation of less than 3 eV at 8 keV, confirm-
ing the excellent stability of the CCD response already observed
in the long runs of the DEAR experiment [13]. An analogous
behavior was shown by the stability of the line widths, con-
firming the stability of the detector resolution. An independent
assessment of the stability of the energy scale and resolution,
obtained by monitoring the position and the width of the peaks
of the copper K-lines on temporally split data samples during
the run, yielded comparable results. Both spectra show clearly
the copper Kα and Kβ lines superimposed to a continuous
background. The spectra, generated by the cosmic rays interac-
tions and by natural radioactivity, show no evidence of further
structures, as a consequence of the careful choice of the ma-
terials used in the setup. In order to drastically reduce these
backgrounds, the apparatus is currently being installed in the
LNGS underground laboratory, to reduce cosmic rays interac-

tions, while the effects of natural radioactivity are moderated
by a massive shield built by low activity materials.

3. PEP-violating X-ray spectrum

In order to obtain the number of X-rays due to the possi-
ble PEP violating transitions, the spectrum without current was
subtracted from the one with current.

The resulting subtracted spectrum is shown in Fig. 3(a)
(whole energy scale) and (b) (a zoom on the region of inter-
est). It is to be noticed that the subtracted spectrum fluctuates
around zero within statistical error and it shows no structure.
This is another consistency check of the stability of the energy
scale. The region of interest, from 7.564 to 7.894 keV, is de-
fined by the CCD energy resolution (320 eV FWHM) at the Kα

copper transition (8.04 keV), with an additional uncertainty of
10 eV, to account for the theoretical uncertainty in the calcu-
lation of the PEP violating transition energy. The numbers of
X-rays in the region of interest were:

• at I = 40 A: NX = 2721 ± 52;
• for I = 0 A: NX = 2742 ± 52;
• for the subtracted spectrum: #NX = −21 ± 73.

3.1. Determination of the PEP violation probability limit

For the parametrization of the results in a Pauli principle vio-
lating theory, we use the notation of Ignatiev and Kuzmin [17],
which has been incorporated in the paper of Greenberg and Mo-

S. Bartalucci, et. al, Physics Letters B 641, 18 (2006).

VIP Collaboration / Physics Letters B 641 (2006) 18–22 21

hapatra [9]: even though the model of Ignatiev and Kuzmin has
been later shown to be incompatible with quantum field theory
[18], the parameter β that measures the degree of PEP viola-
tion has stuck and is still found in the literature, also because
it is easy to show that it is related to the parameter q of quon
theory, by the relation: (1 + q)/2 = β2/2 [19] (in quon the-
ory, −1 ! q ! 1, where q = −1 corresponds to fermions and
q = 1 corresponds to bosons, so that here q must be close to
−1 and (1 + q)/2 must be very small, because we are dealing
with electrons). Moreover, we used this parametrization for an
easy comparison of our results with the previous Ramberg and
Snow ones [10], since the same has been used in that paper.
In [17] a pair of electrons in a mixed symmetry state has the
probability β2/2 for the symmetric component and (1 − β2/2)

for the usual antisymmetric one. The parameter β2/2 is related,
then, to the probability that an electron violates PEP (see also
[20] for further details). To determine the experimental limit on
β2/2 from our data, we used the same arguments of Ramberg
and Snow, to compare the results. The number of electrons that
pass through the conductor, which are new for this conductor,
is:

(1)Nnew = (1/e)
∑

I"t,

where e is the electron electric charge, I is the current inten-
sity and "t represents the time duration of the measurement
with current on. Each new electron will undergo a large num-
ber of scattering processes on the atoms of the copper lattice.
The minimum number of these internal scattering processes per
electron, defined as Nint, is of order D/µ, where D is the length
of the copper electrode (8.8 cm in our case) and µ is the mean
free path of electrons in copper. The latter parameter is obtained
from the resistivity of the metal. We assume that the capture
probability (aside from the factor ∼ β2/2) is greater than 1

10 of
the scattering probability.

The acceptance of the 14 CCD detectors and the probability
that an X-ray of about 7.6 keV, the energy of the possible anom-
alous transition generated in the copper target, is not absorbed
inside the copper itself, were evaluated by a Monte Carlo simu-
lation of the VIP setup, based on GEANT 3.21. This probability
turns out to be 2.1%. Moreover, a CCD efficiency equal to 48%
for a 7.6 keV X-ray was considered. All these factors built up
the so-called geometric factor (∼ 1%).

The number of X-rays generated in the PEP violating transi-
tion, "NX , is then related to the β2/2 parameter by

"NX " 1
2
β2Nnew

1
10

Nint × (geometric factor)

(2)= β2(
∑

I"t)D

eµ

1
20

× (geometric factor).

Then, for
∑

I"t = 34.824×106 C, D = 8.8 cm, µ = 3.9×
10−6 cm, e = 1.602 × 10−19 C, we get

(3)"NX " 4.9 × 1029 × β2

2
.

The difference of events between the measurements with and
without current, reported in the previous section, is "NX =

−21 ± 73. Taking as a limit of observation three standard devi-
ations, we get for the PEP violating parameter:

(4)
β2

2
! 3 × 73

4.9 × 1029 = 4.5 × 10−28 at 99.7 CL.

We can interpret this as a limit on the probability of PEP
violating interactions between external electrons and copper
atoms: 1

2β2 ! 4.5 × 10−28. We have thus improved the limit
obtained by Ramberg and Snow by a factor about 40.

4. Conclusions and perspectives

The Letter reports a new measurement of the PEP vio-
lation limit for electrons, performed by the VIP Collabora-
tion at LNF-INFN. The search of a tiny violation was based
on a measurement of PEP violating X-ray transitions in cop-
per, under a circulating 40 A current. A new limit for the
PEP violation for electrons was found: 1

2β2 ! 4.5 × 10−28,
lowering by almost two orders of magnitude the previous
one [10].

We shall soon repeat the measurement in the Gran Sasso–
INFN underground laboratory, at higher integrated currents.
From preliminary tests, it appears that the X-ray background
in the LNGS environment is a factor 10–100 lower than in the
Frascati Laboratories. A VIP measurement of two years (one
with current, one without current) at LNGS, started in spring
2006, will then bring the limit on PEP violation for electrons
into the 10−30–10−31 region, which is of particular interest [21]
for all those theories related to possible PEP violation coming
from new physics.
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Table 1 A summary of previous limits on the Pauli Exclusion Principle. Ă indicates an atom where the
inner-most shell has 3 electrons instead of 2. Ã indicates a nucleus with added nucleons in the ground
state. The classification by Type is described in the text. e−

I refers to an electron that is part of a current,
e−
f refers to an electron within the Fermi sea of a metal, and e−

pp refers to an electron produced by pair
production

Process Type Experimental limit 1
2 β2 limit Reference

Atomic transitions

β− + Pb → P̆b Ia 3 × 10−2 [23]

e−
pp + Ge → Ğe Ia 1.4 × 10−3 This work

e−
I + Cu → C̆u II 1.7 × 10−26 [48]

e−
I + Cu → C̆u II 4.5 × 10−28 [8]

e−
I + Cu → C̆u II 6.0 × 10−29 [9]

e−
I + Pb → P̆b II 1.5 × 10−27 This work

e−
f + Pb → P̆b IIa 2.6 × 10−39 This work

I → Ĭ + X-ray III τ > 2 × 1027 sec 3 × 10−44 [49]

I → Ĭ + X-ray III τ > 4.7 × 1030 sec 6.5 × 10−46 [13]

Nuclear transitions
12C →12 C̃ + γ III τ > 6 × 1027 y 1.7 × 10−44 [38]
12C →12 C̃ + γ III τ > 4.2 × 1024 y [3]
12C →12 C̃ + γ III τ > 5.0 × 1031 y 2.2 × 10−57 [11]
16O →16 Õ + γ III τ > 4.6 × 1026 y 2.3 × 10−57 [51]
12C →12 Ñ + β− + ν̄e IIIa τ > 3.1 × 1024 y [3]
12C →12 Ñ + β− + ν̄e IIIa τ > 3.1 × 1030 y [11]
12C →12 Ñ + β− + ν̄e IIIa τ > 0.97 × 1027 sec 6.5 × 10−34 [35]
12C →12 B̃ + β+ + νe IIIa τ > 2.6 × 1024 y [3]
12C →12 B̃ + β+ + νe IIIa τ > 2.1 × 1030 y 2.1 × 10−35 [11]
12C →11 B̃ + p III τ > 8.9 × 1029 y 7.4 × 10−60 [11]
23Na →22 Ñe + p III τ > 7 × 1024 y 10−54 [12]
127I →126 T̃e + p III τ > 9 × 1024 y 10−54 [12]
23Na →22 Ñe + p III τ > 5 × 1026 y 2 × 10−55 [13]
127I →126 T̃e + p III τ > 5 × 1026 y 2 × 10−55 [13]

Neutron emission from Pb III τ > 1.0 × 1020 y [37]
12C →11 C̃ + n III τ > 3.4 × 1030 y [11]
16O →15 Õ + n III τ > 1.0 × 1020 y [37]
16O →15 Õ + n III τ > 3.7 × 1026 y [4]
12C →8 B̃e + α III τ > 6.1 × 1023 y [4]

Na/I → Ña/Ĩ → X III τ > 1.7 × 1025 y 1.5 × 10−53 [21]

Nuclear reactions
12C + p →12 C̃ + p′ II dσ

d' (51o) < 40f b/sr [40]
12C + p →9 B̃ + α II dσ

d' (51o) < 56f b/sr [40]
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Figure 4. Results of PEP violation experiments for electrons.
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Fig. 2. Energy spectra for the VIP measurements: (a) with current (I = 40 A); (b) without current (I = 0).

Fig. 3. The subtracted spectrum: current minus no-current, giving the limit on PEP violation for electrons: (a) whole energy range; (b) expanded view in the region
of interest (7.564–7.894 keV). No evidence for a peak in the region of interest is found.

Two types of measurements were performed:

• 14510 minutes (about 10 days) of measurements with a
40 A current circulating in the copper target;

• 14510 minutes of measurements without circulating cur-
rent,

where CCDs were read-out every 10 minutes.
The two resulting calibrated in energy X-ray spectra are

shown in Fig. 2(a), with circulating current, and (b), without
current. The spectra refer to 14 CCDs (out of 16), due to noise
problems in the remaining 2. Frequent calibration runs with an
X-ray tube activating the copper and a zirconium foil, resulted
in an energy scale variation of less than 3 eV at 8 keV, confirm-
ing the excellent stability of the CCD response already observed
in the long runs of the DEAR experiment [13]. An analogous
behavior was shown by the stability of the line widths, con-
firming the stability of the detector resolution. An independent
assessment of the stability of the energy scale and resolution,
obtained by monitoring the position and the width of the peaks
of the copper K-lines on temporally split data samples during
the run, yielded comparable results. Both spectra show clearly
the copper Kα and Kβ lines superimposed to a continuous
background. The spectra, generated by the cosmic rays interac-
tions and by natural radioactivity, show no evidence of further
structures, as a consequence of the careful choice of the ma-
terials used in the setup. In order to drastically reduce these
backgrounds, the apparatus is currently being installed in the
LNGS underground laboratory, to reduce cosmic rays interac-

tions, while the effects of natural radioactivity are moderated
by a massive shield built by low activity materials.

3. PEP-violating X-ray spectrum

In order to obtain the number of X-rays due to the possi-
ble PEP violating transitions, the spectrum without current was
subtracted from the one with current.

The resulting subtracted spectrum is shown in Fig. 3(a)
(whole energy scale) and (b) (a zoom on the region of inter-
est). It is to be noticed that the subtracted spectrum fluctuates
around zero within statistical error and it shows no structure.
This is another consistency check of the stability of the energy
scale. The region of interest, from 7.564 to 7.894 keV, is de-
fined by the CCD energy resolution (320 eV FWHM) at the Kα

copper transition (8.04 keV), with an additional uncertainty of
10 eV, to account for the theoretical uncertainty in the calcu-
lation of the PEP violating transition energy. The numbers of
X-rays in the region of interest were:

• at I = 40 A: NX = 2721 ± 52;
• for I = 0 A: NX = 2742 ± 52;
• for the subtracted spectrum: #NX = −21 ± 73.

3.1. Determination of the PEP violation probability limit

For the parametrization of the results in a Pauli principle vio-
lating theory, we use the notation of Ignatiev and Kuzmin [17],
which has been incorporated in the paper of Greenberg and Mo-
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Fig. 2. Kaon identification using timing of the coincidence signals in the kaon de-
tector with respect to the RF signal of ∼ 368.7 MHz from DA!NE.

Fig. 3. Time difference spectrum between kaon arrival and X-ray detection for K −

triggered events of hydrogen data, where a time-walk correction was applied.

The time difference between kaon arrival and X-ray detection
for hydrogen data is shown in Fig. 3. The peak represents correla-
tion between X-rays and kaons, while the flat underlying structure
is from uncorrelated accidental background. A typical width of the
time-correlation, after a time-walk correction, was about 800 ns
(FWHM) which reflected the drift-time distribution of the electrons
in the SDD.

In order to sum up the individual SDDs, the energy calibration
of each single SDD was performed by periodic measurements of
fluorescence X-ray lines from titanium and copper foils, excited by
an X-ray tube, with the e+e− beams in kaon production mode.
A remote-controlled system moved the kaon detector out and the
X-ray tube in for these calibration measurements, once every ∼ 4
hours.

The refined in-situ calibration in gain (energy) and resolution
(response shape) of the summed spectrum of all SDDs was ob-
tained using titanium, copper, and gold fluorescence lines excited
by the uncorrelated background without trigger (see [29,30] for
more details), and also using the kaonic carbon lines from wall
stops in the triggered mode.

Fig. 4 shows the final kaonic hydrogen and deuterium X-ray
energy spectra. K -series X-rays of kaonic hydrogen were clearly
observed while those for kaonic deuterium were not visible. This
appears to be consistent with the theoretical expectation of lower
X-ray yield and greater transition width for deuterium (e.g., [31]).

The vertical dot-dashed line in Fig. 4 indicates the X-ray energy
of kaonic-hydrogen Kα calculated using only the electro-magnetic
interaction (EM). Comparing the kaonic-hydrogen Kα peak and the
EM value, a repulsive shift (negative ε1s) of the kaonic-hydrogen
1s-energy level is easily seen.

Many other lines from kaonic-atom X-rays and characteristic
X-rays were detected in both spectra as indicated with arrows
in the figure. These kaonic-atom lines result from high-n X-ray
transitions of kaons stopped in the target-cell wall made of Kapton

Fig. 4. A global simultaneous fit result of the X-ray energy spectra of hydrogen
and deuterium data. (a) Residuals of the measured kaonic-hydrogen X-ray spectrum
after subtraction of the fitted background, clearly displaying the kaonic-hydrogen
K -series transitions. The fit components of the K − p transitions are also shown,
where the sum of the function is drawn for the higher transitions (greater than Kβ).
(b), (c) Measured energy spectra with the fit lines. Fit components of the back-
ground X-ray lines and a continuous background are also shown. The dot-dashed
vertical line indicates the EM value of the kaonic-hydrogen Kα energy. (Note that
the fluorescence Kα line consists of Kα1 and Kα2 lines, both of which are shown.)

(C22H10O5N2) and its support frames made of aluminium. There
are also characteristic X-rays from titanium and copper foils in-
stalled for X-ray energy calibration.

We performed a global simultaneous fit of the hydrogen and
deuterium spectra. The intensities of the three background X-
ray lines overlapping with the kaonic-hydrogen signals (kaonic
oxygen 7–6, kaonic nitrogen 6–5, and copper Kα) were deter-
mined using both spectra and a normalization factor defined by
the ratio of the high-statistics kaonic-carbon 5–4 peak in the
K −p and K −d spectra. Fig. 4 (b) and (c) show the fit result
with the components of the background X-ray lines and a con-
tinuous background; (a) shows the residuals of the measured
kaonic-hydrogen X-ray spectrum after subtraction of the fitted
background, clearly displaying the kaonic-hydrogen K -series tran-
sitions.
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Fig. 2. Energy spectra for the VIP measurements: (a) with current (I = 40 A); (b) without current (I = 0).

Fig. 3. The subtracted spectrum: current minus no-current, giving the limit on PEP violation for electrons: (a) whole energy range; (b) expanded view in the region
of interest (7.564–7.894 keV). No evidence for a peak in the region of interest is found.

Two types of measurements were performed:

• 14510 minutes (about 10 days) of measurements with a
40 A current circulating in the copper target;

• 14510 minutes of measurements without circulating cur-
rent,

where CCDs were read-out every 10 minutes.
The two resulting calibrated in energy X-ray spectra are

shown in Fig. 2(a), with circulating current, and (b), without
current. The spectra refer to 14 CCDs (out of 16), due to noise
problems in the remaining 2. Frequent calibration runs with an
X-ray tube activating the copper and a zirconium foil, resulted
in an energy scale variation of less than 3 eV at 8 keV, confirm-
ing the excellent stability of the CCD response already observed
in the long runs of the DEAR experiment [13]. An analogous
behavior was shown by the stability of the line widths, con-
firming the stability of the detector resolution. An independent
assessment of the stability of the energy scale and resolution,
obtained by monitoring the position and the width of the peaks
of the copper K-lines on temporally split data samples during
the run, yielded comparable results. Both spectra show clearly
the copper Kα and Kβ lines superimposed to a continuous
background. The spectra, generated by the cosmic rays interac-
tions and by natural radioactivity, show no evidence of further
structures, as a consequence of the careful choice of the ma-
terials used in the setup. In order to drastically reduce these
backgrounds, the apparatus is currently being installed in the
LNGS underground laboratory, to reduce cosmic rays interac-

tions, while the effects of natural radioactivity are moderated
by a massive shield built by low activity materials.

3. PEP-violating X-ray spectrum

In order to obtain the number of X-rays due to the possi-
ble PEP violating transitions, the spectrum without current was
subtracted from the one with current.

The resulting subtracted spectrum is shown in Fig. 3(a)
(whole energy scale) and (b) (a zoom on the region of inter-
est). It is to be noticed that the subtracted spectrum fluctuates
around zero within statistical error and it shows no structure.
This is another consistency check of the stability of the energy
scale. The region of interest, from 7.564 to 7.894 keV, is de-
fined by the CCD energy resolution (320 eV FWHM) at the Kα

copper transition (8.04 keV), with an additional uncertainty of
10 eV, to account for the theoretical uncertainty in the calcu-
lation of the PEP violating transition energy. The numbers of
X-rays in the region of interest were:

• at I = 40 A: NX = 2721 ± 52;
• for I = 0 A: NX = 2742 ± 52;
• for the subtracted spectrum: #NX = −21 ± 73.

3.1. Determination of the PEP violation probability limit

For the parametrization of the results in a Pauli principle vio-
lating theory, we use the notation of Ignatiev and Kuzmin [17],
which has been incorporated in the paper of Greenberg and Mo-
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Fig. 2. Kaon identification using timing of the coincidence signals in the kaon de-
tector with respect to the RF signal of ∼ 368.7 MHz from DA!NE.

Fig. 3. Time difference spectrum between kaon arrival and X-ray detection for K −

triggered events of hydrogen data, where a time-walk correction was applied.

The time difference between kaon arrival and X-ray detection
for hydrogen data is shown in Fig. 3. The peak represents correla-
tion between X-rays and kaons, while the flat underlying structure
is from uncorrelated accidental background. A typical width of the
time-correlation, after a time-walk correction, was about 800 ns
(FWHM) which reflected the drift-time distribution of the electrons
in the SDD.

In order to sum up the individual SDDs, the energy calibration
of each single SDD was performed by periodic measurements of
fluorescence X-ray lines from titanium and copper foils, excited by
an X-ray tube, with the e+e− beams in kaon production mode.
A remote-controlled system moved the kaon detector out and the
X-ray tube in for these calibration measurements, once every ∼ 4
hours.

The refined in-situ calibration in gain (energy) and resolution
(response shape) of the summed spectrum of all SDDs was ob-
tained using titanium, copper, and gold fluorescence lines excited
by the uncorrelated background without trigger (see [29,30] for
more details), and also using the kaonic carbon lines from wall
stops in the triggered mode.

Fig. 4 shows the final kaonic hydrogen and deuterium X-ray
energy spectra. K -series X-rays of kaonic hydrogen were clearly
observed while those for kaonic deuterium were not visible. This
appears to be consistent with the theoretical expectation of lower
X-ray yield and greater transition width for deuterium (e.g., [31]).

The vertical dot-dashed line in Fig. 4 indicates the X-ray energy
of kaonic-hydrogen Kα calculated using only the electro-magnetic
interaction (EM). Comparing the kaonic-hydrogen Kα peak and the
EM value, a repulsive shift (negative ε1s) of the kaonic-hydrogen
1s-energy level is easily seen.

Many other lines from kaonic-atom X-rays and characteristic
X-rays were detected in both spectra as indicated with arrows
in the figure. These kaonic-atom lines result from high-n X-ray
transitions of kaons stopped in the target-cell wall made of Kapton

Fig. 4. A global simultaneous fit result of the X-ray energy spectra of hydrogen
and deuterium data. (a) Residuals of the measured kaonic-hydrogen X-ray spectrum
after subtraction of the fitted background, clearly displaying the kaonic-hydrogen
K -series transitions. The fit components of the K − p transitions are also shown,
where the sum of the function is drawn for the higher transitions (greater than Kβ).
(b), (c) Measured energy spectra with the fit lines. Fit components of the back-
ground X-ray lines and a continuous background are also shown. The dot-dashed
vertical line indicates the EM value of the kaonic-hydrogen Kα energy. (Note that
the fluorescence Kα line consists of Kα1 and Kα2 lines, both of which are shown.)

(C22H10O5N2) and its support frames made of aluminium. There
are also characteristic X-rays from titanium and copper foils in-
stalled for X-ray energy calibration.

We performed a global simultaneous fit of the hydrogen and
deuterium spectra. The intensities of the three background X-
ray lines overlapping with the kaonic-hydrogen signals (kaonic
oxygen 7–6, kaonic nitrogen 6–5, and copper Kα) were deter-
mined using both spectra and a normalization factor defined by
the ratio of the high-statistics kaonic-carbon 5–4 peak in the
K −p and K −d spectra. Fig. 4 (b) and (c) show the fit result
with the components of the background X-ray lines and a con-
tinuous background; (a) shows the residuals of the measured
kaonic-hydrogen X-ray spectrum after subtraction of the fitted
background, clearly displaying the kaonic-hydrogen K -series tran-
sitions.
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Fig. 2. Energy spectra for the VIP measurements: (a) with current (I = 40 A); (b) without current (I = 0).

Fig. 3. The subtracted spectrum: current minus no-current, giving the limit on PEP violation for electrons: (a) whole energy range; (b) expanded view in the region
of interest (7.564–7.894 keV). No evidence for a peak in the region of interest is found.

Two types of measurements were performed:

• 14510 minutes (about 10 days) of measurements with a
40 A current circulating in the copper target;

• 14510 minutes of measurements without circulating cur-
rent,

where CCDs were read-out every 10 minutes.
The two resulting calibrated in energy X-ray spectra are

shown in Fig. 2(a), with circulating current, and (b), without
current. The spectra refer to 14 CCDs (out of 16), due to noise
problems in the remaining 2. Frequent calibration runs with an
X-ray tube activating the copper and a zirconium foil, resulted
in an energy scale variation of less than 3 eV at 8 keV, confirm-
ing the excellent stability of the CCD response already observed
in the long runs of the DEAR experiment [13]. An analogous
behavior was shown by the stability of the line widths, con-
firming the stability of the detector resolution. An independent
assessment of the stability of the energy scale and resolution,
obtained by monitoring the position and the width of the peaks
of the copper K-lines on temporally split data samples during
the run, yielded comparable results. Both spectra show clearly
the copper Kα and Kβ lines superimposed to a continuous
background. The spectra, generated by the cosmic rays interac-
tions and by natural radioactivity, show no evidence of further
structures, as a consequence of the careful choice of the ma-
terials used in the setup. In order to drastically reduce these
backgrounds, the apparatus is currently being installed in the
LNGS underground laboratory, to reduce cosmic rays interac-

tions, while the effects of natural radioactivity are moderated
by a massive shield built by low activity materials.

3. PEP-violating X-ray spectrum

In order to obtain the number of X-rays due to the possi-
ble PEP violating transitions, the spectrum without current was
subtracted from the one with current.

The resulting subtracted spectrum is shown in Fig. 3(a)
(whole energy scale) and (b) (a zoom on the region of inter-
est). It is to be noticed that the subtracted spectrum fluctuates
around zero within statistical error and it shows no structure.
This is another consistency check of the stability of the energy
scale. The region of interest, from 7.564 to 7.894 keV, is de-
fined by the CCD energy resolution (320 eV FWHM) at the Kα

copper transition (8.04 keV), with an additional uncertainty of
10 eV, to account for the theoretical uncertainty in the calcu-
lation of the PEP violating transition energy. The numbers of
X-rays in the region of interest were:

• at I = 40 A: NX = 2721 ± 52;
• for I = 0 A: NX = 2742 ± 52;
• for the subtracted spectrum: #NX = −21 ± 73.

3.1. Determination of the PEP violation probability limit

For the parametrization of the results in a Pauli principle vio-
lating theory, we use the notation of Ignatiev and Kuzmin [17],
which has been incorporated in the paper of Greenberg and Mo-
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Fig. 1. An overview of the experimental setup. The whole system was installed at
the interaction point of DA!NE.

shift of the kaonic 3He 2p level, as well as a possible isotope differ-
ence of the 2p level shifts between kaonic 3He and 4He depending
on the strength of the K −–3He and K −–4He interaction [7].

2. The SIDDHARTA experimental setup

The SIDDHARTA setup was installed at the e+e− interaction
point of the DA!NE collider. It consists of an X-ray detection sys-
tem, a cryogenic target system, and a kaon detector, as shown in
Fig. 1.

Helium-3 gas at a temperature of 20 K and a pressure of 1 bar
was used as a target. The gas was contained in a cylindrical target
cell (with a radius of 72 mm, and a height of 155 mm), made of
75-µm thick Kapton foils.

Large area silicon-drift detectors (SDDs) having an active area
of 1 cm2 each and a thickness of 450 µm [8–10] were used for
X-ray detection. A total active area of 144 cm2 was installed with
a distance of 78 mm between the SDDs and the target central axis.
The SDDs were cooled to a temperature of 170 K with a stability
of ±0.5 K.

The positions at which the SDDs were installed differed from
those in the setup used for kaonic 4He in [6]. Together with a
larger size of the target, the acceptance of the SDDs was improved
by a factor of about 2.6.

K +K − pairs produced by φ decay were detected by two scintil-
lators installed above and below the beam pipe at the interaction
point (called “the kaon detector”). The scintillator installed be-
low the beam pipe has a size of 72 × 72 mm2 and a thickness
of 1.5 mm, while the one installed above the pipe has a smaller
size of 49 × 45 mm2 and a thickness of 1.5 mm. Above the upper
scintillator a degrader was installed to degrade the kaon energy so
that the K − mesons are stopped in the 3He target volume.

High intensity X-ray lines for energy calibration were periodi-
cally provided by irradiating thin foils of titanium and copper with
an X-ray tube to excite them. They were installed at the interaction
point, replacing the kaon detector.

Two types of data were taken with the e+e− beams. The first
type (“production” data) is data taken with the kaon detector and
degrader, to be used for collection of kaonic atom X-ray events.
The second type (“X-ray tube” data) is data taken with the X-ray
tube and the Ti and Cu foils. These X-ray tube data were taken

Fig. 2. X-ray energy spectra of the SDDs, where data of all the selected SDDs were
summed: (a) data taken with the X-ray tube, and (b) data uncorrelated to the kaon
production timing in the production data. The peak positions of the Ti, Cu, and Au
fluorescence X-ray lines in figure (b) were used to determine the accuracy of the
energy scale.

periodically (typically every several hours), to be used for the de-
termination of the energy scale of each SDD, and for monitoring
temporal changes in the positions of the Ti and Cu X-ray peaks.

Energy data of all the X-ray signals detected by the SDDs were
recorded using a specially designed data acquisition system. Time
differences between the X-ray signals in the SDDs and the coin-
cidence signals in the kaon detector were recorded using clock
signals with a frequency of 120 MHz, whenever the X-ray signals
occurred within a time window of 6 µs. In addition, time differ-
ences between the coincidence signals in the kaon detector and
the clock pulses delivered by DA!NE were recorded.

The kaonic 3He X-ray data were taken for about 4 days in
November of 2009. In this period, an integrated luminosity of
17 pb−1 was collected, which corresponds to about 2 × 106 kaons
detected by the kaon detector.

3. Analysis of kaonic helium X-ray data

First, the X-ray tube data were analyzed. Energy spectra of each
SDD contain Ti and Cu Kα peaks with high statistics, mainly in-
duced by radiation from the X-ray tube. Since each SDD has a
different gain, the energy scale was determined using the known
X-ray energies of the Ti and Cu lines. In addition, SDDs having
good performance were selected, based on energy resolution, peak
shape, and stability during the measurements [11]. The energy
spectrum of the X-ray tube data is shown in Fig. 2(a), where data
of all the selected SDDs were summed. More detailed information
can be found in [11].

The production data were then analyzed using the energy scale
determined from the X-ray tube data after corrections for tem-
poral fluctuations of the peak positions. The production data are
categorized as two types, based on whether or not the coinci-
dence signals between the SDD and kaon detector occurred within
a coincidence window of 6 µs. One type contains X-ray events
correlated with the kaon coincidence (triple coincidence data), pro-
viding kaonic atom X-ray energy spectra with a high background
suppression. The other type contains X-ray events uncorrelated
with the kaon coincidence (non-coincidence data), providing large
statistics of background events, as well as X-ray lines from the tar-
get materials induced by the beam background.
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Fig. 1. An overview of the experimental setup. The whole system was installed at
the interaction point of DA!NE.

shift of the kaonic 3He 2p level, as well as a possible isotope differ-
ence of the 2p level shifts between kaonic 3He and 4He depending
on the strength of the K −–3He and K −–4He interaction [7].

2. The SIDDHARTA experimental setup

The SIDDHARTA setup was installed at the e+e− interaction
point of the DA!NE collider. It consists of an X-ray detection sys-
tem, a cryogenic target system, and a kaon detector, as shown in
Fig. 1.

Helium-3 gas at a temperature of 20 K and a pressure of 1 bar
was used as a target. The gas was contained in a cylindrical target
cell (with a radius of 72 mm, and a height of 155 mm), made of
75-µm thick Kapton foils.

Large area silicon-drift detectors (SDDs) having an active area
of 1 cm2 each and a thickness of 450 µm [8–10] were used for
X-ray detection. A total active area of 144 cm2 was installed with
a distance of 78 mm between the SDDs and the target central axis.
The SDDs were cooled to a temperature of 170 K with a stability
of ±0.5 K.

The positions at which the SDDs were installed differed from
those in the setup used for kaonic 4He in [6]. Together with a
larger size of the target, the acceptance of the SDDs was improved
by a factor of about 2.6.

K +K − pairs produced by φ decay were detected by two scintil-
lators installed above and below the beam pipe at the interaction
point (called “the kaon detector”). The scintillator installed be-
low the beam pipe has a size of 72 × 72 mm2 and a thickness
of 1.5 mm, while the one installed above the pipe has a smaller
size of 49 × 45 mm2 and a thickness of 1.5 mm. Above the upper
scintillator a degrader was installed to degrade the kaon energy so
that the K − mesons are stopped in the 3He target volume.

High intensity X-ray lines for energy calibration were periodi-
cally provided by irradiating thin foils of titanium and copper with
an X-ray tube to excite them. They were installed at the interaction
point, replacing the kaon detector.

Two types of data were taken with the e+e− beams. The first
type (“production” data) is data taken with the kaon detector and
degrader, to be used for collection of kaonic atom X-ray events.
The second type (“X-ray tube” data) is data taken with the X-ray
tube and the Ti and Cu foils. These X-ray tube data were taken

Fig. 2. X-ray energy spectra of the SDDs, where data of all the selected SDDs were
summed: (a) data taken with the X-ray tube, and (b) data uncorrelated to the kaon
production timing in the production data. The peak positions of the Ti, Cu, and Au
fluorescence X-ray lines in figure (b) were used to determine the accuracy of the
energy scale.

periodically (typically every several hours), to be used for the de-
termination of the energy scale of each SDD, and for monitoring
temporal changes in the positions of the Ti and Cu X-ray peaks.

Energy data of all the X-ray signals detected by the SDDs were
recorded using a specially designed data acquisition system. Time
differences between the X-ray signals in the SDDs and the coin-
cidence signals in the kaon detector were recorded using clock
signals with a frequency of 120 MHz, whenever the X-ray signals
occurred within a time window of 6 µs. In addition, time differ-
ences between the coincidence signals in the kaon detector and
the clock pulses delivered by DA!NE were recorded.

The kaonic 3He X-ray data were taken for about 4 days in
November of 2009. In this period, an integrated luminosity of
17 pb−1 was collected, which corresponds to about 2 × 106 kaons
detected by the kaon detector.

3. Analysis of kaonic helium X-ray data

First, the X-ray tube data were analyzed. Energy spectra of each
SDD contain Ti and Cu Kα peaks with high statistics, mainly in-
duced by radiation from the X-ray tube. Since each SDD has a
different gain, the energy scale was determined using the known
X-ray energies of the Ti and Cu lines. In addition, SDDs having
good performance were selected, based on energy resolution, peak
shape, and stability during the measurements [11]. The energy
spectrum of the X-ray tube data is shown in Fig. 2(a), where data
of all the selected SDDs were summed. More detailed information
can be found in [11].

The production data were then analyzed using the energy scale
determined from the X-ray tube data after corrections for tem-
poral fluctuations of the peak positions. The production data are
categorized as two types, based on whether or not the coinci-
dence signals between the SDD and kaon detector occurred within
a coincidence window of 6 µs. One type contains X-ray events
correlated with the kaon coincidence (triple coincidence data), pro-
viding kaonic atom X-ray energy spectra with a high background
suppression. The other type contains X-ray events uncorrelated
with the kaon coincidence (non-coincidence data), providing large
statistics of background events, as well as X-ray lines from the tar-
get materials induced by the beam background.
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beam

calorimeter scinti_0 “finger”scinti_1
~ 500 MeV/c e- 

Beam Test Facility test for scintillators

two scintillator bars after polishing

Dec. 2013, LNF

timing performance checked;   efficiency better than 97%.

artist cut-away view of VIP-2 setup
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3 x 2 SDDs 
Ten scintillator detectors for 
active shielding, with 
readout by SiPMs 

Test setup at LNF
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Fig. 5. Preliminary results from the beam test in BTF and measurements of cosmic ray with test setup. (a) shows the time spectrum of
one SiPM on the scintillator from the BTF test, resolution is about 3 ns FWHM; (b) shows the time spectrum of five working SDDs
at the temperature of -130 �C to - 150 �C, with a FWHM of about 400 ns; (c) is a typical QDC spectrum from one SiPM. The red
histogram here shows the selection with time over threshold cut, which excluded the pedestal events clearly; (d) for the same SiPM in
(c), this figure shows the correlation between the QDC and the time over threshold.

Finally, we confirmed from this test the feasibility of using the ToT information for the SiPM readout
instead of QDC data. In the test setup, we took both QDC data and the ToT information from TDC. From
the QDC data, we see that selecting the events with none-zero ToT value, the cosmic ray hit events can
be separated from the pedestal as shown in Fig. 5 (c). Moreover, the time over threshold of the SiPM
preamplifier signal shows clear correlation to the QDC of the signal in Fig. 5 (d). The QDC distribution
over 2000 channels corresponds to 1000 channels of ToT, indicating the possible application of ToT instead
of QDC. This will give us more freedom in the analysis for the Gran Sasso measurement data in which only
TDC information will be recorded.

As a summary for our test measurements in BTF and in the laboratory, we conclude that the e�ciency
of the scintillators and the time rosolution of the SDDs are confirmed to be capable to achieve the estimat-
edestimated background reduction level in the proposal of VIP2 experiment.

3. Summary and outlook

Recent high-precision experiments make it possible to discuss the phenomenological implications of
small violations of PEP. The VIP experiment at the Gran Sasso underground laboratory performed X-ray

Detector timing performance

time resolution of scintillator 
from BTF measurement

time resolution of SDDs from test 
setup measurement of cosmic rays
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Table 2. List of numerical values of the changes in VIP2 in comparison to the VIP features
(given in brackets)

Changes in VIP2 value VIP2 (VIP) expected gain

acceptance 12% 12
increase current 100A (50A) 2
reduced length 3 cm (8.8 cm) 1/3

total linear factor 8

energy resolution 170 eV (340 eV) 4
reduced active area 6 cm2 (114 cm2) 20
better shielding and veto 5-10
higher SDD e�ciency 1/2

background reduction 200-400

overall improvement > 120

Figure 1. An artist view of the VIP2 experimental setup. In the middle the copper conductor
and the x-ray detectors are installed. Plastic scintillators with solid state photodetector readout
acting as active shielding (see fig.3) are surrounding this inner part.

4
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- energy calibration and tuning for the SDDs; 

- whole system will be ready by the end of 2014; 

- final setup to LNGS, data taking will last for two years. 

outlook for VIP-2
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Summary

- Pauli Principle, fundamental yet a postulate, open to question, 
quantitative test by experiments is difficult;

- searching for Pauli-forbidden atomic transitions by supplying 
“new” electrons to atomic system, started by Ramberg & Snow 
(RS), is by far the most systematically studied experimental 
approach;   

- VIP experiment used high-precision X-ray spectroscopy, it set the 
limit with highest sensitivity using RS method; 

- VIP-2 aims to improve the sensitivity by two orders of magnitude, 
a practical goal confirmed by test measurements in Frascati.
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Figure 4. Results of PEP violation experiments for electrons.
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Calculated “anomalous” transition energies 

Multiconfiguration 
Dirac-Fock approch

 
 
 
 

RESULTS AND DISCUSSION 
In the following Tables, we list the results that we have obtained with MCDF for the PEP-violating 

transitions in several materials:  

 

Transitions for Copper 
Transition Pauli obeying 

transitions  
Pauli violating transitions Energy 

difference 
 Standard 

transition 
Energy [eV]  

Energy [eV] Transition 
probability velocity 

[1/s] 

Estandard-EVIP  
[eV] 

2p1/2 ==» 1s1/2  (Kα2) 8,047.78 7,728.92  2.6372675E+14 318.86 

2p3/2==» 1s1/2  (Kα1) 8,027.83 7,746.73 2.5690970E+14 279.84 

3p1/2 ==» 1s1/2  (Kβ2) 8,905.41 8,529.54 2.7657639E+13 375.87 

3p3/2==» 1s1/2  (Kβ1) 8,905.41 8,531.69 2.6737747E+13 373.72 

3d3/2==»2p3/2   (Lα2) 929.70 822.84 5.9864102E+07 106.86 

3d5/2==»2p3/2  (Lα1) 929.70 822.83 3.4922759E+08 106.87 
3d3/2==»2p1/2   (Lβ1) 949.84 841.91 3.0154308E+08 107.93 
3s1/2 ==» 2p1/2 832.10 762.04 3.7036365E+11 70.06 

3s1/2 ==» 2p3/2 811.70 742.97 7.8424473E+11  68.73 

3d5/2 ==» 1s (Direct 
Radiative 
Recombination) 

8,977.14 8,570.82 1.2125697E+06 406.32 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

http://www.lnf.infn.it/sis/preprint/detail.php?id=5330

 considered: 
- relativistic corrections 
- lamb shift
- Breit operator
- radiative corrections

Kα

http://www.lnf.infn.it/sis/preprint/detail.php?id=5330
http://www.lnf.infn.it/sis/preprint/detail.php?id=5330
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Parameter “β ” in quon algebra

1
2
β 2 =

1+ q
2

1+ q
2

ak ,al
+!" #$− +

1− q
2

ak ,al
+!" #$+ = δkl

akal
+ − qal

+ak = δkl

the β2/2 convention comes from its connection to the q parameter 
of the quon theory by Greenberg and Mohapatra

the quon algebra is defined as the convex sum of the fermion and 
boson algebra as: 

or in the form: 

O. W. Greenberg, in Spin-Statistics Connection and Commutation Relations (AIP, 2000), pp. 113–127.

Not consistent with local quantum field theory
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Interpretation of the experiment results
- capture cross-section (estimated by taking the anomalous 
electron as muon), cascade processes not clear..

2121
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Table 1 A summary of previous limits on the Pauli Exclusion Principle. Ă indicates an atom where the
inner-most shell has 3 electrons instead of 2. Ã indicates a nucleus with added nucleons in the ground
state. The classification by Type is described in the text. e−

I refers to an electron that is part of a current,
e−
f refers to an electron within the Fermi sea of a metal, and e−

pp refers to an electron produced by pair
production

Process Type Experimental limit 1
2 β2 limit Reference

Atomic transitions

β− + Pb → P̆b Ia 3 × 10−2 [23]

e−
pp + Ge → Ğe Ia 1.4 × 10−3 This work

e−
I + Cu → C̆u II 1.7 × 10−26 [48]

e−
I + Cu → C̆u II 4.5 × 10−28 [8]

e−
I + Cu → C̆u II 6.0 × 10−29 [9]

e−
I + Pb → P̆b II 1.5 × 10−27 This work

e−
f + Pb → P̆b IIa 2.6 × 10−39 This work

I → Ĭ + X-ray III τ > 2 × 1027 sec 3 × 10−44 [49]

I → Ĭ + X-ray III τ > 4.7 × 1030 sec 6.5 × 10−46 [13]

Nuclear transitions
12C →12 C̃ + γ III τ > 6 × 1027 y 1.7 × 10−44 [38]
12C →12 C̃ + γ III τ > 4.2 × 1024 y [3]
12C →12 C̃ + γ III τ > 5.0 × 1031 y 2.2 × 10−57 [11]
16O →16 Õ + γ III τ > 4.6 × 1026 y 2.3 × 10−57 [51]
12C →12 Ñ + β− + ν̄e IIIa τ > 3.1 × 1024 y [3]
12C →12 Ñ + β− + ν̄e IIIa τ > 3.1 × 1030 y [11]
12C →12 Ñ + β− + ν̄e IIIa τ > 0.97 × 1027 sec 6.5 × 10−34 [35]
12C →12 B̃ + β+ + νe IIIa τ > 2.6 × 1024 y [3]
12C →12 B̃ + β+ + νe IIIa τ > 2.1 × 1030 y 2.1 × 10−35 [11]
12C →11 B̃ + p III τ > 8.9 × 1029 y 7.4 × 10−60 [11]
23Na →22 Ñe + p III τ > 7 × 1024 y 10−54 [12]
127I →126 T̃e + p III τ > 9 × 1024 y 10−54 [12]
23Na →22 Ñe + p III τ > 5 × 1026 y 2 × 10−55 [13]
127I →126 T̃e + p III τ > 5 × 1026 y 2 × 10−55 [13]

Neutron emission from Pb III τ > 1.0 × 1020 y [37]
12C →11 C̃ + n III τ > 3.4 × 1030 y [11]
16O →15 Õ + n III τ > 1.0 × 1020 y [37]
16O →15 Õ + n III τ > 3.7 × 1026 y [4]
12C →8 B̃e + α III τ > 6.1 × 1023 y [4]

Na/I → Ña/Ĩ → X III τ > 1.7 × 1025 y 1.5 × 10−53 [21]

Nuclear reactions
12C + p →12 C̃ + p′ II dσ

d' (51o) < 40f b/sr [40]
12C + p →9 B̃ + α II dσ

d' (51o) < 56f b/sr [40]

S. R. Elliott et al., Found Phys (2012) 42:1015–1030
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I refers to an electron that is part of a current,
e−
f refers to an electron within the Fermi sea of a metal, and e−

pp refers to an electron produced by pair
production

Process Type Experimental limit 1
2 β2 limit Reference

Atomic transitions

β− + Pb → P̆b Ia 3 × 10−2 [23]

e−
pp + Ge → Ğe Ia 1.4 × 10−3 This work

e−
I + Cu → C̆u II 1.7 × 10−26 [48]

e−
I + Cu → C̆u II 4.5 × 10−28 [8]

e−
I + Cu → C̆u II 6.0 × 10−29 [9]

e−
I + Pb → P̆b II 1.5 × 10−27 This work

e−
f + Pb → P̆b IIa 2.6 × 10−39 This work
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Bellini, G., et al. (2010). Phys. Rev. C, 81(3), 034317
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A summary of previous limits

Stable system transition

S. R. Elliott et al., Found Phys (2012) 42:1015–1030

VIP results

recently created fermions (electrons)

distant fermions (electrons)

Reines, F., & Sobel, H. W. (1974). Phys. Rev. Lett., 32, 954–954. doi:10.1103/PhysRevLett.32.954
Logan, B. A., & Ljubicic, A. (1979). Physical Review C, 20, 1957–1958. doi:10.1103/PhysRevC.20.1957
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Symmetrization Principle

“The states of a system containing N identical particles are 
necessarily either all symmetrical or all anti-symmetrical with respect 
to permutations of the N particles.”

a Super-Selection Rule

Messiah, A., & Greenberg, O. (1964). Physical Review, 136(1B), B248–B267. doi:10.1103/PhysRev.136.B248

The symmetry type of a state of identical particles is absolutely 
preserved. Hamiltonian for identical particles must be totally 
symmetric in their coordinates and thus the symmetry type of the 
states is conserved by the super-selection rule. 

Transitions are forbidden between 
states which contain any number of bosons and fermions and at most 
one particle which is neither a boson nor a fermion 
and 
state which have more than one non-Bose or non-Fermi particle, 
even when the number of particles is not conserved.

Hamiltonian forbids transitions between states of many identical 
particles in different representation of the permutation group. - 
Greenberg 1989
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Theories of Violation of Statistics

H. Green, Phys. Rev 90, 270 (1953).

- intermediate statistics
- parastatistics 
  (generalized Fermi and Bose statistics)
  parons (hindered parafermions)
 
- “quons”

O. W. Greenberg, in Spin-Statistics Connection and Commutation Relations (AIP, 2000), pp. 113–127.

quon algebra

G. Gentile, Nuovo Cimento 17, 493 (1940).

The Igntiev-Kuzmin model (Trilinear model)

O. Greenberg and R. Mohapatra, Phys. Rev. Lett. 59, 2507 (1987).

 - Commutation relations with number operator hold;
 - Examined to detail of a perturbed Hamiltonian which includes an explicit 
violation of the exclusion principle and from here one calculates a transition 
probability per unit time W (1 → 2 ), which obviously depends of the violation 
parameter β.

O. W. Greenberg, in Spin-Statistics Connection and Commutation Relations (AIP, 2000), pp. 113–127.

Not consistent with local quantum field theory


