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The status of the search for rare processes with low-background detectors is reviewed. The
discussed experimental results include searches for the neutrino magnetic moment, neutrino decays
and electron instability, the search for the violation of the electric and baryon charge conservation,
the search for the violation of the Pauli exclusion principle and for new heavy mass eigenstates of
neutrino. The new bounds on the probability of these processes obtained with the prototype of the
Borexino detector are presented.

�·¥¤¸É ¢²¥´ µ¡§µ· Ô±¸¶¥·¨³¥´Éµ¢ ¶µ ¶µ¨¸±Ê ·¥¤±¨Ì ¶·µÍ¥¸¸µ¢ ´  ´¨§±µËµ´µ¢ÒÌ ¤¥É¥±Éµ-
· Ì. �¡¸Ê¦¤ ¥³Ò¥ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¢±²ÕÎ ÕÉ ¶µ¨¸±¨ ³ £´¨É´µ£µ ³µ³¥´É  ´¥°-
É·¨´µ, · ¸¶ ¤  ´¥°É·¨´µ, ´¥¸É ¡¨²Ó´µ¸É¨ Ô²¥±É·µ´ , ¶µ¨¸±¨ ´ ·ÊÏ¥´¨Ö § ±µ´  ¸µÌ· ´¥´¨Ö Ô²¥±-
É·¨Î¥¸±µ£µ ¨ ¡ ·¨µ´´µ£µ § ·Ö¤µ¢, ¶µ¨¸±¨ ´ ·ÊÏ¥´¨Ö ¶·¨´Í¨¶  � Ê²¨,   É ±¦¥ ´µ¢ÒÌ ³ ¸¸µ¢ÒÌ
¸µ¸ÉµÖ´¨° ´¥°É·¨´µ. �·¥¤¸É ¢²¥´Ò ´µ¢Ò¥ ¶·¥¤¥²Ò ´  ¢¥·µÖÉ´µ¸É¨ ¤ ´´ÒÌ ¶·µÍ¥¸¸µ¢, ¶µ²ÊÎ¥´-
´Ò¥ ´  ¶·µÉµÉ¨¶¥ ¤¥É¥±Éµ·  ®�µ·¥±¸¨´µ¯.

INTRODUCTION

The Standard Model (SM) of the electroweak interactions [1] successfully
describes the major part of the experimental results. Meanwhile, the SM has a
number of intrinsic problems, such as the big number of free parameters, the lack
of experimental observation of the Higgs particles, the nonclear situation with
the cold dark matter origin, and, ˇnally, the discovery of neutrino oscillations.
All these facts are challenging experimenters to search for the fenomena outside
the SM frames. The search for rare processes in the low-energy region, usually
named ®nonaccelerating physics¯, is a method for reaching, maybe in an indirect
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way, the energies at which uniˇcation of particles and ˇelds occurs, and which
are nonreachable for the modern and future particle accelerators. In the present
paper we review the results of the searches for the neutrino magnetic moment
and neutrino decays, the violation of the electric and baryon charge conservation,
the violation of the Pauli exclusion principle (PEP) [2], and the searches for new
heavy mass eigenstates of the neutrino.

Neutrino Magnetic Moment and Solar Antineutrino Flux. The interest in
the huge (∼ 10−11µ) for the SM neutrino magnetic moment was inspired by
the solar neutrino problem. The model of spin-	avour precession has had better
agreement with experimental data than the oscillation solution, favoured by the
KamLAND experiment. At the same time, the oscillation (LMA MSW) solution
of the problem does not exclude the possibility of observing weaker effects caused
by the neutrino magnetic moment. Anomalously big electromagnetic neutrino
moment should lead to the neutrino scattering on the electron and to the radiative
neutrino decay νH → νL + γ. Another possible manifestation of a large neutrino
magnetic moment would be the presence of the antineutrino in the solar neutrino
spectrum.

Electric and Baryon Charge Conservation. Many extensions of the SM
include interactions violating the baryon and lepton charge B and L, and are
predicting processes with �B = 1, 2 and �(B −L) = 0, 2 resulting in the decay
of protons and neutrons in nuclei. The main direction of the searches are the
attempts to observe the nucleon decay into strongly interacting charged particles.
At the same time, for the processes with nucleon disappearance or decay into
weakly interacting particles (neutrinos, majorons, etc.) the experimental limits
are by 5Ä6 orders of magnitude lower. A check on the electric and baryonic
charge conservation can be performed by looking for the electron decay into the
channel e → ν + γ, and by looking for the decay of nucleons and dinucleons into
the ®invisible¯ channel N → 3ν, NN → 2ν.

Pauli Exclusion Principle. Experiments on the PEP test are either looking
for the anomalous atoms or nuclei in a non-Paulian state, or by searching for the
radiation accompanying the non-Paulian transitions. One of the ways of the PEP
checking is the search for the emission of γ, p, n and α particles, following the
transition violating the Pauli principle in nuclei, or the search for the non-Paulian
β− and β+ decays.

Heavy Neutrino. Before the discovery of the neutrino oscillations with the
mixing parameters �m12 ≈ 6 · 10−5 eV and �m23 ≈ 3 · 10−3 eV, the search for
the mass eigenstates of m2 and m3 in the mass range from a few keV up to some
MeV was an actual problem because the upper limits on the masses of νµ and
ντ , obtained in the direct experiments are 170 keV and 18 MeV, respectively. At
present, the possibility of the existence of new mass eigenstates is supported by
the models with a sterile neutrino. The last one in the common case can have
an arbitrary mass and can be mixed with three active neutrinos. The search for
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the new mass eigenstates of neutrino can be performed looking for the decay
νH → νL + e+ + e− of the neutrino with a mass bigger than 2me.

1. LOW-BACKGROUND DETECTORS

The search for any naturally occurring exotic event must be done in large
ultra-pure detectors deep underground, well shielded against the external back-
ground. The large size and purity of the detector compensates for the rareness
of events, while the location deep underground shields cosmic muon background.
The remaining muons passing through the detector must be recognized by a spe-
cially designed muon detector. Together with these main features, some other
common methods are used for the event type recognition (delayed coincidences
for the identiˇcation of the radiative chains of UÄTh; pulse shape discrimination
for the α-β discrimination; direction in the Cherenkov and TPC detectors, etc.).

Nonaccelerator detectors are usually capable of doing more than what is
originally proposed, complementing accelerator and astroparticle physics. In this
section we give a brief review of the real-time solar neutrino detectors.

1.1. Kamiokande and Super-Kamiokande. The Super-Kamiokande detec-
tor is the scaled version of the earlier nucleon decay detector Kamiokande [3].
It consists of an inner volume with 18000 t of puriˇed water surrounded by
an outer detector formed by 32,000 t of pure water. The whole construction
is mounted at the Kamioka mine 1,000 m underground in a cylindrical vol-
ume of 41.4 m in height and 39.3 m in diameter. The outer detector is used
as a passive shield against the external radiation and as an active muon-veto
detector. The inner detector operates 11,200 photomultiplier tubes (PMTs) of
50 cm in diameter mounted at the bottom, top and sides facing inwards. The
PMTs collect Cherenkov light emitted by relativistic particles. Information about
particle interactions, such as neutrino interactions or proton decay, can be deter-
mined by measuring the direction and intensity of Cherenkov light. Compared to
Kamiokande, Super-Kamiokande has ten times the volume and twice the density
of PMTs. Construction of the detector was completed in 1995 and observation
began on April 1, 1996. Energy Resolution of the Super-Kamiokande detector is
16% (at 10 MeV) and its energy threshold is 5 MeV.

The main task of the Super-Kamiokande detector is the proton decay search
and solar neutrino observation. The data of Super-Kamiokande have been used
to set new limits on the 8B neutrino magnetic moment, the antineutrino 	ux from
the Sun, and the n − 3ν decays in the Earth, as well as the search for violations
of the Pauli Exclusion Principle (PEP) in the 16O nucleus.

1.2. KamLAND Detector. KamLAND [4] is a long baseline reactor anti-
neutrino experiment, which discovered neutrino oscillations with the LMA pa-
rameters [5]. It is installed at the site of the earlier Kamiokande at a depth of
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2700 m of water equivalent. The design of the detector is a scaled version of
the Borexino project. The neutrino detector is 1 kt of ultrapure liquid scintilla-
tor (80% of dodecane and 20% of pseudocumene (1,2,4-Trimethylbenzene) with
1.52 g/l of PPO (2,5-Diphenyloxazole) as a 	uor) contained in a 13 m-diameter
spherical vessel, made of thin transparent nylon, concentric with a 18 m-diameter
stainless-steel vessel ˇlled with a buffer liquid of dodecane and isoparafˇn oil.
The buffer protects the LS from the external radiation. The detector is viewed
by an array of 1,879 PMT (1,325 specially designed fast 17ª PMTs and 554
older 20ª Kamiokande PMTs). The total geometrical coverage is 34%, but in
the ˇrst analysis [5] only the large area PMTs (17ª) were used, which corre-
sponded to 22% of the geometrical coverage. The observed energy resolution is
7.5%/

√
E(MeV), and the analysis threshold is set at 2.6 MeV.

There are plans to purify the LS of the KamLAND to the levels permitting
the search for the solar 7Be-neutrinos signal [6].

The KamLAND detector is sensitive to the terrestrial antineutrino, galactic
supernova neutrino, nucleon and dinucleon decays into the invisible channels, its
data have been used to set the best to date limit on the solar antineutrino 	ux.

1.3. SNO Detector. The Sudbury Neutrino Observatory (SNO) detector [7]
was built 2040 m (6000 m water equivalent) under ground, in INCO's Creighton
mine near Sudbury, Ontario. The SNO is a heavy-water Cherenkov detector,
sensitive to the neutrino neutral currents. It uses 1000 t of heavy water, contained
in a 12 m-diameter acrylic vessel. The Cherenkov light is detected by an array
of 9600 photomultiplier tubes mounted on a support structure. The detector is
immersed in 7400 t of ultrapure light water within a 30 m barrel-shaped cavity.
Special measures were undertaken in order to ensure the absence of radioactive
background from the elements present in the mine dust.

Together with the observation of neutral and charged currents from the solar
neutrino, the best limits on the proton decay into the invisible channel have been
established with the SNO data.

1.4. Borexino Counting Test Facility (CTF). The CTF is a prototype of the
Borexino detector. Borexino, a real-time 300 t detector for low-energy neutrino
spectroscopy, is nearing completion in the Gran Sasso Underground Laboratory
(see [8] and refs. therein). The main goal of the detector is the measurement of
the 7Be solar neutrino 	ux via ν − e scattering in an ultra-pure liquid scintillator,
while several other basic questions in astro- and particle physics will also be
addressed. Detailed reports on the CTF results have been published [8Ä10].

The Borexino collaboration has operated 3 versions of the CTF detector. The
ˇrst one took data in 1994Ä1995 and addressed mainly the technical problem of
deep puriˇcation of large volumes of water and scintillator. The upgraded version
of the CTF (CTF-II) was equipped with a muon veto detector, its data acquired
in 2000 were used in the search for electron decay e → ν + γ, non-Paulian
transitions for the nuclei, nucleon and dinucleon decays into invisible channels,
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electromagnetic properties of neutrino, and neutrino decays. At present, the third
modiˇcation of the detector continues to take data.

The CTF consists of an external cylindrical water tank (�11×10 m; ≈ 1000 t
of water) serving as a passive shielding for a 4.2 m3 liquid scintillator (LS)
contained in an inner spherical vessel of �2.0 m. High purity water with a radio-
purity of ≈ 10−14 g/g in U/Th, ≈ 10−12 g/g in K, and < 2 µBq/l for 222Rn is
used for the shielding. The LS was puriˇed to the level of � 10−16 g/g in U/Th
contamination.

The energy of an event in the CTF detector is deˇned using the total collected
charge from all PMTs. In a simple approach the energy is supposed to be
linear with respect to the total collected charge. The coefˇcient linking the
event energy and the total collected charge is called light yield (or photoelectron
yield). The light yield for electrons can be considered linear with respect to
its energy only for energies above 1 MeV. At low energies the phenomenon of
®ionization quenching¯ violates the linear dependence of the light yield versus
energy [11]. The deviations from the linear law can be taken into account by
the ionization deˇcit function (f(kB, E)), where kB is Birks' empirical constant.
The ®ionization quenching¯ effect leads to a shift in the position of the full
energy peak for gammas on the energy scale calibrated using electrons. In fact,
the position of the 1461 keV 40K gamma in the CTF-II data corresponds to
1360 keV of the energy deposited for an electron.

The detector energy and spatial resolution have been studied with radioactive
sources placed at different positions inside the active volume of the CTF. A
typical spatial 1σ resolution is 10 cm at 1 MeV. The studies have showed also
that the total charge response of the CTF detector can be approximated by a
Gaussian. For energies E � 1 MeV the relative resolution can be expressed as
σE/E =

√
3.8 · 10−3/E + 2.3 · 10−3 (E is in MeV) [12] for events uniformly

distributed over the detector's volume.
The low-energy part of the CTF spectrum is dominated by the 14C and can

be described (in the region up to 350Ä400 keV) with a high precision by the
model consisting of the sum of the 14C spectrum Sβ and the polynomial term:

SModel(Q) = N0S
β(Q, {A, kB, α}) + a + bQ, (1)

with 6 parameters:
• N0 is the number of 14C decays;
• A is the scintillator light yield measured in p.e./MeV;
• kB is the quenching factor;
• α is the 14C shape factor (MeV−1);
• a, b are the parameters describing the linear background underlying the

residual spectrum.
The endpoint energy of the 14C spectrum was ˇxed at the value measured in

other experiments with sufˇcient accuracy E0 = (156 ± 0.5) keV.
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1.5. 2β Decay and Dark Matter Detectors. These detectors have essentially
smaller (up to 100 kg) mass in comparison with the solar neutrino detectors.
For example DAMA collaboration [13] operates two low-background detectors.
One of them consists of nine 9.70-kg crystals of low radioactive NaI(Tl). Four
7.05-kg older detectors placed at the top, are mainly used as special triggers. All
the materials used in the detectors were accurately selected using the Germanium
facility at Gran Sasso, mass and atomic absorption spectrometers, and in situ.
The latter method provides the highest sensitivity. Another set-up of the DAMA
collaboration is a liquid Xenon scintillator of 6.5 kg ˇlled with Kr-free Xenon
enriched in 129Xe at 99.5%.

With these detectors some new limits have been established, including charge
nonconservating processes (e → ν + γ, e → 3ν), nucleon and dinucleon decays
into invisible channels and PEP violation processes.

2. STUDY OF THE NEUTRINO
ELECTROMAGNETIC PROPERTIES

2.1. Introduction. The Lorentz-covariant total electromagnetic current for
fermions can be presented in the following form [14]:

Jα(q) = F (q2)γα + G(q2)(q2γα − 2i(qα))γ5+

+ M(q2)σα,βqβ + iE(q2)σα,βqβγ5, (2)

where q is the energy-momentum transfer to the fermion and the functions (q2),
G(q2), M(q2), and E(q2) represent the electromagnetic, anapole, magnetic and
electric dipole form factors, respectively. In the limit q → 0, F is the fermion
electric charge, M is the dipole magnetic moment and E is the electric dipole
moment of the fermion. In the following we discuss the existing limits on the
above electromagnetic form factors for neutrinos.

Assuming electric charge conservation in the neutron decay n → p+e−+ ν̄e,
experimental measurements of the (p + e−) [15] and n [16] charge lead to
the upper limit |eν̄e | � 10−21e. From astrophysical considerations, including
solar and SN1987A data, the limits on the neutrino charge are less stringent
eν � 10−13 ÷ 10−17e [17,18].

The charge radius of the neutrino 〈r2〉 � 6
δF (q2)

δq2

∣∣∣∣
q2=0

(as well as the

anapole moment for the Majorana neutrino) is induced by radiative corrections
in the Standard Model of electroweak interactions (SM) and has a value equal to

GF

2
√

2π2
ln

M2
W

m2
e

∼ 3.2 · 10−33 cm2 for the electron neutrino [19, 20]. Modern

accelerator experiments studying the νµ − e scattering have sensitivity a few
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times poorer than needed to see the effect of these radiative corrections. The
charge radius of the electron and muon neutrino has a bound of −2.97 · 10−32 �
〈r2〉 � 4.14 ·10−32 cm2 [21,22] and |〈r2〉| � 6 ·10−33 cm2 [23,24], respectively.
From Super-Kamiokande and SNO data the charge radius is limited at values
� 6.9 · 10−32 cm2 [25]. Moreover, from the same data, taking into account that
µν and 〈r2〉 are correlated, it is found: −1.2 · 10−32 � 〈r2〉 � 2.7 · 10−32 cm2,
when µν = 0 for Dirac neutrinos [26].

A nonzero neutrino electric dipole moment, dν = E(0), is CP violating
and, up to now, such a moment has not been observed for any particle. Both
dipole moments, (µν , dν), are forbidden for Majorana neutrinos in the case of
CPT-invariance.

The neutrino magnetic moment µν = M(0) in the SM is proportional to the
neutrino mass. The value of µν is

µν =
3meGF

4π2
√

2
mνµB ≈ 3.2 · 10−19

( mν

1 eV

)
µB, (3)

where µB is the electron Bohr magneton. The current limit on the neutrino mass
is 2.2 eV [27, 28], hence the neutrino magnetic moment calculated in the SM is
less than 10−18µB .

The elastic scattering of a neutrino by an electron turns out to be the most sen-
sitive reaction to search for a nonzero neutrino magnetic moment. The measured
cross sections for this process set the restriction µνe

� 1.0Ä4.0 · 10−10µB on a
possible magnetic moment for electron antineutrinos [29Ä37], µνe � 1.1 ·10−9µB

for electron neutrinos [21,38], µνµ � 6.8 · 10−10µB for muon neutrinos [38,39],
and µντ � 3.9 · 10−7µB for tau neutrinos [40].

As far as solar neutrinos are concerned, an upper bound for a magnetic mo-
ment using 8B neutrinos was obtained in [41], µν � 2.2Ä2.3 ·10−10µB using data
from Super-Kamiokande, Kamiokande and Homestake. A more recent analysis
of the Super-Kamiokande 8B data sets an upper limit on the neutrino magnetic
moment at the level of (1.0Ä3.6) · 10−10µB (90% CL) [42,43].

The resonant spin-	avour precession (RSFP) of solar neutrinos due to the
interaction of their transition magnetic moments with the solar magnetic ˇeld
provided, was a suitable solution to the solar neutrino problem with µν �
10−11µB [44Ä46].

The most stringent limits on the neutrino magnetic moment in the range of
10−12 − 10−10µB come from astrophysical observations ( [17,18] and references
therein).

2.2. The Problem of the Solar Neutrino and Neutrino Magnetic Moment.
At present, the data of 6 solar neutrino experiments are available. Three of them
are radiochemical experiments, a ClÄAr and two GaÄGe ones, detecting neutrinos
from the inverse e capture. Two detectors are registering Cherenkov light pro-
duced by the recoil electrons (Kamiokande and Super-Kamiokande). The SNO
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detector is also sensitive to the reactions with neutral currents, it is registering
neutrinos by the deuteron fragmentation (νd, np) and by the (ν, e) scattering. The
solar neutrino 	uxes measured in all the experiments are presented in Table 1
as a ratio (or in comparison with) the predictions of the SSM [47]. The ˇrst
error cited in the Table has a statistical origin, and the other one is due to the
uncertainties in the theoretical calculations.

Table 1. Results of solar neutrino �ux measurements in comparison with the predictions
of the SSM

ClÄAr, Homestake [48] 0.28 ± 0.02 ± 0.04

GaÄGe, SAGE [49] (70.8 ± 5.3 ± 3.7)/128

GaÄGe, GALLEX/GNO [50] (70.8 ± 4.5 ± 3.8)/128

Kamiokande [51] 0.42 ± 0.06 ± 0.07

Super-Kamiokande [52] 0.37 ± 0.02 ± 0.07

SNO [53] CC: 0.35 ± 0.002, NC: 1.01 ± 0.13

One of the proposed explanations of the solar neutrino deˇcit has been the
assumption of the big neutrino magnetic moment. In this case the interaction
with the solar magnetic ˇeld would lead to the helicity 	ip, and, as a result,
to reduction in the observed 	ux of solar neutrinos due to the sterility of the
right neutrino with respect to the charged current reactions [54, 55]. 10 years
after the start of the ClÄAr experiment, this idea was strongly supported by the
observation [56, 57] of a possible anticorrelation of the registered neutrino 	ux
and the number of solar spots. The solar spots are the visible result of the solar
magnetic ˇeld activity, the number of the spots is connected with the magnetic
ˇeld tension near the surface of the Sun.

In 1986 Voloshin, Vysotsky, and Okun [59Ä61] put forward an assumption
that this anticorrelation can be explained by the interaction of the neutrino mag-
netic moment with the solar magnetic ˇeld in the convective zone. The convective
zone occupies approximately a quarter of the radius of the Sun close to the sur-
face. The active Sun generates the toroidal magnetic ˇeld with a strength H of
1Ä10 kGs. The neutrino spin is precessing in the magnetic ˇeld oriented perpen-
dicular to the direction of movement, and the left-handed neutrinos are converted
to the right-handed ones. The number of the left-handed neutrinos leaving the
Sun can be estimated using a simple formula N ∼ cos2 (µνHL), where L is the
depth of the convective zone (L ≈ 2 ·1010 cm). Thus, the magnetic moment value
necessary for the observation of the 11-year and 6-month periodic variations of
the solar neutrino 	uxes with the modern solar neutrino detectors lies in the range
10−10Ä10−12µB . The value of 10−10µB is eight orders of magnitude higher
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than the value predicted by the SM, but does not contradict the limit obtained in
laboratory experiments.

In [62] it was demonstrated that anticorrelation of the neutrino 	ux is more
signiˇcant for the absolute value of the magnetic 	ux at the surface of the Sun than
for the number of solar spots. Moreover, it is more signiˇcant for the magnetic
	ux in the vicinity of the center of Sun's visible disk. The ClÄAr experiment
registered mainly neutrinos appearing in the β+ decay of 8B and in K capture on
7Be. These reactions occur in the core of the Sun, in the region which is 5 times
smaller than the region of the pp reactions. Hence, the 8B and 7Be neutrinos
pass the surface of the Sun near the centre of the visible disk on their way to
the Earth. Because of the big uncertainties in the ClÄAr experiment data, the
quantitative evaluation of the correlation coefˇcient is a very complicated task.
The standard correlation coefˇcient, calculated in [56] and [57], corresponds to
the ∼99% CL.

Other solar neutrino detectors Å Sage, Gallex, and Kamiokande Å did
not observe signiˇcant 11-years or 6-month correlations between the registered
neutrino 	ux and magnetic activity of the Sun. If the correlation really takes place,
then the reason for this discrepancy could be the different energy ranges registered
by all these detectors. The threshold of the ClÄAr experiment is 814 keV, the
threshold of the GaÄGe detector is 233 keV and the threshold of the Kamiokande
detector is 6.5Ä7 MeV. The analysis of the data taken in the ClÄAr, GaÄGe and
Super-Kamiokande experiments was continued in [63,64]. The time variations of
the neutrino 	ux registered by these detectors, due to the rotation of the Sun with
a period of � 28 days, were considered in [65].

As noted above, in the case of mixing the neutrino along the diagonal mag-
netic moment should have nondiagonal (transition) magnetic moments. The non-
diagonal magnetic moment is possible both for the Majorana neutrino and for the
Dirac neutrino. Akhmedov, Lim, and Marciano [44, 45] demonstrated that the
spin-	avour precession of the neutrino in the magnetic ˇeld of the Sun can have a
resonant character similar to the MSW effect. Taking into account the resonance
oscillations in matter, the probability of the νL → νR transition will depend on
the neutrino energy and comparison of experimental data taken with different de-
tectors complicates signiˇcantly. The analysis of the data of all the solar neutrino
detectors for the case of spin-	avour precession performed in [46,66Ä68] resulted
in the χ2 value which is lower than that for the LMA MSW solution. At the
same time, the oscillation solution of the problem does not exclude the possibility
of observing subdominant effects caused by the neutrino magnetic moment.

2.3. Constraints on the Solar Antineutrino Flux and Neutrino Magnetic
Moment. A possible manifestation of a large neutrino magnetic moment would
be the presence of the antineutrino in the solar neutrino spectrum. The mechanism
of the neutrinoÄantineutrino conversion due to the spin-	avour precession (SFP)
induced by the neutrino transition magnetic moment was discussed in [44,45,69].
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An alternative model of antineutrino production in ν decays in models with
spontaneous violation of the lepton number was considered in [70Ä73].

The inverse beta-decay of the antineutrino ν̄e + p → n + e+ is the dom-
inant type of antineutrino interactions in a large volume Cherenkov or liquid
scintillator detectors. The cross section for this process is two orders of mag-
nitude higher than that for the antineutrino elastic scattering. The capture of
the thermalized neutron on the proton n + p → d + γ with a mean capture-
time of ∼ 170 µs and the energy release Eγ = 2.2 MeV provides a tag for
this reaction in an LS detector, allowing operation at a practically zero back-
ground. In a water Cherenkov detector the delayed 2.2 MeV gamma is below
the threshold, and a positron from the inverse beta decay is indistinguishable
from an electron or gamma. In this case solar neutrinos and spallation prod-
ucts contribute to the background, and the sensitivity of the detector is much
worse in comparison even with a smaller volume LS detector. In fact, the recent
Super-Kamiokande (water Cherenkov detector) limit for the solar antineutrino
	ux φν̄e < 0.8 · 10−2 in the energy region 8 < Eν < 20 MeV at 90% CL [74]
was dramatically improved by a factor of 30 by the KamLAND (LS detector)
collaboration. The most stringent constraints on the solar antineutrino 	ux φν̄e

from the KamLAND data are φν̄e < 2.8 · 10−4 at 90% CL in the energy region
8.3 < Eν̄e < 14.8 MeV. The expected background for the KamLAND detector
was as small as 1.1±0.4 eV/(0.28 kt · y) and no candidate events were observed;
in the Super-Kamiokande detector the rate of candidate events was 29781 dur-
ing 1496 days of data taking in a 22.5 kt ˇducial volume with a background of
(2.77 ± 0.20) · 104 due to spallation events.

The constraints on the neutrino transition magnetic moment can be obtained
from this limit assuming that the MSW scenario is dominant in the formation
of the solar neutrino 	ux with the parameters corresponding to the LMA in the
parameter space, and that the SFT mechanism is responsible for the antineutrino
	ux. If the transverse component of the solar magnetic ˇeld is BT at a radius of
0.05R�, then [75]

µν < 1.3 · 10−9 10 kGs

BT (0.05R�)
.

In the case of random magnetic ˇelds inside the Sun, the upper bound on µν lies
in the region of µν < 1.5 − 5 · 10−12µB [76].

2.4. NeutrinoÄElectron Elastic Scattering. NeutrinoÄelectron elastic scatter-
ing is the most sensitive test for a neutrino magnetic moment search. In the SM,
the scattering of a neutrino with a nonzero magnetic moment is determined both
by the weak interaction term and by the one-photon exchange contribution. The
latter changes the helicity of the ˇnal neutrino state. Therefore, the amplitudes of
the weak and electromagnetic scattering do not interfere, at least at the level of
∼ mν/Eν , and the total cross section is the sum of two cross sections.
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The differential cross section for the weak contribution to neutrinoÄelectron
elastic scattering has the form:

dσW

dTe
(Te, Eν) = 4σ0

[
g2

L + g2
R

(
1 − Te

Eν

)2

− gLgR
Teme

2E2
ν

]
, (4)

where σ0 =
G2

F me

2π
= 4.28·10−45 cm2/MeV; the values of gR and gL depend only

on the Weinberg angle (sin2 θW = 0.2315) with gL = gV + gA = 1/2 + sin2 θW ,
gR = gV −gA = sin2 θW ; and Eν and Te are the energies of the incident neutrino
and the recoil electron. The scattering due to the charge radius interferes with the
weak scattering contribution. In this case the parameters gR and gL are modiˇed

in accordance with the new values of g′V = gV + x, where x =
√

2πα

3GF
〈r2〉 =

2.38 · 1030 〈r2〉 cm2.
The νÄe scattering cross section associated with the magnetic moment is:

dσµν

dTe
(Te, Eν) = πr2

0 µ2
ν

(
1
Te

− 1
Eν

)
, (5)

where µν is the neutrino magnetic moment measured in µB units, and r0 =
2.818 · 10−13 cm is the classical electron radius.

In the case of mixing, the effective magnetic moment of the neutrino is given
by the following formula [42Ä45,77]:

µ2
eff =

∑
j

∣∣∣∣∣∑
k

µjkAj(Eν , L)

∣∣∣∣∣
2

, (6)

where µjk is the fundamental matrix which characterizes the neutrino electro-
magnetic coupling; Ak(E, L) is the probability amplitude of the neutrino mass
eigenstate νk at the detector. In the general case Ak(E, L) (and µ2

ν) might depend
not only on the mixing angles but also on the neutrino energy and source-detector
distance L.

For the vacuum oscillations Ak(E, L) = Uek e−iEkL, where Uek is an ele-
ment of the mixing matrix. The 	avor eigenstates νl (l = e, µ, τ ) are related to

the mass eigenstates νi by virtue of the unitary mixing matrix U : νl =
3∑

i=1

Uliνi.

With reasonable assumptions in the case of vacuum oscillations µ2
ν has no de-

pendence on L and Eν and depends only on µjk and the vacuum mixing Uek.

In particular, for Dirac neutrinos µ2
ν =

3∑
k=1

|Uek|2 |µkk|2. For Majorana neutrinos

µ2
ν = |µ12|2 [42], taking into account only two relevant mass eigenstates.
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If oscillations of the solar neutrino are caused by the MSW mechanism, then
Ak(E, L) is deˇned by the mixing angle in the matter of the Sun θm:

tan 2θm =
sin 2θ

cos 2θ + (L/Le)
, (7)

where L is the length of oscillations in vacuum, L = 4πEν/�m2
12; Le is the

length of neutrinoÄelectron interaction, Le = 2π/(
√

2GfNe). Thus, Ak(E, L)
depends only on Eν and �m2

12. For three light neutrinos, the effective magnetic
moment is [42Ä45,77]:

µ2
ν = Pe1µ

2
11 + (1 − Pe1)µ2

22 + µ2
12 + Pe1µ

2
13 + (1 − Pe1)µ2

23, (8)

where Pe1 = |A1(E, L)|2 is the probability of the νe → ν1 transition after
crossing the resonant region.

All the elements of the matrix µjk, with exception of µ33, can be limited
using the bounds on the µ2

ν and Pe1 value, and noting that formula (8) contains
only positive terms. For the LMA solution the value of Pe1 for the 7Be neutrino
is close to 0.5. As follows from equation (8), the value Pe1 = 0.5 leads to more
stringent limits on the sum of the squares of the transition moments µ2

12+µ2
23+µ2

13

in the case of the Majorana neutrino and to more stringent limits on the sum of
the squares of the diagonal moments µ2

11 + µ2
22 for the Dirac neutrino. In this

way, detectors capable to register low energy solar neutrinos are more sensitive
to the neutrino magnetic moment.

The energy dependence of the cross sections for the magnetic and weak
scattering differs signiˇcantly; for Te 
 Eν their ratio is proportional to 1/Te,
i.e., a decrease of the electron detection threshold will increase the sensitivity of
the experiment to the magnetic moment.

2.5. Upper Limit on the Magnetic Moment of pp and 7Be Neutrinos.
The upper limit on the magnetic moment of low energy solar neutrinos was
obtained with the Counting Test Facility (CTF) [78]. To get the expected energy
spectrum of the recoil electrons in the detector it is necessary to fold cross
sections (4) and (5) with the neutrino spectrum and detector response function. In
the calculations the neutrino 	uxes given by the Standard Solar Model (SSM) [79]
and neutrino energy spectra from [80] were used. The detector response function
was studied in [12].

The expected spectra for the SSM neutrino weak contribution, SW (Q), and
the magnetic one, Sµν (Q) (for µν = 10−9µB), are shown in Fig. 1. The spectra
are calculated using the cross sections (4) and (5) folded with corresponding solar
neutrino spectra and taking into account the detector's response function. The
total number of target electrons in the CTF-II is Ne = 1.36 · 1030, the time of
data taking T = 32.1 days; the total efˇciency of the detector ε = 0.67 is deˇned
by the spatial cut applied and the dead time of the electronics.
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If the total rate in the energy region around 220 keV (Fig. 1) is attributed
to the neutrino magnetic scattering, then a conservative estimate of the neutrino
magnetic moment is µν = 1.2 · 10−9µB . Different energy dependence of the
background spectrum and the spectrum of the recoil electrons due to the magnetic
scattering was used in the analysis. An energy interval of 185Ä380 keV was
chosen for analysis to select the region with the maximal statistical signiˇcance
of the expected effect while minimizing the additional systematic uncertainties
related to the linear background which increases at lower energies.

Fig. 1. The experimental spectrum measured by the CTF-II (the upper plot with error bars)
and the expected spectra for the magnetic and weak scattering of pp and 7Be neutrinos
calculated in accordance with (4), (5)

An analysis of the upper limit for a possible magnetic moment of the neutrino
was performed by minimizing χ2 for different values of µ2

ν . The minimum of
χ2 corresponds to µν = 3.2 · 10−10µB; µν � 0 has a probability of 40%.
The probability function was renormalized to the physical region µ2

ν � 0, in
accordance with the recommendations of the Particle Data Group [18]. The
integration of the probability function gives 0.9 (90% CL) for µν = 5.5·10−10µB .
So the limit is practically independent of the lower bound of the analyzed region.
The ˇt with an exponential underlying background gives a slightly stronger limit
on the µν = 5.0 · 10−10µB . So the limit is practically independent of the model
chosen. The results of the best ˇt for µν = 5.5 · 10−10µB are shown in Fig. 2.
The neutrino magnetic moment of µν = 5.5 · 10−10µB (excluded at 90% CL)
would yield about 20% of the total background in the region of 200Ä250 keV.
This low ®signal-to-noise¯ sensitivity is explained by the similarity of the shapes
of the background and the magnetic moment effect (a linear function with a
small negative slope), and by the impossibility to perform ®background only¯
measurements with the Sun ®switched off¯, as in the reactor experiments.
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This limit is only about 3 times worse compared to the 825-day Super-
Kamiokande result [42], and is the ˇrst one obtained with sub-MeV neutrinos in
a direct experiment. As one can see from Fig. 1 (line 1), the limit on the magnetic
moment with the Borexino detector will be improved by one order of magnitude
if Borexino achieves sensitivity to 7Be neutrinos.

Fig. 2. Fit in the region of 185Ä380 keV for µν = 5.5 · 10−10µB . 1 Å spectrum of recoil
electrons due to magnetic scattering; 2 Å 14C β spectrum; 3 Å linear background; 4 Å
total ˇt

The sensitivity of the CTF detector to the potential neutrino charge radius
was tested in [78]. In accordance with (4) the energy spectrum of recoil electrons
has the same shape as in the case of the weak scattering. For this reason, the low
energy threshold of the CTF-II offers no advantage in searching for the neutrino
charge radius. The upper limit obtained is 〈r2〉 � 2.2 · 10−30 cm2 (90% CL).
The expected spectrum of the recoil electrons for this value of the charge radius
is shown in Fig. 4. The result is poorer than the one obtained in accelerator
experiments [21Ä24] and with 8B solar neutrinos [25,26].

2.6. Search for the Neutrino Radiative Decay νH → νL + γ. If neutrinos
have mass, then the heavier one can decay to a lighter one. At a mass of the
heavy neutrino mνH � 2me the dominant mode is the decay into an electron, a
positron and a light neutrino νH → e+ + e− + νL. For a neutrino with a mass
below 2me, the radiative decay νH → νL + γ is the only viable process for
direct detection. The Feynman graphs describing the radiative decay are the same
that contribute to the neutrino magnetic moment. In the Standard Model (SM),
the lifetime of the radiative neutrino decay expressed in terms of the transition
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magnetic moment µtr
HL is [81Ä84]:

τ [s] ≈ 0.19
(

µB

µtr
HL

)2 (
m2

νH

m2
νH

− m2
νL

)3 (
1 eV

mνH

)3

, (9)

where µtr
HL is expressed in Bohr magneton (µB) units. The probability of

radiative decay in the SM is very low. If the neutrino transition moment
µtr

HL has a value close to that expected for the diagonal magnetic moment

µν ≈ 3.2 · 10−19
( mν

1 eV

)
µB , then from (9) the lifetime of the neutrino is τ ∼

1029 y. At the same time, the reasons (the same as for right-handed weak in-
teractions) leading to a large magnetic moment also lead to an increase in the
probability of the radiative neutrino decay [85Ä88].

The radiative decay of the reactor antineutrinos ν̄e was studied in [34,89Ä92];
the latter gives the strongest lifetime lower limit of τcm/mν � 200 s · eV−1 (90%
CL). The search for the νµ and ν̄µ decays was performed in a high intensity
beam of neutrinos produced by π+ and µ+ decay at rest; the lifetime of the
muon (anti)neutrino was bounded at the value τcm/mνµ � 15.4 s · eV−1 [93]. A
much more restrictive limit was obtained from the solar γ-ray 	ux, τcm/mνe �
7 · 109 s · eV−1 [94]. The astrophysical limits are even stronger, and lie in the
region of 109Ä1020 s · eV−1 ([17,18] and references therein).

The most stringent direct limits on the neutrino radiative decay were obtained
with the Borexino CTF [95, 96]. The analysis was performed on the assumption
that the decaying neutrino νH is dominantly coupled to the electron (UeH ≈
1) and in the ˇnal state νL the neutrino mass vanishes (i.e., mνL 
 mνH ).
The expected laboratory gamma spectrum was deˇned by the photon moment
distribution in the centre-of-mass system. For the common case one can write the
photon angular distribution in the general form [90]:

dN =
1
2
(1 + α cos (θ)) d cos (θ). (10)

The anisotropy parameter α deˇnes the angular distribution of the photon
relative to the spin of the decaying neutrino in the neutrino rest frame, and is
related to the space-time structure of the decay vertex. For the Majorana neutrino,
α is identically zero (α = 0), but can take on any value in the interval −1 � α � 1
for the Dirac neutrino. With the assumption of total parity violation, the generated
left (right)-handed Dirac neutrinos correspond to the case α = −1(+1). The lab-
frame energy of the decay gamma Eγ in terms of the lab-frame energy of the
neutrino Eν and the center-of-mass angle θ is:

Eγ =
Eν

2

(
1 +

Pν

Eν
cos (θ)

)
. (11)
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After the relativistic time dilation one obtains the gamma energy spectrum Eγ

due to the decay of a neutrino with the energy Eν :

dN

dEγ
(Eγ , Eν) =

mν

τcm

1
E2

ν

(
1 − α + 2α

Eγ

Eν

)
, (12)

where τcm represents the centre-of-mass neutrino lifetime. Taking into account
the solar neutrino energy spectrum φν(Eν) one can write the expected gamma
spectrum in the detector as:

dN

dEγ
(Eγ) =

V T

c

Eνmax∫
Eγ

dN

dEγ
(Eγ , Eν)φν(Eν) dEν , (13)

where V is the detector volume; T is time of measurement and c is the light
speed in vacuum.

In the calculations neutrino 	uxes given by the Standard Solar Model
(SSM) [79] and neutrino energy spectra from [80] were used. The signal shapes
(13) were convolved with the detector response function.

The Monte-Carlo method was used in order to simulate the CTF response
to gammas. The events were generated according to the spectrum given by (13)
inside the inner vessel and in the adjacent water layer of 50 cm. The gamma-
electron showers were followed using the EGS-4 code [97].

Taking into account the best ratio of the expected effect to the background,
and in order to avoid systematic errors, caused by the uncertainty of the linear
part of the background at lower energies, the range 185Ä380 keV was chosen
for the analysis. The maximum likelihood method was used to ˇnd the possible
contribution from the radiative decay of the SSM solar neutrino in the measured
spectrum. The likelihood function was found with the assumption that the num-
ber of counts in each channel of the measured spectrum Sexp

i obeys a normal
distribution, and represents the sum of the model function describing the residual
background and the spectrum due to the neutrino decay calculated using (6)Ä(8).

The analysis of the upper limit on the lifetime of the neutrino was performed
by minimizing the χ2(N0, a, b, τcm/mν) value for different values of τcm/mν .
The integration of the probability function gave a value of 0.9 (90% CL) for
τcm/mν = 4.2 · 103 s · eV−1 (α = 0). This limit is practically independent
of the lower bound of the analyzed region. The results of the optimal ˇt for
the value τcm/mν = 4.2 · 103 s · eV−1 (α = 0) are shown in Figs. 3,4. In
the same way the upper limits τcm/mν � 1.5 · 103 s · eV−1 (α = −1) and
τcm/mν � 9.7 · 103 s · eV−1 (α = 1) were obtained. Actually, the analysis of
the CTF-II gives a 25% limit on the part of the background in the region of 200Ä
250 keV attributed to the possible neutrino decay. The low sensitivity is explained
by a similar behavior of the background and the effect (small negative slope
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Fig. 3. The experimental spectrum
measured by the CTF-II (the up-
per plot with error bars) and the
expected energy spectra of gammas
appearing in the radiative decay of
the neutrino νH → νL + γ calcu-
lated by the Monte-Carlo method
with τcm/mν = 5.0·103 s · eV−1 for
3 values of the parameter α: 1 Å
α = −1; 2 Å α = 0; 3 Å α = 1

Fig. 4. Fit in the region of 185Ä380 keV for the radiative neutrino decay and νeÄe
scattering due to the charge radius. 1 Å Monte-Carlo calculation of the γ signal from the
νH → νL + γ decay for τ/mν = 4.2 · 103 s · eV−1; 2 Å spectrum of recoil electrons for
the neutrino charge radius 〈r2〉 = 2.2 · 10−30 cm2

linear function). In principle, correct modeling of the background can eliminate
the major part, which can ˇnally lead to better results. Nevertheless, the obtained
values are more than one order of magnitude stronger than those obtained in



NONACCELERATOR EXPERIMENTS ON THE SEARCH FOR RARE PROCESSES 621

reactor and accelerator experiments [89Ä93], yet still poorer in comparison to the
astrophysical considerations [17,98].

A more stringent indirect limit on the probability of radiative decay can
be obtained using the upper bound on the neutrino magnetic moment. On the
assumption that µtr

HL ≈ µν � 5.5 ·10−10µB and the neutrino mass m2
ν = 0.35 eV,

one can obtain τ(ν2 → ν1 + γ) � 1.2 · 1029 s for �m1
12 = 6 · 10−5 eV2 and

τ(ν3 → ν1,2 + γ) � 1.0 · 1024 s for �m1
23 = 3 · 10−3 eV2. These limits are

stronger than those obtained using the SN1987A data [17,18].

3. SEARCH FOR THE ELECTRON DECAY MODE e → γ + ν

The U (1) gauge invariance of the QED Lagrangian dictates strict conservation
of the electric charge and absence of the photon mass. The search for violation
of charge conservation (CC) is one of the possible tests when looking for physics
beyond the Standard Model. The nonconservation of the electric charge (CNC)
can be introduced in the Lagrangian by including additional interactions of leptons
with photons in the form g(eγαν + νγαe)Aα or with Z bosons in the form
G(νν)(νe). These interactions lead to the decay of the electron e → γν or
e → ννν. In 1978 Okun, Zeldovich, and Voloshin show that the decay e → γν
has to be accompanied by emission of a huge number of low energy photons
against only one 255.5 keV photon [99, 100]. This is the so-called paradox of
the unstable electron. But in the modern view a decaying electron is a paradox
too. Detailed discussion can be found in [101], as well as references therein.
An additional possibility is connected with the CNC involving interactions with
nucleons. Discussions of the CNC in the context of gauge theories can be found
in [99Ä109]. Critical studies of the possible violation of charge conservation have
been done both theoretically and experimentally by Okun [106,107].

3.1. Experimental Searches for the Violation of Electric Charge Conser-
vation. Tests of the electric charge conservation in the lepton sector have been
performed by studying the following processes:

1. Disappearance or decay of the electron into the invisible channel e → 3ν.
The electron decay is accompanied by the emission of characteristic X rays or
Auger electrons due to the transitions of the electrons from higher shells.

2. Decay of the electron into two lightest known detectable particles e → νγ.
The mode can be detected by registering γ quanta with an energy of me/2.

Two other processes include hadrons:
3. β decay without electron emission (A, Z) → (A, Z +1)∗ +νe +νe. These

decays are searched only for the nuclei with daughter nuclei having nuclear
level energies within the energy range of the transition Q0 to Q0 + me. The
identiˇcation of the decay is performed by studying the emission of the daughter
nuclei. Another possibility is associated with the search for the daughter nuclei
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(A, Z+1) among (A, Z) nuclei, with the energetically forbidden usual beta-decay
and the energetically possible decay without an electron in the ˇnal state.

4. Electron capture with violation of the electrical charge (A, Z) + e− →
(A, Z)∗ + νe. The search for these processes is performed for the nuclei with
low-lying nuclear levels (E∗ � me). The identiˇcation of the decay is performed
by studying the emission of the nuclei of interest.

The ˇrst attempt of experimental search for the electron disappearance was
made by Feinberg and Goldhaber [110]. They used a 5 kg NaI detector with an
energy resolution of 13%. The disappearance of the electron in the inner shell of
the I atom should be accompanied by a cascade of X rays and an Auger electrons
with a total energy of 33.2 or 5.2 keV corresponding to the electron binding
energy in the K or L shell. As a result, a Gaussian peak should be observed
with the half-width corresponding to the detector resolution. The sensitivity of
the experiment to the electron lifetime could be estimated using a simple formula
in the case when the underlying background spectrum varies slowly in the energy
interval comparable with the detector's energy resolution:

τlim = εNe

√
T

MdB(3.3σE)
≈ ε 3 · 1026

√
MdT

B(3.3σE)
.

Here, ε is the efˇciency of the γ-quanta registering; Ne is the number of the can-
didate electrons; Md is the mass of the detector (the approximation Ne ≈ 3·1026

is valid if mass of the detector is measured in kg); B is the speciˇc background
of the detector (the number of counts/(keV · kg · y)); σE is the detector's energy
resolution (the full width at half height FWHM = 2.36σ) and T is the time of
data taking. The limit on the electron lifetime obtained with NaI detectors is
τ(e → νγ) � 3.5 ·1023 y. Steinberg was the ˇrst to use a germanium detector for
the search on the e → νγ decay [111]. The germanium detector has a much better
resolution in comparison with the scintillator detectors, this advantage permitted
one to obtain a better limit on the lifetime of the electron τ(e → νγ) � 2.1·1025 y
using the data collected in experiments on the 2β decay [101]. The intrinsic en-
ergy resolution of the Ge(Li) or HPGe detectors at 250 keV is as low as � 1.5 keV
but the Doppler broadening due to the orbital movement of the electrons results
in an increase of the expected width of the γ line, corresponding to the e decay,
up to 5 keV. In Table 2 the experimental limits on the lifetime of the electron
in respect to the e → νγ decay, obtained while searching for γ quanta with an
energy ≈ me/2, are listed in chronological order. The mass of the detector and
the background level at 255 keV are cited for each experiment.

The lowest background level has been achieved with the liquid xenon (LXe)
scintillator detector by the DAMA collaboration, their detector being devoted
to the dark matter search. The ˇrst layer of the passive shielding used in the
experiment consisted of oxygen-free electrolytic copper. Oxygen-free copper
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Table 2. The limits on the lifetime of the electron in respect of the decay e → ν + γ,
obtained while searching for γ quanta with an energy ≈ me/2

Detector Mass, kg Background,
(kev · kg · y)−1

Limits on
τ (e → ν + γ)

Year,
reference

NaI 5 1.0 · 1019 (68%) 1959 [110]

NaI 1.4 4.0 · 1022 (68%) 1965 [112]

NaI 6 2300 3.5 · 1023 (68%) 1979 [113]

Ge(Li) 0.69 1500 3.0 · 1023 (68%) 1983 [114]

HPGe 0.71 240 1.1 · 1025 (90%) 1986 [115]

HPGe 3.1 20 1.2 · 1025 (90%) 1993 [116]

HPGe 2.2 10 2.1 · 1025 (90%) 1995 [117]

LXe 6.5 0.3 1.0 · 1025 (90%) 1996 [118]

LXe 6.5 0.06 2.0 · 1026 (90%) 2000 [119]

CTF(C16H18) 4170 0.06 4.6 · 1026 (90%) 2002 [120]

and ancient lead free from the radioactive isotope 210Pb (T1/2 = 23 y) have
been used as the ˇrst layer shielding in many experiments with Ge detectors but
the background level achieved in the DAMA experiment is 20 times lower. The
relative energy resolution of the LXe detector is σE/E = 0.056+1.19

√
E, where

energy is measured in keV, the efˇciency of the 255 keV γ-quanta registering is
0.85. The total collected data set consists of 2257.7 kg · day and the obtained
limit is τ(e → νγ) � 2.1 · 1025 y.

The interaction violating the electric charge conservation can be presented in
the same way as a usual weak interaction, replacing the electron with a neutrino:

LCNC = eεeνγψeγµ(1 − γ5)ψνAµ + h.c.

In [119] the limit ε2
eνγ < 4.3 · 10−94 at 90% CL was obtained.

The data on the search for the electron decay in the e → 3ν channel are listed
in Table 3. For this decay a more stringent lifetime limit, τ( → 3ν) � 2.4·1024 y,
was obtained by the DAMA collaboration with a 95 kg Na(I) detector [121].
The decay mode e → 3ν is indistinguishable experimentally from the electron
disappearance e → nothing and, hence the upper limit on the lifetime of the
electron is valid for the electron disappearance, which is possible in the ®world
on the brane¯ models as a transition of the electron from our three-dimensional
world to higher dimensions [122,123].

The probability of the electric charge nonconserving decay (CNC) e → ννν
can be presented in the form T CNC

e3ν = ε2
e3νT CC

µ fe/fµ, where T CC
µ is the probability

of the muon decay µ → e + νe + νµ, and fe/fµ is the ratio of the phase-space
factors for the electron and muon decays [125]. The limit obtained in [121]
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for the electron lifetime τ(e → 3ν) � 2.4 · 1024 y corresponds to the limit
ε2

e3ν � 1.1 · 10−27 (90% CL).

Table 3. Limits on the lifetime of the electron in respect of the decay e → 3ν, obtained
while searching for the characteristic X rays and Auger electrons

Detector Mass, kg Limits on
τ (e → ννν)

Year,
reference

NaI 5 1.0 · 1018 (68%) 1959 [110]

NaI 1.4 2.0 · 1021 (68%) 1965 [112]

Ge(Li) 0.35 5.3 · 1021 (68%) 1975 [111]

NaI 6 2.0 · 1022 (68%) 1979 [113]

Ge(Li) 0.69 2.0 · 1022 (68%) 1983 [114]

HPGe 2.2 1.7 · 1023 (90%) 1986 [124]

NaI 722 1.2 · 1023 (90%) 1993 [109]

HPGe 2.2 2.6 · 1023 (90%) 1995 [117]

LXe 6.5 1.5 · 1023 (90%) 1996 [118]

NaI 95 2.4 · 1024 (90%) 2000 [121]

The possible mechanisms of the charge violating interaction with participation
of nucleons were considered in [125, 126]. The ˇrst experiment on the search
for the electric charge nonconservation in the processes involving nucleons was
performed on the 87Rb nucleus. The β decay of the 87Rb nucleus has an end-
point energy of 273 keV and a lifetime of the transition to the 87Sr ground state
of 4.8 · 1010 y. At the same time, the decay 87Rb → 87Sr without the emission
of electrons is energetically allowed for the transition into the 388 keV excited
state. For another couple of nuclei, 71Ga and 71Ge, the usual β decay is forbidden
but the value Q < me energetically allows the transition 71Ga → 71Ge without
electron in the ˇnal state. A more stringent limit for the processes (A, Z) →
(A, Z + 1)∗ + νe + νe was obtained from the data of the GaÄGe solar neutrino
detector Gallex: τ � 3.5 · 1026 y. The results of other experiments are compiled
in Table 4. The ratio of the probability of a charge nonconserving interaction to
the probability of a usual weak interaction is ε2

W = Γ(n → p + νe + νe)/Γ(n →
p + νe + νe) � 8 · 10−27 [127].

The electron capture with violation of the electric charge conservation giving
an excited nucleus in the ˇnal state is possible for the nuclei with low-lying
nuclear levels. The process can occur both due to the exchange of W and Z
bosons, and due to the exchange of the photon. The search for the transitions
(A, Z) + e− → (A, Z)∗ + νe was performed for the nuclei 127I, 23Na, and 129Xe
with the NaI and LXe detectors, respectively (Table 5).
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Table 4. Limits on the lifetime of the nucleus (A, Z) in respect of the CNC decay
(A, Z) → (A,Z + 1)∗ + νe + νe (from [133])

Decay Mass, kg Limits on τ , y Year, reference
87Rb → 87mSr 0.03 1.8 · 1016 (90%) 1960 [128]
87Rb → 87mSr 0.4 1.9 · 1018 (90%) 1979 [129]
71Ga → 71Ge 300 2.3 · 1023 (90%) 1980 [130]
87Rb → 87mSr 0.8 7.5 · 1019 (90%) 1983 [131]
113Cd → 113mIn 1.5 1.4 · 1018 (68%) 1983 [132]
71Ga → 71Ge 60000 3.5 · 1026 (90%) 1986 [127]
73Ge → 73As 0.95 2.6 · 1023 (90%) 1993 [133]

Table 5. Limits on the lifetime of the nucleus (A, Z) in respect of the CNC electron
capture (A,Z) + e− → (A, Z)∗ + νe

Decay Mass, kg Limits on τ , y Year, reference
127I → 127I∗ 40 2.1 · 1021 (90%) 1987 [126]
127I → 127I∗ 900 6.0 · 1022 (90%) 1991 [125]
127I → 127I∗ 87 2.4 · 1023 (90%) 1999 [135]
23Na → 23Na∗ 87 1.5 · 1023 (90%) 1999 [135]
129Xe → 129Xe∗ 6.5 (1Ä4) ·1024 (90%) 1983 [134]

Let us use the notation εW and εγ for the ratio of the probability of the charge
nonconserving interaction to the probability of the interaction leading to the usual
electron capture GCNC

W = εW GF or to the emission of conversion electrons in
the γ transitions GCNC

γ = εγα. The limits for these parameters, obtained from
the experiments on the search for the reaction (A, Z) + e− → (A, Z)∗ + νe, are
ε2

W � 2.2 · 10−26 and ε2
γ � 1.3 · 10−42 [109,134].

In such a way, it is experimentally conˇrmed that the lifetime of electrons
and nuclei with respect to the electric charge nonconserving decays is longer than
1024Ä1026 y. The probabilities of these processes with respect to the probabilities
of the charge conserving decays caused by the weak interaction, namely, the
usual β decay, electron capture and muon decay, are less than (εβ

W )2 � 8 ·10−27,
(εW )2 � 2.2 ·10−26 and (ε3ν

W )2 � 1.1 ·10−27, respectively. The processes caused
by the electromagnetic interactions are suppressed by (εIC

γ )2 � 1.3 · 10−42 for the
emission of conversion electrons, and by (ενγ)2 � 4.3 · 10−94 for the vertex with
photons.

3.2. Limits on the Electron Decay Mode e → ν + γ with the Prototype of
the Borexino Detector. The search for the electron decay e → ν + γ is possible
only with a detector on the base of a liquid organic scintillator. The binding
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energy of the electron in the carbon atom is only 283 eV, which is too low to
be registered, hence the search for the decay mode e → 3ν is impossible. The
mass difference of the nuclei 12C and 12N of 17 MeV energetically forbids the
β decay without the emission of the electron (A, Z) → (A, Z + 1)∗ + νe + νe.
Likewise, the energy of the ˇrst excited state of the 12C nucleus, 4.4 MeV, is too
high for the process (A, Z) + e− → (A, Z)∗ + νe. As it was noticed above, the
CTF detector has an extremely low background level at an energy of 250 keV and
comparatively big mass (4.2 t). This permitted one to obtain the best sensitivity
with respect to the e → νγ decay mode.

The Monte-Carlo method has been used in order to simulate the CTF response
to the 256 keV gamma. The hypothetical electron decay can occur both in
the scintillator and in water. The decays in the scintillator and water were
simulated separately and then summed taking into account the number of the
candidate electrons (Fig. 5). The response function was normalized to one electron
decay in the scintillator volume. The limit on the lifetime was calculated by the
formula

τ � εNeT/Slim, (14)

where Ne = 1.36 · 1030 is the number of electrons inside the scintillator; T =
32.1 days is the time of measurement; Slim = 170 is the upper limit on the
number of counts of response function inside the ˇtting interval; ε = 0.67 is
the fraction of the events left after a spatial cut applied. The last value was

Fig. 5. CTF spectrum with a su-
perimposed ˇt curve and results
of 256 keV γ Monte-Carlo simula-
tions. The Monte-Carlo results are
normalized to 170 electron decay
events in the inner vessel. Addi-
tional gammas, arriving from the
decays in the surrounding water,
are shown as well. The total detec-
tor's response to the 256 keV γ is
the sum of the gammas from scin-
tillator PXE and water surrounding
the inner vessel with PXE
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estimated from the number of 14C events lost in the region around 150 keV after
the spatial cut. Analysis of the likelihood function gives the value S � 170
decays at 90% CL. The likelihood function for S = 0 reaches its maximum at
α = −0.72, and for S = 170 at α = −0.8. As a result, a new lower limit on
the mean lifetime for the decay e → γ + ν has been established τ � 4.6 · 1026 y
(90% CL) [120]. The limit is 2.3 times stronger than the previous DAMA
result.

4. EXPERIMENTAL LIMITS ON THE VIOLATION
OF THE PAULI EXCLUSION PRINCIPLE

The Pauli exclusion principle (PEP) is the basis for the describing of the
structure and properties of atoms and atomic nuclei composed of fermions. The
exclusion principle was formulated by W. Pauli in 1925 and in its original form
postulated that only one electron with a deˇnite spin orientation could occupy
each of the allowed Bohr's orbits in an atom. In such a way the PEP explained
the regularities of the Periodic Table and atomic spectra. In the modern Quantum
Field Theory (QFT) the PEP appears automatically for a system of identical fermi-
ons as a result of the anticommutativity of the fermion creation and annihilation
operators. Violation of the PEP as well as of the electric charge nonconservation
contradicts the modern quantum ˇeld theory.

The PEP is of fundamental importance but its tests were started extensively in
direct experiments 15 years later than the tests of the electron stability. Goldhaber
pointed out that the same experimental data which had been used to set a limit
on the lifetime of the electron could be used to test the validity of the PEP for
atomic electrons [136]. Pioneering experiments were performed by Reines and
Sobel by searching for X rays emitted in a transition of an L-shell electron to
the ˇlled K shell in an atom [136], and by Logan and Lubicic who searched
for γ quanta emitted in a forbidden by the PEP transition of the nucleon in
the 12C nucleus [137]. In 1980 Amado and Primakoff pointed out that in the
framework of the QFT these PEP-forbidden transitions could not take place even
in the case of a PEP violation [138]. Later a theoretical framework describing a
small violation of the PEP was constructed in [139Ä141] but it was found that
even small PEP violations lead to negative probabilities for some processes [142].
Critical studies of the possible violation of PEP have been done both theoretically
and experimentally by Okun [106,107].

One of the possibilities to test the PEP violation is the search for atoms
or nuclei in a non-Paulian state, another is the search for the prompt radiation
accompanying non-Paulian transitions.

Violation of the PEP in the nucleon system has been studied by searching
for the non-Paulian transitions with γ- [137,143,144], p- [145,146] and n- [147]
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emission, non-Paulian β+, β− decays [144,148] as well as in nuclear (p, p), (p, α)
reactions on 12C [149].

4.1. Search for Prompt Radiation Accompanying Non-Paulian Transi-
tions with the CTF. The non-Paulian transitions were searched for the nu-
clei 12C and 16O contained in the sensitive volume of scintillator and in the
water shield of the CTF-II detector [150]. The scheme of nucleon level of
the 12C nuclei is shown in Fig. 6. The transition of the nucleon from the P
shell to the ˇlled S shell will result in the excited 12C̃ nuclei. The excita-
tion energy corresponds to the difference of the binding energies of nucleons

Fig. 6. Population of the energy levels with
protons and neutrons for the 12C ground
state in a simple shell model (energy in
MeV units). Schemes of non-Paulian tran-
sitions of nucleons from the P shell to the
ˇlled S shell: a) with γ-, n-, p- and α
emission; b) with β+-, β− emission

on the S and P shell. The nucleon bind-
ing energies for the light nuclei 12C, 16O
were measured while studying (p, 2p)
and (p, np) proton scattering reactions
with an energy of 1 GeV [151]. The
measured values are En(1S1/2, 12C) =
36.3 ± 0.6 MeV and Ep(1S1/2, 12C) =
33.9 ± 0.9 MeV. One can compare the
obtained data with those on the (e, e′p)
scattering, which give a signiˇcantly dif-
ferent value of Ep(1S1/2, 12C) = 39±1.
Table 6 shows the values of ES1/2 which
are closer to the nucleon separation en-
ergy Sn, Sp [152]. As one can see from
the Table, the energy release in the non-
Paulian transitions in 12C and 16O is
comparable with the energies Sp, Sn,
Sα, hence together with the emission of
γ quanta, the emission of n, p and α is
possible.

Because of the existing signiˇcant
discrepancy in the values of En,p

S1/2
, pre-

diction of the branching ratio for the
emission in each of the above-mentioned
channels is a very complicated task.
For the case of the nucleon and dinu-
cleon decay in nuclei, the branching ra-

tio and spectra of particles were considered in [153]. The values of E1S1/2

from Table 6 were used for the approximate calculation of the binding en-
ergy of the non-Paulian nuclei and Q value of the reaction. Weak processes
with violation of the PEP (β+, β− decays) [144, 148] with a non-Paulian
nucleon in the ˇnal state (on the 1S1/2 shell) were considered as well.
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Table 6. The separation energy Sp, Sn, Sα (MeV) [152], the nucleon energy (with
errors) of the 1P3/2 and 1S1/2 shells (MeV) [151], and the nuclear binding energy Eb

(keV) [152]

9Be 11B 12C 16O

Sp 16.9 11.2 16.0 12.3
Sn 1.66 10.7 18.7 15.7
Sα 2.5 8.7 7.4 7.2

1P3/2(p) 17.0 (0.2) 17.5 (0.5) 16.0 (0.2) 18.0 (0.3)
1P3/2(n) 18.1 (0.5) 18.4 (0.6) 19.0 (0.3) 22.0 (0.4)

1S1/2(p) 27.7 (0.5) 33.5 (0.9) 33.9 (0.9) 39.8 (0.9)
1S1/2(n) 29.2 (0.8) 34.5 (1.0) 36.3 (0.6) 42.2 (1.0)

Eb 58164.9 76204.8 92161.8 127619.3

Fig. 7. Expected response functions of the
detector for the 12C → 12C̃ + γ decays in
the liquid scintillator and the 16O → 16Õ+γ
decays in the water shield before and after
the muon veto suppression

4.2. Limits on the Non-Paulian
Transitions in 12C and 16O with
Emission of γ, p, α, and n. As fol-
lows from Table 6, the energy differ-
ence for the nucleon transition from
the shell 1P3/2 to the shell 1S1/2 is
� 17.5 MeV for 12C. The response
functions of the CTF-II to the gamma
of this energy were simulated by MC
method described in the previous sub-
section. The energy difference for the
same transition in the case of 16O cor-
responds to � 21 MeV. The uniformly
distributed gammas of this energy were
simulated in a 1 m thick layer of wa-
ter surrounding the scintillator. Both
the response functions are shown in
Fig. 7 before and after the muon veto
suppression. High energy release in
the liquid scintillator can activate the
muon veto of the CTF, resulting in the
rejection of the event. Probability of
identiˇcation of an event with higher
energy in the scintillator by the muon
veto has been specially studied [154]. High energy release in the liquid scintil-
lator can activate the muon veto of the CTF-II, resulting in the rejection of the
event.
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The limit on the probability of the transitions 12C → 12C̃ + γ and 16O →
16Õ + γ violating the PEP are based on the experimental fact of observing no
events with an energy higher than 4.5 MeV not accompanied by the muon veto
signal. The lower limit on the PEP violating transitions of nucleons from the P
shell to the occupied 1S1/2 shell was obtained using the formula:

τ � ε∆ENNNnT/Slim, (15)

where ε∆E is the efˇciency of registering an event in the energy interval ∆E;
NN is the number of nuclei under consideration; Nn is the number of nucleons
(n and/or p) in the nuclei for which non-Paulian transitions are possible; T is
the total time of measurements, and Slim is the upper limit on the number of
candidate events registered in the ∆E energy interval and corresponding to the
chosen conˇdence level.

The energy released in the transition 12C → 11B̃+p is the difference between
the binding energies of the ˇnal and initial nuclei. Using evident notations one
can write:

Q(12C → 11B̃ + p) = M(12C) − M(11B̃) − mp = −Eb(12C) + Eb(11B̃). (16)

The binding energy of the non-Paulian nuclei with 3 neutrons Eb(11B̃n) or
3 protons Eb(11B̃p) on the S shell can be evaluated by considering the binding
energy Eb(11B) and the difference between the binding energies of nucleons on
the S shell En,p(S1/2) and the binding energy of the last nucleon Sn,p(11B):

Eb(11B̃n,p) � Eb(11B) + En,p(1S1/2) − Sn,p(11B). (17)

Using the data of Table 6, one can obtain Q(12C → 11B̃p + p) = 6.3 MeV
and Q(12C → 11B̃n + p) = 7.8 MeV. Taking into account the recoil energy of
the nuclei and experimental errors of En,p(S1/2) from Table 6, the energy of a
proton released in these non-Paulian transitions is Ep = 5.8(7.2) ± 1.0 MeV.

The light yield for the protons in the range 0.6Ä6.0 MeV was measured for
the NE213 scintillator using recoil protons from the (n, p) elastic scattering [156].
The light yield for a proton with the energy Ep = 5.8(7.2) MeV corresponds to
the electron energy Ee = 2.8(3.9)± 0.5 MeV. It means that the proton peak can
be found in the energy interval 2.0Ä4.7 MeV with 90% probability. The binding
energy of an α particle in the 12C nuclei is as low as 7.4 MeV. The energy
released in the transition is the difference between the binding energies of the
ˇnal and initial nuclei:

Q(12C → 8B̃e + α) = −Eb(12C) + Eb(8B̃e) + Eb(4He). (18)

The α particles from the decay can be found in the energy interval 1.0Ä
3.0 MeV with 90% probability. In accordance with the data of [156], the light
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yield for an α with energies 1.0Ä3.0 MeV corresponds to an electron in the energy
range 70Ä230 keV. The results on the electron stability, obtained on the same
experimental data, can be used to set strong limits on the peak if it is situated
near the end-point of β spectrum [120]. For α particles with the lower energy
Eα = 1 MeV (Ee = 70 keV) the limit is essentially weaker.

τ(12C → 8B̃e + α) � 6.1 · 1023 y (90% CL). (19)

The energy released in the decay 12C → 11C̃ + n is equal to the difference
between the binding energies of 12C and 11C̃. The resulting neutrons are ther-
malized in hydrogen-rich media (an organic scintillator or water). The lifetime
of the neutrons in water and/or scintillator is the order of some hundreds µs,
after which the neutrons are captured by protons with emission of the γ's with
2.2 MeV energy.

The response function of the CTF-II to the gammas of 2.2 MeV was obtained
using the MC model. The response function for 106 initial gammas generated in
the liquid scintillator volume, and for 107 gammas generated in a water layer of
100 cm, are shown in Fig. 7. The response functions correspond to practically
equal probabilities of the non-Paulian transitions for nucleons in the 12C and 16O
nuclei. The total number of captured neutrons in the CTF-II can be limited to
N � 2.7 n/(d · t). This value is close to the expected rate of neutron production
by muons N ≈ 1 n/(d · t) [157].

4.3. Limits on the Non-Paulian β± Transitions in 12C. The nucleus 12N is
unstable; it decays via 12N → 12C+e++ν with the energy release Q = 17.3 MeV.
The inverse process 12C → 12Ñ + e− + ν is possible if the binding energy of the
non-Paulian nucleus Eb(12Ñ) is increased in comparison to the binding energy
of the normal 12N nucleus by a value exceeding Q. The energy released in the
reaction 12C → 12Ñ + e− + ν is

Q = mn − mp − me − Eb(12C) + Eb(12Ñ). (20)

The value of Eb(12Ñ) can be approximated by Eb(12Ñ) � Eb(12N) +
Ep(S1/2,

12N) − Sp(12N). The separation energy of the proton in 12N has a
very low value, Sp(12N) = 0.6 MeV. The value of Ep(S1/2,

12N) can be ap-
proximated by the mean value of the binding energies on the S1/2 shell for
two neighboring nuclei Ep(S1/2,

12N) � 0.5 · (Ep(S1/2,
12C)+Ep(S1/2,

16O)) =
36.8 MeV. Hence the value of Q is 18.9 MeV. The energy release for the reaction
12C → 12B̃ + e+ + ν, calculated in the same way, Q = 17.8 MeV.

The limits on the probability of these transitions are based on the fact of
observing no events with Ee � 4.5 MeV nonaccompanied by a muon veto signal.
The probability η(Ee) of the muon veto triggering for the high energy events in
the scintillator has been taken into account (Fig. 8).
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Fig. 8. Background energy spectra of
the 4.2 t Borexino CTF-II detector
measured during 29 days: 1 Å with
muon veto, radial cut (R � 100 cm)
and α/β discrimination applied; 2 Å
pairs of correlated events (with the
time interval ∆t � 8.2 ms between
signals) are removed; 3 Å the ex-
pected response functions of the de-
tector for γ with energy 2.2 MeV due
to (n, p) capture in the scintillator
and 4 Å in the water. Correspond-
ing mean lifetime for the 12C →
11C̃ + n and 16O → 15Õ + n is
τlim = 4.1 · 1026 y. In the inset the
ˇt curve in the energy interval 1.7Ä
2.5 MeV is shown

Table 7. Mean lifetime limits, τlim (at 90% CL), for non-Paulian transitions in the CTF

Channel E0,
MeV

�E,
MeV

τlim, y
(90% CL)

Previous
limits

12C → 12C̃ + γ 17.5 � 4.5 2.1 · 1027 4.2 · 1024 [144]
16O → 16Õ + γ 21.8 � 4.5 2.1 · 1027 2.7 · 1027 [143]
12C → 11B̃ + p 4.8Ä8.2 2.0Ä4.7 5.0 · 1026 1.7 · 1025 [145]
12C(16O) → 11C̃(15Õ) + n 2.2 1.7Ä2.5 3.7 · 1026 1.0 · 1020 [147]
12C → 8B̃e + α 2.0 0.07Ä0.23 6.1 · 1023 Å
12C → 12Ñ + e− + ν̄e 18.9 � 4.5 7.6 · 1027 3.1 · 1024 [144]

∼ 8 · 1027 [155]
12C → 12B̃ + e+ + νe 17.8 � 4.5 7.7 · 1027 2.6 · 1024 [144]

Note. E0 is the average energy of particles, or end-point energy in the case of β± transitions;
�E is the energy window of the CTF where decays were searched for; ε�E is the detection
efˇciency; Slim is the excluded number of events in the CTF spectrum.

The ˇnal results for the PEP violation transitions are shown in Table 7 in
comparison with the previous results. Comparing these values with the data of
Table 7, one can see that these limits for the non-Paulian transitions in 12C with
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γ-, p-, n-, and α emissions are the best to date limits. The limits on the β±

non-Paulian transitions in 12C are comparable with those that can be obtained
with the data of the LSD detector [148, 155], and the limit on the non-Paulian
transition in 16O with γ emission is comparable with the result obtained using
the Kamiokande data [143].

5. LIMITS ON THE NUCLEON DECAYS
INTO INVISIBLE CHANNELS

The baryon (B) and lepton (L) numbers are considered to be conserved in
the SM. However, no symmetry principle underlies these laws, such as, e.g.,
gauge invariance, which guarantees conservation of the electric charge. Many
extensions of the SM include B and L violating interactions, predicting processes
with �B = 1, 2 and �(B−L) = 0, 2 leading to the decay of protons and neutrons
bounded in the nucleus [158Ä161]. Despite the extensive experimental studies,
no evidence for nucleon instability has been found to date. Most of the studies
have been devoted mainly to nucleon decays into strongly or electromagnetically
interacting particles. The experimental limits are established for 70 different
modes of the proton decay into leptons, mesons, and photons. The value of the
lower limits on the nucleon mean lifetime for the majority of the decay modes is
1030Ä1033 y. The stringent limit τp � 5 · 1033 y has been obtained for the decay
mode p → e+ + π0.

At the same time, for modes where nucleons disappear or decay to some
weakly interacting particles (neutrinos, majorons, etc.), the experimental bounds
are 5Ä6 orders of magnitude lower. Nucleon decays into 3 and more leptons were
considered in [162], dinucleon state decays into 2 leptons were studied in [163].
A process with the violation of the lepton number in which two neutrons in
the nucleus disappear emitting a majoron, nn → χ, was considered in [164],
the expected lifetime being τnn 1032Ä1039 y. Disappearance of the particles
from our ®world on the brane¯ with 3 spatial dimensions (the decays N, NN →
nothing) could be an argument for the theories with additional dimensions [165].
The lifetime of the proton with respect to the transitions into extra-dimensions
calculated in [166] is τ ∼ 1035 y. The experimental methods of the search for
the decays into the ®invisible¯ channel and/or obtaining the upper limits on the
probability of such processes could be subdivided into:

1. Spontaneous nuclear ˇssion under the assumption that the nucleon decay
will result in the ˇssion of the nucleus. Spontaneous ˇssion of the 232Th nucleus
was discovered by Flerov [167], the lifetime of its spontaneous nuclear ˇssion
gives the lower bound on the lifetime of the proton τp � 1.2 · 1023 y, and the
neutron τn � 1.8 · 1023 y. These limits are valid for any mode of the nucleon
decay including the ®invisible¯ channel.
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2. Search for free neutrons created after a proton decay or disappear-
ance in the deuterium nucleus. The SNO is the most sensitive to this process
detector [168]. The limit obtained by Zdesenko and Tretyak for the proton
lifetime in respect to the decay into the ®invisible¯ channel is τp �
3.5 · 1028 y [169,170].

3. Geochemical or radiochemical search for daughter nuclides appearing
after a nucleon decay in the parent nuclei. This method, suggested by Evans and
Steinberg [171], is independent of the decay mode. The decay of the neutron or
proton in the 130Te nucleus should lead to the creation of 129Xe in the sequential
decays (n) 130Te → 129Te → 129I → 129Xe or (p) 130Te → 129Sb → 129Te →
129I → 129Xe. The measured concentrations of the xenon isotope in tellurium
samples give the following limits: τp � 7.4 · 1024 y, and τn � 8.6 · 1024 y [171].
Search for 37Ar, appearing in the decay of nucleons in the 39Ar nucleus, gives
the following limits: τp,n � 1.1 · 1026 y [172, 173], τnn � 4.2 · 1025 y and
τnp � 2.1 · 1025 y [174].

4. Search for prompt γ quanta emitted by a nucleus in a deexcitation process
after nucleon decays within the inner nuclear shell. The search for the γ quanta
with the energy in the interval 19Ä50 MeV, which should appear in the decay
of a neutron in the inner shell of 16O, performed with the Kamiokande detector,
gives the limit τn � 4.9 · 1026 y [175]. Recently, more stringent limits have
been obtained with the SNO while searching for the γ quanta with the energy of
6Ä7 MeV: τn � 1.9 · 1029 y, and τp � 2.1 · 1029 y [176].

5. Detection of neutrinos from the nucleon decays N → 3ν and NN → 2ν
within the Earth. In 1979 Learned, Reines, and Soni [177] obtained a limit on
the lifetime of the neutron τ(n → 3νµ) � 5.0 · 1026 y from the data of the large
volume scintillator detector. The search for the geo-neutrinos performed with the
900 t iron detector Frejus, gave the following results: τ(n → 3νµ) � 1.2 · 1026 y,
τ(n → 3νe) � 3.0 · 1025 y, τ(nn → 2νµ) � 6.0 · 1024 y, and τ(nn → 2νe) �
1.2 · 1025 y [178].

6. Search for bremsstrahlung Å quanta emitted due to the sudden dis-
appearance of the neutron magnetic moment, suggested by Glicenstein. The
mode-dependent limits have been obtained for the neutron lifetime τ(n → 3νi) �
2.3 · 1027 y, and τ(n → 5νi) � 1.7 · 1027 y, using the Kamiokande data on the
γ-quanta 	ux with the energies higher than 100 MeV [179].

7. Study of the radioactive decay of the daughter nuclei, created as a result
of the nucleon or dinucleon decays of the mother nuclei. This method was
ˇrst exploited by the DAMA group with a liquid Xe detector [180]. The limit
obtained for the lifetime of the 129Xe nucleus with respect to the decay nn → 2ν,
is τ � 1.2 ·1025 y. This method, as well as the geochemical one, does not depend
on the decay mode.

5.1. Search for Nucleon Decays with the Borexino Counting Test Facility.
The CTF-II detector has been used for the search of the nucleon decay in the
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nuclei of carbon and oxygen [154]. If the daughter nuclei are radioactive, their
decays can be detected.

Eight unstable nuclei are formed in the nucleon and dinucleon decays of
two carbon isotopes 12C and 13C, and 16O; half of them being β− emitters; and

Table 8. The daughter nuclei for the decays n → 3ν, p → 3ν, nn → 2ν, pp → 2ν and
np → 2ν in the stable isotopes of carbon and oxygen

nn → 2ν n → 3ν N(A, Z)

np → 2ν p → 3ν

pp → 2ν

Z = 8 14O (β+) 15O (β+) 16O (stable)

Z = 7 13N (β+) 14N (stable) 15N (stable)

Z = 6 10C (β+) 11C (β+) 12C (stable) 13C (stable) 14C (β−)

Z = 5 9B (β+) 10B (stable) 11B (stable) 12B (β−)

Z = 4 8Be (stable) 9Be (stable) 10Be (β−) 11Be (β−)

N = 4 N = 5 N = 6 N = 7 N = 8

the other half β+, emitters (Table 8). The main characteristics of the daughter
nuclei decay are shown in Table 9. The β+ decays of the 11C and 10C daughter
nuclei can be registered in the case of the nucleon decay in 12C. The isotope
10Be has too big lifetime to be registered, T1/2 = 1.6 ·106 y, and can be removed
at the stage of the scintillator puriˇcation. Despite the low abundance of the
13C isotope, just 1.1%, the decays p → 3ν and pn → 2ν in it result in the
formation of the β−-radioactive nuclei 12B and 11Be with an end-point energy of
more than 10 MeV, which can be easily detected. Moreover, the lifetime of 12B
is only 30 ms, which makes possible the selection of the delayed coincidences.
The nucleon decay in the stable isotope 16O of the water shielding results in 3
radioactive daughter nuclei; but only the decays accompanied by the γ emission
can be effectively detected, all other radiation is absorbed in the shielding. The
14C nucleus is β−-decaying into the ground state, as well as the 15O nucleus
(β+ decay). The latter can be in principle registered by the annihilation quanta.
The best candidate is the 14O nucleus, which decays into the excited level of
14N with an almost 100% branching ratio, releasing in the de-excitation process
a γ-quantum of 2.3 MeV energy and two annihilation quanta. In this way, 5
candidate daughter nuclei were selected for the search for the N and NN decays
with the CTF detector.

After the nucleon disappearance, the daughter nucleus can be left in the
excited state. If the excitation energy is higher than the minimal binding energy
of the nucleons in the daughter nucleus, de-excitation with the emission of protons,
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neutrons and γ particles instead of γ quanta is possible. These processes do not
result in the listed nuclei and should be excluded from consideration. Appearance
of the prompt γ quanta was not considered in the data analysis for two reasons:
because of the big lifetimes of the daughter nuclei (excluding 12B), and also

Table 9. Candidate couples of parent-daughter nuclei: the initial isotope abundance,
decay with �B = 1, 2; and characteristics of the daughter nuclei

Parent nucleus,
abundance

Decay Daughter
nucleus

T1/2 The scheme of
the decay

12
6C n 11

6C 20.4 m β+ (99.8%), Q = 1.98 MeV

(98.9%) p 11
5B Stable

nn 10
6C 19.2 s β+, Q = 3.65 MeV

np 10
5B Stable

pp 10
4Be 1.6 · 106 y β−, Q = 0.56 MeV

13
6C n 12

6C Stable

(1.07%) p 12
5B 20.4 ms β−, Q = 13.37 MeV

nn 11
6C 20.4 m β+ (99.8%), Q = 1.98 MeV

np 11
5B Stable

pp 11
4Be 13.8 s β−, Q = 11.51 MeV

16
8O n 15

80 122 s β+ (99.9%), Q = 2.75 MeV

(99.8%) p 15
7N Stable

nn 14
8C 70.6 s β+, Q = 5.15 MeV

np 14
7B Stable

pp 14
6C 5730 y β−, Q = 0.156 MeV

due to the uncertainties in the number of the emitted quanta, their energy, and
suppression of these events by the muon veto. Thus, it is necessary to deˇne the
number of the nucleons and nucleon pairs in the mother nucleus for which the
daughter nucleus will emit only γ quanta. For this purpose the following method
can be used [171, 180]. After the decay of the nucleon (for simplicity, let us
assume that it is a neutron) in the mother nucleus N(A, Z) with binding energy
Eb

n(A, Z), the daughter nucleus is left in the excited state with the energy Eexc =
Eb

n(A, Z) − Sn(A, Z), where Sn(A, Z) is the binding energy of the last nucleon
(neutron in our case) in the N(A, Z) nucleus. The excitation energy should be
lower than the minimal binding energy of the last proton, neutron or α particle in
the daughter nucleus SNmin(A− 1, Z); this condition will guarantee de-excitation
by γ quanta. In this way, the condition of nondestruction of the daughter nucleus
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is: Eb
n(A, Z) < Sn(A, Z)+SNmin(A−1, Z). The same conditions can be written

for the decay of the proton, np and pp pairs. For example, for the case of a two
neutron decay the condition for the binding energies of the decaying neutron is:
Eb

n1(A, Z) + Eb
n2(A, Z) < S2n(A, Z) + SNmin(A − 2, Z). The values of the

upper limits on the binding energy of the decaying nucleons and nucleon pairs
are shown in Table 10. The values of the nucleon binding energies SN , SNN
are from [152].

Table 10. Separation energies Sn, Sp, and Sα for the parent and daughter nuclei.
Upper limits on the nucleon binding energies ensuring de-excitation of the daughter
nucleus by γ quanta

Decay Transition Sn,p, Snn,pp

of the parent
nucleus

Sn of the
daughter
nucleus

Sp of the
daughter
nucleus

Sα of the
daughter
nucleus

Limit on

Eb
N ,

Eb
N1+Eb

N2

p 13
6C → 12

5B 17.5 3.4 14.1 10.0 20.9

n 12
6C → 11

6C 18.7 13.1 8.7 7.5 26.2

nn 12
6C → 10

6C 31.8 21.3 4.0 5.1 35.8

nn 16
8O → 14

8O 28.9 23.2 4.6 10.1 33.5

pp 13
6C → 11

4Be 31.6 0.5 11.5 8.7 32.1

Comparing the obtained limits on the binding energies with the shell energies
1S1/2 and 1P3/2 for 12C nucleus (Table 10), one can conclude that the decays
n → 3ν and nn → 2ν for the nucleons on 1P3/2 shell are accompanied only by
γ quanta. The same scenario is realized for the decays p → 3ν and pp → 2ν
in 13C nucleus. Only a pair of neutrons on 1P1/2 shell satisˇes the condition of
nondestruction of the daughter nucleus for the decay nn → 2ν in the 16O nucleus.

The expected response functions of the CTF detector and related efˇciencies
for the decay of the unstable daughter nuclei 10C, 11C, 14O, 12B, and 11Be were
simulated with the EGS4 package. The number of the initial electrons and γ
quanta emitted in the decay of the nucleus and their energies were generated
according to the decay schemes [181]. The events were supposed to be uniformly
distributed in the whole volume of the liquid scintillator and in the 1 m thick
water layer close to the LS. The energy and spatial resolution of the detector, ion-
ization quenching factors for the electrons and gammas, muon veto and triggering
efˇciency were taken into account in the simulations. The calculated responses
for the decays of 10C, 11C, and 14O in the liquid scintillator are shown in Fig. 9
in comparison with the observed background spectrum.

The experimental data give no strong evidence of the expected N and NN
decay response functions, thus allowing bounds only to be set on the processes
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Fig. 9. Energy distribution of the
CTF-II installation collected dur-
ing 29 days with all the cuts.
The expected response functions
of the detector are also shown for
11C (3.4 · 103 decays in the liq-
uid scintillator; the corresponding
mean lifetime for the n decay is
τn = 1.8 · 1025 y), 10C (6.8 · 102

decays; τnn = 4.4 × 1025 y),
and 14O (1.4 · 104 decays in a
1 m thick water layer around the
sphere with the liquid scintillator;
τnn = 5.7 · 1024 y)

being searched for. In order to extract the limits on the relevant mean lifetimes, in
the study it was conservatively assumed that all events in the CTF-II experimental
spectrum in the corresponding energy range ∆E are due to nucleon decays.

The mean lifetime limit was estimated using the formula

τlim = ε∆ENnuclNobj t/Slim = NnuclNobj t/Dlim, (21)

where ε∆E is the detection efˇciency in the ∆E energy window calculated in
the full simulation of the relevant process, taking into account the radial cut
efˇciency εR, and probability of identiˇcation by the muon veto η; Nnucl is the
number of parent nuclei; Nobj is the number of objects (n, p or NN pairs) inside
the parent nucleus whose decay will give a speciˇc daughter nucleus; t is the
time of measurements; Slim is the number of events (in the ∆E window) due to
a particular effect which can be excluded with a given conˇdence level on the
basis of experimental data; and Dlim = Slim/ε∆E is the corresponding number
of decays in the liquid scintillator/water.

For the nn decay, there are four neutrons at the outermost 1P3/2 level of
12C which gives the number of nn pairs Nobj = 2. The disappearance of the
nn pair from this level will result in a 10C nucleus in the ground state. For the
16O nucleus only one nn pair has been taken into account in the outermost 1P1/2

orbit (the nn decay in the deeper levels will result in the 16O nucleus being too
excited).
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For the n decay in 12C a similar approach has been used, comparing the
simulated response function for the 11C decay with the experimental spectrum in
the energy region 1.0Ä1.1 MeV (Fig. 9).

As for the p and pp decays into the invisible channels, the p disappearance
in 13C will result in 12B nuclei, β−-decaying with a high energy release, Q =
13.370 MeV. The pp decays in 13C will produce 11Be nuclei, also β−-decaying
with Q = 11.508 MeV (with a probability of a decay to the ground state of
57%). The fact that no candidate scintillation events were observed in the CTF-II
spectrum with the energies higher than 4.5 MeV (Fig. 8) allows one to estimate
τlim for the p and pp instabilities. The suppression of high-energy tails in the β
decays of 12B and 11Be has been taken into account using the probability η(E)
for identiˇcation of an event with the energy E in the LS by the muon veto.

Table 11. Mean lifetime limits, τlim (at 90% CL) for the N and NN decays in the
CTF-II

Decay Nnucl Nobj Dlim τlim, y Previous

p 13
6C → 12

5B 2.1 · 1027 4 6.2 1.1 · 1026 3.5 · 1028 [170]

n 12
6C → 11

6C 1.9 · 1029 4 3.4 · 103 1.8 · 1025 2.3 · 1027 [179]

nn 12
6C → 10

6C 1.9 · 1029 2 6.8 · 102 4.4 · 1025 1.2 · 1025 [178]
16
8O → 14

8O 9.8 · 1029 1 1.4 · 104 5.7 · 1024 Å

pp 13
6C → 11

4Be 2.1 · 1027 2 6.7 5.0 · 1025 5.5 · 1023 [180]

Note. Nnucl is the number of parent nuclei; Nobj is the number of objects (n, p, and NN
pairs) per parent nucleus; Dlim is the excluded number of decay events.

All the mean lifetime limits obtained, together with the numbers of parent
nuclei, Nobj, and the numbers of decay events are summarized in Table 11. One
can see that the established limits for nn and pp decays are the best up-to-date
limits set by any method, including radiochemical and geochemical experiments.

6. EXPERIMENTAL LIMITS ON THE HEAVY
NEUTRINO MIXING IN THE 8B DECAY

If neutrinos have mass, then the heavier one can decay to a lighter one
[87,182]. The simplest detectable decay modes in the framework of an extended
Standard Model (SM) are the radiative decay νH → νL + γ and decay into an
electron, positron and a light neutrino:

νH → νL + e+ + e−. (22)
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The e+e− decay mode, which becomes possible if mνH � 2me, results from
a W exchange diagram, as shown in Fig. 10.

Fig. 10. Feynman graphs describing the appearance (8B → 8Be + e+ + νH ) and decay
(νH → νL + e+ + e−) of a heavy neutrino

After the discovery of the atmospheric, solar and reactor neutrino oscillations,
the heavy neutrino cannot be associated with one of the three mass eigenstates
forming three known neutrino 	avors. Moreover, this fourth neutrino has to be
coupled in the (e − W ) vertex with the UeH and GF constants but it cannot be
coupled (or coupled very weakly) to the Z boson. Many extensions of the SM
predict the existence of a sterile neutrino: a singlet fermion can be a mirror neu-
trino, goldstino in SUSY, modulino of the superstring theories, or a bulk fermion
related to the existence of extra dimensions [183]. In general, the sterile neutrino
may have an arbitrary mass and can mix with all the three active neutrinos.

The decay rate for this mode in the centre-of-mass system of the decaying
neutrino is [87,182]:

Γcm
∼=

GF
2

192π3
m5

νH
|UeH |2|UeL|2h

[
me

2

m2
νH

]
, (23)

where UeH is the mixing parameter of the heavy neutrino to the electron,
GF

2/192π3 = 3.5 · 10−5 MeV−5 · s−1; h[me
2/m2

νH
] is the phase-space fac-

tor calculated in [87]; the mixing parameter of the light neutrino UeL satisˇes
the condition |UeL|2 �1. In the SM the probability of the e+e− mode is much
higher than for radiative decay: e.g., for mνH = 5 MeV (and |UeH |2 ∼1) one
obtains τ(νH → νLe+e−) ≈ 10 s against τ(νH → νLγ) ∼ 1010 s.

The possible decay of massive antineutrinos from a reactor νH → νL + e+ +
e− was studied in [184Ä187]; the latter gives the strongest restrictions on the
mixing parameter (|UeH |2 < (0.3−5) · 10−3 in the mass region mνH ∼ (1.1Ä
9.5) MeV). Accelerator experiments performed in a beam of neutrinos from the
π and K decays constrain the coupling of still heavier neutrinos (see [18] and
refs. therein). A heavy neutrino with a mass up to 15 MeV can be produced in
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the Sun in the reaction 8B → 8Be+e+ +ν, then it can decay in 	ight. The upper
limit |UeH |2 ∼ 10−5 was obtained by considering data on the positron 	ux in the
interplanetary space [188].

More restrictive bounds were obtained from the SN1987A data [189Ä192].
On the other hand, the Big Bang nucleosynthesis requires a fast decay branch
([189Ä192] and refs. therein). This fast mode could be realized by the decay of a
heavy particle into a Goldstone boson and a light neutrino. Obviously, this decay
mode should be slower than � 500 s, which is the time needed for the particle to
reach the detector.

The bounds on the parameters |UeH |2 and mν were obtained from the CTF-II
spectrum, comparing it with the energy spectrum expected for the νH -decay [193].
To calculate the latter, one has to know the 	ux of heavy neutrinos through
the detector Φ(Eν), kinetic energy of the created e+e− pairs, and the response
function of CTF-II to two annihilation quanta.

The emission of a heavy neutrino, coupled to an electron, in the β+ decay
of 8B is suppressed by the mixing parameter |UeH |2 and a phase-space factor:

Φmν (Eν) = |UeH |2
√

1 −
(

mνH

Eν

)2

Φ8B(Eν), (24)

where Eν is the total energy of the heavy neutrino (Φmν (Eν) = 0 for Eν < mν ).
The neutrino spectrum from the 8B decay Φ8B(Eν) given in [79] has been used
in the calculation.

The heavy neutrino emitted in the Sun can decay in its 	ight to the Earth.
The energy spectrum of the neutrinos reaching the detector is given by

Φ(Eν) = exp (−τf/τcm)Φmν (Eν),

where 1/τcm = Γcm according to (23). τf is the time of 	ight in c.m.s.

τf =
mνH

Eν

L

βc
. (25)

Here L = 1.5 · 1013 cm is the average distance between Sun and Earth and
β =

√
1 − (mν/Eν)2.

The double differential distribution for the energy ε and emission angle θ of
the light neutrino νL for the c.m.s. was obtained in [194].

The experiment is not as sensitive for the low |UeH |2 (due to the low proba-
bility of the νH decay) as for the high values of |UeH |2 because in this case νH

decays during its 	ight from the Sun. The maximum Sint(|UeH |2) for the ˇxed
mν and Eν corresponds to |UeH |2 = 2(|UeH |2τcm)/τf , where τcm = 1/Γcm and
τf are deˇned by (23) and (25). The region of restricted values of the parameters
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Fig. 11. Limits on the mixing parameter |UeH |2 as a function of neutrino mass mν (90%
CL). 1 Å the present work excludes the values of |UeH |2 and mν inside the dotted region;
2, 3 Å upper limits from the reactor experiments on the search for the νH → νL +e++e−

decay [34, 187]; 4 Å upper limits from the π → e + ν decay [195]

|UeH |2 and mν are shown in Fig. 11 in comparison with the results of the reac-
tor experiments [34, 184Ä187] and the search for massive neutrinos in the decay
π+ → e+νe in accelerators [195]. For the neutrino mass region 4Ä10 MeV the
obtained limits on the mixing parameter are stronger than those obtained in the
previous experiments using nuclear reactors and accelerators.

CONCLUSIONS

Presented discussion of the selected topics in the ˇeld of the experimental
nonaccelerating physics demonstrates an extraordinary sensitivity of the Borexino
prototype to the rare processes. Despite of the comparatevely small detectors's
volume the achieved background level permitted to obtain a number of new
physical results:

• The limits on the electromagnetic properties of low-energy neutrinos. A
new upper limit on the neutrino magnetic moment from the pp- and 7Be-solar
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neutrinos is µν � 5.5 · 10−10µB (90% CL) in the assumption of SSM neutrino
	uxes. This value is only 3 times weaker than the ones obtained using reactor
neutrinos and 8B-solar neutrinos.

• The lower limit on the mean lifetime of the pp and 7Be neutrino relative
radiative decay is obtained: τcm(νH → νL + γ)/mν � 4.2 · 103 s · eV−1 (α = 0).
It is more than one order of magnitude stronger than that obtained in the previous
experiments using nuclear reactors and accelerators.

• A new lower limit on the mean lifetime for the decay e → γ + ν is
established: τ � 4.6 · 1026 y (90% CL).

• New limits on the non-Paulian transitions of nucleons from the P shell to
the 1S1/2 shell in 12C and 16O with emission of γ, n, p, α, and β± particles are
obtained.

• New limits on the N and NN decays into the invisible channels (disappear-
ance, decays to neutrinos, majorons, etc.) are set. The established limits for the
nn and pp decays (τ(nn → inv) > 4.9 · 1025 y, τ(pp → inv) > 5.0 · 1025 y with
90% CL) are the best up-to-date limits set by any method, including radiochemical
and geochemical experiments.

• New limits on the mixing parameter |UeH |2 of a massive neutrino in
the mass range 1.1Ä12 MeV are set. These limits are more than one order of
magnitude stronger than those obtained in the previous experiments using nuclear
reactors.

These results show the sensitivity level of the modern low-background low-
treshold liquid scintillator detectors. One can expect signiˇcant improvement of
the discussed limits with a larger detectors, such as the full-scale 300 t Borexino
detector or the upgraded version of the 1000 t KamLAND detector with a lower
threshold.
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