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Abstract

The results of background measurements with the second version of the BOREXINO Counting Test Facility (C
installed in the Gran Sasso Underground Laboratory, were used to obtain limits on the instability of nucleons, bounded
for decays into invisible channels (inv): disappearance, decays to neutrinos, etc. The approach consisted of a search fo
of unstable nuclides resulting fromN andNN decays of parent12C, 13C and16O nuclei in the liquid scintillator and the wate
shield of the CTF. Due to the extremely low background and the large mass (4.2 t) of the CTF detector, the most stri
competitive) up-to-date experimental bounds have been established:τ(n → inv) > 1.8× 1025 yr, τ(p → inv) > 1.1× 1026 yr,
τ(nn → inv) > 4.9× 1025 yr andτ(pp → inv) > 5.0× 1025 yr, all at 90% C.L.
 2003 Published by Elsevier Science B.V.

PACS: 11.30; 11.30.F; 12.60; 29.40.M
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1. Introduction

The baryon (B) and lepton (L) numbers are consid
ered to be conserved in the Standard Model (SM14
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14 It should be noted that nonperturbative effects at high ener

can lead to theB andL violation even in the SM [1].
However, no symmetry principle underlies these la
such as, e.g., gauge invariance, which guarantees
servation of the electric charge. Many extensions
the SM includeB andL violating interactions, pre
dicting the decay of protons and neutrons bounde
nuclei. Various decay mechanisms with�B = 1, 2
and�(B − L) = 0, 2 have been discussed in the
erature intensively [2,3]. A novel baryon number
olating process, in which two neutrons in a nucle
disappear, emitting a bulk majoronnn → χ , was pro-
posed recently [4]; the expected mean lifetime w
estimated to be∼ 1032–39 yr. Additional possibili-
ties for the nucleon (N ) decays are related to theori
which describe our world as a brane inside high
dimensional space [5,6]. Particles, initially confin
to the brane, may escape to extra dimensions,
disappearing for the normal observer; the charac
istic proton mean lifetime was calculated to beτ (p) =
9.2× 1034 yr [7]. Observation of the disappearance
e−, N , NN would be a manifestation of the existen
of such extra dimensions [6].

No evidence for nucleon instability has been fou
to date. Experimental searches [8] with the IM
Fréjus, (Super)Kamiokande and other detectors h
been devoted mainly to nucleon decays into stron
or electromagnetically interacting particles, where
wer limits on the nucleon mean lifetime of 1030–33 yr
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were obtained [9]. At the same time, for mod
where N or NN pairs disappear or they decay
some weakly interacting particles (neutrinos, m
jorons, etc.), the experimental bounds are a few ord
of magnitude lower. Different methods were applied
set limits for such decays15 (see Table 1 for summary

(1) Using the limit on the branching ratio o
spontaneous fission of232Th under the assumption th
p or n decay in232Th will destroy the nucleus [10]
The bound on the mean lifetime obtained in t
way can be considered independent of thep or n

decay mode, since the232Th nucleus can be destroye
either by strong or electromagnetic interactions
daughter particles with the nucleus or, in the case oN

disappearance, by subsequent nuclear deexcit
process.

(2) Search for a freen created afterp decay or
disappearance in the deuterium nucleus (d = pn) in
a liquid scintillator enriched in deuterium [11] or in
volume of D2O [12,16,17].

(3) Geochemical [13] or radiochemical [14] sear
for daughter nuclides which have appeared afteN

decays in the mother nuclei (valid for decays in
invisible channels).

(4) Search for promptγ quanta emitted by a
nucleus in a de-excitation process afterN decays
within the inner nuclear shell [18] (valid for invisibl
channels).

(5) Considering the Earth as a target with nucle
which decay by emitting electron or muon neutrin
the νe , νµ can be detected by a large undergrou
detector [19,20] (valid for decay into neutrinos wi
specific flavors).

(6) Search for bremsstrahlungγ quanta emitted du
to a sudden disappearance of the neutron magn
moment [21] (limits depend on the number of emitt
neutrinos).

(7) Study of radioactive decay of daughters (tim
resolved from prompt products), created as a resu
N or NN decays of the mother nuclei, incorporat
into a low-background detector (valid for decay in

15 We are using the following classification of decay chann
decay to invisible channel (inv) means disappearance or decay
weakly interacting particles (one or few neutrinos of any flavo
majorons, etc.). Channel toanything, mentioned below, include
also decays toinv.
invisible channels). This method was first exploited
the DAMA group with a liquid Xe detector [15].

In the present Letter we use the same appro
to search forN andNN instability with the Count-
ing Test Facility, a 4.2 t prototype of the multito
BOREXINO detector for low energy solar neutrin
spectroscopy [23]. The preliminary results were p
sented in [24].

2. Experimental set-up and measurements

2.1. Technical information about CTF and
BOREXINO

BOREXINO, a real-time 300 t detector for low
energy neutrino spectroscopy, is nearing comple
in the Gran Sasso Underground Laboratory (see
and references therein). The main goal of the dete
is the measurement of the7Be solar neutrino flux via
ν–e scattering in an ultra-pure liquid scintillator, whi
several other basic questions in astro- and par
physics will also be addressed.

The Counting Test Facility (CTF), installed in th
Gran Sasso Underground Laboratory, is a prototyp
the BOREXINO detector. Detailed reports on the C
results have been published [23,25,26], and only
main characteristics of the set-up are outlined here

The CTF consists of an external cylindrical wa
tank (�11 × 10 m; ≈ 1000 t of water) serving a
passive shielding for 4.2 m3 of 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 (U,
Th),≈ 10−12 g/g (K) and< 2 µBq/l for 222Rn is used
for the shielding. The LS was purified to the level
� 10−16 g/g in U/Th contamination.

We analyze here the data following the upgra
of the CTF (CTF-II). The liquid scintillator used a
this stage was a phenylxylylethane (PXE, C16H18)
with p-diphenylbenzene (para-terphenyl) as a p
mary wavelength shifter at a concentration of 2 g/l

along with a secondary wavelength shifter 1, 4-b
(2-methylstyrol)-benzene (bis-MSB) at 50 mg/l. The
density of the scintillator is 0.996 kg/l. The scintilla-
tor principal de-excitation time is less than 5 ns wh
provides a good position reconstruction. In the CTF
an additional nylon screen between the scintillator v
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ches (see

Table 1
Lower limits on the mean lifetime for decay of nucleons, bounded in nuclei, into invisible channels established in various approa
footnote 15 for channels classification)

N or NN decay τ limit, yr and C.L. Year, reference and short explanation

p → anything 1.2× 1023 1958 [10] limit on232Th spontaneous fission
3.0× 1023 1970 [11] search for freen in liquid scintillator

enriched in deuterium (d → n+?)
4.0× 1023 95% 2001 [12] freen in D2O volume

→ inv 7.4× 1024 1977 [13] geochem. search for130Te→ ·· · → 129Xe
1.1× 1026 1978 [14] radiochem. search for39K → ·· · → 37Ar
1.9× 1024 90% 2000 [15] search for128I decay in129Xe detector

∼ 1028 2002 [16] freen in D2O volume
3.5× 1028 90% 2003 [17] freen in D2O volume
1.1× 1026 90% 2003 [a] search for12B decay in the CTF detector

n → anything 1.8× 1023 1958 [10] limit on232Th spontaneous fission
→ inv 8.6× 1024 1977 [13] geochem. search for130Te→ ·· · → 129Xe

1.1× 1026 1978 [14] radiochem. search for39K → ·· · → 37Ar
4.9× 1026 90% 1993 [18] search forγ with Eγ = 19–50 MeV emitted in

15O deexcitation in Kamiokande detector
1.8× 1025 90% 2003 [a] search for11C decay in the CTF

→ νµν̄µνµ 5.0× 1026 90% 1979 [19] massive liquid scint. detector fired byνµ

in result ofn decays in the whole Earthb,c

1.2× 1026 90% 1991 [20] Fréjus iron detector fired byνµc

→ νeν̄eνe 3.0× 1025 90% 1991 [20] Fréjus iron detector fired byνed

→ νi ν̄i νi 2.3× 1027 90% 1997 [21] search for bremsstr.γ with Eγ > 100 MeV
emitted due to sudden disapp. ofn magn.
moment (from Kamiokande data)e

→ νi ν̄i νi ν̄i νi 1.7× 1027 90% 1997 [21] the same approache

nn → νµν̄µ 6.0× 1024 90% 1991 [20] Fréjus iron detector fired byνµf

→ νeν̄e 1.2× 1025 90% 1991 [20] Fréjus iron detector fired byνeg

→ inv 1.2× 1025 90% 2000 [15] search for127Xe decay in129Xe detector
4.2× 1025 90% 2002 [22] radiochem. search for39K → ·· · → 37Arh

4.9× 1025 90% 2003 [a] search for10C and14O decay in the CTF

pp → inv 5.5× 1023 90% 2000 [15] search for127Te decay in129Xe detector
5.0× 1025 90% 2003 [a] search for11Be decay in the CTF detector

pn → inv 2.1× 1025 90% 2002 [22] radiochem. search for39K → ·· · → 37Arh

a This work.
b The result of [19] was reestimated in [20] to be more than one order of magnitude lower.
c The limit is also valid forp → νµν̄µνµ decay.
d The limit is also valid forp → νeν̄eνe decay.
e i = e,µ, τ .
f The limit is also valid forpn andpp decays intoνµν̄µ.
g The limit is also valid forpn andpp decays intoνeν̄e .
h On the base of the data of Ref. [14].
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sel and PMTs (against radon penetration) and a m
veto system were installed.

The scintillation light is collected with 100 photo
tubes (PMT) fixed to a 7 m diameter support str
ture inside the water tank. The PMTs are fitted w
light concentrators which provide a total of 21% op
cal coverage. The number of photoelectrons meas
experimentally is 3.54 per PMT for 1 MeV electro
at the detector’s center.

For each event the charge and timing of hit PM
are recorded. Each channel is supported by an a
iary channel, the so-called second group of electr
ics, used to record all events coming within a time w
dow of 8.2 ms after the trigger, which allows taggi
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of fast time-correlated events with a decrease of
overall dead time of the detector. For longer dela
the computer clock is used providing the accuracy
≈ 0.1 s. Event parameters measured in the CTF
clude the total charge collected by the PMTs dur
0–500 ns, used to determine an event’s energy;
charge in the “tail” of the pulse (48–548 ns) whi
is used for pulse shape discrimination; PMT timin
used to reconstruct the event’s position; and the t
elapsed between sequential events, used to tag t
correlated events.

2.2. Detector calibration

The energy of an event in the CTF detector
defined using the total collected charge from all PM
In a simple approach the energy is supposed to
linear with respect to the total collected charge. T
coefficient linking the event energy and the to
collected charge is called light yield (or photoelectr
yield). The light yield for electrons can be consider
linear with respect to its energy only for energ
above 1 MeV. At low energies the phenomenon
“ionization quenching” violates the linear dependen
of the light yield vs. energy [27]. The deviation
from the linear law can be taken into account by
ionization deficit functionf (kB,E), wherekB is an
empirical Birks’ constant. For the calculations of t
ionitazion quenching effect for PXE scintillator w
used the KB program from the CPC library [28]. T
“ionization quenching” effect leads to a shift in th
position of the full energy peak for gammas on t
energy scale calibrated using electrons. In fact,
position of the 1461 keV40K gamma in the CTF-II
data corresponds to 1360 keV of energy deposited
an electron.

The detector energy and spatial resolution w
studied with radioactive sources placed at different
sitions inside the active volume of the CTF. A ty
ical spatial 1σ resolution is 10 cm at 1 MeV. Th
studies showed also that the total charge respons
the CTF detector can be approximated by a Gauss
For energiesE � 1 MeV (which are of interest here
the relative resolution can be expressed asσE/E =√

3.8× 10−3/E + 2.3× 10−3 (E is in MeV) [29] for
events uniformly distributed over the detector’s v
ume.
-

f

The energy dependence on the collected cha
becomes nonlinear for the energiesE � 4.5 MeV in
the first group of electronics because of the satura
of the ADCs used. In this region we are using only
fact of observing or not-observing candidate eve
hence the mentioned nonlinearity does not influe
the result of the analysis.

Further details on the energy and spatial resoluti
of the detector and ionization quenching for electro
γ quanta andα particles can be found in [29,30].

2.3. Muon veto

The upgrade of the CTF was equipped with a ca
fully designed muon veto system. It consists of 2 rin
of 8 PMTs each, installed at the bottom of the ta
The radii of the rings are 2.4 and 4.8 m. Muon ve
PMTs are looking upward and have no light conc
trators. The muon veto system was optimized in
der to have a negligible probability of registering t
scintillation events in the so-called “neutrino ener
window” (250–800 keV). The behaviour of the mu
veto at the higher energies has been specially s
ied for the present work. Experimental measureme
with a radioactive source (chain of226Ra) [31] gave,
for the probabilityη(E) of identification of an even
with energyE in the LS by the muon veto, the valu
of (1 ± 0.2)% in the 1.8–2.0 MeV region (see Fig.
later). The energy dependence ofη(E) was also calcu
lated by a ray-tracing Monte Carlo method account
for specific features of the light propagation in the C
which are detailed in [26]. The calculated function w
adjusted to reproduce correctly the experimental m
surements with the226Ra source.

2.4. Data selection

As it will be shown below, the candidate even
relevant for our studies, have to satisfy the followi
criteria: (1) the event should occur in the active volu
of the detector and must not be accompanied by
muon veto tag; (2) it should be single (not follow
by a time-correlated event); (3) its pulse shape m
correspond to that of events caused byγ orβ particles.

The selection and treatment of data (spatial c
analysis of an event’s pulse shape to distingu
between electrons andα particles, suppression o



28 H.O. Back et al. / Physics Letters B 563 (2003) 23–34

without
y
the
Fig. 1. Background energy spectra of the 4.2 t BOREXINO CTF-II detector measured during 29.1 d. From top to bottom: (1) spectrum
any cuts; (2) with muon veto; (3) only events inside the radiusR � 100 cm with additionalα/β discrimination applied to eliminate an
contribution fromα particles; (4) pairs of correlated events (with time interval�t � 8.2 ms between signals) are removed. In the inset,
simulated response function for external40K gammas is shown together with the experimental data.
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external background by the muon veto system, e
is similar to that in Ref. [30].

The experimental energy spectra in CTF-II, ac
mulated during 29.1 days of measurements, are sh
in Fig. 1. The spectrum without any cuts (spectrum
is presented on the top. The second spectrum is
tained by applying the muon cut, which suppressed
background rate by up to two orders of magnitude,
pending on the energy region.

On the next stage of the data selection we app
a cut on the reconstructed radius. In the ene
region 1–2 MeV we usedR � 100 cm cut aiming
to remove the surface background events (ma
due to the 40K decays outside the inner vess
and leave the events uniformly distributed over
detector volume. The efficiency of the cut has be
studied with MC simulation and lays in the ran
of εR = 0.76–0.80 in the energy region 1–2 MeV
Additional α/β discrimination [25] was applied t
eliminate contribution fromα particles (spectrum 3 in
Fig. 1).

The time-correlated events (that occurred in
time window�t < 8.2 ms) were also removed (spe
trum 4). The peak at 1.46 MeV, present in all spec
is due to40K decays outside the scintillator, mainly
the ropes supporting the nylon sphere. The peak-
structure at∼ 6.2 MeV is caused by saturation of th
electronics by high-energy events. The lower spect
of Fig. 1 presents all the candidate scintillation eve
in the search for the decay of radioactive nuclides c
ated in the active volume of the CTF after the nucle
disappearance in parent nuclei.
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3. Data analysis and results

3.1. Theoretical considerations

The decay characteristics of the daughter nuclid
resulting fromN andNN decays in parent nuclei—
12C, 13C and16O—contained in the sensitive volum
of the CTF liquid scintillator or in the water shield, a
listed in Table 2.

After the disappearance of one or two nucleo
in the parent nuclide, one or two holes appear
the nuclear shells; these holes will be filled in
subsequent nuclear de-excitation process, unless
nucleons reside on the outermost shells. If the ini
excitation energy,Eexc, is higher than the bindin
energySN of the least bound nucleon (N is p or n),
the nucleus will be de-excited by particle emissionp,
n, α, d , etc.); otherwise (Eexc < SN ) a γ quantum
will be emitted. In the following, we will take into
consideration theN and NN decays from the las
filled single-particle levels, when onlyγ quanta could
be emitted. Thus the daughter nucleus is exa
known. We also neglect by the prompt signal fro
gamma quanta emitted in initial deexcitation proc
(in particular, because of generally big half liv
of daughter nuclei, and uncertainty in the num
of emittedγ ’s, their energies, and rejection of hig
energy events by the muon veto), and search only
subsequent radioactive decay of created nuclei.

The number of nucleons or nucleon pairs par
ipating in the process can be calculated follow
Refs. [13,15]. For example, after the decay of a n
tron with binding energyEb

n(A,Z), the excitation
energy of the(A − 1,Z) daughter nucleus will be
Eexc = Eb

n(A,Z) − Sn(A,Z). The condition to emit
only γ quanta in the deexcitation process,Eexc <

SN(A − 1,Z), gives this restriction on the neutro
binding energy:Eb

n(A,Z) < Sn(A,Z)+SN(A − 1,Z).

Similar equations can be written forp, pp, pn and
nn decays (see Ref. [15]). The values of the sep
tion energiesSN andSNN were taken from Ref. [34]
For single-particle energies of nucleonsEb

p,n on nu-
clear shells we used the continuum shell model ca
lations [35] for12C and13C, and the Hartree–Fock ca
culations with the Skyrme’s interaction [36] for16O.

3.2. Simulation of the response functions

The expected response functions of the CTF de
tor and related efficiencies for the decay of unsta
se
Table 2
Initial nuclei in the Counting Test Facility, their abundanceδ [32], processes with�B = 1,2 and characteristics of daughter nuclides [33]

Initial nucleus Decay Daughter nucleus, half-life, modes of decay and energy relea

12
6C n 11

6C T1/2 = 20.38 m,β+ (99.76%), EC(0.24%);Q = 1.982 MeV

δ = 98.93% p 11
5B Stable

nn 10
6C T1/2 = 19.2 s,β+; Q = 3.651 MeV

pn 10
5B Stable

pp 10
4Be T1/2 = 1.6× 106 yr, β−; Q = 0.556 MeV

13
6C n 12

6C Stable

δ = 1.07% p 12
5B T1/2 = 20.4 ms,β−; Q = 13.370 MeV

nn 11
6C T1/2 = 20.38 m,β+ (99.76%), EC(0.24%);Q = 1.982 MeV

pn 11
5B Stable

pp 11
4Be T1/2 = 13.8 s,β−; Q = 11.508 MeV

16
8O n 15

8O T1/2 = 122 s,β+ (99.89%), EC(0.11%);Q = 2.754 MeV

δ = 99.757% p 15
7N Stable

nn 14
8O T1/2 = 70.60 s,β+; Q = 5.145 MeV

pn 14
7N Stable

pp 14
6C T1/2 = 5730 yr,β−; Q = 0.156 MeV
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detector

tor;
Fig. 2. Energy distribution of the CTF-II installation collected during 29.1 d with all cuts. The expected response functions of the
are also shown for11C (3.4 × 103 decays in the liquid scintillator; corresponding mean lifetime for then decay isτn = 1.8 × 1025 yr), 10C
(6.8 × 102 decays;τnn = 4.4 × 1025 yr), and14O (1.4 × 104 decays in 1 m thick water layer closest to the sphere with liquid scintilla
τnn = 5.7× 1024 yr).
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daughter nuclei were simulated with the EGS4 pa
age [37]. The number of initial electrons andγ quanta
emitted in the decay of the nucleus and their ener
were generated according to the decay schemes
The events were supposed to be uniformly distribu
in the whole volume of the liquid scintillator (and
a water layer close to the LS). The energy and spa
resolution of the detector [29], light quenching facto
for electrons and gammas [28],µ veto and triggering
efficiency were taken into account in the simulatio
The calculated responses for the decay of11C and10C
in the liquid scintillator (created aftern andnn dis-
appearance in12C, respectively) and14O in the water
shield (nn decay in16O) are shown in Fig. 2. In th
last case only the water layer of 1 m thickness clos
to the liquid scintillator was taken into consideratio
Contributions from layers further out are negligible
.

The CTF background was simulated as well
order to check the understanding of the detector.
simulated40K 1.46 MeV gamma peak together wi
experimental data is shown in the inset of Fig. 1. T
shift in the position of the full absorption peak is due
the ionization quenching effect (see Section 2.2). O
can see the good agreement between the experim
and simulated40K peak position and resolution.

3.3. Limits on probabilities of the N and NN

disappearance

The experimental data (see Fig. 2, where
spectrum with all cuts is shown in detail) gives
strong evidence of the expectedN and NN decay
response functions, thus allowing only bounds
be set on the processes being searched for. In
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present study, in order to extract the limits on t
relevant mean lifetimes, we assumed conservati
that all events in the CTF experimental spectrum
the corresponding energy range�E are due to nucleon
decays.

The mean lifetime limit was estimated using t
formula

τlim = ε�E ·Nnucl · Nobj · t

Slim

(1)= Nnucl ·Nobj · t

Dlim
,

where ε�E is the detection efficiency in the�E

energy window calculated in the full simulation
the relevant process, taking into account the ra
cut efficiencyεR , and probability of identification by
muon vetoη; Nnucl the number of parent nuclei;Nobj
the number of objects (n, p or NN pairs) inside
the parent nucleus whose decay will give the spec
daughter nucleus;t the time of measurements;Slim
the number of events (in the�E window) due to a
particular effect which can be excluded with a giv
confidence level on the basis of experimental data;
Dlim = Slim/ε�E the corresponding number of deca
in the liquid scintillator/water.

The parameters in (1) were defined in the followi
way. The mass of scintillator was defined measur
the buoyancy with a precision of 5%. The to
time of the data taking is 29.1 d and takes in
account the dead time of the electronics of� 3%.
The measurements were performed in runs of ab
24 h. The internal source of40K was used to chec
the energy calibration stability. The position of t
40K peak was defined for every run with statistic
accuracy of� 20 keV. No systematical shift in energ
scale with a time has been found. The same is v
for the energy resolution, which is directly connec
to the energy scale. In addition, all the respo
functions for the searched decays are wider t
detector’s resolution, hence the result is insensitiv
the observed energy scale uncertainties.

The probability of detecting scintillation events b
the muon vetoη = 1 ± 0.2% has been defined from
the experimental data for the energyE = 1.9 MeV.
This value is in agreement with the MC simulatio
For η(1.9 MeV) = 1.2% the changes in the integr
efficiency 1− η(E) is negligible in the case ofn and
nn decays, for thep and pp decays theε�E will
decrease by 7%.

3.3.1. n and nn disappearance
For thenn decay, there are four neutrons on t

outermost 1p3/2 level of 12C which gives the numbe
of nn pairs Nobj = 2. The disappearance of thenn
pair from this level will result in a10C nucleus in
the ground state. Taking into account the statist
uncertainty in the number of experimental events
the 2.0–3.0 MeV energy window(276 ± 17), we
calculateSlim = 297 at 90% C.L. Accounting for th
associated efficiencyε�E = 0.44, the limiting value
for 10C decays isDlim = 6.8× 102. With the values of
Nnucl = 1.9 × 1029 for 12C nuclei andt = 29.1 d, we
obtain

τlim
(
nn, 12C

) = 4.4× 1025 yr with 90% C.L.

For the 16O nucleus we will account for only on
nn pair on the outermost 1p1/2 orbit (nn decay in
deeper levels will result the16O nucleus being too
excited). With the number of16O nuclei (in a 1 m
thick water layer)Nnucl = 9.8 × 1029, Nobj = 1 and
Dlim = 1.4 × 104 for the energy region 2.2–2.6 MeV
the result is

τlim
(
nn, 16O

) = 5.7× 1024 yr with 90% C.L.

With the assumption that the mean lifetime of thenn

pair is the same in12C and16O nuclei, and thatnn
decays in both of them contribute to the experimen
spectrum simultaneously, one can obtain a sligh
more stringent limit fornn decay:

τlim(nn → inv) = 4.9× 1025 yr with 90% C.L.

For n decay in 12C we used a similar approac
just demanding that the simulated response func
for 11C decay should be equal to the experimen
spectrum in the energy region of 1.0–1.1 MeV (Fig.
In this way the valueDlim = 3.4×103 was determined
for the full number of11C decay events. Together wi
Nobj = 4 (four neutrons on the 1p3/2 level), it gives
the following limit:

τlim
(
n, 12C

) = 1.8× 1025 yr with 90% C.L.

3.3.2. p and pp disappearance
As for thep andpp decays into invisible channel

the p disappearance in13C will result in 12B nuclei,
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The tagged
Fig. 3. Probability of identification of an event with energyE in the scintillator by the muon veto (1). Theβ spectra of12B without (2) and
with (3) suppression by the muon veto are also shown in arbitrary units. For signals withE <� 3 MeV (10C, 11C and14O decays),µ veto
does not have a big effect on the overall efficiency. In the inset the experimental data taken with the radon source are presented.
events of214Bi–214Po at the energyE = 1.9 MeV are ‘seen’ by the muon veto system with an efficiency ofη = 0.01.
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the β− decaying with high energy releaseQ =
13.370 MeV. Thepp decays in13C will produce11Be
nuclei, also theβ− decaying withQ = 11.508 MeV
(with probability of decay to the ground state of 57%

To estimate theτlim for p andpp instabilities, we
use the fact that no candidate scintillation events w
observed in the CTF spectrum with energies hig
than 4.5 MeV (Fig. 2).

High energy release in the liquid scintillator c
activate the muon veto of the CTF, resulting
rejection of the event. We take into account suc
suppression of high energy tails inβ decays of12B
and11Be using the probabilityη(E) for identification
of an event with energyE in the LS by the muon
veto (Fig. 3). The beta spectra of12B and 11Be
without and with suppression by the muon veto
also shown in Fig. 3. The part of the12B beta
spectrum withE � 4.5 MeV reduced by a factor o
1 − η(E) gives an integrated efficiencyε�E = 0.39.
With zero observed events (and with the assump
of zero expected background), the limiting value
the number of events isSlim = 2.44 with 90% C.L. in
accordance with the Feldman–Cousins procedure
recommended by the Particle Data Group [9]. Thus
arrive at the valueDlim = 6.2 for 12B decay. Togethe
with Nnucl = 2.1× 1027 for parent13C nuclei and the
number ofNobj = 4 for protons in 1p3/2 orbit, we
obtain

τlim
(
p, 13C

) = 1.1× 1026 yr with 90% C.L.

In a similar way, for thepp decay in13C with the value
Nobj = 2 for the number ofpp pairs andε�E = 0.36,
the mean lifetime limit is

τlim
(
pp, 13C

) = 5.0× 1025 yr with 90% C.L.

All mean lifetime limits obtained here together wi
the numbers of parent nuclei,Nobj and the numbers o
decay events are summarized in Table 3.
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Table 3
Mean lifetime limits,τlim , (at 90% C.L.) forN andNN decays in the CTF.Nnucl is the number of parent nuclei;Nobj the number of objects
(n, p andNN pairs) per parent nucleus;Dlim the excluded number of decay events

Decay Nnucl Nobj Dlim τlim, yr

p 13
6C → 12

5B 2.1× 1027 4 6.2 1.1× 1026

n 12
6C → 11

6C 1.9× 1029 4 3.4× 103 1.8× 1025

nn 12
6C → 10

6C 1.9× 1029 2 6.8× 102 4.4× 1025

16
8O → 14

8O 9.8× 1029a 1 1.4× 104 5.7× 1024

pp 13
6C → 11

4Be 2.1× 1027 2 6.7 5.0× 1025

a In 1 m thick layer of water closest to the CTF liquid scintillator.
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4. Conclusions

Using the unique features of the BOREXIN
Counting Test Facility—the extremely low backgrou
the large scintillator mass of 4.2 t and the low ene
threshold—new limits onN andNN decays into in-
visible channels (disappearance, decays to neutr
majorons, etc.) have been set:

τ (n → inv) > 1.8× 1025 yr,

τ (p → inv) > 1.1× 1026 yr,

τ (nn → inv) > 4.9× 1025 yr and

τ (pp → inv) > 5.0× 1025 yr with 90% C.L.

Comparing these values with the data of Table
one can see that the established limits fornn and
pp decays are the best up-to-date limits set by
method, including radiochemical and geochem
experiments.

These limits are obtained in a very conservat
assumption that all events in the corresponding ene
region are due to the nucleon decays. The data f
the full scale BOREXINO detector will improve th
presented limits by at least two orders of magnitud
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