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Abstract

Data collected deep underground at the Gran Sasso National Laboratory of INFN by using.fheg DAMA liquid Xenon
scintillator have been analysed to search for nucleon and di-nucleon decays into invisible channels (d@gay to v; v; v;
or to 5v;, etc., withi = ¢, , 7) or disappearance. The considered statistics has been 225¢dakgrhe new obtained limits
are:t, = 1.9 x 1074 yr, 7, = 1.2 x 10°° yr andr,,, = 5.5 x 10°3 yr at 90% C.L. The latter values are the same or better than
those previously established by the Fréjus Collaboration; in particular, the limits fafthdecay intov, v, are set for the first
time.O 2000 Elsevier Science B.V. All rights reserved.

1. Introduction A(B — L) = 2 have been discussed in literature (see,

e.g., [1-3] and references therein), while the disap-

The baryon B) and lepton ) numbers are ab- Pearance ofnuclgon and'di-nuc!eon into “nothing”hgs

solutely conserved in the Standard Model due to un- P&en addressed in [4,5] in relation with possible exis-
broken global symmetry. However, the replacement of {€nce of extra timelike dimensions. _

global symmetries by local, often spontaneously bro- Stlrr_u_JIated by theoretical conslderatlons, nucleon

ken, gauge invariances is the mainstream in the de- instability has been searched for in many underground

velopment of the modern field theory. Consequently, €XPeriments with the help of massive detectors such
most of the current grand unified theories — includ- 2S IMB, Fréjus, Kamiokande, Superkamiokande and

ing those based on supersymmetry — predict viola- others (for experimental gctivity see [3,6,7] and ref-
tion of baryon and lepton numbers and, thus, the de- €r€nces therein). About e_lghty decay modes have been
cay of protons and neutrons bounded in nuclei. The analyzed; however, no evidence for the nucleons decay

processes WithAB = 1, AB = 2, A(B — L) = 0, has been found. A complete summary of the experi-
mental results can be found in the Review of Particle

Physics [8].
" Corresponding author. For the modes in which the nucleon decays to
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in the detector’s sensitive volume, the obtained life-  (2) In Ref. [14] the limitt(p —7?) > 3 x 10?3 yr
time limits are in the range of $8-10°3 yr, while was determined searching for neutrons born in liquid
for the modes where only weakly interacting decay scintillator, enriched in deuterium, as resulyoflecay
products (neutrinos) are produced, the limits are few in deuterium 0 — n+?);
orders of magnitude lower. Since the latest type of  (3) In Ref. [15] the limit:z(p — 3v) > 7.4 x 107
decay modes is the subject of this article, we will yr was determinedl searching for possible daughter
previously discuss the available experimental results nuclides on the basis of geochemical measurements
in some details. with Te ore #3%Te — 129Xe), while in Refs. [16,17]
The idea to consider the whole Earth as a source the limit: 7(p — 3v) > 1.1 x 10?6 yr was achieved by
with decaying neutrons bounded in nuclei and to deep underground radiochemical measurements with
search for related events in a massive detector has beeri710 kg of potassium acetate Ki@30, (3°K —
used in Ref. [9] in order to determine the life-time 37Ar). In the latter cases not only the baryon number

limit: 7(n — v, V,v,) > 5x 10?9 yrat 90% C.L. but also the electric charge conservation would be vi-

Using the same approach, the Fréjus Collaboration olated; however the authors considered that “experi-
has set the limitst(n — v,Teve) > 3.0 x 10%° yr menter would be wise not to exclude such processes
and t(n — v, v,v,) > 1.2 x 10°% yr at 90% C.L. from consideration a priori” [15].

[10]; in this case the emitted neutrinos had to produce As for the processes with B = 2, only the follow-
the detectable events into 700 t of iron in the Fréjus ing two bounds were determined by the Fréjus Col-
detector. In Ref. [10] the result of [9] was discussed laboration [10]:t(nn — v,7,) > 1.2 x 10?° yr and
and estimated to be lower by more than one order of t(nn — v,7,) > 6.0 x 1074 yr at 90% C.L. In princi-
maghnitude. ple, these limits are valid also for the: and pp de-
The Kamiokande Collaboration has searched for cays tov;v; with i = e, u, which violate the electric
y quanta with £, = 19-50 MeV emitted in the charge conservation.
deexcitation of thel®O nucleus. This nucleus can Although the restrictions described above — ob-
be produced by the disappearance of a neutron intained by exploiting very different ideas — are lower
the internal sy, shell of an %0 nucleus in the  upto ten orders of magnitude than those known for the
680 t water fiducial volume of that large Cherenkov channels with strongly or electromagnetically interact-

detector. The considered decay mode of tP@ is ing decay products, they are listed in the Review of
expected to have a branching ratio quite low7(2 Particle Physics [8] as giving valuable information on
10-5). The following restrictions were found:(n — the nucleon and di-nucleon stability. From this point
Vivivi, i =e,u, 1) > 49 x 107 yr at 90% C.L. of view, the restrictions obtained with some additional
[11]. approaches can also be of interest.

The most stringent life-time limit for the decay of As already mentioned, in the Fréjus and Kamiokan-
neutron was determined by J.F. Glicenstein [12] who de experiments the prompt and — because of the high
suggested to search for high energy bremsstrahlungenergy thresholds — high energy particles produced
y quanta £, > 100 MeV) emitted because of the by nucleon decays have been searched for. Here we
prompt disappearance of the neutron’s magnetic mo- use a different method. In fact, if the daughter nuclei,
ment. He used the data of the Kamiokande Collab- created after the nucleon or di-nucleon disappearance

oration to set the limitt(n — v;vv;,i = e, u, ) > in the parent nuclei, are radioactive (usually with
2.3 x 10?7 yr at 90% C.L. The limit for the decay to  energy release of few MeV or less), we can search for
five neutrinos was also calculated to bg¢z — 5v) > their decay using a proper detector with low energy
1.7 x 1077 yr at 90% C.L. [12]. threshold. If the half-life of the daughter nucleus is

For the proton decay, three approaches were used: greater than about 1 s, its decay will be separated
(1) In Ref. [13] the limitt(N —?) > 3 x 1023 yr
(N is p or n) was determined on the basis of the limit
for the branching ratio of32Th spontaneous fission 1y T o icuiated the value quoted in BV — 3v) > 1.6 x
and assuming that the nucleon decay will blow up the 16?5 yr (given for 52 particles: 28 neutrons and 24 protons) for 24
nucleus; protons which should be taken here into consideration.
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in time from the prompt products if any of them are

observable in the detector. By using this method we
can gain in the branching ratio (probability to obtain

specific daughter product) which will be close to 1

(instead of, e.g., Kamiokande’s2x 10~°) and —

if the parent and daughter nuclei are located in the
detector itself — in efficiency which will be also close

to 1 (instead of, e.g., the low Fréjus’ efficiency to

detect the neutrinos from the Earth).

The present paper describes the search for the nu-
cleon and di-nucleon instability based on this idea
and on measurements with the low-background de-
tector operating in the Gran Sasso National Labora-
tory of INFN: the~ 6.5 kg DAMA liquid Xe (LXe)
scintillator enriched in2°Xe at 99.5%. This detector
is operating deep underground since several years; it
was mainly developed for dark matter investigations
[18], but it was also used to study the electron sta-
bility (decayse™ — v,y and charge non-conserving
nuclear excitations), and the best up-to-date half-life
limits were set for these processes [19].

2. Experimental set-up and measurements

The LXe DAMA set-up ¢ 6.5 kg — i.e.~ 2|
of liquid Xenon scintillator) and its performance have
been described in Ref. [18] and only the main features
of the detector are summarized here.

The used gas is Kr-free Xenon enriched#fiXe at
99.5% by ISOTEC company. The U/Th contamination
of 129Xe does not exceed2 ppt at 90% C.L. The
vessel for the LXe is made of OFHC low radioactivity
copper & 100 uBq/kg for U/Th and< 310 uBqg/kg
for potassium).

The scintillation light is collected by three EMI
photomultipliers (PMTs) with Mgk windows, work-
ing in coincidence. The measured quantum efficiency
for normal incidence has a flat behaviour around the
LXe scintillation wavelength (175 nm); depending on
PMT, its value can range between 18% and 32%.
The PMTs collect the scintillation light through three
windows (3” in diameter) made of special cultured
crystal quartz (total transmission of the LXe ultra-
violet scintillation light is ~80%, including the re-
flection losses). A low radioactivity copper shield in-
side the thermo-insulation vacuum cell surrounds the
PMTs; then, 2 cm of steel (insulation vessel thick-
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ness), 5-10 cm of low radioactivity copper, 15 cm
of low radioactivity lead,~1 mm of cadmium and
~10 cm of polyethylene are used as outer hard shield-
ing. The environmental Rn near the external insula-
tion vessel of the detector is removed by continu-
ously flushing high purity Nitrogen gas (from bot-
tles stored underground for a long time) inside a
sealed Supronyl envelope, which wraps the whole
shield.

Each PMT is connected to a low noise preamplifier.
For every event the following data are stored: (i) am-
plitudes of each PMT pulse and (ii) amplitude and
shape of the sum pulse (recorded by a Lecroy transient
digitizer).

The energy dependence of the detector resolution
was measured [18] and can be expressed as following:
o/E =0.056+ 1.19/+/E, whereo andE are given in
keV. Some other information can be found in Ref. [18].

Counts/20 keV

Counts/ 10 keV

P . | 1 | Lvus
100

v b b b 1y | T |
150 200 250 300 350

400 450 600
Energy, keV

50

Fig. 1. Energy distribution measured by the LXe detector in
the 50-500 keV energy interval; the total statistics is 2257.7
kgxday (full histogram). The dotted line is the 90% C.L. excluded
distribution for'?7Te decay ¢,, = 5.5 x 10?2 yr); the dashed line

is the exclusion for?8| decay ¢, = 1.9 x 10%*yr). In the inset the
150-320 keV energy region is shown in linear scale together with
the fitting curve (dotted line) and the excluded distribution for the
127xe decay fun = 1.2 x 1020 ).



R. Bernabei et al. / Physics Letters B 493 (2000) 12-18 15

Table 1
Processes oV andN N decays in the DAMA LXe detector, daughter nuclides and their characteristics [20]. The energy release is given in MeV
Initial Decay Daughter nucleus, half-life, modes of decay and energy release
nucleus
1§2Xe n 1§§Xe stable
p 128 T1/2=2499 m B~ 94% (Q = 2.127); B+, EC 6% (Q = 1.258)
nn 127xe T1,=3641d EC (Q =0.664)
pn 120 stable
p 1277e T12=94h B~ (0 =0.694)

The experimental spectrum of the LXe scintillator The list of such daughter nuclides which could be
in the energy region 50-500 ké\with total statistics created in the LXe DAMA detector together with their
2257.7 kg day (8336 h of measurements) is shown in characteristics is given in Table 1. For completeness
Fig. 1. we take into consideration also tlp@ and pp decays
with electric charge non-conservation. The half-life
of all radioactive daughter nuclei is sufficiently long
to separate in time the signals in the detector from
prompty quanta, emitted in deexcitation process, and
subsequent nuclides decay.

In result of N or NN decay (disappearance), one  Response functions for decay of all unstable daugh-
or two holes in the nuclear shells will be created, ter nuclei in LXe detector were calculated with the
and — if the disappeared nucleons were not in the help of GEANT3.21 package [21]. The DECAY4
most external shell — the daughter nucleus will be event generator [22] was used to determine the ini-
in an excited state. In the subsequent deexcitation tia| kinematics of the events: how many particles and
process this nucleus will emjt quanta if the energy  of which types —e—, e*, ¥ quanta, conversion elec-
of excitation,Eexc, is lower than binding energy of the  trons orete— pairs, X rays and Auger electrons —
least bound proton or neutron. Otherwise, one or even were emitted in the decay, their energies, times of
few particles p, n, o) will be emitted with practically  emission and directions of movement. Simulated re-
100% probability. As a result, pareqt, Z) nucleus  sponse functions are shown in Fig. 2. The efficiencies
could be transformed not only to &ad — 1, Z) or to to detect the decay of each daughter nudi@(12"Xe
an(A —1,Z —1) nucleus afterthe or p decay (orto  and'27Te) are calculated on the basis of corresponding
(A=2,72),(A-2,Z—-1)and(A -2, Z—2) afterthe  response functions and are given in Table 2 for the en-
nn, pn and pp decay) but as well to various nuclides ergy regions where effect is searched for. Comparing
with lower A and Z numbers? In the following we  the experimental data (Fig. 1) with the calculated re-
consider only thev and NN decays on a few most  sponse functions we did not find evidence for ber
external nuclear shells without subsequent emission of y & decays. Thus only limits for probabilities of such
porn. processes can be determined. To estimate the life-time

limit 7jm, we use the formula:

3. Data analysis and results

2 The energy threshold in the measurements was near 12 keV
[18].
3 It should be noted that such nuclides can also be produced in wheresgetis the detection efficiency (for full response

the target due to nucleon-induced reactions at Earth’s surface and function); is the efficiency of the considered
their remnants can be really observed in an experiment even after the » EAE y

target's deactivation underground during some time (in dependence €N€rgy Wind_OW QAE); Nnycl is the.number of parent
on the nuclide half-life). nuclei; Nop;j is the number of objects:( p or NN

Tlim = &det X €AE X Nnucl X Nobj X Aobj X t/SaE, (1)
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Table 2

Values of Npycl (number of nuclei)Nopj (7, p and NN pairs) andNopj x Aopj (number of effective decaying objects) for parent nuclide;
detection £4ep) and energy windows(s £ ) efficiencies fot28 and127Te in AE = 350-500 keV energy region, while f&%’Xe in AE = 150—
315 keV energy region; excluded number of eventa ifi (Sa g) and life-time limits i) for N and NN decays at 90% C.L.

Nnucl Decay Nobj Nobj X hobj Daughter edet EAE SAE Tlim., Y¥
nucleus
12%%e P 24 24 128 0.986 0.102 3D 19x 104
3.0x 10% nn 283 9 127%e 0.994 0.516 15 12 x 107
pp 116 4 127Te 0.992 0.176 39 55 x 1073
003 iz ing energy of the least bound neutron in the, Z)

0.0256

nucleus. The(A — 1, Z) daughter will emit onlyy
quanta, when the value @&y is lower than the bind-
ing energy of the least bound nucleon in the— 1, 7)
nucleusiEexc < SN(A—1, Z),whereSy(A—1,72) =
min{S,(A — 1, 7), S,(A — 1, Z)}. This gives the fol-
lowing restriction on theZ? (A, Z):

Counts/10 keV

0.02

0.0156

0.01

0.005 |-

e b b b b b By T
600 800 1000 1200 1400 1600 1800 2000

Freron e EP(A,Z) < Si(A. Z) + Sn(A—1,2). 2)
> r 0.006
300 Zxe | 5 o0sh Tre Similar relations can be written for thedecay:
£ o01f a
& 0.008f 0.004F EV(A.Z) <Sp(A.Z)+ SNn(A—-1,Z 1), (3)

0.006 0.003
g : and for thenn, pn andpp decays:
0.004 |- 0.002

0.002

b b
: E2 (A, Z)+ EL(A, 2)
IZ(IJO‘ ' ‘4(‘)0‘ ‘ 600 o= I2(IJOI I I4(;0I I I(S(I)OI 800 < SZn (A’ Z) + SN (A - 29 Z)’ (4)

Energy, keV

0.001 f

b b
Fig. 2. Calculated response functions of the DAMA LXe scintillator E, (A, Z)+ Ep (A, 2)
for the decays of28I (created inside the detector after thalecay < Su(A.Z)+ Sp(A. Z)+ Sy (A—2.Z—1), (5)
in 129e nuclei),12/Xe (1n decay) and2]Te (pp decay). The area

under each spectrum is normalized to 1. b b
E (A, 2)+E},(A, 2)

pairs) inside the parent nucleus, whose decay could <S2(A,2) +Sx(A=2.2-2), ©6)
produce the specific daughter nucleusy; is the respectively. The values &,, S,, Sz, and Sz, have
average probability to form the effective decaying been taken from Ref. [23], while the binding ener-
object inside the parent nucleusjs the measuring giesE,’;p of neutrons and protons ¥°Xe have been
time; Sag is the number of events iAE due to the calculated with the help of the WSBETA code [24]
effect, which can be excluded at a given confidence with the “optimal” parameter set of Woods—Saxon po-
level on the basis of the experimental data. tential; this program has been very successful in de-
The number of objectsNopj, was estimated fol-  scribing many aspects of the single-particle motion in
lowing Ref. [15]. After the decay of a neutron with deformed nuclei. It finds the single-particle energies
binding energyE,’f(A, Z) in an (A, Z) nucleus, the and wave functions in axially symmetric — but other-
(A —1, Z) daughter will be in excited state; its excita- wise arbitrarily deformed — Woods—Saxon potential
tion energyEexc, can be approximated [15] B¥exc = by solving numerically the Schrodinger equation. The
E’(A,Z) — Su(A, Z), where S, (A, Z) is the bind- used Hamiltonian includes the spin—orbit interaction



R. Bernabei et al. / Physics Letters B 493 (2000) 12-18

and, for protons, the Coulomb potential; further de-
tails can be found in Ref. [24]. The input values of
equilibrium quadrupole, hexadecapole and sixtupole
deformations ot2°Xe for the code WSBETA are eval-
uated by using shell correction method of Ref. [25].
Numbers ofp and N N pairs, whose binding energies
satisfy the inequalities written above, are given in Ta-
ble 2. It should be noted that the obtained value for
number of protons (24) is equal to the number of pro-
tons (24) calculated in Ref. [15] fdf%Te (i.e., for the
nucleus with about the santd, Z) as our one).

TraditionallyAobj is taken equal to 1 for protons and
neutrons X, = A, = 1). As for the NN pairs, it is
difficult to say something reliable on the valueigh;.
We only note that in previous experimental work on
the di-neutron instability [10] the existence of ame
pair per nucleus (i.eN,, x A,, = 1) was assumed.
This is obviously the most conservative choice.

It is known, however, that the pairing effect really
exists in nuclei (see, e.g., [26]): under the influence

17

model and of the expected peak; the parameters of the
background model and the area under the peak were
the free parameters of the fit.

For the case otZ8l we have considered the 350-
500 keV interval of the experimental energy spectrum
measured by the LXe detector during 8336 h (Fig. 1);
it contains 29 events. Considering the statistical fluc-
tuations, the number of events must not be greater than
35.9 at 90% C.L. Taking the latter limit value for the
area of thé:28l spectrum in the given interval and sub-
stituting in the formula (1) for, the values of the
efficiency in the 350-500 keV energy regicsyd; =
0.986;c4£=0.102), of the number of pare@?Xe nu-
clei (Nnuel = 3.0 x 10%%), of the number of protons in
the externatZiXe shells (v, = 24), of the probability
of the proton existence in parent nuclgi,(= 1), of
the running time (= 8336 h) and ofSx g, we obtain
the limit for the proton life-time:

of the short-range nucleon—nucleon force nucleons Tp = 1.9 x 10°* yr with 90% C.L.

preferentially form neutron and proton pairs whose

total angular momentum is zero. Quantum numbers of Corresponding'33t distribution is shown in Fig. 1
nucleons in a pair are equal, except for the magnetic together with the experimental energy spectrum. In the
quantum number, which has opposite signs. We can Same way the limit on the number of events under the

calculate the number of pairs f°Xe which satisfy
the inequality (4) fonn pairs (or (6) forpp pairs) with
additional conditionE,, = E,, (or E,; = Ep,). In
this way we obtainv,, x A,, =9 (neglecting the last
unpaired neutron) ani¥,, x A, = 4; in both cases,

12%Te spectrum in the 350-500 keV regiosyr =
35.9, was obtained. With the value of,, x 1,, =4
and efficiencyeger= 0.992 andep g = 0.176, it results
in the restrictiont,, = 5.5 x 10% yr with 90%
C.L. The correspondintgsTe distribution is shown in

the contributions from other protons and neutrons have Fig. 1. _ o
been neglected. These estimations can be considered To obtain the limit on the area under thg/Xe

as quite realistic fot2%Xe nucleus and will be used in
the following.
The number of effect’s event$a g, which can be

excluded at a given confidence level on the basis the

distribution (Fig. 2), we have fitted the experimen-
tal energy spectrum of the LXe scintillator in the en-
ergy range 150-315 keV (where the bigger peak in

127Xe model is located) by the sum of a sim-

of the experimental data, have been calculated using plified background model (an exponential behaviour)

7

two different strategies depending on the expected and of the peak due to thg;Xe decay. From the fit

response function for the decay of specific nuclide.
In a very conservative way, we can just require

(x2/d.o.f. = 0.73), the area under the fulg/Xe dis-
tribution has been obtained to be equatt4.2 4+ 9.3,

that the theoretical distribution should not exceed giving no evidence for the effect searched for. Then,
the experimental energy spectrum, according to the the number of excluded events at 90% C.L. has been
statistical errors. Such an approach has been usedcalculated in accordance with the Feldman—Cousins
when the simulated distribution had no peculiarities procedure [27] recommended by the Particle Data
(peaks). When instead the peak in the theoretical Group [8] asSag = 115, giving (with the value of
distribution was located in a region having a smooth N, x A,, = 9) the life-time limitz,, = 1.2 x 10?° yr
behaviour in the experimental energy spectrum, this at 90% C.L. The fitting curve and the excluded peak
was fitted by a sum of some appropriate background are shown in the inset of Fig. 1. All values for excluded
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numbers of eventS§a g and obtained limits oV and References
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