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Baryon-number-violating nucleon decays were studied by searching for x and « rays associated
with radioactive residual nuclei produced by single- and multinucleon decays in **"I. Large volume
Nal (T1) detectors were used for the study. New lower limits of 7(n) > 4.7 x 10** yr and 7(p) > 3.0 x

10%* yr were obtained on the mode-independent mean lives for the neutron and proton decays in

127I
9

respectively. Lower limits of 7(nn) > 2.1 x10%* yr, 7(nnn) > 1.8 x 10? yr, and 7(nnnn) > 1.4x10%*
yr were deduced for the first time on the mode-independent mean lives for dineutron, trineutron,

and tetraneutron decays in '*7I, respectively.

PACS number(s): 13.30.—a, 23.40.—s, 29.30.Kv

I. INTRODUCTION

Nucleon decay modes such as p = et7%, p —» DK,
n — UK, ... are predicted by grand unified theories
(GUT’s) [1,2]. These decay modes have been extensively
studied by IMB, Kamioka, and Fréjus experiments [3-7]
and references therein. The observed mean-life limit of
T(p — et > 5.5 x 1032 yr rules out minimal SU(5)
model which predicted 7(p = e*w®) ~ 3 x 103! yr [8].
It is very interesting to study various decay modes to
test possible new classes of baryon-number-violating pro-
cesses. (B — L)-violating nucleon decays and dinucleon
decays of nucleons bound in nuclei are proposed as the
possible new modes beyond the simplest SU(5) [9].

The experiments referred above are sensitive only to
decay modes in which energetic charged particles are pro-
duced. They are not sensitive to invisible decay modes
such as n — 3v. It is very important to carry out in-
clusive measurements for nucleon decays, which are in-

sensitive to the decay modes. Mode-independent nucleon
decays can be studied by searching for possible v and x
rays associated with radioactive residual nuclei produced
by the nucleon decay in nuclei [10,11]. This method is
useful for decay modes where direct measurement of the
decay products are hard.

We studied the disappearance of nucleon(s) from
in the Nal(Tl) scintillator itself. A neutron hole is pro-
duced in !2¢] in case of the neutron disappearance in
1271 while a proton hole in !2Te in case of the proton
disappearance. In case that these hole states are located
above the neutron threshold, they deexcite promptly by
emitting neutron(s), and +y rays if excited states are pop-
ulated after neutron emission(s). Deexcitation modes of
neutron-hole states in 26T and those of proton-hole states
in 126Te are shown in Fig. 1. Note that the proton emis-
sion is suppressed by a large Coulomb barrier. After
the prompt deexcitations, ground states and metastable
(isomeric) states in residual nuclei decay mostly by elec-

1271

TABLE 1. Identification modes of nucleon disappearance and lower limits on the nucleon lifetime.
For each mode, decay modes to be measured Mode, identification modes ID, sum energies to be
measured in the Nal(Tl) detector E(sum), the effective number of decaying nucleons in a simple
shell model m, the upper limit on the counting rate per day at 90% C.L. Ynax, and the lower limit
on nucleon lifetime at 90% C.L. (68% C.L.) Tmin are given.

E(sum) Ymax Tmin
Mode ID (keV) m (counts/day) (10** yr)
n—z 1267 126 Te(2) 699 34 39.4 1.1(3.3)
1267 4126 Te(g.s.) 33.2 34 36.0 1.5(2.4)
125] 125 Te(3 ) 68.7 22 39.7 4.7(9.6)
1247 ;124 Te(27) 636 16 67.0 0.26(0.42)
1241 ,1247e(g.5.) 33.2 16 36.0 0.94(1.5)
123]_,123 (3 ) 192 2 54.4 0.28(0.59)
1221_,122 Te(2t) 597 1 67.6 0.0022(0.0036)
1221 4122 Te(g.s.) 33.2 1 36.0 0.045(0.070)
poz 128Te(LL7) —»125Te(g.s.) 145 20 54.4 3.0(6.3)
123Te(1L7) 5123 Te(g.s.) 247.5 8 88.8 0.65(1.0)
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tron capture (EC) to the ground and/or excited states
in daughter nuclei as shown in Fig. 1. EC’s are mostly
followed by K x rays, since EC’s in these medium-heavy
nuclei are mainly of the K-electron capture process. If
excited states are populated by EC, they deexcite by
emitting v rays, as shown in Fig. 1.

In the present work we measured the x rays and the
~ rays, which follow EC of residual nuclei produced by
the nucleon disappearance. Since EC is due to the weak
interaction, it is a very slow process of the order of 10%-
10 sec. Thus the x rays and the « rays following EC are
well separated in time from all the prompt decay prod-
ucts and from all the prompt deexciting particles and v
rays. Consequently a single discrete line spectrum is ex-
pected at either E = By, or E = By + E., depending on
whether EC feeds the ground state or the excited state.
Here Bj, and E, stand for the binding energy of the K
electron and the excitation energy of the excited state,
respectively. They are listed in Table 1. It is noted that
all signals from the successive K, L, ... x rays and -y rays
are summed up in the present large volume Nal.

II. EXPERIMENTAL METHODS AND RESULTS

The search for nucleon disappearance has been carried
out by using large NalI(Tl) scintillators in ELEGANTS
V, which has been used for 83 decay experiments. De-
tails of the NaI(T1) detector and ELEGANTS V are given
elsewhere [12-14]. The total mass of the NaI(Tl) is 770
kg, thus 2.29 x 10%° (1.64 x 10%°) neutrons (protons) in
iodine nuclei in the detector are available for the study
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FIG. 1. Deexcitation modes
of neutron-hole states in '¢I (a)
and proton-hole states in 126Te
(b). n* denotes neutrons emit-
ted from these highly excited
states. Decay schemes of EC
and vy decay of residual nuclei
after neutron evaporation are
[ also displayed.

of nucleon decays. The energy spectrum was measured
for the live time of 179.5 days. The spectrum was also
measured for the live time of 75.8 days at a lower dis-
criminator setting in order to search for the x rays and
low-energy « rays.

The measured energy spectrum of the Nal(Tl) with
live time of 179.5 days is shown in Fig. 2. It shows no
prominent y-ray peaks besides weak + lines from known
radioactive impurities. The major peaks seen in this
spectrum are discussed in detail in Ref. [14]. In order
to search for signals from nucleon disappearance, the fol-
lowing four energy regions were analyzed in detail. In the
following analyses the measured energy resolutions of the
detector are used for the widths of the Gaussian peaks.
Typical energy resolution for the 2!“Bi 609 keV v ray is
about AE/FE = 9.8% (FWHM).

(a) 400 keV-900keV [Fig. 3(a)]. The spectrum is well
reproduced in terms of the three Gaussian peaks of 609
keV (?'4Bi), 768 keV (21Bi), and 511 keV (positron an-
nihilation) v rays and a continuum component with third
order polynomial functions, as shown in Fig. 3(a). The
upper limits on the peak yields of the present concerns
(699 keV, 636 keV, 597 keV) are listed in Table I.

(b) 200 keV-450 keV [Fig. 3(b)]. The spectrum is well
reproduced in terms of the three Gaussian peaks of 242
keV, 295 keV, 352 keV ~ rays of ?'*Pb and a contin-
uum component with third order polynomial functions,
as shown in Fig. 3(b). The upper limit on the yield of
the 247.5 keV peak is listed in Table 1.

(c) 80 keV-250 keV [Fig. 3(c)]. The spectrum is well
reproduced in terms of a broad Gaussian peak due to the
K x rays of U-chain and Th-chain isotopes with energies
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FIG. 2. The energy spectrum measured by
the Nal detectors. The major background
peaks are identified as follows: (a) 46.5 keV
210pp, (b) 77 keV U-chain x ray, (c) 242 keV
214pp, (d) 295 keV 2'*Pb, (e) 352 keV ?“Pb,
(f) 511 keV, (g) 609 keV ?'*Bj, (h) 768 keV
214B5 (i) 911 keV 228Ac, (j) 969 keV 2?8Ac,
(k) 1120 keV 2'%Bi, and (1) 1461 keV *°K.
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FIG. 3. The measured energy spectrum of NaI(Tl). Solid lines show the best fits with Gaussians of known peaks and third
order polynomial functions of continuum component. The statistical errors are much smaller than the points.
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FIG. 4. An example of the energy spec-
trum after subtraction of the best fit func-
tion. This shows the same energy region as
Fig. 3(d). The possible y-ray peak, corre-
sponding to 90% C.L., is drawn as a solid
line.
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around 80 keV, a Gaussian peak of the 242 keV ~ ray
of 21Pb, and a continuum component with third order
polynomial functions, as shown in Fig. 3(c). The upper
limits on the yields of the 145 keV and 192 keV peaks
are listed in Table I.

(d) 20 keV-120 keV [Fig. 3(d)]. The major back-
ground peak around 46.5 keV is caused by the 3 decay of
210pp. This peak has a tail at the higher energy side be-
cause the low energy 3 rays from 2!° Pb are added to the
46.5 keV v-ray peak. The spectrum is well reproduced
in terms of the 46.5 keV peak with the B-ray tail, the
K x rays around 80 keV, and a continuum component
with third order polynomial functions, as shown in Fig.
3(d). The upper limits on the yields of the 68.7 keV and
33.2 keV peaks are obtained as listed in Table I. Typical
energy spectrum after subtraction of the best fit function
is shown in Fig. 4 as an example.

III. SINGLE-NUCLEON DECAYS

The effective number of nucleons in 271, which con-
tribute to the nucleon decays of the present concern, is
evaluated as follows. A hole is produced in 1261 (125Te)
after one neutron (proton) disappearance of 271. Deex-
citation process of the hole state depends on the exci-
tation energy (Fex) of the state. The excitation energy
(Fex) is given by the difference between the binding en-
ergy of the decaying (disappearing) nucleon (E;) and
that of the least bound nucleon (E,) in 27I. Let us con-
sider a case that the excitation energy is in the region of
Ek < Eex < E:‘hﬂ (k=0,1,2,...), where EE is the ef-
fective threshold energy of the k neutron evaporation (see
Fig. 1). In this case the excited nucleus deexcites mainly
by evaporating k£ neutrons. The effective threshold en-
ergy E_'fh is approximately given by th = th + kE*
where BE are the threshold energies for emitting the k
neutrons and E¥ is their average neutron kinetic energy.

Here EF is estimated on the basis of a statistical model.
The proton evaporation modes are almost forbidden be-
cause of the large Coulomb barrier.

If a nucleon with the binding energy E; between
Ek +E, and EEM'' + E, (k =0,1,2,...) decays, the hole
state with the excitation energy of Et"h < Eex < Eﬁf lis
produced. Then it deexcites by evaporating k neutrons.
Consequently the residual nucleus of 126—*1 is left in case
of a neutron decay and '26~*Te in case of a proton decay.
In other words decaying neutrons (protons) in the energy
interval of Et"’h + E, < Ey < Ef‘fl + E, are relevant to
EC of 26— (126—kTe) (see Table I). The number of the
nucleons in that energy interval is evaluated by using a
simple shell model. Binding energies of single-particle
orbits in the nuclear potential were used [15]. The eval-
uated effective numbers of nucleons are summarized in
Table I.

In this study we have analyzed 10 deexcitation modes
of one nucleon-hole after nucleon decays in a nucleus.
Among them 8 modes are caused by the neutron decay
and 2 modes by the proton decay. The deduced lifetime
limit 7 of the nucleon decays is

m €
N, —b—— 1
7> Nogpby—, (1)

where N,, is the number of neutrons or protons in the 271

within the volume of 770 kg, m is the effective number
of neutrons or protons, IV is 74 and 53 for neutron and
proton, respectively, b is the branching ratio of the «
or K x-ray emission after EC, ¢ is the peak efficiency
of the v and/or x ray, and Yjax is the upper limit on
the counting rate. The efficiencies are determined by
means of Monte Carlo methods. We used the GEANT3
Monte Carlo code [16] including a full description of the
Nal detector. A simple shell model picture of the 1271
nucleus is used to obtain m as already discussed above.
Using these values, the obtained lower limit on mean life
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TABLE II. Identification modes of multinucleon disappearance and lower limits on the multi-
nucleon lifetime. For each mode, decay modes to be measured Mode, identification modes ID, sum
energies to be measured in the NaI(Tl) detector E(sum), the effective number of decaying nucleons
in a simple shell model m, the upper limit on the counting rate per day at 90% C.L. Ymax, and the
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lower limit on multinucleon lifetime at 90% C.L. (68% C.L.) Tmin is given.

E(sum) Ymax Tmin

Mode ID (keV) m (counts/day) (10%* yr)
nn — 1251 ,125g(3 ) 68.7 10 39.7 2.1(4.4)
1241 ,124e(2) 636 6 67.0 0.099(0.16)
1241 4124 Te(g.s.) 33.2 6 36.0 0.35(0.56)
1231 ,123g(3 %) 192 3 54.4 0.42(0.88)
nnn — 1241 ,124T¢(2) 636 3 67.0 0.049(0.080)
1241 _,124T¢(g.s.) 33.2 36.0 0.18(0.28)
123,123 (3 ) 192 1 54.4 0.14(0.29)
nnnn — 1231 ;123 (3 ) 192 1 54.4 0.14(0.29)

is as shown in Table I. The most stringent lower limit for
the proton and neutron decays are obtained as 7(n) >
4.7 x 10%* yr, 7(p) > 3.0 x 10%* yr (90% C.L.).

IV. MULTINUCLEON DECAYS

By using the result obtained here we can obtain the
new limits on mode-independent multinucleon decays
such as 2N — X (dinucleon decay), 3N — X (tri-
nucleon decay), and so on. For example, the process
of 27112514 X + n + v, which is a one neutron dis-
appearance followed by a one neutron evaporation, can
be regarded as a two neutron decay (disappearance) of
12714125 1 4 X + ~. A similar argument can be applied
for the other multinucleon decays (disappearance). To es-
timate the number of possible combinations of decaying

nucleons, only neutrons in the same shell orbit are consid-
ered. In the case of the neutron-filled j orbit, the number
of neutron pairs for the 2n decay is m(2n,j) = 3(2j+1),
that for the 3n decay is m(3n,j) = 1(2j + 1), and so
on. We adopt the most conservative number of possible
combinations of multinucleon disappearance, as listed in
Table 11, by using the similar consideration of a one nu-
cleon disappearance. The most stringent lower limit for
the multineutron disappearance is obtained as 7(nn) >
2.1x10%* yr, 7(nnn) > 1.8x1023 yr, 7(nnnn) > 1.4x10%3
yr (90% C.L.).

Our measured limits on nucleon decays are summa-
rized in Table III compared with the other measurements.
130Te (target) result is deduced from the geochemical
data on xenon isotopes measured in old telluride ores
[17]. Earth (target) results are indirectly measured for
n = 3v,, nn — V,D,,..., modes by the CWI group

TABLE III. Lower limits (7min) on nucleon lifetime and multinucleon lifetime. The values, with

90% C.L., are given in units of 10%° yr. a: Ref. [17], obtained by measuring residual nuclei. These
limits are deduced from the limit of 1.6 x 10?® yr by multiplying the proton and neutron ratio of %
and :—g, respectively. b: Ref. [18], deduced from the v, flux observed by liquid scintillation detectors
and flush tubes. c: Ref. [19], deduced from the neutrino flux observed by tracking calorimeter (iron);
Fréjus experiment. d: Ref. [20], obtained by measuring high energy « ray from the deexcitation of
neutron-hole state; KAMIOKANDE experiment.

Tmin
Decay target Mode Method (10%® yr) Comment
130 p — « inclusive Geochemical 0.74 a
n — z inclusive Geochemical 0.86 a
Earth n — 3v, Indirect 50 b
N — Velele Indirect 3 c
n = v, Indirect 12 c
180 n — z inclusive Direct 49 d
1271 P — T inclusive Direct 0.30 Present
n — z inclusive Direct 0.47 Present
Earth nn — Vele Indirect 1.2 c
nn — v, Indirect 0.6 c
1271 nn — ¢ inclusive Direct 0.21 Present
nnn — z inclusive Direct 0.018 Present

nnnn — z inclusive Direct 0.014 Present
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(18] and the Fréjus experiment [19]. '®O (target) result
is deduced from the KAMIOKANDE water Cherenkov
experiment [20].

V. REMARKS

The obtained limits in the present inclusive measure-
ment are relevant to mode-independent nucleon decays
(instabilities). The present values are comparable to the
values deduced from inclusive geochemical methods [17].
The present limits are based on the on-line data, which
are free from the cosmic-ray induced background in con-
trast to the geochemical method. It is noted here that
the present limit can be applied for invisible modes such
as n — 3v,nn — 2v,..., without being accompanied
by charged particles. The obtained limits on dineutron
decay are comparable to the limits on nn — v.P. and
nn — v,7, decays measured by the exclusive measure-
ment [19].

In short the present work gives for the first time
the limits on mode-independent multinucleon decays, by
looking for the possible x rays and + rays associated with

radioactive residual nuclei produced by the nucleon de-
cays. The limits on the mode independent single-nucleon
decays were also obtained. The present limits are ap-
plied for the invisible decay modes of n — 3v, 2n — 2v,
3n — zv, etc.

Note added in proof. The limits given in the text are
obtained by assuming that all the decaying particles es-
cape from the nucleus without internuclear collision as in
case of neutrinos.
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