Nucleon instability and (B-L) non-conservation
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Proton decay with the modes and rates predicted by the original SU(5) grand unification scheme conserving
(B-L) is not observed experimentally. There are reasons to expect that (B-L) might not be conserved in nature.
Among possible observable manifestations of (B-L) non-conservation are Majorana masses of neutrinos, neutri-
noless double-beta decay, decay of protons to lepton + (X), and neutron to anti-neutron transitions. Feasible
progress in experimental search for some (B-L) non-conserving processes is discussed here.

1. Introduction

Searches for nucleon instability [1] are moti-
vated by two outstanding concepts of contem-
porary physics beyond the Standard Model of
particle physics: the interpretation of baryon
asymmetry of the universe (BAU) [2,3] and the
idea of Unification of particles and their forces
[4,5]. However, even within the scope of the
Standard Model at the non-perturbative level [6]
baryon number is not conserved (the latter non-
conservation is so weak that it does not lead to
directly observable nucleon decay effects).

So far, nucleon instability has not been exper-
imentally observed [7]. Conservation of angular
momentum in nucleon decay (nucleon spin 1/2)
requires leptons (fermions) to appear in the fi-
nal state. Two possibilities can be realized here:
with AB = AL or AB = —AL (B and L are
baryon and lepton numbers respectively). The
first leads to the conservation of (B — L) and the
second to processes which violate (B — L) con-
servation by two units. Stringent nucleon decay
limits are experimentally established [8,7] for the
nucleon decay modes where (B — L) is conserved
(e.g. p — etn%) ruling out the original SU(5)
Unification model [5]. It is important to notice
that in the original SU(5) model, as well as in the
Standard Model, (B — L) is strictly conserved.
New generation of experiments with huge-mass
detectors, such as those discussed at this Work-
shop, will continue to test the stability of nucle-
ons with the respect to the (B — L) conserva-
tion. That is particularly important in a view

of the new theoretical predictions of the super-
symmetric models [9]. In this paper we discuss
the prospects for experimental searches for the
processes which do not conserve (B — L).

2. Is (B-L) conserved?

Naively we would expect that (B — L) num-
ber is violated (the number of neutrons in our
laboratory samples is in excess of equal number
of protons and electrons). However, most of the
leptons in the universe likely exist as, yet unde-
tected, relic ¥ and 7 radiation. Thus, the conser-
vation of (B — L) on a scale of the whole universe
is an open question.

Can (B — L) be conserved in a way similar
to the conservation of electrical charge? From
tests of Equivalence Principle [10] one can exclude
the existence of massless long-range gauge field of
” B — L photons” at a level of strength ~ 107'2 of
the gravitational strength. It is interesting to no-
tice that ”baryonic photons” responsible for con-
servation of baryon charge are excluded from the
same tests only on the level ~ 10710 [11]. Unless
(B — L) is globally conserved in nature, it is very
natural to expect that (B — L) is violated.

In nucleon decay processes (with AB = —1)
the non-conservation of (B — L) implies the exis-
tence of transitions of the type nucleon — lep-
ton + ... (the conservation of (B — L) corre-
sponds to nucleon — anti-lepton + ... transi-
tions). If (B — L) is violated by two units, it is
natural to assume (and it follows from Unification
models [4,12]) that processes with AL = 2 and



AB = 2 are also the components of the physics
of (B — L) non-conservation. Examples of these
are heavy Majorana neutrinos with AL = 2 tran-
sitions vy — 7y and oscillations of neutrons to
anti-neutrons n — m.

Since 1973, when (B — L) non-conservation was
first considered in theory [4], it was discussed
within the framework of Unification models in
a number of theoretical papers [12-16]. In Uni-
fication models, like SO(10) [9], massive Majo-
rana neutrinos with AL = 2 transitions violat-
ing (B — L) by two units are used in a ”see-saw”
mechanism to generate the masses of conventional
neutrinos. In the left-right symmetric Unifica-
tion models the violation of (B — L) arises at
the same energy scale where the left-right sym-
metry is restored [4,13,12]. Probably the most
compelling reason for the existence of (B — L)
non-conservation in nature follows from the fact
[17] that electroweak non-perturbative mecha-
nisms (”sphalerons”) erase the baryon asymme-
try of the universe if (B — L) is globally con-
served. Thus, the most natural explanation of
BAU would require non-conservation of (B — L)
at an energy scale above the electro-weak scale.
In this sense, experimental discovery of the nu-
cleon decay into ”standard” decay modes (like p
—et+ 7m0 or p — ut + K% with conservation
of (B — L) would leave BAU unexplained.

3. Nucleon Instability with A(B—-L) = -2

For some nucleon decay modes (see complete
list of experimental limits in [7]) the experimental
limits can be interpreted as limits for both (B—L)
conserving or (B — L) violating processes. This is
due to the presence of undetectable anti-neutrinos
or neutrinos in the final states (for example, mode
N — v + 7). In this sense only processes with
AB = 2 or AL = 2 would unambiguously indi-
cate in experiment the conservation or violation
of (B—1L).

Let us discuss several (B — L) violating pro-
cesses where we believe significant progress can be
made in the near future. These are: (a) the neu-
tron to anti-neutron transition or the intranuclear
disappearance of two nucleons; (b) proton decay
p — etwvr; and (c) intranuclear neutron decay

n — vvw. The latter two processes might be en-
hanced by a large phase space factor as compared
to many other modes of nucleon decay (if all of
them are originated by the same mechanism).

3.1. n—>n or NN — pions

Transitions n — 7 can be searched for with
free neutrons from reactors or in the intranu-
clear disappearance of two nucleons (neutron to
anti-neutron transition followed by two-nucleon
annihilation into pions inside nuclei). Proba-
bility of coherent transition of free neutrons to
anti-neutrons as function of observation time ¢
is given by (t/7,n)? [12], where 7,5 is a charac-
teristic oscillation time experimentally limited to
Tpi > 8.6 - 107 sec [18]. The intranuclear n — 71
transition is strongly suppressed by the differ-
ence of nuclear potential for neutrons and anti-
neutrons (see most recent theoretical paper [19]
and references therein). This suppression leads to
the regular exponential probability of decay with
the lifetime 74 related to 7, by 74 = R- 72,
where R is a dimensional suppression factor pre-
dictable from nuclear theoretical models to an ac-
curacy of ~ (20 — 25)% [19].

Experimental limits for 74 in intranuclear
search of n — 7 transitions were set by IMB,
Kamiokande, and Fréjus experiments [7] at a
level 2.4-6.5-103! years for oxygen and iron nu-
clei, corresponding to a limit on oscillation time
Tnn > 1.2- 108 sec [7]. The Super-Kamiokande
detector is expected after several years of running
to improve this limit to 74 > 1 — 2 - 10%® years
[20] or T,n > 5108 sec.

Future prospects of n — 7 transition search
with free neutrons in reactor experiments are dis-
cussed elsewhere [21]. With existing research re-
actor facilities it is possible to extend the search
limit for n — @beyond T,n >~ 3-10° sec and
to explore the stability of matter (in this intranu-
clear nucleon instability mode with AB = —2)
beyond the limit of ~ 7 - 1034 years.

As was pointed out in [22], the existence of n —
7 transitions would provide a unique opportunity
to test the CPT-theorem with unprecedented ac-
curacy by looking at the mass difference of neu-
tron and anti-neutron. Such a mass difference
(or small gravitational non-equivalence of neu-



tron and anti-neutron, or small non-compensated
magnetic field on the neutron flight path) can
suppress the n — @ transition for free neu-
trons but is too small to produce a sizable ad-
ditional effect in intranuclear transitions where
very large nuclear suppression is already taking
place. Therefore, searches in both directions with
free neutrons and with the neutrons bound inside
nuclei are desirable [22].

3.2. p—etwy

The present experimental lifetime limit 7 >
1.1- 103! years for this process was set in Fréjus
experiment. Difficulty with this decay mode is
the fact that the observable final state (with ex-
isting experimental techniques a single positron
with energy of few hundred MeV is indistinguish-
able from an electron) overlaps with the final
state of atmospheric neutrino (v, and 7,.) inter-
actions in the detectors. In a 1992 paper [23] an
attempt was made to attribute the entire atmo-
spheric neutrino anomaly to this mode of proton
decay by interpreting the Sub-GeV data sample of
Kamiokande detector (within neutrino flux nor-
malization uncertainties) as an excess in the elec-
tron spectrum with a characteristic Michel-type
energy shape rather than as a deficit in the muon
spectrum.

New Super-Kamiokande results [24] provided
a new evidence of the zenith angle dependence
of muon events rendering the neutrino oscillation
hypothesis a more viable explanation of the at-
mospheric neutrino anomaly. However, Super-
K Collaboration has so far not ruled out the
possibility of excess in the Sub-GeV electron-
type spectrum. In Super-K analysis of atmo-
spheric neutrino events the normalization factor
of electron-type neutrino flux is used as a free
parameter (within flux prediction uncertainties)
to reduce the uncertainties of the absolute muon
flux. This procedure will be certainly absolutely
correct if it is known a priori that electron-type
events are pure atmospheric neutrino interactions
without possible admixture of any other effects.
One can hope that new analysis and increased
statistics in Super-K experiment as well as new
more precise calculations and measurements of
the absolute atmospheric neutrino fluxes will per-

mit isolation of the possible contribution of pro-
ton decay in the electron-type Sub-GeV data or
set a new higher lifetime limit for the process
p—etvy,

3.3. n - vvv

Surprisingly this elusive decay mode was ex-
perimentally explored by two different methods.
First method, used in IMB and Fréjus experiment
[25] treated the Earth as a source of neutrinos
and the detector selection criteria were optimized
for an energy range typical for neutrinos emitted
from the decay process. The IMB limit for muon
neutrinos was 7 > 5 - 102 years; Fréjus limits for
electron and muon type of neutrinos were 3 - 10%°
and 1.2 - 10%% years respectively.

The second method used by Kamiokande II
Collaboration [26] was based on the detection of
nuclear de-excitation produced by the hole left
by the neutron decay in the S;/; nuclear state of
%0. De-excitations of Sy, hole would typically
occur via the emission of proton or neutron; and
with small probability Br ~ (2.7—10.4)-10~° (es-
timated theoretically in [26]) it can proceed via
the emission of an energetic photon with the en-
ergy above 19 MeV. (The entire solar neutrino
spectrum is below 19 MeV threshold). The life-
time limit obtained by Kamiokande Collaboration
from the observation of two background events
was T > 4.9 - 10%® years and independent on the
type of neutrino produced in the decay. More re-
cent theoretical re-evaluation of the probability of
de-excitation of S;/» hole with emission of ener-
getic photon [27] suggested for the same data an
improved lifetime limit of 7 > 2.3 - 10%7 years.

The two methods mentioned above can be
hopefully used in Super-Kamiokande detector to
search for n — vvv decay. In the presence of
background the search limits here can be ex-
tended by factor of square root of detector mass
ratio, i.e. approximately by an order of mag-
nitude from the present limit and reach ~ 10%®
years.

A more sensitive approach in exploration of
this decay mode channel should be possible with
the new low-threshold large scintillating detector,
KamLAND. Although the total fiducial mass of
KamLAND will be ~ 1 Kton, it should detect



with full efficiency the de-excitation of nuclear
state holes left by the disappearing neutron. Con-
sider as an example the following process. In lig-
uid scintillator (~ CH3) 1/3 of all neutrons are in
S1/2 state of carbon nuclei. Hole in this state will
de-excite mostly by proton emission (since 1 C is
a proton-rich nucleus), but with a branching of
several percent [28] neutron emission is also pos-
sible, leaving an excited °C* state. Detection
of such event in KamLAND detector will start
with detection of v from de-excitation of °C*
(detection threshold is ~ 0.2 MeV) followed be
the detection of neutron (by capture on hydrogen
in the liquid scintillator: capture lifetime is ~
180 psec with a detected signal of 2.2 MeV). Fol-
lowing this pair of events after ~ 19.2 sec °Cy;
will Bt-decay with maximum energy release of
3.65 MeV. All three events in the sequence must
be reconstructed to the same point in the detec-
tor within reconstruction inaccuracies. Prelimi-
nary estimates show that random background for
triple-coincidence events will be negligible and it
will be possible to explore the intranuclear neu-
tron stability for 3v final state up to a lifetime
limit of ~ 3 - 103° years. Possible sources of
background events with similar signature aris-
ing from the atmospheric neutrino interactions
with carbon nuclei must be carefully accounted
for through nuclear model calculations.

The experimental method of detection of nu-
clear final states created as a result of nucleon
disappearance (into neutrinos or any other invis-
ible or undetectable particles) is very important
as a complement to the exclusive modes of nu-
cleon decay search. Together they provide an ex-
perimental basis for establishing the decay-mode-
independent limit for nucleon instability which is
presently, according to PDG [7], is at the level of
only 1.6 - 10%° years.

4. Conclusions

The experimental search for A(B— L) # 0 pro-
cesses is at least as important as the search for
conventional baryon number violating processes
with A(B — L) = 0. For several of A(B—L) #0
processes discussed above it is possible to improve
the discovery potential by a significant factor.

These improvements can be made with the ex-
isting or currently constructed detectors (Super-
Kamiokande, KamLAND) and with existing reac-
tor facilities (for the case of free neutron to anti-
neutron transitions).

I would like to thank Professor W.M. Bugg for
useful discussions.
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