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Experimental facts:
(1) From one side, decays of p and n (bounded in nuclei) were not
observed to-date. So, if B is not conserved, it is not conserved at
very low level, and sensitivities of current experiments are not
sufficient for observation. L is also conserved.
However, underlying symmetries behind B and L conservations are
unknown.
(2) From other side, our Universe is antisymmetric in B (and L). We do
not see equal number of antinucleons, and do not see annihilation
between B and B in the Universe.
Thus, our existence itself says about B violation.
It is quite weak: n(B)/n()~1e-10.
Theoreticians should find mechanisms violating B and explaining BAU
(Baryon Asymmetry of the Universe), but simultaneously satisfying
known experimental limits on nucleon lifetime.
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Many theoretical models predict decays of nucleons p, n (B=1),
n to –n oscillations (B=2): GUT, Supersymmetry, …
These predictions lead to construction of massive detectors and to
experimental searches of N decays: Kamiokande, SuperKamiokande,
IMB, Frejus, Soudan, …
Ndec=Nnuclt/
1 g – 6е23 nucleons
if ~1e30 yr, one should have ~10 tons to observe 1 decay per yr
(if efficiency =100%).
The efforts were mainly concentrated on searches for N decays to
particles which interact with a detector strongly of
electromagnetically:
pe+0, pK+, n –n with subsequent annihilation of –n, etc.
These processes were not observed to-date, and only  limits were
established, in particular the most stringent (SK):
pe+0, >1.0e34 yr;
p+0, >6.6e33 yr;
pK+, >2.0e33 yr;
n –n, >1.9e32 yr.
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Limits on ~90 modes of
decay:
Review of Particle Physics,
C. Patrignani et al. (Particle
Data Group),
Chinese Phys. C 40 (2016)
100001
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Really massive detectors:
SuperKamiokande
50 kt of water
~11,000 20” PMT

Physicists in boat inside
SK checking PMTs
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In the following, we discuss “invisible” modes of N decay, and limits
on N lifetime independent on mode of decay.
(invisible = decay to neutrinos or other weakly interacting particles or disappearance into extra
dimensions)

Why the latters are important:
Theoreticians do not know, which mode of decay is realized in
nature. Different modes are preferred in different theories.
Example: p  +0
Br = 1е3 in SU(5)
Br = 0.20.5 in SO(10) by K.S. Babu et al., Nucl. Phys. B 566 (2000) 33.
Few tens of modes in Review of Particle Physics 2016.
Probably, some other modes (not included in RPP) also exist.
Thus  limits independent on mode are also interesting and
important.
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In some theories, processes with B=1 are forbidden, but decays with
B=2 and even B=3 are allowed.
In summary:
(1) Limits independent on mode of decay are essential;
(2) Not only N, but also NN (and NNN) decays should be searched
for;
(3) Esthetic principles (like gauge invariance or parity conservation)
could give wrong results, and on some level we could see
something unexpected;
(4) Investigation of N (and e) decays into invisible channels (or
disappearance into nothing) is important. For N, they are
complementary to decays into strongly or electromagnetically
interacting particles.
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Searches for N and NN decays into invisible channels
and limits on N decay independent on channel

(1) 232Th spontaneous fission: p or n decay in a 232Th will blow up the
nucleus (it can be destroyed in initial N decay or in the following
deexcitation of the nucleus):
(panything)1.2·1023 yr,
(nanything)1.8·1023 yr
[G.N. Flerov et al., Sov. Phys. Dokl. 3 (1958) 79]
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(2) Search for free neutrons after decay or disappearance of p in d
(d=pn):
a) in liquid scintillator enriched in deuterium,
(panything)3.0·1023 yr
[F.E. Dix, Ph. D. Thesis, Case Western Reserve University, 1970]
b) in D2O volume (from the experiment with 267 kg of heavy water
installed near the Bugey reactor to measure the cross-sections for d
disintegration by reactor antineutrinos; the data were used with
reactor switched off),
(panything)4.0·1023 yr with 95% C.L.
[V.I. Tretyak, Yu.G. Zdesenko, Phys. Lett. B 505 (2001) 59]
(the best current limit on p decay independent on channel)
c) in 1000 t SNO D2O volume
(pinvisible)3.5·1028 yr with 90% C.L.
[Yu.G. Zdesenko, V.I. Tretyak, Phys. Lett. B 553 (2003) 135]
It is for invisible modes, not for anything because  veto switched off
the SNO in case of energetic events.
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(3) Geochemical search in Te ore for daughter nuclide after reaction
130Te … 129Xe (DBD data):
(pinvisible)7.4·1024 yr,
(ninvisible)8.6·1024 yr
[J.C. Evans Jr., R.I. Steinberg, Science 197 (1977) 989]
(4) Radiochemical search (deep underground, 1710 kg KC2H3O2)
for daughter nuclide after 39K … 37Ar:
(pinvisible)1.1·1026 yr,
(ninvisible)1.1·1026 yr
[E.L. Fireman, Proc. Int. Conf. "Neutrino'77", v. 1, p. 53;
R.I. Steinberg, J.C. Evans, Proc. Int. Conf. "Neutrino'77", v. 2, p. 321]
Also, reanalysis of these data gave at 90% C.L.
(npinvisible)2.1·1025 yr,
the best current limit
(nninvisible)4.2·1025 yr
[V.I. Tretyak et al., JETP Letters 79 (2004) 106]
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(5) Search for prompt  quantum emitted by nucleus in de-excitation
process after N decay in inner nuclear shell:
a) Kamiokande 680 t detector, E=1950 MeV
(however, low branching ratio for  emission: 2.7e5 for 15O after n
decay in 16O):
(ninvisible)4.9·1026 yr 90% C.L.
[Y. Suzuki et al., Phys. Lett. B 311 (1993) 357]
b) SNO detector with 1000 t of D2O,
E=67 MeV in deexcitation of 15O (n decay in 16O) or 15N (p decay):
(pinvisible)2.1·1029 yr,
the best current limit on pinvisible
(ninvisible)1.9·1029 yr
[S.N. Ahmed et al., Phys. Rev. Lett. B 92 (2004) 102004]
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(6) Whole Earth as a target with nucleons which decay and emit
electron or muon neutrinos firing some massive detector
(however, low efficiency to register ):
a) Massive scintillation detector:
(n)5.0·1026 yr 90% C.L.
[J. Learned, F. Reines, A. Soni, Phys. Rev. Lett. 43 (1979) 907]
b) Frejus 700 t iron detector (90% C.L.):
(n)1.2·1026 yr,
(neee)3.0·1025 yr,
(nn)6.0·1024 yr,
(nnee)1.2·1025 yr
[C. Berger et al., Phys. Lett. B 269 (1991) 227]
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(7) Search for bremsstrahlung  quantum emitted due to sudden
disappearance of neutron magnetic moment (E>100 MeV):
from Kamiokande data (90% C.L.),
(niii)2.3·1027 yr,
(n5i)1.7·1027 yr, i=e,,
[J.F. Glicenstein, Phys. Lett. B 411 (1997) 326]
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(8) Search for radioactive decay of daughter nuclei (time-resolved
from prompt products), created in result of N or NN or NNN decays,
with the help of low-background detector with low energy threshold,
in those sensitive volume mother nuclei are incorporated.
ninvisible: (A,Z)(A1,Z)
If mother (A,Z) was embedded in a
pinvisible: (A,Z)(A1,Z1)
detector, and daughter is unstable,
nninvisible: (A,Z)(A2,Z)
efficiency for its decay will be 1.
pninvisible: (A,Z)(A2,Z1)
This is a big advantage.
ppinvisible: (A,Z)(A2,Z2)
Also, high branching ratio (probability to obtain specific daughter
product 1)
Example: for nn decays existed only two limits in 2000:
(nn)>6.01024 yr, (nnee)>1.21025 yr – from the Frejus data:
the whole Earth was source of decaying nn pairs, emitted  or e
should go to 700 t iron detector and to fire it. Efficiency – tiny value.
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a) Our first work with above mentioned approach:
LNGS, DAMA 6.5 kg low-bkg LXe detector (99.5% 129Xe), 8336 h
p:
pp:
nn:

(T1/2=24.99 m, , , EC) (pinvisible) >1.91024 yr
129Xe127Te (T =9.4 h, )
(ppinvisible)>5.51023 yr
1/2
129Xe127Xe (T =36.41 d, EC)
(nninvisible)>1.21025 yr
1/2

129Xe128I

Thus, this approach gave the same results with 6.5 kg detector as
those obtained for nninvisible with the Frejus 700 t detector and
whole Earth as the target emitting neutrinos:
(nn)6.0·1024 yr, (nnee)1.2·1025 yr
(and DAMA results are more general – valid
also for other invisible modes)
(ppinvisible) established
for the first time
[R. Bernabei et al., Phys. Lett. B
493 (2000) 12]
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b) The same approach was used in joint efforts with the BOREXINO
Collaboration:
LNGS, Counting Test Facility (prototype of full BOREXINO set-up), 4.2 t
of high-pure C16H18 liquid scintillator + 1000 t of high-pure water
around, 698 h
12C11C (T =20.38 m, , EC)
n:
(ninvisible)>1.81025 yr
1/2
13C12B (T =20.4 ms, )
p:
(pinvisible)>1.11026 yr
1/2
12C10C (T =19.2 s, )
nn:
1/2
16O14O (T =70.60 s, )
(nninvisible)>4.91025 yr
1/2
13C11Be (T =13.8 s, )
pp:
(ppinvisible)>5.01025 yr
1/2
Very conservative limits, when all
events in some energy region were
ascribed to the N or NN decays
(ppinvisible) is still the best
current limit
[H.O. Back et al., Phys. Lett. B 563
(2003) 23]
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c) The same approach to search for tri-nucleon decays into invisible
K.S. Babu et al., Phys. Lett. B 570 (2003) 32:
new theory in which processes with B=1 and B=2 are forbidden
but with B=3 allowed
LNGS (3600 m w.e.), DAMA low-background LXe detector,
6.5 kg, 68.8% 136Xe, measurements over 8824 h
Expected chains of radioactive
decays were simulated with
EGS, and calculated response
functions were compared with
the experimental spectrum
nnp, npp, ppp  invisible,
>(1.4–3.6)·1022 yr
the first (and best) limits to-date
[R. Bernabei et al., Eur. Phys.
J. A 27,s01 (2006) 35]
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Very conservative approach:
expected theoretical curve should not be greater than experimental spectrum
(nnpinvisible) > 1.41022 yr
(nppinvisible) > 2.71022 yr
(pppinvisible) > 3.61022 yr
all at 90% C.L.

First limits on NNN
disappearance
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(9) Combined approach: search for emission of prompt particles
(gammas, etc.) with subsequent decay of a created nucleus:
KamLAND, 1000 t of liquid scintillator, Kamioka underground
laboratory (Japan), currently the world’s biggest liquid scintillator (LS)
detector (built for checking the reactor neutrino oscillations), 1 MeV
energy threshold
13 m diameter sphere with LS inside 18 m non-scintillating mineral oil
(as passive shielding against external natural radioactivity) and 3200
ton of purified water (as Cherenkov detector as cosmic muons veto),
near 2000 17” and 20” PMTs
Search for time- and space-correlated events:
if n or nn disappear on the S shell of 12C, residual 11C or 10C nucleus is
in highly excited state. It emits some particle (neutrons, etc.) with
energy up to 45 MeV (visible in LS), also visible are capture of slowed
neutron on the proton (with emission of gamma 2.2 MeV) and
subsequent decay of residual nucleus (10C, 9C, 8B, etc.).
(ninvisible)5.8e29 yr
the best current limit on ninvisible
(nninvisible)1.4e30 yr
the best current limit on nninvisible
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[T. Araki et al., Phys. Rev. Lett. B 96 (2006) 101802]

The Sudbury Neutrino
Observatory (SNO)
INCO Creighton nickel mine,
Sudbury, Ontario, Canada, 2039
m underground (6000 m w.e.)
70 cosmic muons per day in
the detector area
1000 t 99.917% D2O
7000 t ultra-pure light water
9438 PMT with light
concentrators
high purity materials
From U/Th content in the mine
walls:
2 g of dust on the mechanical
support is enough not to
continue the experiment
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Planned experiments: sensitivity 1e35 yr  1e6 ton of matter (6e35
nucleons)
UNO, TITAND, MEMPHYS, LANNDD, Aqua-RICH, HyperKamiokande,
Glacier, … Cost – 0.5-1e9 $USA
MEgaton Mass PHYSics (MEMPHYS)
From:
MEMPHYS
Proposal
2003
Water
600-800 kt
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D. Autiero et al., Large underground, liquid based detectors for
astroparticle physics in Europe: scientific case and prospects,
JCAP 11 (2007) 011

GLACIER:
Liquid Ar TPC
100 kt

LENA:
Liquid
scintillator
50 kt
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UNO water Cherenkov detector, ~700 kt
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In addition to searches for e, p, n, etc. decays into invisible, one could
also mention searches for disappearance of other objects:
(1) Limit on CNC decay Br(+  invisible) < 5.2103
[S.N. Gninenko, Phys. Rev. D 76 (2007) 055004]
(2) Limit on decays Br(B0  invisible) < 2.2104
[B. Aubert et al., Phys. Rev. Lett. 93 (2004) 091802]
(3) Limit on decays Br(Y(1S)  invisible) < 3.0104
[B. Aubert et al., Phys. Rev. Lett. 103 (2009) 251801]
(4) Limit on Br(o-Ps  invisible) < 4.2107
[A. Badertsher et al., Phys. Rev. D 75 (2007) 032004]
(5) Theoretical analysis for the process of escaping from our brane:
e+e   + nothing
[D.I. Astakhov et al., Phys. Rev. D 83 (2011) 104031]
(6) Limit on disappearance of free neutrons Br(n  invisible) < 7106
[F. Sarrazin et al., arXiv:1201.3949]
(7) Searches for missing energy and momentum at accelerators
[J. Hewett et al., Phys. Rev. D 66 (2002) 010001]
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But now results are in accordance with SM …
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Conclusions
Searches for N, NN, NNN decays into invisible is very interesting and
important field of research.
Experimental efforts are active.
In 2002,  limits on N, NN decays into invisible were on the level of
1023 – 1025 yr. In 2016, they are up to 1029 – 1030 yr.
Limits on some nucleon, di-nucleon (pn, pp) and tri-nucleon (nnn,
nnp, npp, ppp) instabilities were established at the first time (1022 –
1025 yr).

The advice of L.B. Okun is followed …
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Thank you for attention!

(See Appendix for summary of searches for
N, NN and NNN decays into invisible channels)
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Appendix
Summary of searches for
N, NN, and NNN decays into
invisible
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