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The ohrase ''corserved quantum numbers’ has a rather definicive ring
iz might be more cautious to talk of them as quantum numbers for which

ic;

nonconservation has not been astadblished.
Though the limits of quantitative measurements have been considerably
has not charnzed

g the laws of

the status oI these quantum numbers
=4

extanded in recent years,

qualicacivel . There is much activity, especially coucerain
just around the

conservation of baryons and of muon number, as if change were
we

corner.
1£ we look at the historical development of the consarvation laws,
find one or mors of che following conditions fulfilled:
for che opropercy being con-

No breakdown has been raportad
(Early generalizations from somewhat qualicative

sidered.

evidence.)
A breakdown has been 2xplicicly saarched for and aoc found.

consagquence of a succassrul,

a

(This usualiy lszads to a quantizative limic.)
i5

3. A narticular conserwvacion iaw L
general theory which 2xplains many oshenomena that appear

o
irst sighc o be unrelatad (though the conservation law also

(ol

may have been originally assumed in formulating cthe cheory),
gxample being conservation of elactric charge.

the foremosct

Jepartment OL inergy.

%
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Two kinds of conservation law exist:

A. Rescricted comservation law: A quantity is counserved with

respect to some but not all interactions (e.g., strangeness,
which is conserved in strong and electromagnetic, but not in
weak, interactions).

B. Absolute couservacion law: This is believed to hold with

’ respect to all known interactions because of a fundamental
symmetry, (e.g., conservation of electric charge follows from
gauge invariance). An absolute conservation law cannot be
proved empirically. This would require measuring quanticies
that are either zero or infinite, values which can be approached
by successive improvements iln experimencation but not reached.
An absolute conservation law is thereforzs a cheorstical stata-
ment.

From an operational point of view, a conservation law being absolute
means chat no known interactiom leads to its breakdown; e.g., experimentai
limits on comservation of electric charge (discussed below) ars gzood enough
to conc.ude that if this conservation law were ©o o2razk down 1t would ne with

active strength weaker than that of any of the known Iacaractioms. we

=

ty

an =2
should rsmember that rfrom an empirical point of visw such a possibilicy can-
aot be =2xcluded.

The cousarvation laws chac have withstood empirical zests are shown

in Table I. Althougn the first chrse laws suffice to describe the ampirical
avidence, theorszticians like :o hold on o the older fourth law, lasptom
aumber counservation, as a gensral framework for the discussion of a number

2T potancial reaccions, such as o ~ 2 + v,
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TABLE I

CONSERVED QUANTUM MUMBERS

Q (ELECTRIC CHARGE)
B (BARYON NUMBER)
LX<X-‘-e,w, (=)

L (LEPTON MUMBER)

SPECIFIC LEPTON NUMBER).

1)



It may be useful to look back at the history of the oldesc zomserva-
tion law, which is still being notly debated today, that of baryouns, because
this history provides some general lessons for other coumservation laws,
However, I shall not make an attempt at completeness here.

In an essay written in honor of Dirac for his 70ch bircthday, Paisl>
wrote (p. 86): 'Much speculation arose at that time to the effect that the
negative energy states might be associated with the proton. For this and
for another reasom, a comment by Weyl {Z. Physik 356, 330 (1929)] is of
interest: ‘It is plausible to ancicipate that, of the two pairs of compo-
nents of the Dirac quantity, one belongs to the electron, the other to the
proton. Further, two conservation laws of electricity will have to appear,
which scate f{ifter quantization) that the anumber of electrons as well as of
protons remain constant. To these conservation laws must corraspond a two-
fold gauge invariance, involviang two arbitrary functious.' Here then is the
earliest version of the cruservation law of baryons, involving all baryons
known in 1929."

Wéyl's genius led him to guess something important. But had he set
himself the task of stacing how the proZom might decay (comserving slactric
charge), ne would not at that time have known any particles it could decay
into.

It did not caka long for Weyl and others :op realize thac Dirac's
positive particls couid not be the procton. The comservation law for nuclzons
was explicitly postulated ten years later oy Stueckglbergz) 2s a conservation
iaw of a differunc kind from that orf slactricity.

de said (p. 317): '"Basides the conservation .aw of alectric charge,

which follows from Maxwell's theory, thera clearly (cffenbar) exists a fur-

rher conservation law: Ffor all observed transformations of mattar, ao crans-
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formacions of heavy particles (neutron and protom) into light particles
(electron and neutrino) have yetr be2en sorerved. We therefore wish to postu-
late a conservation law of the heavy charge (schwere Ladung)."

Ten years later Wigner3) rediscovered the couservation law of nucleons,
saying {p. 5325, footmot2): "It is conceivable, for instance, that a conser-
vation law for the number of heavy particles (protons and neutrons) is re-
sponsible for the stabilircy of the protoms in the same way as’ the couserva-
tion law for charges is responsible for che stability of che electron. With-
out the conservation law ir. questicm, the protom could disintegrate, under
amission of a light quantim, inco a positron, just as the electrom could
disintegrate, were it not for the couservation law for the electric charge,
iato a lighct quantum and a neutrine."

Why did these three learned gz=utlemen, Weyl, Stueckaelberg, and Wigner,
fzel so sure chat baryoms ars conserved? Well, you might say chat ic's very
;‘mple; they felt i¢ in their bonmes. Had their bones been irradiated by the
decays of aucleous, they would have noticad 2ffescts considerably =xczeding
"sermissible radiological limits" {f :zhe aucleon lifetime were <10 vears

and if at lazast l10% of the au.lson resc mass were to appear as radiacion

1=

absorbable in the bdody. That is a fairly sensicive measursmenc, 5Sul Ome can
do much bettar »y a deliberars zxperiment.
A quarter cenctucy after Weyl's conjecturs the first attampts werz made
7

_ w . L L £
to test the assumption of nucleon stability explicicly . From simple com-

siderations and by simple sxperiments we could conclude

20
aj ¥ > 10 vears, no rattar bow the aucleon disappears,
. 2t . R
2) P > 10 years anrd _V > 1C vears,
z b

if ionizing particlas > L00 MeV ars amitted in the dacay o»f free protons {(p.)
~ B N AL

or Sound auc 1l recurn ¢ details shor:clv,
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©
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Summing up, we said (p. l158): 'We cannot conceive of an experiment
which would prove the absolute stability of nucleons, but judging from che
demonstrated 'practical’' stability of nucleons we conclude that the law of
conservation of nucleons can be used with considerable confidence in dis-
cussions of 'practically observable' nuclear reactions. It proves very
useful, for example, for hyperon reactions where it permits the conclusion
that particles observed to decay into nucleons must be made from pre-existing
nucleons or be produced in pairs (particles plus antiparticles). It also
follows that nucleons must be found among the ultimate decay products of
such hyperons; otherwise the decay of nucleons via virtual hyperon states
would be observable. If aucleon pair production processes should be ob-
served, the number of nucleomns would only be conserved inm an algebraic sense.'

Paiss) suggestad the collective name 'baryon' for nucleons and 'heavy'
V particles. Since then one speaks of a conservation law of baryoms. But
of course, for practical purposes, tests of this law are confined co
nucleons: free or bound protous, and bound neutroms.

During the next decade the spiric of tasting counsarvacion laws led to
remarkabls successes: observation of the breakdown of cthe symmetriss 2, C,
and T.

To zive some perspective on the lifacime limits with which we are
dealing when we discuss nucleon decay, Table II shows some '"lorng :imes'' chac
play an important role in physics, geoohysics, and ascrophysics.

Unlika Weyl, who couldn't have said in 1929 now the protom might decav,
we are aow confronted by a mulciplicity of possibilities. Figure 1 shows
schematically all the particles which are lightar chan a aucleson in mass and
into which a nucleon might conceivably decay. 1If one counts particles and

antiparticlas as well as members of multiplets separztzly, one comes up with



TABLE II

SOME “LONG TIMES”

Typ OF P8y . 45X 107 1R
AGE OF EARTH . 4.6 X 109 YR
TIME SINCE “BIG BANG” . ~1.5 % 1010 vR
T1/o(sponT.F1ss.) OF 238U : 1016 YR

T1/9(23) OF $307e o L x 104y
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FIG. 1

Schematic of sarticles of mass lower than that of 2 aucleon.
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some 20-o0dd known particles into which a nucleon could decay. 3ecause of
the many possibilities conironting an experimenter, I should Like to urze
those who are formulating theories of nucleon decay tn try to predict, as far
as possible, specific decay modes and specific branching ratios, because for
ecach specific decay mode one can design a deliberace experiment -— we could
call it a dedicated experiment — not just take a free ride on various and
sundry neutrino experiments. As an example, iI there were a decay mode

p - nt + v, the rt would have a well-defined energy, equivalent to nearly
half the proton mass, apd a characteristic decay chain - ;+ ~ 2%, We
might thus be able to see a 7 peak on top of the comtinuum induced by atmos-
pheric neutrinos, and in principle this would allow us to measure very long
lifetimes. Roughly, one can say that for measuring a lifatime of the order
ot 1031 years (which is a liccle beyond the limit given by Reines for a
specific decay mode leading to uw™ emission) ome needs about 100 toms of
matter to get of the order of 10 svents per year, and oroportionately more
for longer times. Just to obtain a measurable signal one needs very large
quantities of matter, and therefores it 15 natural to combine nucleson decay
searches with neutrino searches, bdut by empiasizing as well as we can the

detection of specifiic modes, we can probab:v oush the search for certain

partial decay modes :o0 much longer times than would be otherwise poss: '-.
- z e~ s 8) .
Table III updates a 1958 paper with Gary Feiabergz . Here ti. - ool
s> means "empirically equal’ (see ref. 7). Agaia, l2t us resmember that a

measurement cannot yield an exact value zero, but the wtomic beam measure-
ments yield charge differances, shown in Table I[II, which ars compactidble with
zero (see Table IV). 1If one makas the assumption that cne neutrom 1as charge

~

. - = . 3
zero, one can obtain betcer limits from experimernts on bulk matter ) (where

N

different protom-neucron ratios, =2.2., diffarasnt isotopes, have so far not

n



TABLE III

G. FEINBERG AND M.G., PROC. NAT. ACAD. SCI., 45, 1301 (1953)
(UPDATED)

THE CHARGES OF THE KNCOWN PARTICLES INTO WHICH A
NUCLEON MIGHT DECAY ARE

8, = 9, =100,

=

ELECTRIC CHARGES OF KNOWN PARTICLES CAN BE EXPRESSED
[M TERMS OF A FEW INDEPENT :NT CHARGES WHICH WE CAN CHOOSE

TO BE
Ges 950 Oy O, (anp 0.,

OR WE CAN CHOGSE THE DIFFEZRENCES FROM UNIT CHARGE

5y Uy 69, (d3.),



TABLE IV

L. J. FRASER, E. R. CARLSON AND V. W, RUGHES (1968)

(See ref. 7)

Q3 3Kye) = 1940, + 200,
= (0.84 = 0,78) X 1070,

(55 Cs75) = 556a, + 78,
(1,62 + 0.70) X 107°°Q;

4]

[T FOLLOWS THAT

so, = (0.9 £ 2.0) X 107*°%;
9, = (0.4 = 1,5 %1077,



been used Iin the same secup).

If the charge differences were not axactly equal to zero, nucleon
stability would trivially follow from charge conservation. But les us assume
that the charge differences are exactly equal to zero (a widespread conjec-
ture or tacit assumotion, which would follow from Dirac's quancizarion condi-
tion if magnetic monopoles exist)., Nucleons might then decay to some of the
particles shown in Fig. l. As mentioned above, there are twc essencially

)

different methodsa for measuring nucleon decay:
1. Detection of disappearance of a nucleon £rom a2 nucleus.
2. Decection of radiatiomns emitted in the decay of a nucleon.

The first, the nuclear methed, of wuich there are now two varieties,
gives the vesults shown in Table V. These m-thods are fairly insensitive to
the particular decay mode: If a nucleon disintegratas, or even ''disappears
wvithout a trace' (when there was talk of "continuous creation' one might also
have had to contemplate "continucus disappearance’ of auclsors), it lLeaves a

o . . . 232 . - .
hole in tche nuclear shell, which in Th is, for most of its nuclesomns,

‘ssion threshold. From a Limic

}4

equivalant to raising the snergy above the £
on the spouraneous fission lifecime of Th, one can deduce a iimit on
aucleon liZerime which is ~200 times as large. This method would also de
valid if procasses Lavolving two or mors auclzons played a rols in the "dis-

1

appearance' 5f auclaomns.

The radiochemical wvariarion of the iuclear mechod relias on the datac-
tion of a specific final nucleus resulting from the original ons.

The nuclear methods give limits on total lifetimes for nucleomns,
wherzas the counting methods gzivs limits on partial lifetimes. Both wmethods

ultimately suffer from neucrino-induced hackground due to charged or neutral

currants. Peraaps such expariments will ulcimately bHe carried osur on zhe



TABLE V

NUCLEAR METHODS

SEARCH FOR FISSION INDUCED IN 23274 (1954),
FLEROV ET AL (1958)

Ty > 2 X 1023 vg

RADIOCHEMICAL METHODS.
GENERAL SUGGESTION BY P. ROSEN (1975)°’

SPECIFIC EXAMPLES INVESTIGATED:

[

I['

a)
5)
<)

d,=2)

J. C. EVANS AND R. [. STEINBERG (1977)°

Btz 9% 7 >15¢02 R
SIREMAN ET AL (13770 ¥
STEINBERG ET AL (1977)°

Vg _3ag 1 52,2 % 1020 vR

N

Phys. Rev. Lett. 34, 774 (1375).

Scisnce 197. 389 (L977;.
Reportad at Incernational Conizrsnce on Neutrinoe 2hysics,
Slbrus, USSR, June 1977.

g



moon to ascape the affects of atmospheric neutrinos.
I have discussed the question of the history and of the empirical
evidence concerning baryon conservation at such length because theres has been
no recant systemacic review of this subject.
Theory teases the esxperimenters to bvigger efforcs. Within the zeneral
framework of unified gauge theories, the possibility of transitcions from
9)

quarks to leptons has been discussed. Pati and Salam”™ consider a nucleon to

be made of three quarks of integer charge to which they assign a corresponding
& : LO) = - 3] : (1) :

flavor. Other theories make use of the more '"conventional” fractiomally
charged quarks. . @2ach case the nucleon lifetime cannot be 2stimated with-

out further assumptions on properties of heavy intermediate "lepto-quark”

gauge bosons. However, it has also been demonstratad that in some unified

1)

L
gauge theories the proton can be absolutely stable . The theoretical sizu-
. , . : 12)
ation has been reviewed by Gell-Mann, Ramond and Slansky .

For comservation of electric charge the most sensitive tests are prob-
ably those that search for decay cof an electron into neutral parcticles, =.3.,
a — 3y (detsctad by x-rays which would follow disappearance of a K-elactrom)
or & — 7 = V. Some of the data are summarized in Table VI (see, e.g., v=2f. 7).
The lifatime limirs are good enough to indicate that none of the «nown intar-

6)
actions brezak charge comservation °, as mentioned above.

The search for uw — e + ¥, which became a hot subject aboutf zwo vears

ago, still continues. The present situation is still the same as rhat

S L -
racently summarized at a Conference at SIN ). Limits for ——r

. . -
have been reportad from TRIUMFI*) and SIN as < 3.6 x 10 2 and 1.6 x 10 7,

respectively. A LASL-Chicago-Stanford experimen: aow Ln grograss expects to

-10

reach a Limit 2f ~L0O



TABLE

V1

SUMMARY OF EXPERIMENTAL LIMITS FOR ELECTRON HALF-LIVES

K. KWIATKOWSKI,
W, MAENHAUT,
AND M.S. WALL
PHYS. REV. 312,
2582 (197%)

ELECTRON
LIFETINE
FXPERIMENTERS (YR) DETECTION METHCD FLECTRON SOURCE
£, per MATEQSIAN >1019 K X-RAYS OF [ODINE Mal CRYSTAL
AND M. GOLDHABER,
UNPYUBL[SHED >1020 ¥ RAYS FROM PROCESS
(1958-1959) : ey sy
MK, MOE AND >2 % 1021 X X-RAYS QF [ODINE 4
F. REINES
°4YS, REV, 1408, >4 % 1022 » RAYS FROM PROCESS "
382 (1965) ey =
R. I, STEINBERG, >5.3 ¢ 192l K X-RAYS OF Ge Ge(Lr) DETETTOR



It is worch recognizing that the limict already found for the parcial
lifetime for « — & + v exceeds the 3~decavy time of a neutron — 2 remarkable
measurement/

15) . -

At che SIN Conference a limit was also reportad for

<4 x 100,

wT +§ e’ + X
uwoo+ 5 mu e Y

Some theories predict oanly slightly lower values. The theoretical
situation was reviewed by S. Weinberg at the SIN Confersunce.
The recent experiments and theories connectad with the possibility of

nonconservation of muon number have revived interest in neutrino oscillations

— another process which would not comnserve Ly. This subject has just been

)

raviewed by Bilensky and Pontecorvo .



REFERENCES

AL Pais, The EZarly distory of cthe Theory of the Electron, 1897-1947,

Chapcer 3, in Aspects of Quantum Theory, ed. by A, 5alam and E. P. Wigner,

2. 79 (Cambridge University Press, 1972).

E. C. G. Stueckelberg, Helv. 2hys. acta 11, 299 (1939).

3)5. P.Wigner, Proc. Am. Philos. Soc. 93, 521 (1949) _see also Proc. Nat.
Acad. Sci. 38, 449 (1952)1.

*)F. Reines, C. L. Cowan, Jr., and M. Goldhaber, 2hys. Rev. 36, L157 (1954).

J)A. Pais, Proc. of Int. Conf. of Theor. Phys. (Xyoto), Published by Science
Council of Japan, Tokyo, p. L37 (1334).

c)G. feinberg and M. Goldhaber, Proc. Nat. aAcad. Sci. 35, 1301 (1938).

)

M., Goldhaber, ?roc. am. Philos. Soc. L13, 24 (19735).

8)3. G. Xing, Phys. Rev. Lect. 5, 562 (1960); G. Gallinarc, M. Marinelli

and G. Morpurgo, Phys. Rev. Lett. 38, 12553 (1977).

9>J‘ C. Pati and A. Salam, 2hys. Rev. Lect. 3L, 861 (.973).

LO)See, e.z., 4. Georgi aad S. L. Glashow, 2hys. Rev. Lecz. 32, 438 (1374),

g, Georgi, 4. R. Juinn and S. Weinberg, ibid 33, 231 (197&).
11 e . - ) o -
>M. Abud, F. 3uccella, H. Ruegg and C. A, Savoy, ?hys. Lett. 573, 313

- - S N . ~ .
71977); ?. Langacker, G. Segre and A. Weldom, U. of Penn. prepriat,

12 :
')M. Gell-Mann, P. Ramoad and R. Slansky (o Se published).

LJ)See Yature 259, 375 (1977).

4
L )See Depommier 2t al, Phys. Rev. Letz. 39, LLL13 (l977).

lD)See 3. Badertscher et al., Phys. Rev. Letc. 39, 1385 (1377).

.
.‘.D),. . : ; N .
S. M. 3ileasky and 3. Pontecorvo, Comments on Vuclz2ar and Parzicla

shysics, 7, 149 (1977).



