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The phrase "conserved quantum aumbers" has a rather definitive ring to

it; it might be more cautious CO talk of them as quantum numbers for which

nonconservation has not been established.

Though the limits of quantitative measurements have been considerably

extended in recant years, the status of these quantum numbers has not changed

quaiicacivel . There is much activity, especially concerning the lav;s of

conservation of baryons and of onion number, as if change were just around the

corner.

If we look at the historical development of the conservation laws, we

find one or more of the following conditions fulfilled:

1. No breakdown has been reported for che property being con-

sidered. (Early generalisations from somewhat qualitative

evidence.)

2. A breakdown has been axpLicitly searched for and not found.

(This usually leads to a quantitative limit.)

3. A particular conservation Law is a consequence of a successful,

general theory which expLains aany phenomena that appear ac

first sight to be unrelatad (though the conservation law also

may have been originally assumed in formulating the thsory) ,

the foremost example being conservation of electric charge.

"Under the auspices of Che U.S. Department of L'nergy.



Two kinds of conservation Law axist:

A. Reseric ted conservation law: A quantity is conserved 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 conservation 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 quantities

that are either zero or infinite, values which can be approached

by successive improvements in experimentation but not reached.

An absolute conservation law is therefore a theoretical state-

ment.

From an operational point of view, a conservation law being absolute

means that no known interaction leads to its breakdown; e.g., experimental

limits on conservation of electric charge (discussed below) are good enough

to com-.ude that if this conservation law were co braak down it would be with

an affective strength weaker than that of any of the known interactions. r«e

should remember that from an empirical point of view such a possibility can-

not be excluded.

The conservation laws that have withstood ampirical tests are shown

in Table I. Although the first thrae laws suffice to describe the empirical

evidence, theoreticians like co hold on to the older fourth Law, iapton

number conservation, as a general framework for the discussion of a number

of potential taaccions, such as s. " a -f- v.



TABLE I

CONSERVED QUANTUM NMBFRS

1) Q (ELECTRIC CHARGE)

2) B (BARYON NUMBER)

3) Lx ( X = e, -j., (-) j SPECIFIC LEPTON NUMBER)

4) L (LEPTON NUMBER)



Ic may be useful to look back at Che history of the oldesc conserva-

tion law, which is still being hotly debated today, that of baryons, because

this history provides some general lessons for other conservation laws.

However, I shall not nake an attempt at completeness hera.

i)
In an essay written in honor of Dirac for his 70th birthday, Pais

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 reason, a comment by Weyl [Z. Physik 5_6, 330 (1929)] is of

interest: 'It is plausible to anticipate 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 state Cliter quantization) that the number of electrons as well as of

protons remain constant. To these conservation laws must correspond a two-

fold gauge invariance, involving two arbitrary functions.1 Hera then is the

earliest version of the conservation law of baryons, involving all baryons

known in 1929."

Weyl's genius led him to guess something important. But had he set

himself the task of stating how the pro';on sight decay (conserving electric

charge), he would not at that time have known any particles ic could decay

into .

It did not taka long for weyl and others to realize that Dirac's

positive particle could not be the proton. The conservation law for nuclaons

was explicitly postulated ten years later by Stueckalberg as a conservation

law of a different kind from that of electricity.

He said (p. 317)-. "Besides the conservation Law of electric charge,

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

ther conservation law: For all observed transformations of sat tar, no trans-



formacions of heavy parcicles (neutron and procon) inno Light particles

(electron and neutrino) have yec been oa.-"arved. We therefore wish to postu-

late a conservation Law of the heavy charge (schwere Ladung)."

Tan years later Wigner rediscovered the conservation law of nucleons,

saying (p. 525, footnote): "It is conceivable, for instance, thac a conser-

vacion Law for che number of heavy particles (protons and neutrons) is re-

sponsible for the stability of the protons in the same way as the conserva-

tion Law for charges is responsibLe for the stability of che electron. With-

out Che conservation law in question, the proton could disincegrate, under

emission of a Light quantum, into a poo.1'tron, just as the electron couLd

disintegrate, were it not i:or the conservation Law for the electric charge,

inco a light quantum and a neuCrino."

Why did these three learned gentlemen, Weyl, Stueckaiberg, and Wigner,

fael so sure chat baryons are conserved? Well, you tnighc say chat it's very

simple; they felt it in "heir bones. Had their bones been irradiated by the

decays of nucleons, they would have noticed effects considerably exceeding

16
"permissible radiological limits" ir che nucleon lifetime vere <L0 years

and if at laast L0% of the nu^ieon rest mass vere to appear as radiacion

absorbable in the body. That is a fairly sensicive aeasuremenc, but one can

do auch better by a deliberate axperim^.nt.

A quarter century aftsr Weyl's conjecture che first attempts were aade

co test the assumption of nucleon stability explicitly"'. From simple con-

sideracions and by simple experiments we could conclude

a) "̂  > 10" years, no rraccer bow che nucleon disappears,

b) ~p > 10"" years arvi " > 10" vears,
•- -Nb

if ionizing particles > 100 MeV are emicced in che decay of free procons (p )
r

or bound nuciaons (N. ) . I shall recun co details shorciy.



Summing up, we said (p. 1158): "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 frotn pre-existing

aucleons or be produced in pairs (particles plus antiparticles). It also

follows that aucleons must be found among the ultimate decay products of

such hyperons; otherwise the decay of nucleons via virtual hyperon states

would be observable. If nucleon pair production processes should be ob-

served, the number of nucleons would only be conserved in an algebraic sense."

Pais suggested the collective name "baryon" for nucleons and "heavy"

V particles. Since then one speaks of a conservation law of baryons. 3ut

of course, for practical purposes, tests of this Law are confined co

nucleons: free or bound protons, and bound neutrons.

During the aext decade the spirit of testing conservation Laws led to

remarkable successes: observation of the breakdown of che symmetries ?, C,

and T.

To give some perspective on che lifetime Limits with which we are

dealing when we discuss nucleon decay, Table II shows some "long times" chat

play an important role in physics, geophysics, and astrophysics.

Unlike Weyl, who couldn't have said in 1929 how the proton might decay,

we are now confronted by a multiplicity of possibilities. Figure 1 shows

schematically all the particles which are lighter than a nucleon in mass and

into which a nucleon might conceivably decay. If one counts particles and

antiparticles as well as members of mulciplets separately, one comes up with



TABLE II

SOME "LONG TIMES"

Tl/2 0F 238|J : 4.5 X 109 YR

AGE OF EARTH : 4,6 X 109 YR

TIME SINCE "BIG BANG" ; -1,5 X 1O10 YR

T 1 / 2(SPONT.FISS.) OF 2 3 8U : 10 1 6 YR

T1/2(?3) OF 1 3 0 T E : 1,4 X 10 2 1 YR
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FIG. 1

Schematic of ^articles of m^ss lower Chan chac of a nucleon.



same 20-odd known particles into which a nucleon could decay. 3ecause of

the many possibilities confronting an experimenter, I should like to urge

those who are formulating theories of nucleon decay to try to predict, as far

as possible, specific decay modes and specific branching ratios, because for

each specific decay mode one can design a deliberate experiment — we could

call it a dedicated experiment — not just take a free ride on various and

sundry neutrino experiments. As an example, if there were a decay mode

p ~ fi* + u, the T:+ would have a well-defined energy, equivalent to nearly

half the proton mass, and a characteristic decay chain IT — y/~ — a+. We

might thus be able to see a TT peak on top of the continuum 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 lifetime of the order

of 10 years (which is a little beyond the limit given by Seines for a

specific decay mode leading to uf emission) one needs about 100 tons of

matter to get of the order of 10 events per year, and proportionately more

for longer times. Just to obtain a measurable signal one needs very large

quantities of matter, and therefore it is natural to combine nucleon decay

searches with neutrino searches, but by emphasizing as well as we can the

detection of specific modes, we can probably push the search for certain

partial decay modes :o much longer times than would be otherwise poss' '->.

Table III upds.tes a 1953 paper with Gary Feinberg ' . Hera el. • JOI

dZ^ aeans "empirically equal" (see ref. 7). Again, lat us remember that a

measurement cannot yield an exact value zero, but the atomic beam measure-

ments yield charge differences, shown in Table III, which are compatible with

zero (see Table IV). If one makes the assumption that cne neutron has charge

zero, one can obtain better limits from experiments on bulk matter (where

different proton-neutron ratios, --g., different isotopes, have so far not



TABLE III

G. FEINBERG AND M.G=, PROC, NAT, ACAD, SCI,, 45, 1301 (1958)
(UPDATED)

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

ELECTRIC CHARGES OF KNOWN PARTICLES CAN BE EXPRESSED
IN TERMS OF A FEW INDEPENJ J T CHARGES WHICH WE CAN CHOOSE
TO BE

Q2, Qp, Qn, Q^ (AND QJ,

OR WE CAN CHOOSE THE DIFFERENCES FROM UNIT CHARGE

<U



TABLE IV

L, J. FRASER, E, R, CARLSON AND V, W, HUGHES (1968)
(See ref. 7)

20Qn
(0.84 2 0.78) X 10"L8Q,;

9(]
5

353C373) = 55dop + 7SQn9(]
5

353C373) = 55do + 7SQ

(1,62 + 0,70) X 10~13Qaj

IT FOLLOWS THAT
6% = (0,9 + 2.0) X 10~-'Qej

Qn = (0,4 t 1.5) X 10~
13Qe,

n - ? + e - + 7 IT FOLLOWS THAT

(0,5 + 3) X 10"i9Q,



been used in the same setup).

If Che charge differences were not exactly equal Co zero, nuclaon

stability vould trivially follow from charge conservation. 3ut let us assume

chat che charge differences are exactly equal to zero (a widespread conjec-

tura or tacit assumption, which vould follow from Dirac's quantization condi-

tion if magnetic monopoles axist). Nucleons might then decay to some of the

particles shown in Fig. 1. As mentioned above, there are two essentially

different methods for measuring nucleon decay:

1. Detection of disappearance of a nucleon from a nucleus.

2. Decaction of radiations emitted in the decay of a nuclaon.

The first, the nuclear method, of which there are now two varieties,

gives the results shown in Table V. These cr-Thods are fairly insensitive to

the particular decay mode: If a nucleon disintegrates, or even "disappears

without a trace" (when there was talk of "continuous creation" one might also

have had co contemplate "continuous disappearance" of nucleor.s), it Leaves a

hole in the nuclear shell, which in " Th is, for most of its nuclaons,

equivalent to raising Che energy above the fission threshold. From a Limit

on the spontaneous fission lifetime of ""* Th, one can deduca a limit on

nuclaon Lifetime «"hich is ~200 times as Large. This method would also be

valid if processes involving cwo or more aucleons playad a role in Che "dis-

appearancs" of aucLaons.

The radiochemical variation of the AucLear aethod ralias on che detec-

tion of a specific final nucleus resulting from the original one.

The nuclear methods give limits on total lifetimes for nucleons,

whereas the counting methods give limits on partial lifetimes. 3oth methods

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

currents. Peraans such experiments will uitiaiat?lv be carried out on che



TABLE V

NUCLEAR METHODS

1) SEARCH FOR FISSION INDUCED IN 2 3 2 T H (1954),
FLEROV ET AL (1958)a)

T M > 2 X 10
2 3 YR

2) RADIOCHEMICAL METHODS.
GENERAL SUGGESTION BY P. ROSEN (1975)b)

SPECIFIC EXAMPLES INVESTIGATED:

I, J, C, EVANS AND R, I, STEINBERG (1977)°

130T. I29v, T > i .- v ln25 YR
I c — « • Ac I iV, / 1 , 0 A iU

II. FIREMAN ET AL (1977)d)

STEINBERG ET AL (1977)e)

> 2 , 2 X 1 0 2 6 YR

a) See raf . 7.

b) ?hys. Rev. Lect, 34, 774 (1975).

c) Science _l_9_7. 989 (1977;.
d,e) Reported ac Inreraac ional Conference on .Veucrino Physics,

E lb rus , USSR, June 1977.



moon to escape the effects of atmospheric neutrinos-.

I have discussed the question of the history and of the empirical

evidence concerning baryon conservation at such length because there has been

no recant systematic review of this subject-

Theory teases the experimenters to bigger efforts. Within the general

framework of unified gauge theories, the possibility of transitions from

9)quarks Co leptons has been discussed. Pati and Salam consider a nucleon to

be made of three quarks of integer charge co which they assign a corresponding

flavor. Other theories make use of the more "conventional" fractionally

charged quarks. . aach case the nucleon lifetime cannot be estimated with-

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

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

gauge theories the proton can be absolutely stable" . The theoretical situ-

ation has been reviewed by Gell-Mann, Ramond and Slansky1"" .

For conservation of electric charge the most sensitive tests are prob-

ably those that search for decay of an electron into neutral particles, e.g.,

a — 3u (detected by x-rays which would follow disappearance of a K-electron)

or e - •; — Y. Some of the data are summarized in Table VI (see, e.g., r=f. 7).

The lifetime limits are good enough to indicate that none of the known intar-

actions oraak cnarge conservation , as mentioned above.

The search for ;j, — e •+• Y, which became a hot subject about two years

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

13) u."*" -• e + -1- "recently summarized at a Conference at SIN . Limits for ——- ——
- - e- •»- v e + ^

!'•) -9 -9

have been raportad from TRIUMF and SIN as < 3.6 x 10 and 1.6 x 10 ,

r e s p e c t i v e l y . A lASL-Chicago-3tanford experiment now in progress exveazs co

reach a l imi t of —L0 " .



TA3L£ VI

SUMMARY OF EXPERIMENTAL LIMITS FOR ELECTRON HALF-LIVES

EXPERIMENTERRS

ELECTRON
LIFETIME

(YR) DETECTION METHOD ELECTRON SOURCE

E, DER MATEOSIAN
AND M, GOLDHABER,
UNPUBLISHED
(1958-1959)

.V. K, MOE AND
F, REINES
PHYS, REV. 14OB,
992 (1965)

>1020

K X-RAYS OF IODINE NAI CRYSTAL

y RAYS FROM PROCESS

>2 X 1021 ;< x-RAYS OF IODINE

> 'A X 1Q22 y RAys FROM PROCESS

R. I. STEINBERG,
K. KWIATKOWSKL
W. MAENHAUT,
AND N,S, WALL
PHYS. REV, OIL
2582 (1975)

>5,3 X Ii K X-RAYS OF Ge GE(LI) DETE'TOR



I t is worth recognizing that Che Limit already found fox the par t ia l

Lifetime for u - e +• y exceeds Che 3-decay cime of a neucron — a remarkable

measurement!

At the SIM Conference a limit was also reported for

;j,- + S - e- 4- X „ , -io
_ < 4 x 10

U," + 'i - y + Y

Some theories predict only slightly Lower values. The theoretical

situation was reviewed by 5. Weinberg at the SIN Conference.

The recent experiments and theories connected with the possibility of

nonconservation of muon number have revived interest in neutrino oscillations

— another process which would not conserve L^. This subject has just been

reviewed by Bilensky and Pontecorvo
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