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In my survey today I am gding t0 borrow freely from én article
currently being prepared in collaboration with Murray Qell-Mann and
Arthur Rosenfeld. In the title_of'our article we have used the.term
'"partiéle" but have carefully avoided the édjective "elemgntary.ﬁ

Had thentitle of my paper here today been of my choosing, I should
similafly have avoided such a modifier;lbecause if there is a discernible
trend in current high energy physics it is the decline of the eleméntary
particle concept.. A major purpose bf my report to you is to describe
this'deClinevofvanvancient idea aﬁduthe.beginniﬁgs of a new idea that
_méy/fi‘ll"the.v»voidf | | ) |

Paificle Proliferation
— —

-One well publicized facet of the preseht position in subatomic
physics is‘the proliferation of>nuciear particles; ;The number of barticlgs
discovered during the past five years is so large that there is_liftle
point in an enumefationAhere. (Slides 1 and 2.] Those of you not already.

 familiar Qith the list would only be bewildered, hot enlightenéa.' What
was the §ource of “the speétacular increaseiin thé réte ofnpariicle

discovery?

* . . N .
Prepared for delivery at the Centennial’of.the National Academy of

- Sciences, October 22, 1963, Washington, D. C.
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There were at least three ingredients. Tg nnderstand these
you must realizevthat most nuclear particles are unstable and have rest
‘mass eneréies of the order of a billion‘electron Qolts.: Some, with
ienger iifetimes, were found in cosmic rays but the majofity are so
short-1lived that they must be created in the.laberatory if they are to
be seen. Acceleraforslin the billion volt range became operative dufing
the last ten years; this was.a_necessary-first inéredient for the
pOpulation explosion among established perticles.

A second ingredient was the invention and development of the'
" bubble chamber. This marvelous instrument allowed £he completevetudy
of almest all the ﬁarticles produced in a given nnclear reaction, under
conditions whefe‘thousands of events could be accumulated in a reasonable
time. Unstable particles with lifetimes as short as 10;22 sec. thereby_
reveeled themselves through their decay products, whieh coqld be followed
in deteil and analyzed on a statistical basis. The third ingredient
| was the Qevelopment of high speed'date enalysis systems capanle‘of
handling_tens of thousands of events in individnal experiments. Without
':snch systems the.output from bubble chambers wonid overwhelm human o
| capacities. [s1iide 5]

By no_means ali of our information abont nuclear'particlesv o
is cqminé from bubble chambers. Spark chembers and“sophisticated_
electronie arrangements continue to be essential,in_situations where
the number of events to be analyéed runs’in the hundreds Qf-thousands
‘:or‘moref A eubstantial number of the nevaarticles have revealed

~themselves in such expefiments}
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“What can be said to summérize the vast'a@ount of particle
information now available?  First 'of all, proliferation has occurred
only among "strongly interacting particles.” These are partigles like
ﬁhe neutron and proton that mutuélly interacﬁ through powerful short-
range forces. All particles discovered to dafe, with the exception of
the photoﬁ, eleqtron, muon and the neutrinos are of this type. The
I1atter four particles are called leptons and this lepton family’haé
not increased in number over the past thirty years. Recently it was
- discovered At Brookhaven that there are two kinds of neutrinos, one
associated with muons and one.with'electrons, but this cannot be
considered proliferation in the sense observed for §trongly interacting
particles.

A second generalization is that there_are no strongly
interacting-particles of mass Very small compared to the average,
which is ~ 1 billion electron volts in order of magnitude. The lightest
is the pion whose mass is ~ 1/7.Bev. Comﬁare this to the electron
whose mass is '~ 5 x 10'“ Bev or to the neutrino whosérmass is beliévedv
to be zero. ' A plausible inference from these two circumstancés is that
st;onglyvintéracting particles are.in some sense dynamicai'structures,
dwing their existence to the same forcesvthrough which they mutually
interact. Such a mechanism can be imagined'ﬁo'produce_aISpectrumkof -
. energy levels (i.e., particle masses) of the type ébsgrved; with no
' sharp‘upper bound, and with the ground statevnot_diffefing qualitatively

from excited.states.
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In.contrast, the origin of the leptons cannot be dynamica]

-in the same sense. The necessary forces here have never bcen found
endvthe.bizérre spectrum‘of states, beginning with qne_of zero energy o
‘and terminating_sharply At the muon, bears no resemﬁlance to any
‘ dynem;caleSpectrum seen before. There have been many discoveriesvof
simplicity and regularity in 1epton'properties invrecent years but‘
nothing yet to suggest a deep explanation of why these particles exist.
I shall concentrate the remainder of this report, therefore, on the
strongiy interacting particles--where the accumulated neight of experi—_
mental evidence promises_sbon to produce a major increment of under-
i standing. *

‘ ' ‘it willvbe easy for you'to grasp one reason for the currentc
optimism regarding strong interactions{y The“point.is that the very.
nagnitude of the particle population is transforming high energy phy51cs v
into something like spectroscopy, as it was at the beglnnlng of the |
century.f Regularitles are being discovered that allow the partlcles—-.“
or energy leveis--to be grouped into families. Some of these groupings
: alreadynhave been giVen a dynamical motivation by the theorists, others
. remain at present empirical.' But if the current‘rate'of experimentéi"A
| ,discovery continues'it seems inevitable'thetvmajor aspects of - the

underlying fundamental principles will reveal themselves.

" Yukawa Forces '
A second reason for optimism'iS'that hundreds of painstaking
measurements over the past 30 years have by now convineingly verified

the Yukawa hypothesis concerning the forces acting between strongly v
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1nteract1ng particles. 'Expressed in modexrn language this hypothesis
.associates nuclear forces with the eX1stence of anti—particles through
. the key concept of ' cr0531ng. Consider a reaction leading from the

two-particle "channel“';(a,b) to the "channel™ (c,d):

‘ ad;t‘ b > c + d s o o [Slide 4]
“the probability of the reaction occurring belng given by the absolute
square of the reaction amplitude A(E s Eb, E Ed) which is a function
of the four particle energies. The principle of crossing states that

.thls same function also describes two "erossed" reactions that correspond

_ to repiacing ingoing'particles by outgoing»antiparticles4and vice versa:
T .a ,+-3Z -3 3 + 4,
’ a + - 5 o+ c.

These three different reactions are distinguished by the 51gns of the

l'ienergy variables, which are positive or negative according to whether

- _1ng01ng or outgoing particles are involved but if the controlling
amplitude is known for one reaction it can be obtained for the two e

fothers_by.smooth_extrapolation (continuation) in energy.

i"i-f An example of crossing is the following pair of reactions
inVoiVingineutronsvand protons

"' (a)'m ey ::‘nf_+' P e+ n + p -
o | " [slide 5]

ey | ‘n + 0N e p o+ P,



-6f R ucm-nms
both described by the same reaction amplitude, an important part of

which‘is represented by Fig‘ 1. The first way of drawing the arrows

r (d )\"f*c" e v- ; a»}“v v   ' j c -: _~»{b) v»-

mre Y mep oA g

in this dlagram (which physicists will recognize is-related to a Feynman
diagram, though it has not qnite the same meaning) is’ apprOprlate to
reactlon (a) and the ‘second to reactlon (b) The two figures dlffer,:
'of course, only in the direction we read them, as 1nd1cated by the ‘
_arrowheads.;ﬂ' | | . | | |

| The second way. of drawing the flgure canvbe 1nterpreted as. 

_the contrlbution from the meson 1ntermed1ate state “in reactlon (b)
n + n - meson -~ p + P .

= in.general,'whenever there:exiets a particie whoseAquantum.numbers.
vx.;pernit:it'to,"communicate" with both sides'of'a reaction the contri-

o BUtion from such a diagram as (b),is necessarily present in the reaction
amplitude} This contribution is given.by the so-called Breit-Wigner '

'formulafand depends on the mass (or energy) of the intermediate state
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' 7_{;‘ ndication\of particles subject like the photon, to direct em1381on B

': and absorptiOn. ;For*many years it was believed that the ﬂ-meson might
:,be such a particle, but experiments indicate nothing unusual about

Hj-“_the)forces felt by the ﬂ-. Suggestions have been made that the spin-

'“?meson mayvhave ‘a special status, but again there is nothing in the )

ch‘an idea.'}

?;fNuclea Part , 'Democracy x

B I:am led now’ to’ a third reason for Optimism about strong

l:;finteractions' l'_is'is the success achieved in understanding the

QiLexistence an‘-properties of certain particles, assuming them to be

’iidynamical composites (bound states) of other particles, held together o

dffa firstbaf'roximation can be considered a neutron-proton compOSite.

the exchange of various mesons. It is of great
realize, however, that the deuteron is not exactly

lcomposed‘of ,roton plus one neutron. In quantum mechanics it lS

;Zmoremaccurat tO-say that most of ‘the time the deuteron consists of

%n;these:two parti' es. The deuteron communicates with a great variety

Jifof‘channelS‘in addition to p +n, and according to quantum theory ;:

’fany-state cons_sts part of the time of each of the channels that

‘fq“communicate with it. If one neglects other channels such ,
:‘in a calculation of deuteron properties, one does not
1-7get anr xact result.» Nevertheless there is a. general belief that

bﬁ,s1nce the simplest channel successfully accounts for the bulk of the

k"’jit should eventually be poss1ble to

A well knOWn example is the deuteron, which 1n i- o



2
.

hannels play a. larger role.- For most partlcles, in fact' ,f';':

fszlncluded, whlch poses a grave calculatioual task.: The'problem of
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is made there to explain the existence and properties of the . electron o

o and ‘the photon, one has always accepted their masses, spins, etc.,"'

together with the fine structure constant as given parameters. There
. exist atomic particles, such as_positronium,.whose properties are
calculatle in'the sense described above, but solfarione does notlsee
| a plausible basis, even in principle, for computing the properties of
'fphoton and electron as we compute those of positronium. In particular
the zero photon mass and the small magnitude of the fine structure ;
"constant_appear most unlikely to emerge'from dynamics of the Iukawa'
What has happened to meke some of us think that all strongly
iyinteracting partlcles are composite, with pr0pert1es that are dynamically
| calculable? I have already mentioned the‘systematic absence of very
-small masses..'For a long time we have known‘of.certain'particles, such
as the deuteron and Ja) ,vfor which there has been cualitative success
in calculating the prOperties from Yukawa forces, but a presumed analogy
with electrodynamics 1nh1bited theorists from attempting 51milar
‘calculations for the nucleon--which ‘from the time of its dlscovery had"
'_been accorded avstatus parallel to that of the electron. Gradually,‘ |
however, it was reallzed that this select status was dubious--that no
bobserved prOperties ‘of the nucleon justify the belief that it differs
lﬁr.in a fundamental way from other strongly interacting partlcleo. And S0, | o

’inally, an attempt was made to calculate nucleon prOperties from

- Yukawa forces: _the same_qualitative-success;was ‘achieved as for & ;

' The _status ofvthese two particles,f N " and A{,_noviappears completely




3':'physicists continue to. believe, for example, that certain spin-one

v-l;qk» li slhffﬁdeffv"chiL,{ibﬁét?f
Jparallej. lt seems, furthermore, on the basis of recent.theoretical
. ‘developments, that in all such dynamical calculations no distinction f“
'need be made on . the basis of the spin or other quantum numbers of thevtf X
Aparticle 1nvolved. To sum up, if there is no need for aristocracy. o
'among strongly 1nteracting particles, may there not be democracy?
One suggested, the notion of nuclear particle democracy‘t

l;appears plausible, but one cannot yet say- it is established. Some e

”‘1mesons are not ordinary c1tizens ‘but play a role like that of the il%:kf*”ﬂ

Ai‘photon.. The most promising experimental tests of the democracy

iprinc1ple involve careful measurement of nuclear reactions at very
”"high energies, but currently available energies from the Brookhaven ﬁ ,f:

E and CERN accelerators are: insufficient to make such s test dec1sive.wcrul7‘

xva further 1ncrease by at 1east a factor of five is required

l;'necessitating the construction of still larger machines

N , S o
Even if accepted the democracy principle leaves unanswered

'a;%some major questions. One is why the photon and the leptOns are<5’:‘i7 -

:d'excluded Perhaps one should take comfort here in the hlstorical ,fV;sf S t_;
'”lCircumstance, emphasized recently by Dirac, that up to now nature fﬁrfi5~: i : %

”",has revealed her secrets in a remarkably well separated sequence of

o installments and that human 1ntellect has been able to grasp only

qfone 1nstallment at a time. Why nature should be so con51derate to
'f;sc1entists no one understands, but she has been 50 in the past and at

'37,the moment she seems to be inv1ting us to understand strong inter-d“f.

'f‘actions as: a more or. less isolated collection of phenomena._.Ai:ff_
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r_:unified picture'of the entire subatomic worldfmay not appear'until-a '
:later ‘and. quite separate installment.' | ”
: Many physicists feel unhappy about the proapect of a.
iseparate theory for strong interactions because Yukawa s idea about
nuclear forces arose in the first place from 8. presumed analogy Wlth
‘felectromagnetism, as also did Fermi's picture of the weak 1nteraction.'
By the same token, however, there are many points of analogy between
| electromagnetism and gravitation, and nearly all of us believe it is ffil
too. soon to invoke general relativ1ty in subatomic physics.- Eventually
vsuch 8 step will be taken, but human science proceeds one step at a,.
time. How many separate steps will be, required it is imp0551ble to
predict ‘

Bootstrap Dynamics,

I conclude this report by mentioning a second maJor question,

: ;this one of immediate concern: the origin of the special symmetries'

- 4
’fﬁ:‘and the associated conservation laws that characterize strong 1nteractions.v

L I am thinking here of isotOpiC‘spin and strangeness as well as the newly'

‘discovered eightfold way. For those of you hearing these terms for the
.:first time, it is sufficient to say that they describe an empirical
hclassification of the observed particles into families, all the members
| ~ of a given family havingvsimilar properties. The analogy with the-
"atomic periodicitable'isrevident. No expuanation has yet been éiven'
for the symmetries underlying thesebsubatomic families but many'i
':physicists believe that the secret will emerge from the "bootstrap‘

1 mechanism.—
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The'bootstrap‘concept is equitalent to the notiOn alreadj’:
developed of a democracyigoverned bvaukawa forces.EiEach strongly
interacting partiele'is‘conjeetured 0 be a bound sé;te'ofvthose
| channels with which it connunicates, oﬁingvits‘existence entirely
to forces,associated with the exchange of particles that'communieate :
witn "cr0ssed"_channels. Each of these latter particles in tarn owes
'its existence to a set‘of_forees to which the original-particle makes
a contribution. In other words, each particle helps to generate other
R particles;'whichvin'turnigeneratevit.' In this cireular and_violently
non-linear situation it'is possible to imagine‘that,no free parameters
zappear'and that:the only self-consistent set of particles is the one
we find in“natnre. ‘Needless to say, vigorous efforts are being made
»to 1nvestigate this possibillty. N

Now if the system is in fact self-determining, perhaps the
.”_special strong 1nteraction symmetrlesrare not arbitrarily to beplmposed
‘butvwilliemerge as neCessary COmponents of self-consistency. Perhaps

'<,their origin is destined to be understood at thevsame moment we under-

‘stand the pattern of masses and spins for strongly interactlng partlcles ,.‘

--both aspects of the system flOW1ng from the dynamlcs of the bootstrap.

”dA On thls optimistic note I close my survey' Thank you

T et s+ e A e s mae T
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