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AN ELEMENTARY (?) GUIDE TO ELEMENTARY (?) PARTICLES
Arthur H. Rosenfeld and Judith Goldhaber
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-~ University of California, Berkeley, California
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OUTLINE

L The FoivJ;vr‘v Forces of Nature
I1. Eleme.ntvai.iv'y y_s Compos’;;tte}Pari;;l'cles
I11. Multipiéts and their Signatures (Quantum Numbers)
IV, Supefmul'tiplets of Strongly Interacting Particles
V. The Eig‘ht_fold Way and Qu'érks"
VL Present and Future |
INTRODUCTION
 The significance of the term " eiementary pé-i‘ticle" has varied enor-
mously as the sciehtigt's view  of the physicalluniverse has becomé more de-
tailed and.'precise: the Véh‘anges in its meaning' rn.iArror the history of nﬁode'rr_}
physics. bvvlnnthe time of N‘e'wto'ii and for almost a century thereafter, the con-
nection between the struct@res of different -materials was not understood,
and there were, in this vie\?v of our world, as ﬁany eleméntary particles as
there were kinds of rhatter: water, salt, oxygen, iron, q\iartz, etc. —an
immense 'numbe r. The uncovering of a finer structure to rnattel;, mainly in
the nineteenth century, revealed that alvl matter, with all its different kinds
of molecules, was compésed- of‘fewgr than 100 kinds of atoms; these be-‘
came‘ the elementary particles‘of iast century's physicists. Early in this
century we had our first look inside the atom-—and our first recognition that

these 100 atoms were again not the elementary particles of our universe, but
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were each made up of a very small core, the nucleus, surrounded by one or
more electrons, whose various configurations determined the chemical pron-
erties of the atom.

More than three decades ago the tiny nuclei were themselves split
open. Observations inside the nucleus were difficult, fuzzy, and approxi-
mate, but they clearly showed that all nuclei are composed of combinations
of protons and neutrons. f‘or nearly a decade following this discovery, the
number of accredited elementary particles of our universe stayed reasonably
small; the particles were the proton',‘ the neutron, the electron, the photon,
and the neutrino. But as soon as instrﬁments were able to resolvé still finer
detail, protons and neutrons revealed a substructur.e involving a host of new—
and very oddly behaving-—particles. This new breed of elementary particle
started a violent population explosion, doubly compounded by the confirmation
(with the dis‘cbvéry of the anfiproton in 1955) that there is an antiparticle cor-
responding to every‘ particle. In this article we try to show how, by system-
atizing what we have learned about the elementary particles, the pOpulé.tion
explosion éaﬁ pérhaps be brought under reasonable Vcontrc.)l. In order to do so, -
we shall have to begin by reviewing some rather basic discoveries and ideas
of natural science.

1. THE FOUR FORCES OF NATURE

Throughout this immense and diverse universe, scientists have been
able to discover only four basic ways in which objects can interact with each
other —four fundamental forces that account for all the various forms of
matter and action found in the universe. Two of these forces are reasonably
familiar, the other twbo‘ are still new and mysterious even to phys.icists. The

four forces are gravity, electromagnetism, the strong interaction, and the
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weark‘inte‘racti'o.rl.; They are summariz.ed inv Tabie_l. ‘Let us examine each
of them in. turn | |

1. Gra&}itz ié the forcé that causes all objects to attract one another
with a fborce‘ ﬁrOportibnal to their mass or energy.'v -varavitational force is ex~
erted by all forms of matter, but its effects are genérally no't' observable
to us ex‘cept 1n the case of large aggregates of matter. Thus, we know
gravity ’mai.nlvy'as the force that holds the earth together, binds the sun and
the planets into the solar system, and' grips s§1ar sys';ems info v#st galaxieé.
Strahgely'é’noﬁgh, despite it$ tremendous and impressive effects, | gravity is |

actually the weakest of the four forces of nature.

2. 'Electr'omagnetism is the force that causes electrically é_harged
particies to attract or repel one another. Thus it keeps electrons sWirIing
around nuc'l_,'ei. to formvatoms, and binds atoms to‘ge.ther into molecules and

36

crystals, _Eleéti‘omagnetism is about 10~ ° times stronger than gravity;
it is the 'eleCtromdgnétic attraction which governs all of"chemistry and
| biology. | |

3. . The strong interaction, which will concern us most in this article,

1s the force fhét glues milcle.ar particles together, binding subnuclear ' building
blocks" into the nuclei of_allnelements. It is by'fér the strongest force in
nature. For examplé, electromagnetism binds an electron to a proton with

an energy of 13 units called electrpn volts (eV), forming a hydrogen atom.
Compare thi.s with typical binding energies of 10 million electron volts (MeV)
for neutrons and protons in nuclei. The nuclear fo‘rce is so strong, .

in fact, ‘that- high-energy accelerators and reactors were needed to break
nuclear bonds and bring about, for the firs;: time, man-made nuclear re-

actions. The '"particles' of nuclear matter which figure in strong- inter-

action:processes are called mesons, baryons, and clusters of baryons
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Table I. The four forces of nature, and the system they create.

2. Electro-

Force: 1. Gravity magnetic 3. Weak - 4. Strong
Acts On: All particles Particles Leptons, Mesons, baryons
with mass with elec- mesons,
tric charge, baryons
and photons
: - 12
Relative 10_”’ 1 10712 100 to 10° {depends
Strength how you measure
it).
Examples of Solar system Atoms, None Nuclei {A=2),

. stable “Sys= molecules, baryons {A=1),
tems! or crystals mesons (A=0),
tstates': antibaryons (A=-1},

' etc.
Examples of Object fall- All chemical Decay of Scattering of pion
reactions in- ing, hot air reactions uranium oif protons, and
duced by the rising, into lead other nuclear
force: meteorite reactions ’
pulled to
earth

called nuclei. Mesons and baryons differ from each other in certain important
ways which will become clear later, when we discuss those properties of nu-

clear particles known as quantum numbers.

4. The weak interactions is the forée that causes certain véry light
particl.e's known as " leptons' to interact with each ot;hér and with mesons,
baryons, and miclei. These curiobus leptons —the electron, the neﬁtrino,
and the fnuo;—éeern to be immune to the strong interé.ction; instead, their
activities se'erh to be wholly "depvendevnt upon the still-rnysterious. force that
physicisfs call ﬁie weak interaction. It is this force which is responsible for
the well-kho.\&n "decay' of radioactive elements, as in the gradual transmu-
tation 6f certain uranium isot;.opes into lead.over millions of years. A very
significant characteristic of the weak interaction is that it operates only over
very short distances. In this respect it differs from gravity which, while
élso weak, can extend its effects over vast distances. Because of this deficiency
the weak interaction does not ”férm” a stable organization‘of matter in the
sense that the gravitational force can '"form' 'a solar system, the electromag-

netic force can '"form' an atom, or the strong interaction can '"form'' a nucleus.
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: Most p}.;ysicalzg)bjects and systems, it sh'oﬁldi;be remembered, are
vgover'_ned by mbre;than‘one of the four forces of nature. Thus, both gravity
ax‘xdvele_‘ctromagnetic forces act on solar systems; gfavitational, electromagnetic,
'anvd. sti'c;hé forces act bn heavy nuclei,. etc. If more.’than one force is acfing, the
effect of thé v&éakest' will often be masked beyond detection, so that we are or-
dinar.ily éWéfe 6f only one force at a time. | |

1. ELEMENTARY VS COMPOSITE PARTICLES

In the 'light' of the preceding .'diSCussibn, pérﬁéps we can now. under -
stand why physicists have, in the past few years, decided that it makes little
scientific' sense to call any objects " elemen‘tary.' " We ha&e seen how gravity
acts on cértain basic 'objects' (sun and planets) to form a cvomposite entity - -
the\'"s"o‘lar"s,ys'.’;em. ' 'Gravity and the electromagnetic force, in turn, act on
6ther vba'si'c objécts (ﬁtoms and molecules) to form the composite entities
knév&n as the sun and the planets. Elec..tromagvn-etic f.drces, similarly, act
on other dbjects {nuclei anci e_lectrons)- to fbr_in c.or.npésité entities earlier
thovught“ indivisible —the atbonfvl and the niolecuie.. _ ':vI-‘hev strong iﬁte raciion, in
its turn, acts on rr:iteso.ns an& b.aryons to form nuclei, and ma& act on even
more prirnitive objects (''quarks'') to form mesons and baryons themselves.
Siﬁce the‘ f:erms '.'_elementary“.énd " coi’ripoéite" obviously hévg shifting
meaniné dependirig on ohe's_ point of view and the fof-ce being c‘onsidered,.
vph’ysi.ci-sts have decided that it makes more sense _sifnply to'refer to all
physical ‘entities as ''states'' of the force which 'forms and maintains them.
In this lénguage, a solar system would be considered a state of the gravita-
tioha.l foréé (since it is this forcé which is primarily responsible for main-
taining it), ‘an.atom would be considered a state of the electromagnetic force,

and a nuclear particle would be a state of the strong interaction. Aggregates
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of matter which are '""elementary' in one system are, of course, 'composite
in another, but both terms ;re, in this language, superfluous, and can be
omitted entirely.

You may object that this sort of renaming is a matter of semantics only‘,
and ‘of no fundafn_ental importance. But scientists have found that, simply by
fvreeing'themse.‘lx’/es of old-fashioned and constricting notions about " elementary"
and ”composité" they have been able to make great progress in organizing
and unde rsténding the great ﬁlaéé of information discovered experimentally in
recent years.

Population Explosion. The beginnings of the population explosion in

elemen’caryﬁ:article ths.ics"fnay be traced as far back as 1932, the year in
which two 'ir.:n'po“rtant new particles were discove red —the neutron, by Chadv;lick
in Caﬁmbridge, ‘and the positron, by Anderson in Pasadena. Yet neither of
these new péitiéles did much to disturb the comfortable models. of the nu-
cleus that had been erected around the previously khown " elementary
particles'—the proton, the electron, the photon, and the neutrino. The be-
wildering discbVe;‘ies began in 1947, when physvicist‘s found so-called " strange"
particles (so-called because they lived almost a million million times longer
than scientists expectéd them to) in ‘cloud-vchamber pictures of cosmic rays.
Within_‘thev next few years, seven new strange particles had been discovered,
and theoretical physicists had developed a fairly reasonable explanation for
their "' strange' loﬂg-lived behavior. It appeared that these particles are
produced in pairs through the strong force, but cannot decay by the same
force once they are separated from each other. When they do break up, it

is only through the workings of the weak force, which is a far slower process.
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Parf;icle discoveries continued to grow-duriﬁg the fifties, with the
‘discoveryi(:)f several more strange particles, Fina_ll'y, in 1960, the flood gates
‘were opened v\;vith the discovery of the first of the !' strange-particle resonances"
in f11m f]_:;)“fn the 15-inch bubble chamber at the .-.Univers‘ity of California's
Lawrence Radiation Laborétory. A resonance is a strong-interaction state
that is so'shprt-lived that physicists were at first reiuctanf to class it with
the partiéles. "More recently, however, it has been recognized that the dis-
tinction bétween "'particle'’ and ' resonance isv no more helpful than that be-
tween "' elérﬁentary” and " composite, ' and all these states are now luinped
togetﬁer. Siﬁée 1960, the particle population has grown so enormously that
it would be fﬁfile, in this present context, to fry to presént ény kind of
" complete list'' of known particies. Instead, the reader may be interested
~in refer'rin:g to Tables II and III, which illustrate morev clearly than any words
the great pi"ogress of the past few years. In Table II,. yoﬁ see a wallet card
prepare-d”i:n' 1958 as a convenient Way for physiciéts v’vc'o carry around all the
data on ali'th.evknown particles: Since then, the wallet " card" has grown to
a brdok‘let,:‘ with mesons and bé.i'yons each occupying several pages. Table III

shows,half.of the 1969 meson table ,, half being as much as will fit on one page
of this article. |
III. MULTIPLETS AND THEIR-'SIGNATURES (QUANTUM NUMBERS)

You will notice that the 1958 wallet card hé,d f)lenty of space to list
each elecfric—charvge' state,. e.g. = %, =0, =", separately, Now, ﬂowever, we,
.group thefn-all into a single entry Z, called a particle multiplef. This change
in termindiqu reflects a gonvenient convention that physicists adopted when
they noticed that one of the characteristics of particles, electric charge,

- appears to be a very superficial one so far as subnuclear forces are concerned.
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Table Ila: The 15 ' elementary particles at 1958. "

From W. H. Barkas and A. H. Rosenfeld, UCRL-8030.
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Table IIb: The one known resonance (unstable particle) of 1958.
(3/2, 3/2)np Resonance

Center-of -mass moméntum: P, = 230 MeV/c .

Labv-system momentum: Pﬂ = 303 MeV/c (Tn- = 4194 MeV)

They found, for example, that two parficlés——like the proton and the neutron,
or thfee mesons, 1r+, 1r0, T~ — are exactly the same in all their '"nuclear'
properties (i; e., mass, interaction with other nuclear particles, etc.) even
though they have different electric charges. Reasonably enough, physicists
decided that they could group the particle.s into families, called ' charge
multiplets, ' which ignore electric charge. Each charge multiplet‘is assigned
a family name, or ''multiplet symbol.!'" For example, the ""nucleon' (N) is
the multiplet that contains the proton. (p) and the neutron (n). The mw meson
(called '-' pion'' for short) is the multiplet that contains the 1r+, 7%, and ©~

mesons,
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‘Table IIl. Mesons—the first half of the 1970 list of mesons.

[Frorﬁ Review of Particle Properties, Rev. Mod. Phys. Jan. 1970.]

e
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Although vthe nuclear force is blind to electrical charge, and so cannot
distinguish neutron from proton, it a‘ppe-ars that it can count very well. Thus,
‘the number of possible family mefnbers in a charge rmiltiplet tuins out to be
a very significant property. Physicists classify .the nurc_leovn as having a
nmultiplicity"' '(M) of 2 (neutron and proton) and the pionﬁ‘ as having a multi-

0, 7). Often for convenience, multiplicity is translated

plicity of 3 (1r+', us
into a closely related quantity known as isotopic spin—-under which name we

will meet it again below in our discussion of the quantum numbers.

Identification-via Quantum Numbers. What are the characteristics that

"identify”. a particular parficle? Or, to put it another way, how do physicists
- know when they have discovered a new jjé.rticle—one thaf is différent in vsignificant
ways from the ones already known? Each particle can be identified by a set
of seven individual pro.pérties known as the quantum numbers and commonly
referred to by the symbols I, Q, Q, A, m, J, and P. Each quantum number
stands for a particular trait of the particle uﬁder cvéns"id,eration; taken to-
gether they form the unique signature of that p;':Lrticle. Within the limits of
this presentation, a short definition of each quantum nﬁmber will have to
suffice.

1. Isotopic spin, as we have already said, is the way in which physicists
usually discuss the multiplicity, M, introduced two paragrabhs 'earlier'. |

Q: Electric charge has also been discussed, and we have seen that it is the
least significént of the quantum numbers—at least as far as the strong inter-
action is concerned.

Q: Avefage charge, on the other hand, is very significant in strong-inter-
action phenofncna. This quantum number refers to the average of the charges

in the multiplet; thus, it is 1/2 for the N(n or p), 0 for the pion, and so on.
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For con\;eﬁieiicé, Q, like multiplicity is sbmetimes translated by simple_
rriathe.matic.é,i nrianipula.tiofis into othe r closely related quantities known as
vhyperciriarsg"ej (Y) or sti‘anéeness (S).
.A:' Atomic »r.'nass number, familiar to all students of chemistry,' is a funda-
me_nta.l éuaritity used to describe the atomic nucleus. It defines what we might
call the »nuvrnbe'r of basic nucleon building blocks in the nucleus. Thus, the ' A"
niimbe.r' 'c‘)fc.)n.e‘_ isotope of the e.lerinent uranitirii is 235, indicating that the nucleus
of fhis i‘so‘;fv(.)pe- can be brc_).ken down into 235 neutrons and .p'rotons, ~each of which
Vhas an A \.ra..lu.el, of 1. Atomic rriass_ nufribe; is iis ed to define the fu‘.hdame:ntavl'
differencé-. biét;;bveénk the ﬂireé kinds ‘ovf strongiy interactirig Iiarticles; Pai‘ticles
- with an A v'élue o'fl-‘rno;r'e thaxi 1 (1ike fhe uranium—235 micleus) are defined as
nuclei; }ia.i'ticles‘ with-»..émri A value of exaétiy 1 ;re defined as baryons;
_ pafticlés ﬁth ari A‘val.lie of zero (i. e. no basic nuclear buildirig blocks in the
particle!) are defined as r_nesions. |

m: The mass of the particle at rest in units of MeV (millions of electron volts).
J:  Spin is a measure of how fast a particle roté,tes about its axis, express—ed

in natura;i ""quanta'' of angular momén_tum, f. For béryons, J is always a
"half integbér" , 1/2, 3/2, .5/2, -++ ; for mesons, it is an integer, 0, 1, 2, 3,---
P: Parity, the seventh and last of _fhe currently recognized quantum niimbe rs K,
is an intrinsic .prépe rty having to ,d_o witli nature's ti‘eatrnent of ! left-handed"
and " right-}ianded" phenomena. For all strongly_in‘te.ra;;:ting particles, P

can be eithér +1 or -1.
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Stable Particles vs Resonances. Apart from the quantum numbers,

there is only one other property that need be mentioned in order to describe
a particle. Wre‘ say that a particle is either " stalé)le” or "unstable' against
decay through'thé' strong interaction. Most strongly interacting particles
decay very séon into lighfer particles, and hence are called unstablé
particles or " resonances.' Thus, the rho rﬁeson, with a rest mass of 750
MeV, decays into two pions, each of 1v40vMeV, with 470 MeV to spare. But
suppose that the rho happened to weigh less than two pions. Then it would
be unable to decay by the strong interaction, and would be called ' stable. "
Of course, 1t i’riight eventually decay Qia électrofnagnetisfn into a pion and

a gamma ra};,_ or via the weak interaction into two leptons. We see from
the above exampie that stability is really an accidental property (depending on
the ava.ilabili-i-:ybf final s.ta;tes),'valthough of course it is v.w‘/e Ty important to the
expevrimente'r who >lf1as to deal .w.ith the particle.

Multiplet Signatures. In discussing the concept of isotopic spin, or multi-

plicity, we have already mentioned, that each of the charge multiplets has
received a family name, or multiplet sﬁnbol by which it is geﬁerally known.
This symbo]{is simply the first three significant quantum numbei's .(A,-Q, I).
Thus, for the nucleon, the single symbol N stahds for the information
A=1,Q-= 1/2, and I = 1/2. The‘.charge is written as a superscript; .thu's,'_
_N+ is the proton, NY is the neutron, and so on. Finally, fhe mass, spin and
parity are written in parenthesis. The convention is v.tvo write the parity as a
superscript to the Spin, as follows: JP. Thus, the full seven paramete;'s

for the proton are written N+(938, 1/2+).
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Iv. SU”PERVMULTII"LE'TS. OF STRONGLY IN'TERACTING PARTICLES
We hé.{ré ﬁov;; set .'abstage with the following particles, each with its
aht’ipa::rticvl'e :
'1.."vch>'r the 'electr'orvn’a.g.netic.:v inte ractioh, the photon.
2. _:'Fo‘r_vthe weak for.ce_,‘ three leptons: the eleéitroh,. the muon.
and the rieutrino; Hux_ldre(is of expefiinerits have looked for evidence of struc-
ture or-cdr}'iple'xvit'yv in the leptons, but none has been found so far. .
| 3. Fof thé gravifational force, the graviton. Although physicists have
long be‘li‘evved in vgravitonsl the first experimental evidence for them_came 6n1y
in 1969, sobit'is premature to éé.y more about them at this péint.
| 4. | For the strong“int»éfa.(":tion, there remain thé hundreds of pai‘tiéles
we have briefly ment'ioned.‘ W.e' h?.ve aifeady made some progress in reducing
_ the_ir'number by grouping thém iﬁt;> Charge multiplets, resulting ih ébout two
dozen meson 'fnultipiets, and about 10 each of ®Bix ‘di'ffefént Rinds of baryon
' n‘iulfti'plefs.: The remainder of this érticle describeé-.ﬁhe progress th.at has‘bev.en
made in furth'ef organizih‘g.fhese 75 multiplets into a f)eriodic table of |

"elementary'’ particles.

Hexagonal Arrays. Let us start i)urely empiricall.}r with the eight stable baryons
that wervev“kr‘lown in January-_..1961, when the clas siﬁca_.ﬁon scheme known as the
”ing'htfold' Way'' was first suggested. In part (a) of Figure 1, each of thés_e

_ eight baryons..has beén plotted as a black dot. The élvec"tric charge (Q) in-
creases a..vlong the horizontal axis; thus, the top entryl' is t‘hev N doublet, with

the neutron (n) é.t the le_ft and the proton (pv). one't_J;nit to its right.. Six quantum

" numbers remain; Qe might pick any one of them tovserve as our vertical axis.
Many physicists tried many combinatibns during those early years of pé.rticle

proliferation, and we leave it to the reader to try some for himself and find,
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(o) Stable Baryons , JP =-'z- (o'-g-) {b) Stable Mesons, JP=0" {c) Unstoble Mesons, JP =1~
- ° K
varel ol 'A {1238 Mev) .
kY _ ® = States known pefore Jon 6! when the
% Eightfold woy was formulated.
Q.'%‘ » - -Y.;/ O = States predicted by Eightfold way and
Y=0 (1385 MeV) loter verified experimentally

0%

Y=-| {1530 MeV)

Ye-2 . :‘;tfn’ : (1676 Mev 1)
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(d) Unstoble Boryons, J'r-:-'
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MUB 10091

Figure 1. Supermultiplets— octets and dec_:uplets. - The dots represent
known particles; the asterisks labeled n', p', and A' are a
possible set of primitive particles called " quarks,' from which
the mesons and baryons can be formed. The symbol (Q\ means the
average electrical charge of the multiplet; in the textitis written Q.

as we did, that nothing very suggestive arises out of the various combinations
of quantum numbers until we -éhoose the quantity khown as '"hypercharge' (2Q)
as our vertical axis. (Remember that we introduced Q as the average charge
of a multiplét, and said that it was also related to hypercharge Y, whiéh in
fact is just Z_Q) |

Now let us return to Figure 1a, noting now that hypercharge, or 2Q,
has indeed been used as the verticai axis for the plot. A striking hexagonal
snowflake has emerged, with six dots at each corner and two at the center.

Is nature trying to send us a signal by displaying such startling symmetry?
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Let us try t_he same game wi.th'the' seven stable mesons ‘that were known at
the’ same .time | (Januaryvi 961). | Another hexagon ernerges —the one shown

"~ in Flgure 1b ‘ Moreover durmg 1961 an elghth stable meson, called 1, was
d1scovered In fact, one of the authors of thls chapter (Rosenfeld) led the
tearn that determmed all of the quantum numbers of the n and showed that it
belonged at the center of the hexagon | *

Wh1ch partlcles do we have left to form still another hexagon'? We
have run out of the stable states, so we shall need to f1nd some new criteria
for group1ng the unstable states known as the resonances. | We take as our clue
the fact that the eight stable baryons of Figure 1a all had the same spin and
parity ( = 1/2 )s. and the eight stable mesons of F1gure 1b all had the same
JP =0, :'Sd', let us try to make a new plot, Figure 1c, using mesons which
share“sorne new value of spin and parity. At the time of which we are writing,
two meson doublets, the K and the K * were a‘fallable,- yielding the four black
dots so labeled in Figure tc. In 1961 the p—meson triplet was discovered,
flllmg out the hexagon, and the present author was aga1n among the group
that dlS covered the w singlet, again completlng the count of eight.

Sl_nce the next ' octet!" of mesons was not fllled in until 1964, let us
turn our attention back to baryons for a moment. By Januar;t 1961 we already
had grouplngs for all the ,etable baryons with J‘P = 1/2*, and we had left over
two multiplets with _JP = 3/2+. :One of thern, the A (1238, 3/2+) had ‘beevn around .
_for a long time. It.was, in fact, the state'diecoveredv by Fermi.and his co-workers
in the 1950‘5 and listed as ”.the resonance' in the 1958 Table IIb. A (1238)
is a quartet, appearing as A, A?, A+, and A++, so it was clear to physicists
that it \ﬁould not fit into our hexagonal array, which can seat at most three dots

.abreast. You see it plotted at the top of Figure 1d. Then another baryon
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multiplet, the Y*(1385), now called the = (1385) was discovered, hinting at a
triangle. This turned out to be enough of a clue for two very bright theoreticians
to build a scheme on.
V. THE EIGHTFOLD WAY AND QUARKS
The elementary fo.rms of ordering that we have v'been doing in the pre-
ceding paragraphs brings us to the formulation, in Janué.ry 1961, of the
" Eightfold Way.." : The scheme was derived independently by Murray Gell-
Mann, at the California Institute of Technology, and Yuval Ne'eman, at
Imperial College,lL.ondon. Their treatment was mathematical, and had as a
key result the equation
| 3Q3=9=801.
Now, the 3@3 = 9 part is easy to understand, and so separately is the
9 =81 part,b but how do the two parts relate to each other, and what does it
all have to do with elementary particlés ? In the simplest terms, we might say

that the equation relates the combinatorial possibilities of three basic objects

(3@3 = 9) to the physical manifestations these combinations may take in the
real world (9 = 8@ 1). We shall try to explain with pictures and an analogy.

An Example: Combining Spins. We shall start with an example known to all

students of atomic physics. Consider the simplest atom, hydrogen, with a
proton at the center and an electron cloud around it. The proton has an in-
trinsic spin of 1/2 Hh. Now, if we put the proton in a magnetic field, it can
take either.of two possible alignments: parallel ( T ) or opposed ( l ) to the
field. The electron also has an intrinsic spin of 1/2 h, and it also can line
up in the same two ways in respect to the magnetic field. Then for the atom
as a wholé (the proton and the electron), there are four possibilities

(2Q2 = 4). This situation is pictured on the left of Figure 2 and is summarized
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Figure 2. Illustration of how the four alignment states of pand e  in a hydro—
gen atom combine to g1ve three ahgnments of spin 1, and one of sp1n 0.

by the left- hand part of the equatlon :
z®2 =4 = 3@1
Now for tiw right-hand part. There, the point of view is to sey vthaitt t.wovvc.).fbjects,
the proton and the electron, each with Spln 1/2 f can add like 17, to make.a
total sp1n for the atom of 1 h, or oppose, like T 1 » to make a total spin of 0.
But quantum mechanics tells us that an object with a spin of 1% can assume
any of three aligﬁments in a magnetic field (+1, 0,-' or -1)-not two like the
ofiginal o-bjects, the proton and eleetron. On the other hand, if the spins add
up to ze-fo‘,' the combined object can have only a single alignment, zero. vThus,
.;11 pos sible combinati'ons of proton end electron spin may be sﬁmrﬁafized as
three poslsi’ble alignments of spin 1 (that is, a triplet) and one possible align-
ment of spin 0. (that is, a sihgle_t). Other theoretical combinations of sbpin’
1/2 % obj_e_cte simply cannot be made in the physical world. The triplet, ‘in-
| ' 1+ o P

cidentally, can be shown to have JP = the singlet has J~ = O+. If you've
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not yet glanced at Figure 2, please do so, because it will help us when we get

to combining '"quarks' instead of electrons.

A Discovery: Combining Ispins. When we COmbiﬁe electroln and proton spin
_ihto a triplet Aaﬁd a singlet, it seems so natural tha.t it's hard to think of eaf:h
of the three triplet states as a d:iff’ér’e_nt- parti.éle, although s_tfiCtly speaking, in
. the language of Iﬁarticle physics, 'they'c_oﬁl.d be sd _designated:. ' So nowv let's use
our knowledge of how to éombine spih.s fo get something new. Let's combine
two nucleons (mn or pj, each of atermic number A = 1, to get a riuclevus with A = 2.
This nucleon c¢an have three 'cv:hargesv, 0 (nn) or 1 (np) or 2 (pp); That's odd,
eaéh nucleon ié a mérﬁber of a doublet. Since 2®2 :4 :‘3@1, have we .over~
looked somethihg? Yes, we have overlooked a singlet. The situation is
sketched in Figure 3. Nature in fact reco'g:nized'four .states, three of which
are members of a triplet and all have the same.mass, and a fourth, thch is
more tightly bound and hence is plotteci at a“: lower mass. The three related
states plotted én top are unstable re.sonanbcve‘s; the singlét“i‘s the stable nucleus
called the deuteron. When physicists /recogni.zed thé fact that charge fnﬁlti?léts
combine according to the”s'ame fnafhématics as spin mﬁli:iplets théy invented
a new sort qf spin called "Ispin'' or '"isotopic spin'", and interpreted the
electrical cha;‘ge (+1 for proton,v 0 for neutron) as thé alignment IZ of the Ispin
along the ' charge'' direction. This point of view has made many important
predictions and explains why physicists introduce the jargon "Iépin" to describe
the mulfiplicity of a state..

The Eightfold Way: Combining Quarks. In the preceding examples,

there were two ''original objects" or primitive building blocks from which
we made up our atoms—the proton and the electron—or, in the explanation of

the deuteron; two nucleons. Now let us go on to see how Gell-Mann and
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i_ o ~ an Ispin triplet

The deuteron, an
Ispin singlet

" XBL697-3238

Figure 3. Another illustration of 22 = 3(®1, this time combining nucleons
to make two sorts of deuterons. This figure is a nuclear ''level
scheme' with mass plotted vertically. This means that ''charge
alignment' cannot be plotted vertically, as was ' spin alignment"
in Figure 2, but instead is plotted horizontally.

Ne'eman's Eightfold Way relates the strongly inteiacti‘ng particles to com-

binations of three ''primitive objeéts“ known as quarks. In returning to Gell-

Mann and Ne'eman, let us alsb take a liberty with history: they actually took

an intermediate step to get to the result that we are going to arrive at by a

fnorevdirectv'”hind‘sight” route.

Consider the three asterisks at the center of each patfern in Figure 1.

These are the quarks. They are redrawn in Figure 4, and are labeled n',p'
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and A', along wifh their antiquarks n', p', and A' Now, assume that the
quarks vai'e 'the. origiria.l objects, or primitive building biocks, of strongly inter-
acting matter. What possible combinations may we enc:ox.mter in the real world?
Well, first we might visualize all nine possible combination of quarks with anti-
quarks—n'a', n'p', n'A", p'B. . (33 =9). Let us plot these combinations in
the same graphié way that we did .i_n Figure 2 for the proton and .fhe electron,
except that this time the.quarks will have to be plotted in two dimensions instead
of one for the a.l'.ignme'nt‘ of spin.” No mé.tter, the same fules hold. Suppose that
one quark is a p' and the antiquark is any of the three possibilities—n', p', or A'.
We display this by‘drawing the triplet 'ce'nte-re»d on the p' asterisk (Figure 4) thus
generating three dots labeled 1, 2, and 3. If we take the case where the quark
is an n' instead of a p', we must redraw the quark triplet around the asterisk n',
thus generating poiﬁté 4, 5, and 6. Point 6; you will note, falls on top of

point 2 in the previous triangle. Povints 7, 8, and 9 are of course centered on
A', with 7 falling on top of 2 .along‘Awith. 6. 'Behold, _§ve have generated a hexa-

gon, with three more points inside, And, by reasoningv as we did for Figure 3,

1
O
O
—rpn
(4]
=

9 Mesons

® Singlet

Quark ® Antiquark
e p'A

"
w
(®
@
®

XBL697- 3239
Figure 4, Combining quarks. Three hypothetical quarks and three hypothetical
antiquarks combine to form nine real mesons, which groups into an

octet plus a singlet,



24- " UCRL-11100 Rev. 2

Gell-Mann a.hd Ne'eman manag.éd to show that eight of these nine dots belong
to an v"oct'e.t"”'w_i'th a physical manifestation (i.e., eight possible combinations
that can oéc\if_' in the reﬁa.l'.world')_, and the ninth corréSponded to an additional
s'ingle't.v' '.( Th1s ninth singlef inesoﬁ has since been discoveréd. ) Hence
33 = 9 =8@ 1, as promised above, |

| Now.lét us see if we can explain the baryohs in a similar way. The
mesons, we .ha,ve seen, are combinations of Quarks and antiquarks.. What
other possibilities dq we have among our six primitive objects? The baryons,;
we sha_ll npx#v_ see, are fovrmed out ofv‘E_Ilr_g_e_ quar_ks. Since each quark can be
either n', p', or A', we have 3@ 3®3 or 27 pos_éiblé combinations, By _
ir_lathematic‘al' maﬁipglatiqﬁs' simil_ar‘bto those we have done above, using fhe'
branch of mathematics known as ''group theory, ' one can show that the
physical iﬁfefpretation qf‘fhese 2.7 c,ombinatl;ons‘ will be one singlet, two

octets, and a group of ten (decuplet):

333 =27=1H8H8D10, -

and furthéffnéré', tiaét the .decublet shoﬁld be af_rayed as shown in Figure 1d.
Sev..eral people made.predictions about the undiscovered multiplets ( shown

as open dots in Figure 1d) labeled E* and @, Eoth of these were later dis -
covered and were foi;nd to bavé the predicted masses and quantum nufnbers.
- Gell-Mann christened the sqher;)e the ;'Eightfolcvl Wayv".( if christened
~ is the ri‘ght word to use in covn'rilection‘rwith a venerable term bb»rrowed"from
| Buddhist énd Taoist philbsophy); Actually, the‘.mat;hérhai:ics behind the
Eightfold Way explains muvch more than the mere fact that we should find
meson ''supermultiplets' of 8 and 1, _béryons in supermultiplets of 10, 8, and

£

1, and so forth, It gives r‘e_lations between masses and decay modes of all
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members of these supermultiplets. The Eightfold Way is in fact probably the
greatest single achievement in a very long list of brilliant ideas which earned

Gell-Mann the Nobel Prize in December 1969,

Analogy with Theory of Relativity. In the formulation of s.pecial and general
relativity, physicists treat space and time symmetrically, #nd do their thinking
and their mathematics in a four -dimensional space. This recognition of the
connection between space ;nd time was clearly a big advance 1n physics. Now
glance back at the symmetric quark triangles in I*.‘iguvresv 1 grv4, iﬁ a space
where the x axis is the charge, (or alternatively a com-pohenf of ispin) and y
is the hypercharge. Until the formulafivon of the Eightfold Way, ‘'we saw no con-
nection between charge and hypercharge. The anal.qg.y with relativity is clear;
we have again advanced by re;ognizing a fundamental relation between apparently
unrelated quantities. | | | |

Quarks. What about fhca_ hypothetical pri_nﬁitive vo'bjécts _tha‘t: we used to
| explain the Eightfold Way? ) (The.:y’ are called qua-rks by ‘G.ell-M_ar‘l.n after a
passage in Finnegan's Wake; they were also co\nceive'd indepenciently b‘y another
physicist, George Zweig.) Naturally, phyéiéi_sts would 1.ike_'.to find the physical
particles that correspoﬁd to these objecté. We have looked fb_r them very hard
in a number of recent experiments; an Austraiiﬁn physicist, Brian McCusker,
even thinks he may have preliminary evidence for them. But' so for nobody has
really found a quark. It may or may not be felevant that physicists are also
looking hard for another particle, called the magnetic monopolg,. In nature, we
find isolated electrical charges (called poles), such as the unit of plus charge on
the proton, or the equal but opposite minus charge on the electron. But we have
never succeeded in isolating a unit of magnetic charge; magneti.c poles always
seem to come in plus —nﬁnus pairs, i.e., like tiny magnets each with a north and
a south pole. Some physicists suspectthatthe missing magnetic monopole and the
missing quark are connected. Accordingly, every time anewhigher-energy acceler-

atoris turned on, youcanexpectafrantic searchfor quarks and magnetic monopoles.
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' VL PRESENT AND FUTURE.

. We. have s;hdw;'l you that high-energy physics has made great progress
i‘n the la.st 5"to':1_0 Srears. Hundreds of particles have been discovered and
agsi‘gnéd:'t.o'. s'upermultipléts‘. But we still don't fully understand the law of
férce that rh;kes hy'rpothetical qﬁafks combine to form particleé, or particles
comBihe to form 6fhér parti_vc'lesk. And we are not sure if the laws of quantum
mechanics (which app.ly've'ry well to the domain of atoms) apply unchanged at
tiny distances and ultrahighv'energies, We hope that we are in the position
of atomic physicists in 1910-20, when the wilole periodic tables of the elements
was knéwn, and the greaf theofetical breakthrough of quantum mechanics was
just around the corner. |

'-Applicé.tions?_ Will practical applications arise from current research?

Of course, 'pa’rticlé‘phys’i.tv:i.sts" have developed some useful apparatus (spark
chambers, Cereﬁkov c.:du.nters)v and have made ingenioxis contributions to
computer: systems and compﬁter equipment, Spark chambers (developed for
particle ?hYsic s) .inst;a.lled at the boftom of a pyramid near Cairo have been
used by Pr.ofessor L. W. Alva;rez énd his Egyptian colleagues to 'x-ray' the
pyramid with cosmic rays and look fof_hidden chambers. And, for a few
days back‘ 1n 1956, we in the Alvarez groﬁp iﬁ Berkeley believed that we
might have ‘stumbled upoh the solutioﬁ to the. problem of thermonuclear power.
We were capturing p~ leptons in liquid hydrogen,I and observed that éccasiéﬁ—
ally they catélyzed a t_hermonucleai'.reaction. But we could never get them
to relea.se“ enough power to come close to paying the cost of producing the
p” lepton, So we gave up that idea.

| But. so far, most of our results in high-energy physics are con-

ceptual. We have discovered that the neutron and the proton are not
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elementary — that they are just two complex members of a family of eight,
It is rather like discovering that the sun is not the center of the universe: it
has brothers and sisters, some bigger, some smaller, some oider, some
younger, some dead. It remains to be.Been whether this recent insight will

have as great an impact on the course of human understanding as Galileo's

earlier insight had, Only time can tell.
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