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This publication is of a preliminary character.
To facilitate the rapid appearance of Reports, they

are printed in the form as presented by Rapporteurs.



My first task is to thank all thé'authors who have contributed
tO'thié'sessiop. The first slide (Fig.l)shows their names,.The Russian
languhgevhés a good phrase for such a slide: "Bratskaya Mogila" -

"the friendly communal grave! . There is not a single important theo-
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retical idea I shall report on today which has not béen expressed
by at least two groups of authors. It is not commonly recognized
but in real sense Theoretical Physics has become as much of group-
‘endeavour as'Experiméntal Physics. If in mentioning names, ‘I happen
‘to omit some by inadvertance, I beg for your induigence.

After years of frustration and failure, it is always fun to

report on a story of comparative sucgess. For even'the,mogt aoepﬁi%?i

cal ones of us can not dehy that the use of groupathéoretic ideas;'z

has plid a handsome dividend to the symmetry physicist. My, report

shall naturally therefore have a strong group-theoretic bias,
I shall discuss -

First tThe successful tests of SU, (To its failures I shall burn

8 blind eye.) LT

Second  The oomposite models of élementary particles base&‘on
triplet models.

Third Group extensions and super-symmetrles like BU3 x 503
Fourth Dynamical oonsiderations._

I. Tests of the Unitary 1ggetgx
The eight ~ fold way(ﬁ) has to its credit a small but impressis

ve number of suooeauful tests. There are:

% 4, J. Ne'eman, Nucl. Phys. 26, 222 (1961)
2. l. Gell-Mann, Phys. kev. 125, 1067 (1962)

(to be continued on page 2)
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(A) The existence of nearly.pure multiplets containing 1, 8

and 10 partlcles of the same Spln and parity. The positlvely

1dentif1ed nearly pure multlplets are che O and 1 /2 octets
and one 3/2+ decuplet. ' ‘

(B) The Mass Formilae

) Assuming that SUé symmetry is broken and symmetry—breaking
can be treated as a small perturbatlon one gets the well-~-known
set of mass relatlons anong members of a glven multiplet. For
strong 1nteraotion physics these appear amaz1ngly well verirled
and constltute perhaps the most deflnltlve support for unitary
symnetry.As 18 well known the baryon octet and decuplet relations
are satisfied tb;ﬁithin 0.5%7 the scalar octet relation to 5%.
I shall not go {nxo a detailed derivation of these, but it is
importaht to say a word or two about which relations are better
established theorefically than others™F. Write the interaction
Lagrangian in the form '
L = L$+LJ(S+LEJ(
where (i) Lg is the SU, symmetric strong interaction for which
particles of the same spin and parity form equal mass multiplets.
As is well known these can be divided into submultiplets of either
I—spiﬁ or U-spin, and can be read off most easily from the
x) (see page 1),
The unitary group was first used in elementary partlcle phy51cs
by S. Ogawa, Y. Ohnuki, M. Ikeda.(Progr. Theor. Phys,
(1959)) and Y. Yamaguchi (Progr. Theor. Phys. Sup»1l.(1960 _],Il 31)
These authors correctly predicted the completion of the 0% mdl%
plet (w1th 9 ) though they followed Sakata in assigning baryons
to a —fold resentation A, Salam and J.C. Ward (Nuovo G
20, 419 (1961}fpred1cted existence of octets of (17) (and (1 )7*
gauge pariicles. The importance of spin.one multiplets lies in the
fact that the gauge particles must correspond to the regular repres
sentation of a given symmetry group and therefore provide its "in-
;hariea_nft';dsz.gnature (in contrast to any _other representations). ~
e old way assignes not o 0 lnd 1 particles to octet repre—
sentation but also baryons llny &
¥The remarks that follow have been made (to my knowledge) by Okun
Akhiczer and Schw1nger (papers 'submitied to this vonference)and in
the critical form I have presented them by P.T. latcthews and G.
‘Feldman (Imperial College preprint 1964)
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" ‘weight diasgrams (see Pig. 1.)
‘ (i1) I&ns is the medium strong interactions which breaks
wnitary symmetry, but .\consei'ves I-gpin and hypercharge Y. It
produges the ‘,éplitting between the isoénpic _Submultiplets in a
unitary multiplet. ’ ‘ ‘
(1id Loy 18 the electrox'nag_netic( interaction which breaks
'I—épin but'conserves U-spin and hence charge Q(which in U-space
plays the same role as b,yperoh-.rge in I-apace). It induces the mass
splitting batween the members of an. I—spin nultiplet. Since this

involves the emission and absorption of a photon, Lm is of order
( : . K= elz
’ 7‘5?

Now L is 2 sealar in I-space. Thus in the absence of

Ms

I"EM , but to any order in L all members of an I-spin mul-

Ms 2

tiplet have the seme mass, Similarly, since LEM is a scalar in

U-space, in the absence of LH bﬁt o any order in L

’
all members of a U-spin multi(;let have the same mass. Theemgene—
ral mass relations we are seeki.ng are therefore those which are
satisfied both by conservation of I-spin alone or by U-spin.
" alone. These relations. can be obtained very simply from the weight
diagrams. ‘ -
' Consider any pu-a.nelogran of points in a weight diargam as
illustrated in Fig. 2. If we neglect I’Et’\ s to all orders in

LMS : : o L8
m (1) = n(2) . )
m (3) = m(4) (1.)’

If we neglect LMS s to all orders in LEM '
m (1) = m(4)
m(2) = m(3) 4 ) (2)
’ Vlea.rly to all orders in LMS and to all orders in LEM
_ (but neglecting all interference terms L

x L ) the one

EM MS



relation which replaces (1) and (2) is

o m (1) = m(2) +a(3) -m®) = O
This 1s called parallelogram law by Matthews and Feldman. They -
justify the neglect of Lgy x Lpyg terms by remarking that expe-
A/1/437. The

rimentally, L appears to be 1/10 and L

NS EM
1nterference terms therefore are. at least ef order 10 3 The
parallelogram law should therefore provide some of the most accu—
rate. tests_for unitary symmetry.

" 'To take an example, for the decuplet we get from its three

parﬁllelograms, .
NXZ WM yR_yR = 3)
NEOZ NHE ey ey W )
AP SN S L ) | (5)

At the Conference we hdve heard some evidence showing that
(3) and (4) are verified.

'For the baryon octet, there are - two particles which appear
in the cgntre s A and £ . The parallelogram law ther'efore
includes a tei-m containing the transition mass m(/‘,Z )'wh:i‘.ch
arises from br'emarkihg that in U-spegce, the scalar combination
is My = ,_(f 7o+4%) while Zkt%(2°fﬁ/|")
is the third component of the vector with ~n and E" as the
other two components.  For the ootet there are altogether two

parallelogram relations:
n-p+ 2t '1.'."1-&’_(2'.,1) 0

- (&)
S-S I=T+R(sA)=0.
Elmﬂnating the trasition mass we get .Coleman-Glashow 6-mass

relation H-pt ZHTeZToz0= ) 7

Including as it does I to all orders, ‘and with no restric-

Ms

tion on the iprécise form of L s this'is the best established

MS
theoretical relation in the subject. It should provide one of



the severest tests for unitary symmetry. With present evidence
the rél’s'd:ion in fact appears verified to within experimental
accuracy™. S

3) b'o far we have retained in the cdmputation of physical
masses, terms like
| M= dyt % [(L,,s) Y]
but neglected the interference terms 1like (L x LEM )n. It

M5
is erucial to remark that no special form for L . ° was assumed

apart from the general requirement‘that it conservezsI-spin and .
hypercharge. The verification of (7 was therefore essentially a
verification of the statement that tﬁe p‘hbton is a scalar in
U-space (end that N,2 A-aud & efaform multiplets in U-space).
We now for thev first time assume g specive.l form for L Ms which

asserts that &

M5 transforms as the I = O, I, =0 eomgongnt of -
an octet. o ) : .
In U-space this implies that - /

Lys= $%- B - (®)

To the first order in L M (and all orders in I'EM Y we fheretore ;
get for the mass—sﬁlittings an equal-spacing rule in U-space.

For the decuplet this reads

Moy¥o yto st ot g W
For the baryon octet v ’
h-Zy, -z° (1) .

or equivalently

2(n+ Z°) = 34+ Z°-2B(A)

Eliminating (2 A ) transition-mass from (6) and ('1'1), we get

, R palitz (/i "3‘-‘ ["#—f ifjﬁ"ghas used (6) directly to compute
the transition mass (AZ ) end compared the result with that ob—
;&ined from a study of the binding of mirror hypernuclei He

The agreement is not unsatisfactory.
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" the mean-mass version of Gell-Mann-Okubo formula .

(hep)+ (2% 27) = 3N +(SHz=10) (12)
"This incorporates I'EM to all orders but L Ms - to only the
first. 'the interference LEH x LMS term of course is still

not taken into account®,
(c) Model- degendent mass relations

. In addition to these there are two other types of mass-re- -
‘lations which seem'experimentally well-stablished. These are:
(1) Mixing relations between "impure" multiplets. An examplg is
Schwinger's highly accurate Quadratic‘relation'between (mass)2~
of ¢,¢,w. and prarticles- -

(9-9) (w-g) = ——(K-y)(¢ u-ftK*) (13)

(2) Intra—multiplet Relations ° : ’

Examples are

k%o = K-v : )
or the remarkable equality noted by Coleman and Glashow-3
a(8) = a(10), b(8) = b(10) o s)

- Here a éﬁd' b are the parameters in the standard Okubo~Gell-

-Mann formula

M=y eaY e €(10-4Y2) ooe)
and a (8), b(8) refer to tue octet, and a(10) and b(10) to
the decu@let. ‘These relations differfrdm (3)-(12) in" one very

important respect. Whereas (3)-(12) are gepéral conseqﬁéhqés of
group-theoretic considerations, the mixigg—relations or the in-
tra—multiplet'relations are consequenéeél(at least so far as pre-

, sent derivatiohs\go) of spgcificvdynamic pédels.

¥ Unlike (7) there probably is no. tremendous gain in wri-

ting the mlan-mass f rm (12) This is because the neglect of
»--+ 15 more serious than taklng into account
-of tﬁg h;gher oréers of . L R .



(3) Electromagnetic Mass differences

The §ame remark épplies to the detailed phenomenolqgical
calculation of electro-magnetic mass-ditferences (‘which agree
with experiment to O,5lev)carried out (and reported ét the Con-
ference) by Coleman and Glashow™ and by Maxshak o1 shall
take up these model-dependent mass-relations later. '

d Magnetic homents of ons

The next not so precise, test for SU3 comes from comparison

of bgryon magnetic momeptu. If photon is scalar in u-space and

the symmetry-breaking terﬁ 'L is neglectéd, from‘the weight

Ms

diagrams we get
/P=/'z+> _ A '
/“E'.‘=/'t?> ,
(17
/"v"f/‘s"‘/‘z (17)
/‘ “‘/‘A q/‘z“ zsz )

If it is agsumed ‘th:t the electromagﬂetic current trtnaforna

T+ TZ;'".": | (18) \‘

we get the two additional relations

Fun= = =2pge | . (’5)

The new measurement of /ﬂq reported at this conference gi-

where
like
ves /4 =«0 “’10'3; (in A ngnetone)

Considering ‘the difficulties of precise measu“ement, this may

possible be called ‘agreement with theory at least in the sight

*  As noted by Okubo, the inclusion of L,,s to the first

order unfortunately leuves only the equi-distande rule in U-space,
' o Aacfa,= M- fge

Th:s is indepcndent of assumotlon (18). The other relations (and

in particular Fh"%ﬂ ) no looger hold. -
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of God I shall however comment on the precise significance of the
result later.

‘(e) Decay -Widths

Next to the (essentially diagonal) mass or magnetic-moment
matrix elements, it is the simplest to include the effect.of
symmetry-breaking terms for the decay amplitﬁdes‘F(pi,pg,pg)

A -y BC '

‘ (r1)  (pys P3)

This has been done f&r the decuplet decays 10-» 8+8 by
V. Gupta. and V. Singh‘and by C. Becchi, E, Eberle, G. Morpurgo
These authors find Y relations between 12 posaiblé émpiitudes.
"These relations resemble,Gell-ManniOkubo rules and have the form
2 (M pr)+2(Z%37) = 3( 5 Ar) +« (G52 2) (20)
Assuming that one may neglect the effect of relative mass diffe-
rences in F (mﬁ, H%, m%), an experimenthl comparison for the
left and the right sides of (20) gives

7.58 ¥ 83(BeW)™" = 7.44 % 0.83 (Bev)™"
'(f)’ Cross Section Relations

the altimate test of unitary symmetry of course is the

equality of reaction cross section. Now the reaction amplitude
for a two- body process

A+‘B—->,C+D

Pq» P2+ B3y Pa ,
is a_functioh of six invariants F(p%, p%,;pg, pﬁ, (pq + pa)z’
(P - p3)2) N ‘
To incorporate the effects of the symmetry breaking interaction
is an artv still in its infancy. To see the d:astié change which
even a partial inclusion of symmetry breaking can produce, con-

sider the example of reactions

10



“@) "tp 2 Megt S
@ Kap—> Y et
)y THpa ¥ g+
.GJ) ‘kﬁﬁp-—a 3.-¥“K+

reported by Snow ,
. Using = U-space methods, one can show that in the pure - SUy

vmis . Mafg = - Me 2 M a- My oy
N , ' \2: 2.1,
4453'213.3 shows, this is far from the experimental case, In-
~ ‘clusion of symmetry breaking to the first order leaves just one '
‘relation between amplitudeﬁ
. Mo+ M = M + My (23)
Noting that (experimentally)MbaMix 0 this amounts to checking
‘f:iIHa zHc, which from the data presented 15 not unreasonable.
‘I_em here taking a highly optimistic view-point about pre-
dictions of'unitary symmetry regarding cross-sections equalities.,
The hope is that when one has learnt how to unclude symmetry—
breaking properly, the tests would be more -oanlnstul. The blant
truth is that if these were the only oosible tests of SUB’ one
'ould never at any rate -at the present stage of the subaect, have
glven much credence to unltary symmetry. .
‘ Sunnarising o
. Unitary symmetry has a small but impre551ve llst of puccesses,
ma;nly in predicting mass relatioas., The successes are more 1m-"
pressive than one has any r;ght to expect. It has however no out -
sigbfrﬁai{pres. This . is partly because unlike other sﬁmmetry pro-~
posaleiunipary symmetry does‘not forbiﬁ'strong rénot;ona otherwise

- allowed by I-spin and hypercharge conservation. The failures of
. unitary symaetry can"reasonably be ascribed to our inability to
include symmetry~breaking except to the first order.

11



II Composite liodels and Unitary Triplets:

The‘relative success of group theoretical‘models‘for unitary
symmetfy néturally leads one to_examinevifs basie group—structupe
more closely. And here one immediately meete’ﬁith a‘deep puzzle;
Winy does nature not employ the basic triplet repreeentations of
"the unitary Broup, when from these elementary (spinor) representa-
tions one could compositely construct the tensor representations
1, 8, 10... etec. to which the physical particles seem to belong
to? In other words wiy has Sakata model failed? Or has it indeed
tailed; could it be that the fundamental Sakata-like triplets do-
exist not - as tne pnysical entities p, n and/\.but in a different
guise. During the last year a number of proposals have been made
tovemploy the triplet representations., I shall examine some of
the models. Eveﬁ though some of these claim to be dynamical in’
intent, the dynamics is of the most rudimentary character, the

essential content being group-theoretic.

(A) The Revolutionary Guark liodel

The most economical of all composite models is the Quark
(or the Ace) model Given the Bose multiplets, 1 and 8, and the
Fermi multiplets, 1, 8 and 10, find the one unit from which theae

multiplets, can be composed? The unioue answer*) is a spin'l/2
A

triplet A= A% where Ay, Ay, A3 carry baryon number B=1/3
A .

and w1th the gtner quantum numberz*)

*)Dhig is because 3x 3* = l + 8
. 3x3x3=1+ 8 +8 + 10

**)In terms of the generaiors of SU3, Y is defined as Y = js/fg
Thus Q = 33+FJ universally for all hadrons as well as
for quarks,



, I, X Q=1I+Y/2
A, 172 1/3 243

A,  =l/2 T 1/3 " -1/3
Ay 0 ©=2/3 -1/3

This is essentially the Sakata triplet with a charge displace
ment -1/3. Clearly the vorld of the quarks, Al' Az, Aa; if such
exotic objects exist, is a world orthogonal to the world we are
used to, in the sense that such particles could be created only
in pairs from the known particles. Quarks would constitute new

type of stable matter.’

(B) COnservative>Tfip1et Models
For most other models the fractional value of electric charge
" are too high a price to pay for the economy of having a single
triplet. Al} known particles canbbe formed as composites either

‘from two triplets*)

Now ail triplets with integral cnarge fall basically‘into 2

or froﬁ one fermi triplet and a neﬁtral sing Xt

categories:

(A) Sakata-like triplets

Q .
A, 1 1 1
S=A]2. o Q:I3+§Y+§C
A3 0
(B) Lepton-like triplets Q 1 1
Al O Q=13+§Y+,'3-C
L=A2 -1 Q= =2 !
A3 1

For both types of friplets, the integral charge requirement
forces us to introduce a new quantum number C. This quantum

number has been given different names by different people;

*) Two triplets models have been considered by the following:
1. H.Baory, J.Nuyts, L.Van Hove, preprint CERN (1964).
(two Fermi triplets).
2. J.Schwingef 'preprint° F.Gursey, T.lLee and M.Navenber eprint
. (one Fermi and one Bose tripletj. & FEOPE
13



"addivitive'tfiality" by the Rochester group, "peculiarity" at

GERN, "supercharge" by Okun. Personally I prefer the

name given to it by Glashow and Bjorken. They call it the "charm*z

note that ¢ =Q)) . For ordinary matter C=0.

Pollowing a classification given by Van Hove and Gell-Mann

one may consider three distinct alternatives:

)

The new quantuﬁ number C is absolutely conserved.

Since‘for'ordinary matter C = O, thg triplets'then‘are
a new type of stable matter. This case is as exeiting
as tine case of Quarks. Lee and Girsey have speculated

that it is this type of matter which constitutes the

‘gubstance of the mysterious (Quasi Stellar) Radio Sources.

(2)_C_1s vioclated by weak interactions.

(3)

In this case C is closely pnrtlleitdhyp;rcharge go far

"as its conservation ié concerned and the triplets carry

a new form of strhngeness. The oharmed (or charming)

~particles can only be produced in pairs strongly;’thdugh

they can decay singly .into normal matter. On account of
its analogy with leptons an attractive examéle of a
composite theory is of all (hadronic) matter being built
up from an L-type Fermi triplet.along with a neutral
singlet fExmipxx -g fermion.

0 B
C_is violated semi-strongly, though A(Y + % c) = @ in

order that 4Q = 0, aI = O. The "charming" particles

can be created singly - though possibly less copiously

*) C defined ‘ebove is 2/3 times the number defined by Glashow

& Bjorken.
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than those without charm. This model can be realised
either*) | ) Mo
(a) through one S-type trlplet +“é‘neutral singlet

‘ _Afb) or. two trlplets a8 in the models of Schw1nger,

“Ven Hove, Lee, Gﬁrsey and Nauenoerg.

(C) Dynamical Predictions

Consider.briéfly some of the specific predictions of the

various .models. Their predictions are as a rule very similar.

(1) The Quark MNodel

Assuﬁing that quarks are falrly heavy, Zweig has'bﬁiltAup
a dynémicalAmodel of their binding to give the mass relations
betwéen the known SU3 multiplets. The model has the‘fOIIOWing
chargcteristics: V

1. The‘medium—éfrong eymmetry—breakihé is introduced by

assuming thét the masses of the basic quarks are differéht,

h, Dm, = m
AT AT Th oY
i.e. . + . @ .
= (Mg YA Ay ’
: 1
2. Since MA = MA , it immediately follows that the residual
1 2

symmetry is of the’U2 group;;This directly leads therefore to
the following solution of the w, ¢, g mixing problem: the physic-
al particles (the eigen-states) have the transformation properties
(corresponding to representations of U2): '
= ‘,;"2—"(4:’41'4;42)
o= L(thratn,) 2%)
¢=Ala, .

The squared maases satisfy the two relations®

%% )

*) For an L-type tfiplet + a singlet one could not simultaneously
conserve Y and violate C.

*x) Relation (2) is s conseqdence of 1lst order symmetry breaking.
(1) and (2) have also been derived by Lee, Giirsey & Nauenberg.
15



K y g 2e)

.‘9 2¢+9+w L/K*

3. Assuming that both 0~ an§ 17 bosons bind from a quark and
‘an anti-quark, and assuming that the binding is independentvof
spin, one:gets the relation ‘ o T .
ki_f - %z‘—‘h’% = K- . .(/4’0,)
I hope- this is not an unfair sample of the type of dynamical
argument used in this and other composite models.
It is a type of argument calculated to send a self—respecting
FS-matrix theoretist into fits of despair = despair because the
results seem to have the sanction of nature. The most charitable
thing one could say about.these caléulatiohs'is what Dr.'Johhéon
once remarked about woman's preaching; "A woman preaching; Sir,
is like a dog walking on his hind leés; it is not done well, but

you are surprised to find it done at all.®

(2) Schwinger's Field Theory of Matter

1._Star§ing Qith a dynamical analogy between 1eptoni¢ dnter-
actions énd strong interactions Schwinger introduces 2 sets of
triplet fiqlds to build compgsitely all known hadrons.
Thesg are: '
'oﬁe Sakata~like Fermi triplet %7 B =1
one Sekata-like Bose triplet V, B = 2
2, Thg crucial assumption is made that gt the most elemental
level of dynamic theory, frand V transform as rgpresentations of
two independent unitary groups
‘ 7“ %y
: . =y, -
¥ U,. Ve are thus dealing w1th a(U3 x U3 = N3) group structure.

i
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At this level there are 9 baryons VF"corresponding»tova (3.3)*
representation of W3. .

3. Mesons (with the group—structure q)uf transformiog as [(yy«l()
correspond toa reducible 9 fold (9 =1+ 8) representation of
Use ; |
4. There are two symmetry Dresking terms- one is introduced
to split the 9-fold of mesons into a singlet and an octet,)the
other, by-passes the SU3 structure lelding directly from H3 to U2.
The second interaction (LNS-quEV)) is something of a tour-de-
iorce.\It is precisely the unaesthetic feature of bosons carrylng
two units of baryonic number which forces thx on the theory this
particular type of symmetry breaking. Note tnat in the second
order LMS*QM "gives the effective intersction of Zweig type

‘h‘h(\f")(v?) .

Tne quadrstic mass formula connecting ¢, 9,4}and K* (mass)2

mentioned earlier follows directly as the lowest order perturba-

tion arising from the interplay of the two symmetry—breaking‘terma
Some further features of Sohvinger's model are the following:
' (a) The decuplet 3/2+ is part of some further feature of

‘Schwinger's theory are the following: a 45 -~ component multiplet

which under symmetry-breaking splits as 45 = 8 + 10 + 27 Glashow

and Kleitman (Phys, Lett...) have given arguments  for believing

that the 27 - fold multiplet is iikely to be fairly massive

(2 BeV or more).

-(b) If the symmetry - break;ng terms are ignored, a number

of processes are forbidden (comparerthe Sakata model). For example
mte -H k't '
Kn 4 ko3°
rr KK .

Since the symmetry-breaking terms are assumed to be quantlta—

*)In effect this is tantamount to giving the meson singlets = base
mass different from the octets.

17



tively enormous, this foroiddenness is perhaps irrelevant.’)

(3) Groups of Rank Higher than 2

leen a new quantum number (c), a group theorist will

imnedlately rush off to his copy of Dynkin and make an inventory
of all groups of rank higher than 2. Recall that the rank of a Lee
group glves the number of its commuting generators - and therefore
the number of conserved quantities 1t can accomodate. 803 is a
group of rank 2; 1t can accomodate two quantum numbers (I and Y).
The next Fig. 4.snows Dynkin diagrams for some hlgher rank groups.
0f groups ot rank 3, the favourite ones are SU4, and SP6 (the
symplectic group) The number of authors who have considered SU4

‘ as a possible super symmetry of nature is legion. *)

The symplectic group has only one set of votaries.***) The

elementary representation of SU4 is‘a quartet (an S or an L—type
of triplet + a singlet); the correspondlng representatlon for

Sp6 has 6 components (one.S and one L-type triplet) d)

*igtw persondl view is that the most significant part of Schwim;rh
tueory is not so much its dynamical - content but the, introduction
‘and the insistence upon the wider group-theoretic structure U3

I know Schwinger disagrees with me. I. suall however return to this
topic later.

**)1. S.I. Glashow and Bjorken. Preprint Phas.Lett i 2557J964)
2. Y.V, Vladimirsky, SU,-symmetry. prepnn
. P, Tarjanne and V.L. Teplitz, Phys. Rev. Lett. II, 447 (1963)
4. %. Krolikowski, Nucl. Phys. {(to be published).
. L gohen, SU4 model of particles and resonances. Preprint
1964.
6. Y. Hara. Pays. Rev. 134, B 701 (1964).
7+ 2. Yoki and Y. Ohnuki. Quartet Scheme for Elementary
Particles. Freprint (1964).
8. L. Hama, X. iiatumoto and S. Tanaka. Broken U(4)- Symmetry in
Barion-lieson System. (Contributed paper). .
Y. D. Amati, H. Bacry, J. Nuyts nd tki.SU, and Strong
Interactions. Phqs. Lett 1L, 160(9 r> 4
#¥«#)  H.Bacry, J.Nuyts, L.Van Hove, prepnnt CERN. 3

4 theory based on Sp6 has certain similarities with §chw1ngena
theory. In particular these authors also derive thcbp,ml( guadra-

tic formula: (Q—g)(qa p)= 5_«* )(?‘m -2k%) .
*rxx) Notice ‘that ‘the adaolnt representatlon of SU, (to which must
belong spin one particles) contains 15 components; the adjoint
representation of Spé.is ricner and admits of 21 (17) entities.
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SU4:'
As I stated earlier all SU4 models fall 1nto 2 cathegories

SU‘ Mark I
S-type Quartet

(= [oXeol o

This allows for all three alternatives:

Either (1) C - absolute conser&atioﬁ »
or (2) C - weak violation

. or (3) C - semi strong violation.

:§g4 yark 1T A , |

L-type quartet g
) ~1
R .

This allows only
‘Elther (1) C -absolute conservation
or (é) C - weak violation,
- Some- or the SU4 representatio#s possess the following
content: ‘ s
(1) 07, 17 = adjoint rgpresentation, which in-terms of SU3
multiplets decomposes as follows » :
4x4=1+15=8+3+34+1
The submultiplets:3 and 3* carry charm while for‘th§<singlet

AN

C = 0. Clearly this singlet provides a natural place within the
group structure for a ninth boson, ( a)° or the /rrr'7 /)"."
(2) 1/2+ fermions could belong to a '26-Fold Representationv
which - splits as
= 846 +.3 + 3%
(3) 3/2+ belongs to different 20'-F01d whlch would sp11t as
20' = 8 + 6 + 34 3
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The next 2 tables taken from Glashow & Bjorken;& Aﬁéti
Bacry, Nuyta, Prontki illuetrate Jsome, of the smele maee

agsignments, aesuming that the SU4 symmetry ie broken 1n a "na-

tural" (Gell- Mann- Okubo—like) manner.

Some people do not know w1en to etop. »
(4) Tests for the Existence of Trlplets.'
e dril > ! O s

If the "charmed"® triplets do 1ndeed exist is there some

indirect but recognisable effect't:ey we uld produce which could

constitute a test of the1r ex1stence°'AH"
In gso far as the ciaief dietinguishing feature of the triplete
ig the additive term in the Gell-lMann-Nishijima formula (C£0)

Ja .
Q=dy+ B & (27)

{3 3

the answer must lie within’eleotromagnetism. Nauenberg & Oklin for
example have noted that the relation : : .
W= o (29 ™

no longer holds if C # 0. (Note that for Quarks, C = 0, so that
Quarks do not produce'any."indirect" electromagnetic eftects).

Now the violation of (28)x:nixxtt certainly constitute a test
of the‘existence of the: triplets. But this test has the drawback
tnat the tormula (28) is no longer valid (at present to an un- »

predictable extent) also when the symmetry-breaking L terms are

M3
included. Thus if }4~—2}( #0, one. would not know if this was the
result of the presence of triplets or a consequence of the normal
symmetry breaking mechanism.

A better test possibly is provided by the old chestnut,
- KN v+_ _
Do Y s p o pe
R =
w —»)/—»Ju*yu’

- 20
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Let us assume:that:the:physical:psrticles @ and g/are mix-
tures of a pure "singlet" &, and an "octet" ¢'

@=¢ 64819 + za J‘//zé’ o 4
W e L ) B R Lol G
e ¢ ‘W/’ "?.;5‘{"@!93"" R RIS TR T s SR T P RARt

ind The 'angle'ios» can‘be:détermined from strong interactions: . su. -

alone (e.gias: suggeated byiSakurai:bylusingthe relation - ,_«;n;:,k;‘.\gw

en?4r,

B e
where: /;, Y-8 determinedafrom /} -and [l;* )ei Now write 2o oL e
2
Cabtx5n 8 {26 @o)

“5&0-#)(@0‘
Clearly ifc = O "X 40 and Gn ] Os. Comrersely if ogy, £ OS'

and if the notions of unitary symmetry are correct there must
exist tripleta of integral charge. ' k -

_ If the triplets are very masaive, in general X will be
small. T‘lere however are certdin models (e.g. Schwinger's) where
~irrespective of the mess of the tripleta, OEM - Bg can be as
large as 60° in the exact w3 limit, S ) R

Summarisigg o

The problems raised by the triplet modelé are highly signific-
ant and of the’deepgst relevance to .the future of Physics. The
. Triplets may be stable; they exist either in‘thebform;of Quarks-
or they may carry intégrai charge; Invfhis'case:they define a new
ahd a nitnerto unsuspected regime of physical phenomena. The
signit'icance of this new regime‘for Cosmology has been speculated.
may or'may not concern us here to-day. We can nat however fail ta
oe fired by their significancel.: -

‘
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" III, Grc’ub Extensions and Super-Symmetries-

» L . !

I now turn to what I consider és some of the most significa.ntl
contributions to:this Conference. This is the elegant stud.y of the
group Algebras connected. with ehct:ensions of SUB' The study itself -
"is not new. It was carried out in 1961 within the context of unitary
symmetry by (see ref,l) M.'Gell—map.n,' A. ~$alem,and J.C. Ward and in :
terms of a four-field: Fermi interaction by R. Marshak and S. Okubo ™
It has naturally acquired & renewed aignificance with the emergence
of SUJBE i . :

‘l‘he story starts with what Gell-Man.n called F and D couplings
and F and D'(cmentg.) Consider the interaction,of pseudoscalar
mesons with baryons. Writ;e tﬁe cenffentiongl'B Vx 3 matrix for the

baryons.

and sinilarly for the mesons M. ) ) . ‘B. JE
The three field interaction can be written either in the form-:

' rr. B BN
or 1n the form-i )

“pp, B© O BM

® R. Marshak and S. Okubo, Nuovo Cim. 19, 1226 (1961)
I
Viorks on this topic was reported at the Conference by

l. Y, Nambu and P,G.0. :Freund

2. . Gell-ilann - - *

3+ R. Marshak, N. lukunda and S, Okudo- .:
4, A. Salam and J.C. Ward:

22



These are the only two ways of multiplying thljée matrices within
the ‘trac'e“ ope‘ration.‘ Now with Gell-Mann one can define the (symmetric)
and a.nt:.-symmetric comblnatlons the above two (couplings) as follows-:

Tr B‘ (B.M + M B) Tr B {B M} The so called: D—coupllng.v

and Tr BY (BN - k B) = Tr BY [s,m]’me so called F-coupling.

One of the important fundamental parameters in the theory is.
F/D ratio. . ‘

One way to remember the distinction of Fand D is to remark that"
for F couplings there is no Z—-p. A+
transition, for pure D case there is no 3] —# 5!+ 4  transition.

" The vector couplings of /) K" 50 and (¢) are conventionally .
assumed.’as pure F. For F —mesons, however, ' hyperfragment binding:
clearly ‘calls for non-zero D (g Az'_ £ 0), The dymanical calculations
of kiartin and Wall and others go even further and show that not onl,/
must the D-coupling exist for pseudoaca.lar mesons, bhey must predo-
minate (F/D ~2¥3). The sa.me story seems to repeat itself for weak ,

1nternctions Treiman '111 tell you to-morrow. The Xourrents (axial-
vectors) appear predomipantly D, the vector ourrcnts are F.

The question arises; w1th1n the umtary symmetry scheme, what
is the origln of F and D oouplings' or if we consider vector
particles - what is the origin of two types of distinct» ‘currents F
and D? '

' The ' unique answer 11es 1n the group extension SUJx su3 e

Consider the two unitary trlplets A and B transforms as’
1

¥
B" = UZB

1f the known 9 - Folds, e.g. the baryon nonets are formed as
T .
= AB" = Ay (Bl 2 3)
Ay | .
Ay
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transforms as . - R .
)b /] )AL{ | - - (32)

As stressed earlier (in connection with Schuvinges s Field
theory of nattcr), ¢/ belongs to the (3, 3 ) representation of SIS.
provided U; # Uy, If Up'= U, i.e. "

| P = a but
we are dealing with the (reduclble) g-fold representation of SU,
alohe. ' ‘

Now there is a standard procedure for generating conserved
currents ‘— the so-called gauge procedure corresponding to-any given
transformation., In its essentials, the procedure 1s to write the
- transformation concerned infinitesimally e.g. write

U= T+1X U= 1+0X
' where X and I are hermitian 3 x 3 matrices.
The transformation(Jz) reads
I N . .
¢'= @+iX)g(1-iY) = ¢+ (Xg-¢¥)
. . ] .
Likewise 2}_‘7’ = ?/cf-f c(f;‘y-%};‘) . |
The free energy‘ Y— )/. 3/..)1« therefore transfo'rmsb to
opdut+ T (gup-w %)
- The extra terms generated by this procedure represent the coupling
bf-spin one objects Xﬂ and Y# " 'wlth the baryon - currents.
Rewriting these we get: v o ‘ ,
. X -y ‘:4- X+Y 4"5_ -
Fir Xt =Pyt = % Pl Sor] + 4 7y, Xo#=
. - FV +2v -,
Startihg therefore with (32) we seefthat we have generated natu-
rally both PY as well as D' currents. I we had specialised to the

case U; = U, (1 e. X=Y), we would have generated only the Algebra

oorresponding to PV alone.
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’ It is easy to check that the comutation Telations of P’ &nd D'
are as:fpllows: .- [ ]“f‘)“ Fx ‘ ’
) [Fh]’a']”f‘j":D" ; o
[Du )DJ] “'f\llﬂ FK ,
Now so far we have no axial vector currents (or the correspon&
ing ps. 3’5 coupling). But we know ‘these existy in fact that for
the b’s case they predominate. To generate these the standard
procedure once sgain is to consider in the zero baryon mass limit,

the - .two-component entities

\I-L: ﬁky,

=5
%= TR
¢=fL+¥g
One can now: make 4 1ndependent transformations
_ vt
B =U B
3 = U, B UDt
Bp=U3 % Uy
‘ o * ¥
Clearly one will now generate 4 types of currents,
,Fv
F
v
ot

**) Note that each set contains 8 conserved currents (conserved
in the limit tn.—) O) so that the overall Algebra generated by

‘these 32 currents, with the commutation relations S

FA R 0, [Ev",FA’V_]:.';ﬁ).kI-‘:,
‘v':;.y’ﬁ"v* " R i D

z))i)-]l i1k I< ) [?)VA 4—/ f/LF',

(the footnote 1s oontinued on page...)
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:In its ‘widest form, . then,.and-’ assuming +that- p0551b1y correspond
ing to these currents there also might exist physical partioles we
may have a total of sixteen 1~ and sixtecn 1+ partioles.

Now it is possible (and indeed quite probable) that nature
does not use the generoua freedom afforded by all the pOSSlblli—
tieslistod above. An attraot1ve restricted special case is the

following-:
. ) . ) -1

B, = U B U

-1

Bp = UpBgU)

(1ee. take U, =,
_ ‘ U3 =
In this case there‘are only Fv and DA currents.

(1) 1t 18 an attraoﬁive hypothesis -(forced upon us by the
existence of D currents and their dominance for the bﬂs‘case)
that there is possibly in nature a super-symmetry corresponding to 
SU., x SU The baryon nine-fold belongs to the representation,

(3,3 + (3%, Dy
(2) The symmetry exists in the limit m, = 0

3 3°

3) There may exists a normal octet of 1~ (C = -1) and
a normal (C = +1) octet of 1t particles,cofrespondind to(1,8)1(8,1)
representations. h
"(4) In addition to these 1~ and 1% particles, there may
exist (0+) and (0”) mesons.These spin zero entities may belong
either (like barjons) to the nonet representation (3,3x)t(3,3x)
(see page 25)

in th\ -
e Algebra of SU3 b4 SU3 X SU3 X SU3

There are of course in addition 4 SU3 singlets making a total or

36 entities reminiscent of SUé).
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(C =#4) or like vector partlcles correspond to (1, 8) (8,1)
(with C = 1 for 0" and -1 for 0¥).

(6) What happens to the symmetry when the baryon maés is
turned on.
' -Gell-Mannvcomputing‘in thé lowest order shows that the baryon
nonet then splits into a singlet and an'octet; with ‘

= Woctet

Dginglet =
Interpreting the negative mass particle as one with opposite
parity the fussi prediction of this'higher symmetry group is that
the 9-th baryon may be twice as heavy as the octet but with spin-
‘parity V2. , ‘
(7) For the scalar and pseudosealar meaoh (mass)2 spectrum,
Gell-Mann and Marshak et al obtain for the (3,3") X (3%,3) the.

following results '

Ho+2a 01)
A;‘M ——— 0*(8)
/‘ N . oo e e aame .
/“1' -4 — 0-(3)
pt-24 0*(1)

With the inclusion of Gell-liann~-Okubo type of symmetry-
breaking, and assuming. that the_now ubiquitous K = 730 Mev
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is indeed the “strange" number .of the Q+ octet, one prgdi_qts’lt
K = X = 730 Mev (input)
' = . 560 Mev (G = -1; decay modes .2}7+x

to order d ., 2742y, 23’72”'

_to order olf )
9': . 770 Mev

——

% For the C = -1l (abnormal) case, Marshak et al give the following

values. )
‘ k! = 688 iev
,)_( = 630 Mev
' = 837 Mev

The "abmormal" case was first considered by Nambu and
Sakurai (Phys. Rev. Letters /[ , 42 '[/.955)) ‘
who showed that the production and decéy rates of a

C = -1 octet are highly suppressed).

1f the ot and 1% objects exist, where are they? *7*1

To my mind, this is one of the deeper mysteries of the situa-
tion.Peraon&lly'Ik have no doubt in my mind the extended Algebra
SU3 x SU3
each component of the Algebra, there exists a physical particle which

has something to do with nature. That corresponding to

Ha There appears to be a fair sprinkling of 1% entities all over-
the mass spectrum there are enough possible suspects
eveﬁ to make an octet and a singlet (e.g. ¢'= 1415, &' = 980,
€% = 1320, ¢'= 1220 Mev
seem to satisfy 24'+ f’J-(a’: 4 _K*7 k"_,r’:&; Kts, zk'tfl)
but the multiplet appears to possess the wrong C-parity, C = -1‘).

-
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is an extrapolation from the ‘existence of 1™ and O particles. It .
is possible that this extrapolation is not,wholly warranted at

least in.the simple form it has been used so far.

Iv, gxéamical Models

In 80 far as dyhhmica; models are relevant to my material,
these fall into two classes. Firstly are the models which start
conservatively with'an eightfold of béryohs and mesons and using the
methods of S—mﬁtfix theory (and assuming trilinear couplings)
predict the existence of the 10-fold (or the lack of binding for
sone other multiglets).This of oou}ae 18 good Physics. Its crowning
achievement is in the work of Wali arnd Warnock who show that a bro-
ken cciet (broken in the sense that the masses satisfy the G-M-0
mass re¢lation) leads dynamipally to & broken decuplet (again broken

in the sense of equal mass spacing).

Second
The next degree of sophistication is to seek to establish
the existence of the starting 8-fold itself from the reciprocal -
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self‘consi§tency of a Bootstrap..this would provide a "dynamical
origin® for. the oﬁserved symmetries. The still higher sophistication
is to look for a spontaneous breakdown of the syﬁmet:y within the , -
stability and the over—ridinguniqueneaapostulates of the Bootstrap
approach. . . ’ .

‘The Bootatrap idea~traced recently by Lovelaé§_at Imperial
College - to Baron kunchhausen®, is_an'oxtre-ely‘attrpotivg idea.
It is basically the idea that the ph&sical universe is uniquelaﬁd
the uniqueness demand coupled withgnllytioityqnd’nnitlrity is
sufficient to predict the observed featufes:of the ﬁniverse

cludlng its symmetries. ) o ;

I think both in theology and cosmolosy, from the very nature
of these disclplines one always looks at the prqblem of the :
structure ‘of .the Universe in this 11ght. For elementary particle

theory, however, this type of think;pg:;s,nq deep and potent. I
believe among natural philosophers Voitairéfwas,the glrst-to voice.
something similar this. Voltaire attribufed to Leibuitz the
principle that we live in the best of all possible worlds. The
modern theoretiéal physicist seems to go beyond Lébnitz in assert- "
ing that we live not only in the best of all possible worlds - but
-in the only possiblevwor;d. In lighter moments I sometimes wonder
if the principle does not have the ring of the comforting thought
with which Dr. Panglos made life worth enduring for honest Candide.

¥ The 3aron lifted himself out of a swamp by his bootstraps; His-
tory narrats that the Baron's achievement was not appreciated by

his contemporaries
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This was the occasion of the famous Lisbon earthquake when 30,000
persons lost their lives, Let me quote from the famous Doctor,
"Candide there is no effect without cause and in this beat of all .

‘Possible worlds everything .is necessarily for the best,
a volcano at ¥ Lisbon it oould not be anywhnre else, for it 1s

1mpoesible that things be not where they are~ and all 1s well"
Let me.. summarise the situation as I see it,

I do not know who first used the word strggg garticles to
characterise some of the mostexoitingobaects one has. discovered
in Physics. Perhaps the smallest measure of change that has come
over the subject during the last year is. that strange particles
k are strange no more - and that the strangeness quantum number is
as little or as much strange as 1sotopic spin or electric charge.
There is a suspicion that there might exist still higher
',symmetry - with SU3 as‘possibly an important link in the symmetry _
chain. There may be a new quantum nunmber, it may be connected with
the existence of trlplets of integral charge. These triplets
(the Sakatons in a completely news guise) at their most exciting,
may be a new form of Matter. It is a prospect before which imagina-~
tion reels. '

But with all this optimism there is also mixed a feeling of
awe -~ awe at the magnitude of our ignorance.

We do not know what dynamical mecnanism gives this tremen-
dous stability, to the mass calculations. Is it that there are
very heavy basic‘triplets, with masses of several Bev binding
fiercely and defining a mass scale before which the baryon mass

-differences are but a small perturbation. Notwithstanding the
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heroic efforté of“the bootstrap physicist, we do not gquite yet
understand where the origin of the symmetries lies. Or is it that
this question is as futile aa'asking‘why space~tihe has dimensionaln
ty four? The discovery of the symmetry group of strong- interactions
was an achievement but when one thinks of the problems that remain
one wonders if thls ‘was perhaps not the last of the relatively
simpler problems. Somehow perhaps the harder tasks remain - the
deeper, ‘the more challanging understandings have yet to come.'

Before I close I have one more debt to pay. In 1962, V. Weiss- '
kopf summed up the spirit of the CERN Conference with Pyramlds.

Fig. 7. .

During 1963 the major item of news the unfortunate demise of
the Regge‘Pole'Model. The next slide presented at the St;nfofd
Conference cabture the spirit of 1963. Fig. B. Since then the
Pyranids have become something of a tradition. ) ‘ ’

The apprehensive fears of 1964—perhaps somewhat exaggerated -
are shown in the next slide. Fig. 9«

-Received by Publishing Department
on August 19, 1964.

32 ] o U



1. M, Ademollo, R. fatto, G. Prepsrata
2, D.Xkmati, H. Bacry, J. Nuyts, J. Prentki
J. A.I Akhiezer, M.P.Rekalo,
4. H. Bacry, Je Nuyta, L. Van Hove
5. A.1 Bar
-6. A.M.Baldin, A.A.Komar

7. C.Becohi, E.Eberle, G.Morpurgo.
8, S. Coleman, R.Socolow, S.L.Glashow, H.I Schnitzer
9. B. Diu, H.R., Rubinstein, J.L.Basdevant

10.K,Fujii, K.Iwata,

11, Y. Fujtt M.Ichimura, K. anaki
212, .8,V ednlin. 0.V.Kanchell, L.V.Lapersshvilly

1), ¥.Hama, K.Matumoto, S. Tanaka. )

14 B.L.1offe, I.Yu. Kohsarev I,Ya. Pomeranchulk

15, 0.S.1vanitskaya, A.E.Levashov

16, A.Kotanski, K.Zalewski,

17. A.J.¥acfarlane, ¥.Mukunda, E.C.G.Sudarshen.

18, Z.Maki, Y.Ohnuki,

19, R.E.Marshak, S.Okubo.

20. M.E.Mayer, H.J.Schnitzer, E.C.G. Sudarshan, R. Arhnryn.

M.Y.Ran,

21, S.Meshkov, G. A Snow, G.B Yodh.

22, S.Nakamura,

23.S.Nakamura.

24. Y.Nemdbu, P.G.O.Freund.

25 V.1.0gtlevetskl

26 V.1.0glevetski, I.V. Polubarinov

27. L.O Raifesrtsigh, T.S.Santhanam, E.C.G. Sudarahan.
28, A.Ramakrishnan-

29. J.J.Sakurai,
" J0. R.F.Sawyer.

31, V,.L.Shekhter

)2, V.V.V1ladimirski

JJ. J.P.7igler, P, Hallwachs, P.Aillion, M.Flato

J4. K.C.%alt, R.L.Sornock. =

)5, J.4. doltasrex, R. E Marshak, Riag-ud-din.

)6, C.zZemach.

37.M.Gell-Mann.

Jg.J.Schwinger.

Pig.1l.

33



'}‘“P*ZK'-Z"HE(Z/I =0{ —p+ : :':" o |
TEE I +E ():’A))=o}=>” PEd S

1 2

P 3
m)-m@2)+me3)~m(4)=0

Fig.2.

34



19

(BeV)2 x mb

8.0

7.0

6.0

S.C

4.0

3.0

2.0

1.0

0

0

T8
14 14 i;
©_ O

%

® Lo F T rp—s N* et

3

b

o

aa’
O Ffo K™+ p—s Yl'"+7r+
op Fy T +p—> Y.kt

oy i-‘d.l<'+p-—>E"'+K+

9
a 10,4 .
o} léAnl LN
S .

4

Fig.J.

g 1 "y o3 1 { |
5 6 .7 .8 .9 10 LI
Q IN BeV :




9C

NUMBER OF VECTOR

GROUP DIKKIN DIAGRAM | KUMBER OF RANK .
ELEMENTARY (¥usber of con- PARTICLES
RBPRESBNTIO“ sg"ed uanti—
ties
Uy o—0 2 2 8
v, O——O--—O 2 3 15
Srg . D—0 I 3 21
D,‘(os) p__-o 3 4 24

. Fig.4.




&5 Pseudoscalar Wesons ' Y o C . I . 15 Vector Mesons
n_(550) 0 Y o w (790)
% (950) oo o $ (1020)
7 (140) o, o0 1 $ (750)
K (500) . 1 o0 1/ K*(890)
Dp (760) Y 1 12 Dv (770)
Sp (900) 1 1 0 Sh(9s0)
Weak De;:ay Modes
o, Dp —> Kr } 107125,

S.+p — 717‘

+

- p* — _ "
° rer, T KrS 10747s,
s

—~—> mr , Kr

Fig.5.
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@ g resonances (equal spacing lav)
decuplet sextet triplet . singlet
ta0 | SUver2 | LU 1950 | ST 2208 | S 2506
Ty 3.1527 E“ 1805 E.” 2083
Tt T e | 1) 1660
L]

3 o
T 3 N 1277
These numbers have leen cozruted by cbrmidering

Y:('IGGO) as thn peculiar Y:' rarticle

Pig.6.

38




Thn could be the dicovery of the century  Depending, of course, on how far down it goes.”

F1g.7.

I chesis what 1 ehink i, det's cover i up and forget it ™

Fig.8.
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I hope this structure holds till the next oonference.

Hazepch, 4T0 COOPYXeHH® MpPOXEPXATCA X0 Crexypmel KoH$epeHIEN

Fig-9-



