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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.



By first task is to thank all the authors who have contributed
to this session. The first slide (Fig.l)shows their names.The Russian
language has a good phrase for such a slide: "Bratskaya Mogila" -

"the friendly communal grave! There is not a single important theo-
retical idea I shall report on today which has not been 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 Experimental Physics. If in mentioning names, I happen
to omit some by inadvertance, I beg for your indudgence.

After years of frustration and failure, it is always fun to
report on a story of comparative sucgess. For even the most scepti-
cal ones of us can not deny that the use of group-theoretic ideas
has paid a handsome dividend to the symmetry physicist. My report
shall naturally therefore have a strong group-theoretic bias.

I shall discuss -

First The suocessful tests of SU, (To its failures I shall turn
a blind eye.)
Second The oomposite models of elementary particles based on
triplet models.
Third Group extensions and super-symmetries like SU3 x SU4
. Fourth Dynamical oconsiderations.
I. Tests of the Unitary Symmetry

(n)
The eight - fold way"’ has to its credit a small but impressis

ve number of sucocessful tests., There are:

% 4, J. Ne'eman, Nucl. Phys. 26, 222 (1961)
2, M, Geli-Mann, Phys. nev. 125, 1067 (1962)

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

and 10 particles of the same spin and parity. The positively

ideatified nearly pure multiplets are the OO and 1 /21'octets
and one 3/2+ decuplet.

(B) 7The Mass Formulae

Assuming that SU3 symnetry is broken and symmetry-breaking
can be treated as a small perturbation one gets the well-known
set of mass relations anong members of a given muitiplet. For
strong interaotion physics these appear amazingly well veritied
and constitute perhaps the most definitive support for unitary
symmetry.As 15 well known the baryon octet and decuplet relations
are satisfied to within 0.5%’ the scalar octet relation to 5%.
I shall not go into a detailed derivation of these, but it is
important to say a word or two about which relations are better
established theoretically than others™®. Write the interaction
Lagrangian in the form
L=Lo+lyg+ley
where (i) Lg is the SU3 symmetric strong interaction for which
partioles of the same spin and parity form equal mass multiplets.
As is well known these can be divided into submultiplets of either

I-spin or U-spin, and can be read off most easily from the

x) (see page 1).

The unitary group was first used in elemeatary particle physics
by S. Ogawa, Y. Ohnuki, M. Ikeda (Progr. Theor, Phys. 95;% 715,
(1959)) and Y. Yamaguchi (Progr. Theor. Phys. Sup 1.(1960)11.R1.37)
These authors correctly predicted the completion of the multi-
plet (with 7‘ ) though they followed Sakata in assigning baryons
to a 3-fold ‘representation A. Salam and J.C. Ward_%gnovo Cip 10,
20, 419 (1961)) predicted existence of octets of (17) (and (17)7
gauge particles. 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-
variant” signature (in contrast to any _other representations).
The 8-fold way assignes not only O and 1 partioles to ootet repre-
sentation dbut also baryons 1/2° .
¥he remarks thot follow have been made (to my knowledge) by Okun
Akhiczer and Schwinger (pavers submitted to this Conference)and in
the critical form I have presented them by P.T. Latvhews and G.
Feldman (imperial College preprint 1964)

-
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weight diagrams (see Pig. 1.)

(ii) I‘he is the medium strong interactions which breaks
unitary symmetry, but conserves I-apin and hypercharge Y . It
produces the splitting between the isotepic submultiplets in a
unitary multiplet.

(1id Lem is the electromagnetic interaction which breaks
I-spin but conserves U-spin and hence charge Q (which in U-space

plays the same role as hyperoharge in I-space). It induces the mass

splitting between the members of an I-spin multiplet. Sinoe this

involves the emission and absorption of a photon, L!l i1s of order
o= ez T;—i .

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

s

LEH , but to any order in LNS all members of an I-spin mul-

b

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

U-space, in the absence of L but to any order in L

" ’
all members of a U-spin multisplet have the same mass. T:emgene-
ral mass relations we are seecking 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 parallelogram of points in a weight diargam as

illustrated in Pig. 2. If we neglect LEH s to all orders in

®:,

m (1) = m(2)
m (3) = m(4) &)
If we neglect I‘HS » to all orders in LEH
mn (1) = m(4)
m (2) = n(3) (2)
VYlearly to all orders in LNS and to all orders in L u
(but neglecting all interference terms LEH x LHS ) the one




relation which replaces (1) and (2) is

m (1) - m(2) + m(3) -m(4) = O.
This is called parallelogram law by Matthews and Feldman. They
justify the neglect of LEH x LHS terms by remarking that expe-
"™ 1/137. The

rimentally, L appears to be 1/10 and L

MS E
interference 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

parallelograms, .

NEZ NRO, Y*‘-Y*-z 0 (3)
NE - W ey _y P, (4)
Yr-yMezHozho (3

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

For the baryon octet, there are +two particles which appear
in the centre , A and 2 . The parallelogram law therefore
includes a term containing the transition mass m(A,2) which
arises from remarking that in U-spece, the scalar combination
is N = 2(3T7%A% while I, = %{?’-ﬁﬂ'}
is the third component of the vector with 27 and Z° as the
other two components. For the octet there are altogether two

parallelogram relations: .
n-p+PET0¢3EA)=0

ST e I (TA)=O0.

Eliminating the trasition mass we get Coleman-Glashow 6-mass

e
\oJ

relation h-p+Zt-T ¢37-=°= (7)

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

L s

tion on the precise form of L , 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 relation in fact appears verified to within experimental
accuracy™.
3) So far we have retained in the computation of physical
masses, terms like
M= dye 3 [ Cen)']
but neglected the interference terms like (LH x I'GN )n. It

S
is crucial to remark that no speclal 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 the p'hoton is a scalar in
U-space (and that N,X 4 asd & et form multiplets in U-space).
We now for the first time assume g special form for I‘Hs which

asserts that L transforms as the I = O, Y = O component of

M5
an octet.
In U-space this implies that
= 1y -
[HS_ 3 U 2“; . (8)

Lo the first order in L Ms (end all orders in LEN) we therefore
goet for the mass-splittings an equal-spacing rule in U_-space.
For the decuplet this reads

»‘\"-" Y*-: Y*-—- E}_: '_'—:*_- J )]
For the baryon octet
h-Z,=X,-3° (1)

or equivalently

2(n+ Z°) = 3A+Z°-206E4) |

Eliminating (ZA ) transition mass from (6) and (11), we get

B
R.Dalitz (fl‘fi-[(#-flf-’/’"*as used (6) directly to compute
the transition mass (AZ ) and compared the result with that ob-
Igﬁined from a study of the binding of mirror hypernuclei He* and
« The agreement is not unsatisfactory.




the mean-mass version of Gell-Mann-Okubo formula

(rep)+ (2% 37) = 3A+(EH2=10) (12)
This incorporates I'EH to all orders but L Me to only the
L
first. The interference I'EH x LHS term of course is still

not taken into account®,

(c) Model-dependent 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 example is
Schwinger's highly accurate quadratic relation between (mass)2
of ¢,¢,w and K™ particles-:

(p-¢) (w-g) = %(Kfy)(p-u-ax*) (13)
(2) Intra-multiplet Relations

Examples are

ktf = I('T ([l{)
or the remarkable equality noted by Coleman and Glashow-:
a(8) = a(10), b(8) = b(10) (|g)

Here a and b are the parameters in the standard Okubo-Gell-

-Ma b4 1a
"R ds sy eaY e (1-212) (16)

and a (8), b(8) refer to tue octet, and a(10) and b(10) to
the decuplet. These relations differfrom (3)-(12) in one very
important respect. Whereas (3)-(12) are general consequences of
group-theoretic coasiderations, the mixing-relations or the in-
tra-multiplet relations are consequences (at least so far as pre-~

sent derivations go) of specific dynamic models.

%  Unlike (7) there probably is no tremendous gaim in wri-
ting the REan-mass form (12). This is because the neglect of
Lug )5 (Ly )%... is more serious tham taking into account
of the hizher o rs of L eM




(3) Electromagnetic llass differences

The same remark applies to the detailed phenomenological
calculation of electro-magnetic mass-ditferences (which agree
with experiment to 0,5MeV) carried out (and reported at the Con-
ference) by Coleman and Glashow®™ and by ilarshak . 1 shall
take up these model-dependent mass-relations later,

(d) lagnetic liouents of Baryons

The next not so precise, test for SU3 comes from comparison
of baryon magnetic moments. If photon is scalar in u-space and

the symmetry-breaking term L is neglected, from the weight

Ms

diagrams we get :

Jo = Fr+ >

/‘3'-':/‘2— »
I7)
/“n. = )ks.:ﬂiu - ( 7/

r
R TRE T T

If it is assumed th't the electromagnetic current transforms

where

like
T+ % 1e)
we get the two udditional relations
Hau = ‘?/*A = "2)':0 ‘ (1'9)
The new measurement of /uh reported at this conference gi-
ves }“A ==-066£0 35 (in A magnetons).
Considering the difficulties of precise measurement, this may

possible be called agreement with theory at least in the sight

¥ As noted by Okubo, the inclusion of th to the first

order unfortunately leeves only the equi-distance rule in U-space,

Fa= Mg, = Ay,
This is indepeadent of assumotlon (18) The other relations (and
in particular ﬁ‘.—%r ) no longer hold.

9




of God I shall however comment on the precise significance of the
result later.

(e) Decay Widths

Next to the (escentially diagoaal) mass or magnetic-moment
matrix elements, it is the simplest to include the effect of
symmetry~breaking terms for the decay amplitudes F(pi,pg,pg)

A — B+C
(P1)  (py» P3)

This has been done far 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 possible amplitudes.
These relations resemble,Gell-Mann&Okubo rules and have the form
2 (N¥5Nr)+2(Z*37) = 305 Ar) « (5 2v) (20)
Assuming that one may neglect the effect of relative mass diffe-
rences in F (m%, lg, m%), an experimentll comparison for the
left and the right sides of (20) gives

7.58 £ 83(Bev)™? = 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

4 + B — C + D

Pq» P2 . P3y Dy
is a fuaoction of six invariants F(p%, p%' p%, pﬁ, (pq + pa)z’
(p1 - p3)2) .
To incorporate the eifects of the symmwetry breaking interaction
is an arv still in its infancy. To see the drastic change which
even a partial inclusion of symmetry breaking can produce, con-

sider the example of reactions

10




@ p3 ¥ e nt
@ Kopor et 1)
«) T+p-— Y, X4 K+

d) Kap— ¥ it

reported by Snow ,

Using U-space methods, one can show thet in the pure SU3

limit Mefrs = - Mg = M = - Md 272
As Pig.] shows, +this is far from the experimental case. In-
clusion of symmetry breaking to tiie first order leaves just one

relation between amplitudes

Mo+ Mg = Mc+My (23]

Noting that (experimentally) ”b::ﬂd ~ 0 this amounts to checking
itMa ch, which from the data presented is not unreasonable.

I am 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 meaningful. The blant
truth is that if these were the only vposible tests of SUj, one

would never at any rate ‘at the present stage of the subject, have
given much credence to unitary symmetry.
Summarising

Unitary symmetry has a small but impressive list of successes,
mainly in predicting mass relatioas, The successes are more im-
vressive than one has any right to expect. It has however no out
sight failures. This is partly because unlike other summetry pro-
posals unitary symmetry does not forbid strong reactions otherwise

allowed by I-spin aad hypercharge conservation. The failures of
unitary symietry can reasonably be ascribed to our inability to

include symmetry-breaking except to the first order.

11




II Composite llodels and Unitary Triplets

The relative success of group theoretical models for unitary
symmetry naturally leads one to examine its basic group-structure
more closely. And here one immediately meets with a deep puzzle.
Why does nature not employ the basic triplet representations of
the unitary group, when from these elementary (spinor) representa-
tiona one could compositely construct the tensor representations
1, 8, 10... etc. to which the physical particles seem to belong
to? In other words w.y has Sakata model failed? Or has it indeed
tailed; could it be that the fundamental Sakata-like triplets do
exist not as tae pnysical entities p, n and A but in a different
guise. During the last year a number of proposals have been made
to employ the triplet representations. I shall examine some of
the models. Even though some of these claim to oe dynamical in
intent, the dynamics is of the most rudimentary character, the

egssential content being group-theoretic.

(A) The Revolutionary GQuark Model

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 these

multiplets, can be composed? The unique answer*) is a spin 1/2
Al

triplet A =(A2\ where A, A., A3 carry baryon number B = 1/3
A = = \

and with the gtner quantum number: 7

*)This is because 3 x 3* =14+ 8

3x3x3=14+8+84+10
*%)1, terms of the generators of SU;, Y is defined as Y = Jsff;
Thus Q = :E-p%i% universally for all hadrons as well as

tor quarks.

12




13 Y Q=1I4+Y/2

Ay 1/2 1/3 243
Ay -1/2 1/3 -1/3
Aq 0 -2/3 -1/3

This is essentially the Sakata triplet with a charge displace
ment -1/3. Clearly the world of the quarks, Ay, Ay, AB' 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 or stable matter.

(B) Conservative Triplet 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. All known particles can be formed as composites either

A
tfrom two triplets®’ or from one fermi triplet and a neutral singlet.

Now all triplets with integral cnarge fall basically into 2
categories:

(A) Sakata-like triplets

Q
A '1 1 1
1 Q= I,+ Y + C
S ={ A, 0 13 2 2
‘13‘ 0
(B) Lepton-like triplets Q
0 Q=13+%-Y+§C

b

(i
L=l4, 2 C=-2

\“3, -

For both types of triplets, the integral charge requirement

P

forces us to introduce a new quantum number C. This quantum

number has been given different names by different people;

*) Dwo triplets models have been considered by the following:

1. H.Bacry, J.Nuyts, L.Van Hove, preprint CERN (1964).
(two Fermi triplets).

2. J.Schwinger, preprint; F.Gursey, T.Lee and M. Nauenberg, preprint
(one Fermi and one Bose triplets.

13




"addivitive triality"™ by the Rochester group, "peculiarity" at
CERN, "supercharge" by Okun. Personally I prefer the
name given to it by Glashow and Bjorken. They call it the "charmiz
note that C =Q)). For ordinary matter C=O.

Following a classification given by Van Hove and Gell-Mann
one may consider three distinct alternatives:

(1) The new guantum number C is absolutely conserved.

Since for ordinary matter C = O, the triplets then are
a new type of stabie matter, This case is as exeiting
as tne case of Quarks. Lee and Girsey have speculated
that it is this type of matter which constitutes the

substance of the mysterious (Quasi Stellar) Radio Soueces.

(2) C 18 violated by weak interactions.

In this case C is closely parallel to hypercharge so far
as its conservation is concerned and the triplets carry
a new form of strangeness. The obarmed (or charming)
particles can only oe produced in pairs strongly, though
they can decay singly into normal matter. On account of
its analogy with leptons an attractive example of a
composite theory is of all (hadronic) matter being built
up from an L-type Fermi triplet along witnh a neutral
singlet fexmimux -? fermion.
(= o
(3) ¢ is violated semi-strongly. though 4(Y + £C) = 0 in

order that aQ = 0, al = O. The "cnarming" particles

can be created singly - though possibly less copiously

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

& Bjorken.

14




than those without charm. This model can be realised
either*)

(a) through one S-type triplet + a neutral singlet
(d) or two triplets as in the models of Schwinger,

Van Hove, Lee, Glirsey and Nauenberg.

(C) Dynamical Predictions

Consider briefly some of the specific predictions of the

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

(1) The Quark Model

Assuming that quarks are fairly heavy, Zweig has built up
a dynamical model of thelr binding to give the mass relations
between the known 503 multiplets. The model has the following
characteristics:
1. The medium-strong symmetry-breaking is introduced by
assuming that the masses of the basic quarks are different,
h43> "I'll’: m“)_ .‘?({]
il.e. + \ &
L™ (m‘}.. M, ) A3 Ay =
2. Since MAl = MAZ, it immediately follows that the residual
symmetry is of the 02 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 U,):
§= ?12_ 4:"1“42"'2)
= Folihraln,) (2%)
¢=AlA, .

The squared masses satisfy the two relations*”

)

) For an I-type triplet + a singlet one could not simultaneously
conserve Y and violate C.

") Relation (2) is a consequence of lst order symmetry breaking.

(1) and (2) have also been derived by Lee, Glirsey & Nauenberg.
15




) g=o

3. Assuming that both O~ and 1~ bosons bind from a quark and
an anti-quark, and assuming that the binding is independent of
spin, one gets the relation

k'—f = m4_5— lu41 = K-r. (/90,)

I hope this is not an unfair sample of the type of dynamical
argument used in this and otner composite models.

It is a type of argument calculated to send a self-respecting
§-matrix theoretist into fits of despair -~ despair because the
results seem to have the sanction of nature. The most charitable
tning one could say about these calculations is what Dr. Johnson
once remarked about woman's preacning. "A woman preaching, Sir,
is like a dog walking on his hind legs; it is not done well, but

you are surprised to find it done at all."

(2) Schwinger's Field Theory of Matter

1, Starting with a dynamical analogy between leptonic inter-
actions and strong interactions Schwinger introduces 2 sets of
triplet fields to build compositely all known hadrons.

These are:

one Sakata-like Fermi triplet ¢, B = 1

one Sakata-like Bose triplet V, B = 2

2., The crucial assumption is made that at the most elemental
level of dymamic theory, ? and V transform as representations of
two independent unitary groups

7”= Uy ,
b= HlV,
U1 # U2. We are thus dealing with 3(53 b U3 = HBJ group structure.

16




At this level there are 9 baryons V; corresponding to a (3,3)*
representation of '3‘

3. Mesons (with the group-structure {F? transforming as “ﬂbl{"p
correspond to a reducible 9 fold ( 9 = 1 + 8) representation of
U3'

4. There are two symmetry breaking terms; one is introduced
to split the 9-fold oif mesons into a singlet and an octett)the
other, by-passes the SU3 structure leading directly from H3 to U2.
The second interaction (L~5=?%@E¥)) is something of a tour-de-
force, It is precisely the unaesthetic feature of bosons carrying
two units of baryonic number which forces xWw on the theory this
particular type of symmetry breaking. Note tinat in the second
order LMS! A”S gives the effective interaction of Zweig type

FinFVIT) .
Tne quadratic mass formula connecting ¢, 9,4)and K* (mass)2

mentioned earlier tollows directly as tne lowest order perturba-

tion arising from the interplay of the two symmetry-breaking terms

Some further features of Schwinger'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
wnich under symmetry-breaking splits as 45 = 8 + 10 + 27 Glasaow
and Kleitman (Phys, Lett...) nave given arguments for believing
tnat the 27 - fold multiplet is likely to be fairly massive
(2 BeV or more).
(b) If the symmetry -~ breaking terms are ignored, a nuroer
of processes are forbidden (compare the Sakata model). For example
7,4-’_/_’ Kfzi
K n +> koso
PEP R

Since the symmetry-breaking terms are assumed to be quantita-~

*}In effect this is tantamount to giving the meson singlets ¢ vase
mass different from tne octets.

17




)

tively enormous, this forpoiddenness is perhaps irrelevant.®

(3) Groups of Rank Higher tnan 2

Given a new quantum number (C), a group theorist will
immediately rush off to his copy of Dynkin and meke an inventory
ot all groups of rank higher than 2. Recall that the rank of a Lee
group gives the number of its commuting generators - and therefore
tne numver of conservgd quantities it can accomodate. SU3 is a
group of rank 2; it can accomodate two quantum numbers (I3 and Y).
The next Pig. 4.snows Dynkin diagrams for some higher rank groups.
0t groups of rank 3, the favourite ones are SU4, and SP6 (the
symplectic group). Tne 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
ot triplet + a singlet); the corresponding representation for

Spé has 6 components (one S and one L-type triplet).****)

& Ly personal view is that the most significant part of Schwinger's
taeory is not so much its dynamical content but the introduction
and the insistence upon the wider group-theoretic structure U3xU?.
I know Schwinger disagrees with me. I suall however return to~this
topic later.

**)1. S.L. Glashow and Bjorken. Preprint.PkaS.Lﬂtt.ll_,255\f369)
. V.V, Vladimirsky, SU,-symmetry. preprintC
. P. Tarjanne and V.L. 'Teplitz, Phys. Rev. Lett. II, 447 (1963)
. %. Krolikowski, Nucl. Phys. (to be publisned).
o %.6Cohen, SU4 model of particles and resonances. Preprint,
564.
. Y. Hara. Pnys. Rev. 134, B 701 (1964).
. Z. Maki and Y. Ohnuki. Juartet Scheme for Elementary
Particles. Preprint (1964).
8. u. Hama, X. iiatumoto and S. Tanaka. Broken U(4)-Symmetry in
Barion-lieson System. (Contributed paper).
Y. D. Amati, H. Bacry, J. Nuyts and J, Prentki,SU, and Strong
Interactions. Phqs. Lett I, N2, 190 (1964) *
#%¥*) H.Bacry, J.Nuyts, L.Van Hove, preprint CERN.

A theory based on Spé has certain similarities with §chwinge#s
tneory. In particular these authors also derive the*g?,a5x quadra-
tic formula: (Q-f}(p-f): .‘;.(th)(ﬂa_zki) ; ‘
ey Notice that tae adjoint representation of SU, (to whicn must
velonyg spin one particles) ccntains 15 components; the adjoint
representation of Spb is ricner and admits of 21 (17) entities.

18
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As I stated earlier all SU4 models fall into 2 cathegories

SU‘ Mark I

S-type Quartet 1\
0
0
o)

I
This allows for all three alternatives:

Either (1) C - absolute conservation
or (2) ¢ - weak violation

or (3) C - semi strong violation.

§g4 Mark II

L-type quartet 0
-1
-1
=3

This allows only
Either (1) C -absolute conservation
or (2) C - weak violation.

Some ox the SU4 representations possess the following
content:

(1) 07, 1~ = adjoint representation, which in terms of SU,
multiplets decomposes as follows

4x4=14+15=84+34+3%41

The submultiplets 3 and 3* carry charm while for the singlet
C = 0. Clearly this singlet provides a natural place within the
group structure for a ninth boson, ( @° or the /Fr7 7).

(2) 1/2% fermions could belong to a 26-Fold Representation
which splits as

20 =84+ 6+ 34+ 3*

(3) 3/2" belongs to different 20'-Fold which would split =as

20' =8 + 6+ 3 + 3

19




The next 2 tables taken from Glashow & Bjorkenj& Amati)
Bacry, Nuyts, Prentki illustrate some of the s{mple mass
assignments, assuming that the SU4 symmetry is broken in a "na-
tural® (Gell- Mann- Okubo-like) manner,

(e 5| [Figc]

Some people do not know waen to stop.

(4) Tests for the Existence of Triplets,

If the "charmed"™ triplets do indeed exist, is there some
indirect but recognisable gffect they would produce which could
constitute a test of their existence?

In so far as the caief distinguishing feature of the triplets
is the additive term in the Gell-liann-Nishijima formula (C£0)

Q= Jdy+ %% v —= (Z'f)
\3 3
the answer must lie within eleotromagnetiss. Nauenberg & Okfin for
example have noted that the relation
v =2 (2¥%) *
no longer holds if C £ 0. (Note that for Quarks, C = O, so that
Quarks do not produce any "indirect" electromegnetic eftects).

Now the violation of (Z2F)xXmmmmtit certainly constitute a test
of the existence of the triplets. But this test has the drawback
tnat the tormula (Z®) is no longer valid (at present to an un-

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

Ms
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,

B e ?b'}—"/’ S
w —-)’—»_/r/
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Let us assume that the physical particles @ and ¢ are mix-

tures of a pure "singlet" @, and an "octet” ¢‘.

CO= o b+ w,simf
w -—;ﬁomef-%wgr

The angle GS can be determined from strong interactions

/29)
(N3 e

alone (e.g. as suggested by Sakurai by using the relation

= 2
f;—rk#f St g’;twkaf 2
where /;,qu_ is determined from /} and J:‘ ). Now write
9+X&\& 2
R= &;—-———/ = wtd 30
"'ﬁ'ﬂg-i‘u’(fd)& Em ( )

Clearly if ¢ = 0, x # 0 and Gg. # Qs. Conversely if OEM # GS,

and if the notions of unitary symmetry are correct there must
exist triplets of integral charge.

If the triplets are very massive, in general X will be
small. There however are certain models (e.g. Schwinger's) where
irrespective of the mass of the triplets, OEM - 8g can be as

large as 60° in the exact w3 limit,
Summarising

The problems raised by the triplet models are highly signific-
ant end of the deepest relevance to the future of Physice. The
Triplets may be stable; they exist either in the form of Juarks
or they may carry integral charge. In this case they define a new
and a nitnerto unsuspected regime of physical phenomena. The
signiticance of this new regime for Cosmology has been speculated-
may or may not concern us here to-day. We can not however fail to

oe fired by their significance.
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III. Group Extensions and Super~Symmetries

I now turn to what I consider as some of the most significant
contributions to this Conference. This is the elegant study of the
group Algebras connected with extensions of SU3. The study itself
is not new. It was carried out in 1961 within the context of unitary
symmetry by (see ref,1) M., Gell-mann, A, Salem and J.C. Ward and in
terms of a four-field Fermi interaction by R. Marshak and S. Okubo !-

It has naturally acquired & renewed significance with the emergence
of SU3 .

The story starts with what Gell-Mann called F and D couplings
and F and D (Currents.) Consider the interaction of pseudoscalar
mesons with baryons. Write the conventional 3 x 3 matrix for the

S
baryons. / ] A°+ 20 p
+ ==
V3 V6 VzZ o o
- I A
= * I'L
B 5 -=

== _r=te 3;:__.5539
\ e e =
and similarly for the mesons M. & \/E

vt

t\

*ll

)

The three field interaction can be written either in the form-:
rr. ¥ BM
or in the form-:

Tr. B BHM

® R. Marshak and S. Okubo, Nuovo Cim. 19, 1226 (1961)

i1
#orks on this topic was reported at the Conference by

1, Y. Nambu and P.G.0. Freund
2o e 3ell-iiann
5e He Marshak, N. iiukunda and S. Okubo

4, A. alam and J.C. Ward.
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These are the only two ways of multiplying three matrices within
the trace operation. Now with Gell-Mann one can define the (symmetric)

and anti-symmetric combinations the above two (couplings) as follows-:

rr 3Y (B M + M B) = Tr B" {B,}.‘l};'l‘he so called D-coupling.
and Tr B* (B M - M B) = Tr BY [B,M]i'l‘he so called P-coupling.

One of the important fundamental parameters in the theory is
F/D ratio,.
One way to remember the distinction of F and D is to remark that
for F couplings there is no Z'—-b- A+
transition, for pure D case there is no >7 —% S'+f transition.
The vector couplings of p 0 K*, $0 and (/) are conventionally
agsumed as pure F. For } -mesons, however, hyperfrazment binding
clearly calls for non-zero D (81‘/1}: # 0). The dymanical calculations
of hartin and Wali and others go even further and show that not only
must the D-coupling exist ior pseudosocalar mesons, they must predo-
minate (F/D =~ Y%3). The same story seems to repeat 1itself for weak S
interactions, Treiman will tell you to-morrow. The ):_-ourrents (axial-
veotors) appear predomipantly D, the vector currents are F.

The question ariees; within the unitary symmetry scheme, what
is che origin of F and D couplings; or if we consider vector
particles - what is the origin of two types of distincti currents F
and D?

The unique answer lies in the group extension SUJx SIJJ .
Consider the two unitary triplets A and B transforms as
Al = Uj4
B' = U3B

If the known 9 - Folds, e.g. the baryon nonets are formed as

= 48T =(A;\ (B, B, By)




transforms as
’” -
¢ s U put (32)
As stressed earlier (in connection with Schuvinges's Field
theory of matter), ¢/ belongs to the (3, 3’) representation of Sﬂﬁ.
provided U, # U2. Ir Ul = U2. i.e.
9,/_‘_ C(( %af—z
we are dealing with the (reducible) g-fold representation of 803

alone.

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 is to write the
transformation concerned infinitesimally e.g. write

U= 1+iX | U =1+1Y
where X and Y are hermitian 3 x 3 matrices.

The transformation (32) reads
¢'= @+iX)g(1-iY) = ¢ +i(Xg-pY)
Likewise Jup'= duyp+ f(JS,y.-};yr) 3
The free energy ¥ )uuy therefore transforms to

Farr Fop (py-v %)
The extra terms generated by this procedure represent the coupling
of spin one objects Xﬂ and Y with the baryon - currents.

I“

Rewriting these we get:
¥ r. Xy -¢ =%y X +Y 1 ¢ f L =
Yo ey )"Jr)");‘ Z‘fﬂr[ﬁ ,#)T’J-!- /I*Jf‘ X/, Y/‘A)Y’~
= EVagv .
Starting therefore with (32) we see that we have generated natu-
rally both F' ac well as DY currents. If we had specialised to the

case U1 = U2 (1.e. X=Y), we would have generated only the Algebra

corresponding to F¥ alone.
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It is easy to check that the commutation relations of P' s&nd D'
are as follows: “ ‘]-an;Fs
[Fa 2] fx De
(%] =if;jn F
Now 80 far we have no axial vector currents (or the correspond-
ing ps. F5 coupling). But we know these exist; in fact that for
the 3'5 case they predominate., To generate these the standard

procedure once sgain is to consider in the zero baryon mass limit,

the two-component entities
& = 4
'ﬁ_ - ¥
4
\f - ...-b. ¥
¢ = ‘h* ¥
One can now make 4 1ndependent transformations
l
B = Uy B U
_ 1 =1
B = Uy By U4
* *
Clearly one will now generate 4 types of currents,
ol
D‘\’
DJ\
. **) Note that each set contains 8 conserved currents (conserved

in the limit i'n.—-) O) so that the overall Algebra generated by

these 32 currents, with the commutation relations
A WA v VA pAYy_ 4
[i: F> -ff.‘jxpk 5 [;“.’)F‘ ]:,ﬁ_}_ke‘ ,
[F';A 9 KA v KA oAV
‘“ ] ‘J' b4 [F >2; j ?" k¥
VA
LD D. __]*.'f F [—“f) }[;x F"’

(the footnote 1s oontinued on page.2.6:)
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In its wideat forw, then, and assuming that possibly correspons

ing to these currents there also might exist physical particles we
may have a total of sixteen 1~ and sixteen 1% particles.

Now it is possible (and indeed quite probable) that nature
does not use the generous freedom afforded by all the possibili-
ties listed above. An attraotive restricted special case is the

following-:

-1
B, = UyB 05
-1

By = UpBply

(i.e. take Ul = 04
U3 = UZ)

In this case there are only Fv and DA currents.

(1) It 1s an attractive hypothesls (forced upon us by the
existence of D currents and their dominance for the 3’5 case)
that there is possibly in nature a super-symmetry corresponding to
SU3 x SU3. The baryon nine-fold belongs to the representation,
(3,3My + (3%, 3y

(2) The symmetry exists in the limit m, = O

(3) There may exists a normal octet of 1~ (C = =1) and
a normal (C = +1) octet of 1t particles, correspondind to (1,8):(8,1)
representations.

(4) In addition to these 1~ and 1% particles, there may
exist (O+) and (O7) mesons.These spin zero entities may belong
either (like baryons) to the nonmet representation (3,3*)%(3,3%)

(see page 2.5)
in the Algebra of SU

3 x SU3 X SU3 b SU3.
There are of course in addition 4 SU3 singlets making a total of

36 entities reminiscent of SU).
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(Cc =#¥4) or like vector particles correspond to (1,8):(8,1)
(with C = 1 for O and -1 for O%).

(6) What happens to the symmetry when the baryon mass is
turned on.

Gell-lMann computing in the lowest order shows that the baryon
nonet then splits into a singlet and an octet, with

= Woctet

Bsinglet =
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 meson (mass)2 spectrum,
Gell-Mann and Marshak et al obtain for the (3,3 X (3%,3) the
following results

YV —, ()

w48 — 0*(3)
sl coooo oooh

M-8 —— 0(3)
pt-14 0*(1)

: With the inclusion of Gell-kiann-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 o* octet, one predicts!

€' = K = 730 Mev (input)

! = 560 Mev (G = -1; decay modes ?IH-X
to order o , 25+2y, 2y, 2r
to order of* )

H

n'= 770 Mev

® For the C = =1 (abnormal) case, Marshak et al give the following

values.
K' = 688 lev
7’ = 630 Mev
7' = 837 Mev

The "abnormal" case was first considered by Nambu and
Sekurai (Phys. Rev. Letters || ) 2 [!.9(5))
who showed that the production and decay rates of a

C = =1 octet are highly suppressed).

If the 0% and 1* objects exist, where are they? ® ¥

To my mind, this is one of the deeper mysteries of the situa-~

tion.PersonallyI have no doubt in my mind the extended Algebra
303 x SU3 has something to do with nature. That corresponding to

each component of the dlgebra, there exists a physical particle whioh

L There appears to be a fair sprinkling of 1* entities all over
the mass spectrum there are enough possible suspects
even to make an octet and a singlet (e.g. fﬂ 1415, &' = 980,
¥ - 1320, ¢'= 1220 Mev
seem to satisfy 2¢'+p'+a'z 4 K"7 Kipix Kty —@K'tf’)

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 0~ particles. It
is possible that this extrapolation is not wholly warranted at

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

IV. Dynamical Models

In 80 far as dynamical models are relevant to my material,
these fall into two classes., Firstly are the models which start
conservatively with an eightfold of baryons and mesons and using the
methods of S-matrix theory (and assuming trilinear couplings)
predict the existence of the 10-fold (or the lack of binding for
some other multiplets),This of course 1s good Physics. Its crowning
achievement 18 in the work of Wali and Warmock who show that a bro-
ken octet (broken in the sense that the masses satisfy the G-M-0
mass re¢lation) leads dynamiocally to & broken decuplet (again broken

in the sense of equal mass spacing).

Second
The next degree of sophistication is to 8eek to establish
the existence of the starting 8-fold itself from the reciprocal
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selt consistency of a Bootstrap. ‘this would provide a "dynamical
oricin" for the observed symmetries. The still higher sophistication
is to look for a spontaneous breakdown of the symmetry within the
stability and the over-riding uniqueness postulates of the sootstrap
approach.

The Bootstrap idea~traced recently by Lovelace at Imperial
Colleze - to Baron Munchhausen“, is an extremely attractive idea.
It is basically the idea that the physical universe is unique and
the uniqueness demand coupled with anamlyticity and unitarity is
sufficient to predict the observed features of the Universe
including its symmetries.

I think both in theology and cosmology, from the very nature
of these disciplines one always looks at the problem of the
structure of the Universe in this light. For elementary particle
theory, however, this type of thinking is new, deep and potent, I
velieve among natural philosophers Voltaire was the first to voice
something similar this. Voltaire attributed to Leibuitz the
principle that we live in the best of all possible worlds. The
modern theoretical physicist seems to go beyond Lebnitz in assert-
ing that we live not only in the best of all possible worlds - but
in the only possible world. In lighter moments I sometimes wonder
if the principle does not have the ring of the comforting thought
with which Dr. Panzlos made life worth enduring for honest Candide.

¥ he saron 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 Lisbonm 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 best of all

possible worlds everything is necessarily for the best,
a volcano at ¥ Lisbon it could not be anywhere else, for it is

impossible that things be not where they are- and all is well™

Let me summarise the situation as I see it.

I do not know who first used the word strance particles to

characterise some of the most exciting objects 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

are strange no more — and that the strangeness quantum number is
as little or as much strange as isotopic 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 number, it may be connected with
the existence of triplets of integral charge. These triplets
(the Sakatons in a completely new 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 mechanism gives this tremen-
dous stability, to the mass calculations., Is it that there are
very heavy basic triplets, with masses of several Bev binding
fieroely and defining a mass scale before which the baryon mass

differences are but a small perturbation. Notwithstanding the
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heroic efforts of the bootstrap physicist, we do not quite yet
understand where the origin of the symmetries lies. Or is it that
this question is as futile as asking why space~tilhe has diwensional.
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 this 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 pgay. In 1962, V. Weiss-
kopf summed up the spirit of the CERN Conference with Pyramids. ’
Pig. 7+

During 1963 the major item of news the unfortunate demise of
the Regge Pole liodel. The next slide presented at the Stanford
Conference capture the spirit of 1963. Pig. 8. Since then the
Pyramids have become something of a tradition.

The apprehensive fears of 1964-perhaps somewhat exaggerated -

are shown in the next slide. Pig. 9.

Received by Pudblishing Department
on August 19, 1964.
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GROUP DYNKIN DIAGRAM | NUMBER OF RANK NUMBER OF VECTOR

ELEMENTARY ( Number of son- PARTICLES
REPREBSENTATION served quanti-
ties%
&
U,y o—0 2 2 8
u, O—0—0 2 3 15
SPg ap—o0 1 3 21

b,(0g) ?(\O—-O 3 4 2.

Fig.4.




', 45 Pseudoscalar Mesons . Y ., C ., I . 15 Vector Mesons
n_(550) 0 0 o w (790)
% (950) 0 0 0 $ (1020)
T (140) 0 0 1 ¢ (750)
K (500) 1 0 1/2 K*(890)
Dp (760) 0 1 172 Dv (770)
Sp (900) 1 1 0 S'v (980)

Weak Decay Modes

0 Dp —> K7 } 10125,
S+p - 717‘
: pt — w1
’ ° — rer, w7, Ep} 107145,
st —> mrr, Kn 7

Pig.5.
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® ; resonances (equal spacing law)
decuplet saxtet triplet singlet

Ta0 | SU 1672 | L 1950 | SE' 2228 | S 2506
Tt | ez | 2 e0s | =0 2083
Tt AL CR I MR T

3 { ]
T== N 1277

L 4
These mmbers have teen comjuted by considering

[} \ i .t
Y‘(\660; a3 thn peculiar Y jarticle

Pig.6t.
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1hn could be the diswovery of the century  Depending. of course. on how far down 1t goes =

¥ig.7.

9 Vo de >
= & )
. If this s what | think it s, let’s cover it up and forget it ™

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

Hazench, YTO COOPyXeHNEe NpOXEePXUTCA X0 CreaypaeR koadepeHUNN

Fig-9-
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