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SYMMETRIES OF STRONG INTERACTIONS

My firset task is to thank all ihe authors who have contributed to this‘
session, The first slide (Pig.l) shows their names. The Russian language
has a good phrase for such a slide: "bratiskaya mogila" = "the friendly
communal grave", There is not a single important theoretical idea I éhall
report on today which has not been expfessed by at least two groups of
authors., It is not commonly recognized, but in a real sense Theoretical
Physics has become as much a group-endeavour as Experimental Physics. If,
in mentioning names, I happen to omit some by inadvertence, I beg for your
indulgence. ' .

After years of frustration and failure, it is always fun to report om
a story of comparative success. For even the most sceptical of us cannot

deny that the use of group~theoretic ideas has paid a handsome dividend to
the symmetry pbysicist., My report shall naturally therefore have a strong

group—~theoretic bias.

I shall discuss:

First The successful tests of SU3 (To its failures I shall turn a
blind eye).

Second The composite models of elementary particles based on triplet
models.,

Third Group extensions and super-symmetries like SUa x SU3.

Fourth Dynamical considerations.

I. Tests of the Unitary Symmetry

The eight-fold way'ZT1_7'has to its credit a small but impressive

number of successful tests. These are:

(A) The existence of nearly pure multiplets containing 1, 8 and 10 particles
of the same spin andparity. The positively identified nearly pure multipletis
are the O and 47 octets and one 3/2% decuplet.

(B) The Mass Formulae

Assuming that SU, symmetry is broken and symmeiry-breaking can be
treated as a small perturbation, one gets the well-~known set of mass relations




among mémbers of a given multiplet. For strong interaction physics these
appéar amazingly well verified and constitute perhaps the most definite
support for unitary symmetry. As is 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 interactiome Lagrangian in the form

. -

L= Lg + LP‘ -FLEP N

where (i) Lg is the SU3 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-spin or U-spin, and can

be read off most easily from the weight diagrams (see Fig., 2).

(i1) _Lms'is the medium strong interaction which breaks unitary
syumetry but conserves I-spir and hypercha.rgex. It produces the splitting

between the isotopic submultiplets in a unitary multiplet.

(131) L, is the electromagnetic interaction which breaks I-spin but |
conserves U-spin and hence charge @ (which in U-space plays the same role
as hypercharge in I-space). It induces the mass splitting between the
members of an I-spin multiplet., Since this involves the emission and

absorption of a photon, LEM is of order

ot-exs‘é?.

Now LMS iz & scalar in I-space. Thus in the absence of LEM’ at to any
order in LMS’ all members of an I=-spin multiplet have the =ame mass.
Similarly, since LEM is a scalar in U=-space, in the absence of LMS but to
any order in LEM’ all members of a U=spin multiplet have the same mass.,

The general mass relations we are seeking 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 diagramse.

Consider any parallelogram of poinis in a weight diagram as illusirated
in Fig, 2, If we neglect LEM’ to 8ll orders in LMS

m (1) = m(2) |
n (3) = 00 )

*Mhe remarks that follow have been made (to my knowledge) by Okun, Ahiezer
and Schwinger (papers submitted to this Conference) and in the critical
form I have presented them,by P.T.Matthews and G, Feldman (Imperial College

preprint 1964)
- .




If we neglect LMS’ to all orders in LEM

: . m (1) = n(4)
m (2) = m(3) (2)
‘Clearly to all ordere in LMS and to all orders in LEM (but neglecting
terms Ly, x LMS) the one relation which replaces (1) and (2) is

m (1) = m(2) + m(3) - w(4) = 0.,

This is calléd parallelogram law by Matthews and Feldman, They justify

the neglect of LEM x LMS terms by remarking that experimentally, LMS appears
{0 be 1/10 and LEM ~1/137. The interference terms therefore are at least of
order .10‘.3. The parallelogram law should therefore provide some of the most

acoﬁrate tests for unitary symmetry.

To take an example, for the decuplet we get from its three parallelo-

grans, ‘
LA LA £ SRR S (3)

L LR D S (4)

, vx X0 L TR0 LT . o _ (5)

. At the Conference we have heard some evidence showing that (3) and (4)
are verified. ‘
For the baryon ootet, there are two particles which appear in the
centre, A and §. The parallelogram law thersfore includes a term contain=-

ing the transition mass m(AyE) which arises from remarking that in U=-space

the scalar combination is A= 2(WEE° +A°) while o= 3E° -BA) is

- the third component of the vector with i and Z° as the other two compenents., .
For the octet there are altogether two parallelogram relations:

nep+8 -I° WBEN = 0 | (6)
Z_ZTLETSEP L 3EN = O

Eliminating the transition mass we get Coleman—Glashow é-mass relation
n~-p+3t -7 L2722 - 0 : (7)

Including as it does LMS to all orders, and with no restriction on the
precise form of LMS’ this is the best established theoretical relation in
the subject. It should provide one of the gseverest tests for unitary

symmetry. With present evidence the relation in faot appears verified to
within experimental acouracy [ 2_7.

-3_ :




So far we have retained in the computation of physical masses terms like

| M M8 [Tg)T v (1) T
but neglected the interference terms like (LMS x LEM)n‘ It is erucial to
remark that no special form for LMS was assumed apart from the general
requirement that it conserves I-spin and hypercharge. The verification of (7)
was therefore essentially a verification of the statement that the photon is a
scalar in U-space (and that N,& ,A, Z etc., form multfplets in U-space). We -
now for the first time assume a special form for LMS which asserts that LMS

trangforms as the I = 0, ¥ = O component of an octet.

In U=ppace this implies that

L = iU —‘/E'U

MS 2"g 273 (8)
To the first order in LMS (and all orders in LEM) we therefore get for the
mass—-splittings an equal-spacing rule in U~apace,
For the dscuplet this reads
Nf’_yf"X*'_Z* 33*'_&" @)
For the baryon octet
-0
n "Su ugu = . (11)
or équivalently '
2(n +2°) = 30 + £° - 2/3(BA).
Eliminating (ZA) transition mass from (6) and (11), we get the mean-mass

version of Gell-Mann-Okubo formula
(n+p) + E°+Z7) =30+ (8 +27 -39 _ (12)

This incorporates LEM to all orders but LMS to only the first. The inter-
ference L., x Lyg term of course is still not taken into account [f1;7. :

(e} Model-dependent mass-relations

In addition to these thers are two other types of mass-relations which

peem experimentally well eatahlished. Thease are:

(1) Mixing relations between "impure" multiplets. An example is
Schwinger's highly aoccurate quadratic relation between (mass)2 of# v @

and K¥* particles -

($-9) @=9) =(k*-g) (§-4-2x*) (13)



(2) Intra-multiplet Relations

Examples zre
KX -p = K -T (14)
or the remarkable equality noted by Coleman and Glashow :
a{8) = a(10), 5(8) = b(10) (15)

Here a and b are the parameters in the standard® Okubo~Gell-Mann formula

"MaM v alsn(I® - 25 (16)
and a(8), b(8) refer to the octet, and a(l0)} and b{10) to the decuplet.
These relations differ from (3)-(12) in one very important respect.
Whereas (3)-(12) are general consequences of group—theoretic consider—
ations, the mixing~relations or the intra—multiplet relations are
consequences (at least so far as present derivations go) of specific

dynamic models.

(3) Electromagnetic Mass=Differences

The same remark applies to the detailed phenomenological calcul-

ation of electro-magnetic mass-differences (which agree with experiment
to 0,5 MeV) carried ocut (and reported at the Conference) by Coleman and
Glashow 174;7 and by Marshak. I shall take up these model~depsendent

nags—relations later.

(d) Magnetic Moments of Baryons

The next, not so precise, test for SU3 comes from comparison of baryon
magnetic moments. If photon ie scalar in U-space and the symmetry-breaking

torm Ly is neglected, from the weight diagrams we get :
Po = Fge s
M= Mg : | . (17)
fn = Hz= My e
where -
3 gy
Mg, =zt thge- Y5l
If it is assumed that the electro-magnetic current transforms like

1 :
J3 +J.?J8 , (18)

P



we get the twoe additional relations
/"n P 2#’\ = *qugﬁ ' (19)
The new measurement 0f}b\ reported at this Conference gives
An = -0,66 + 0,35 {in N\ magnetons).

Considering the difficulties of precise measurement, this may possibly be
called agreement with theory, at least in the sight 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 simplest to include the effsct of symmetry-breaking terms for

. ’ 2
the decay amplitudes F(p%, pgf p3)

A~y B+C
(Pl> (})2, 133)
This bas been done for the decuplet decays 10 <» 848 by V. Cupta and
V. Singh and by C. Bscchi, E. Everle, G. Morpurgo. These authors find 7
relations between 12 possible amplitudez., These relations resgemble Gell-Mann-
Okubo rules and have the form
28~ Bn) + 2 (B*=p IW) = 3(IFwAL) & (T E7) (20)
Assuming that one may nsglect the effect of relative mass differences in
F (m2 m2, n°
1 72 73
of {20) gives

7.58 + 83(BeV)™ = 7.44 £ 0.83 (Bev)

), an experimental comparison for the left and the right sides

(f) Cross=Section Relations

The ultimate 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
Pis Py PB! P4_ ,
. 2 - 2
is a function of six invariants F(pfa P2, P§9 P 4 (Pl + P2)21 (Pl P3) Ve

To incorporate the effects of the symmetry-breaking interaction is an ari

still in its infancy., To see the drastic change which even a partial inclusion

i




of symmetry breaking can produce, consider the example of reactions

(a) 7 +p L
(B) K +p = Yi*_ +77 (21)
() T +p = 17 +x"

() K +p = ¥ 47

A

reported by Snow,

Lo
Using U-space methods, one can show that in the pure SU3 limit
/f

Moy = M =M =M, (22)
As Pig.3 shows, thias is far from the experimental case. Inclusion of
symmetry breaking to the first order leaves just one relation between
amplitudes

Mo+ M = M4 M (23)

Noting that (experimentally) My % Mg ® O this amounts to checking if
M, = Mc, which from the data presented is not unreasonable.

I am here taking a highly optimistic viewpoint about predictions of
unitary symmetry regarding cross-sections equalities. The hope is that when
one has learnt how ito include symmetry breaking properly, the tests would be
more meaningful. The blunt truth is that if these were the only possible
tests of SU3, one would never, at any rate at the present stage of the

subject, have given much c¢redence to unitary symmetry.

Summarizing

Unitary symmetry has a small but impressive list of successes, mainly in
predicting mass relations. The successes are more impressive than one has any
right to expect. It has however no outright failures. This is partly because,
unlike other symmetry proposals, unitary symmetry does not forbid strong
reactions otherwise allowed by I-spin and hypercharge conservation. The
failures of unitary symmeiry can reasonably be ascribed to our inability to

include symmetry breaking except to the first order.

II. Composite Models 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 wi*th a deep puzzlq. Why does nature not employ the

...'?..»



basic triplet representations of the unitary group, when from these elementary
(spinor) representations one could compositely construct the tensor represent=-
ations 1, 8, 10,.. etc., to which the physical particles seem to belong? In
other words, why has the Sakata model failed? Or has it indeed failed? GCould
it be that the fundamental Sakata~like triplets do exist, not as the physical
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 theée ¢laim to be dynamical
in intent, the dynamics are of the most rudimentary character, the essential

content being group—theoretic.

(A) The Revolutionary Quark 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 mulitiplets, can be composedf The unique
answer* is a spin 4 triplet A = 51 where A,, 4, A3, carry baryon number

3
B = 1/3 and with the other quantum numbers**

I, Y Q=14+7Y/2
A % 1/3 2/3
Ag -% ) 1/3 "1/3
A, 0 -2/3 -1/3

This is sssentially the Sakata triplet with a charge displacement -1/3.
Clearly the world of the quarks, Al’ A2, AB' if such exotic objects exist, is

a world orthoganal 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 constit-

ute a new type of stable matter.

(B) Conservative Triplet Models

For most other models the fractional value of electric charge is too high:
a price to pay for ithe economy of having a single triplet. All known particles

can be formed as composites either from iwo triplets ZTB_7'or from one Fermi

* This is because 3 x 3* = 1 + 8
3x3x3I=1+84+8+10

** In terms of the generators of SU3, Y is defined as Y = Js’fg .
Thus Q = J3 + r%-Js universally for all hadrons as well as for Quarks.

8-




triplet and a neutral singlet. Now all triplets with integral charge fall

basically into 2 categories:

(A) Sakata-like triplets

Q .
A 1 Q=I,+3T+30
S a A2 0
C=al
0
A
&
(B) Lepton~like triplets
Q
A
1 0
L = A Q=I3+%Y+'§C
2 -1
A C=—2\
3 -1

For both types of triplets, the integral charge requirement forces us
to iniroduce a new quantum number €. This quantum number has been given

different names by different people: "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 "charm"*, Note

that C = «Q» . For ordinary matter C = O,

Following a classification given by Van Hove and Gell-Mann, one may

oongider three distinct alternatives:

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

Since for ordinary matter C = O, the triplets then are a new type
of stable matter. This case is as exciting as the case of Quarks. Lee
and Giursey have speculated that it is this type of matter which constit-

utes the substance of the mysterious (Quasi Stellar) Radio Sources.

(2) € is 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 strange-
- ness., The charmed (or charming) particles can only be 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 (nadronic) matterdbeing built up from an L-~type Fermi triplet along

with a neutral singlet ﬂ fermion.

0

ki

* ¢ defined above is 2/3 times the number defined by Glashow & Bjorken.'

-9'-




(3) € is violated semi=-strongly, though A(Y + %C) = 0 in order that
AQ =0, AT = 0. The "charming" particles can be created singly -

though pogsibly less copiously than those without charm. This model oan
be realized either* '

(a) through one S—type triplet + a neutral singlet
(b) or two triplets as in the models of Schwinger, Van Hove, Lee
: e

(firsey and Nauenberg.
P

(C) Dynamical Predictions

Consider briefly some of the specific predictions of the various models,

Their predictions are ag a rule very similar,

(1) The Quark Model

Assuning that Quarks are fairly heavy, Zweig has built up a dynamical
model of their binding to give the mass relations between the known SU3

multiplets. The model has the following characteristics:

l. The medium~atrong symmeiry -breaking is introduced By agsuming that
the masses of the basic Quarks are different, '

may )‘mm = Ma, (24)

il.e,
Lug = (ma;-ma,) A3 A;
2. Since MAl = Az, it immediately follows that the residual symmetry
is of the U2 group. This directly leads therefore to the following solutions
of theu,f',g mixing problem: the physical particles (the eigen—states) have

the transformation properties (corresponding to representations of U2):

4 -&-(A?F‘V’ Az A7)

= A (A7 Ry ADRY) (25)
¢ = ﬂg ﬂs ¥
The squared masses satisfy the two relationa®*
1) § = W " (26)

2)  prerw = 4k

* TFor an L-type triplet + a singlet one could not simultansously conserve

Y and violate C.
- #* Relation (2) is a consequence of lst order symmetry breaking.,
(1) and (2) have also been derived by Lee, Girsey & Nauenberg.
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