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I. INTRODUCTION

We wish to consider a higher symmetry scheme for the strdngly
interacting particles based on the group SUB' The way in which this
symmetry is broken will also concern us., Motivation, other than
aesthetic, comes from an attempt to understand certain regularities,

described below, in the couplings and spectra of particles and resonsrces,

Since we deal with the same underlying group as that of the Eizht-
fold Way 1)’2), particle classification will be similar in the two
models. However, we will find restrictions on the representations that
may be used to classify particles, restrictions that are not contained
in the Eightfold Way. The (N,A,Y,=) and the pseudoscalar mesons
will fall into octets; the vector mesons will be grouped into an octet
and singlet, where the two representations will mix by a predictable
amount when unitary symmetry is broken; while the ([58(1238),5[8(1585)4
?£8(1530),jj_8(1686)) will form a decuplet in the usual mamner. The
choice of 1, 8, and 10~dimensional representations for baryons, along
with 1 and 8-dimensional representations for mesons will be a natural

consequence of the model,

4 simple mechanism for the breaking of unitary symmetry will be
presented., Mass formulae comnecting members of the same representation or
members of different representations will follow, The meson and baryon

mags spectra will be related to each other,

The Bightfold Way does not allow a unique determination of the
baryon~baryon-meson interaction, Two types of coupling, known as ¥
andg D | s are possible. The model we shall consider will suggest
what ratio of F to D coupling is to be taken. We will also see that
relations between coupling constants that govern the interactions of
different representations may exist. For example, for the octet and
singlet of vector mesons (f),K*,LL%) and  (p, we will find a natural
connection between the amplitudes for Wy 4-F + 7T and W —*f + 77
which will suppress the reaction o - ? + 7T by a predictable zmount,

2449
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The model will allow a simple extension to include the weak interact-
iong., The conserved vector current theory 3), and the NS/ANQ = +1,
]lkI, = 1/2 rules for leptonic decays will follow naturally. Rates
for hyperon (3-decays will be given,

We have included two sections where we quantitatively speculate
about the application of our theory to resonances that have not as yet

been definitively classified into representations of SU3'
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THE MODEL

The Eightfold Way and our model differ in the way particles or
Tesonances are constructed, In the Eightfold Way, the 8 pseudoscalar mesons
may be thought of as bound states of a fundamental triplet (p,n,ﬁ\). For
example, the 7TTF would be represented by np, the K~ by PA, etc,

In the language of group theory, the 8-dimensional representation of SU3
containing the mesons is included in the 9~dimensional baryon x antibaryon
cross product space, ice., 3x3 = 8+1, However, if as in the Sakata nodel 4)
we'attempt to construct the baryons out of this triplet (for example :

ne~ Ebn, Ef ~ EA\A y ete.) we are no longer able to classify them into
the familiar group of 8 particles. The difficulty stems from the fact that
the eight~dimensional Tepresentation describing the baryons is not contained
in the 27-dimensional antibaryon x baryon x baryon cross product space,
3x3x3. In the decomposition 3X3x3 = 3+348+1 5; only the 15-dimensional
representation can accommodate all 8 baryons. Unfortunately, thig repre-—
sentation contains other particles whose massges may be predicted by the
Gell~Mann ~ Okubo mass formula

m = mo{1+aY+b [1(14-1) - 1/4Y2]} . (2.1)

Since these particles or Tesonances do not seem to be bresent in nature, we
must abandon the Sakata model and work with the 8 baryons themselves ag
"fundamental" units,

There is, however, another possibility based on a genuine desire to
keep certain elements of the Sakata model. If we build the baryons from a
triplet of particles (po,no,‘Ao), (po,no) being a strangeness zero
isospin doublet and A\o a strangeness =1 singlet, using 3x3x3 1instead
of 3k3x3 we find that classification of baryons into a set of 8 is
possible since 3x3x3 = 1+8+48+10., We note that the 10~dimensional represent-
ation is present so that the AN 5 decuplet may also be constructed from
our three fundamental units, The 27-dimensional representation and the 10~
representation which occur naturally in the Eightfold Way and which do not

secm to be used by nature for the baryons are suggestively absgent.
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The only difficulty is that now the baryons scem to have baryon
number 3. This we get around by assigning baryon number 1/3 to each member
of the basic triplgt, which leads via the Gell-Mann - Nishijima charge
formula, Q = e [ﬁz+1/2(B+SX] s %0 non-integral charges for (po,no,f\o) 5).
The isospin doublet (po,no) contains charges (2/3,-1/3) while the
isospin singlet A.O has charge -1/3. We shall call Pyofl,s OF /\0
an "ace". Note that the charges of the aces are just those of (p,n,f\),
but shifted by a unit of ~1/3, The iscspin and strangeness content,
along with gpace~time properties, remain the same. The ace properties
are summarized in Table 1, We will wbrk with these aces as fundamental

units from which all mesons and baryons are to be constructed,

Perhaps it is best to state ahead of time the point of view we hold
regarding this model. 'SU3 is the group of rotations in a three dimensional
vector space (over complex numbers), The Eightfold Vay singles out for
special consideration objects in this space that have remarkably complicated
transformation properties (second, third; and fourth rank tensors correspond-
ing to 8; 10, and 27~dimensional representations). In a manner of speaking,
the Eightfold Way is a theory based on a vector space without vectors, We
focus our primary attention on vectors (aces) in this space where SU3
operates. If is our hope that .n so doing we will better be able to express
certain symmetries and agymmetries present in nature. Whether or not these

vectors correspond to physical particles is of course impossible to say.

The validity of many of our results may not be taken as direct
evidence for the existence of aces, at least not if we are to believe that
the world is as complicated as most modern theories make it out to be., For
example, baryon mass formulae will be obtained by a linear treatment of the
aces; but particle physiéé'has taugﬁt us that linearity of this type should
be most unreasonable., On the other hahd, saying that the vectors or aces
are some kind of spurions,; fictional pafticles that help in computing con-
sequences of symmetry, is also not correct., Aces, unlike conventional
spurions, bind and have physicdlly observable mass differences. The model
we shall consider is gquite peéuliar. It i too simple o be literally

valid, yet too complex to be understood in conventional terms.
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THE BARY QNS

For ¢convenience, let us designate the aces (po,no,[\o) by
(A1,A2,A3). In order to construct the states representing the eight baryons
we consider the reduction of the 2T7~dimensional cross product space of
"treys" AAA, 6) {a,b,e = 1,2,3) into irreducible representationg 7).

Aa X Ab X Ac ~ Tabc, ab,c ac,yb a;b,c

(3.1)

3 X3 x 3~ 10 4+ 8 + 8 + 1

Here Tabc is totally symmetric in its indices and will represent members
, :
of the A (1238) decuplet, while Tap.c 1% symmetric in a,b ; being
H
explicitly given by '

1

e, = 2\ (Tabeact*ThaoThea) (3.2)

and will be taken to represent the nucleon octet (Tac,ﬁ could of course
be used just as well), Ta,b,c is totally antisymmetric in a,b,c and
allows for the existence of an I = 0, S =<1 sginglet to be identifieg
with the /\r}, (1405). The fact that the A ¢ does not seem to belong to
the 27«dimensional representation 8) or the Tﬁlrepresentation of SU

3
may be taken as a prediction of this model.

A, The Baryon Octet

We now list the 8 baryon states :
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- - 9)_

Po= Ty 2121 1/ V2(2y4p7054)
noo= = 2y = 1/ V2T, T 0)

0 ’ ! -~ -
AT == “2/3(T13,2“T23,1) =1/ ‘/E(T123"T213+T231 T150+20551 =205 ,)

+ B ! . _ .
o=y 5= 2y 1/{2’(Tm Ty15)

° V2 (1 0y P
z =2 T1293 ==ve (T13,2+T23,1) = 1/2 12310137735~ To34
L% Top,3= =2Ty3 5= 1/ V2(2595-755,)
0
D= Tygq = Ry go= 1/ VR(T, 00 0)
=7 = -T33’2 = 2‘_1?23’3 =1/ \/2(T323-—T332)

For example, by inspection 6f the sﬁsécripts, T22 3 = Ef hasg
?

y = (=1/2)+(<1/2)+0 and strangeness. S = 0+0+(=1). Note that the non—

integral ace charges (2/3,~1/3,-1/3) are forced on us when we assume
that the baryons are constructed from the aces as in (3.2). -In the limit
of unitary symmetry the 3 aces are indistinguishable and all baryon states
have the same structure and mass, This is represented in Fig. 1a, where
we have drawn the unltary symmetric limit of the trey T from which

abe
the octet members are constructed,

The mass m(Tab,c) of & baryon T = (1/2V2)( abe~Tach Thac Tbca)
mey be thought of as the average of the masses of 'Tébc’"'Tacb’ Tbac’ and
P, .o+ We represent the mass m(Tabc) of T, by
8 8 8
m(Tabc) = m(a)+m(b)+m(c)---Eab.-Ea‘C-E'bc

where m(a) is the mass of the ace a and the Es's are octet binding

energies 10). The baryon masses are given explicitly in Appendix A. 1In
8

the limit of unitary symmetry we have m(a)=m{b)=m(c), Ezb =B 4.

8 8 8 ’ *

8 . .
o = 1.
Ea.b"Ec.d’ E.ab E.cd so that the masses of all the baryons are identica
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We now assume that unitary Symmetry is broken due to the fact that

the singlet A3 is heavier than the doublet (A1,Aé) ")

the Sakata model where the AN Wwas assumed heavier than the (pyn). The

y in analogy to

baryons now break up into distinguishable groups, so that instead of Fig, 1a,
we have Fig, 2, As a first approximation, neglecting differences in
binding energies, we immediately find that the baryons increase their masses

linearly with strangeness, i.e, 12 .

w(A) ® n(y) , (@{T)+m(A))/2 ~ (n(Z)4n())/2
(1115)  (1193) (1154) (1127) (3:3)

The A end ¥ magses are expected to differ, however, because the ace
A3 is bound differently in the two cases,

A natural assumption concerning binding encrgies would be

8 .8 n o8 8 8 .8 N8 8
1/2(E33.+E“’3’) Esa“_E3{3., 1/2(E3‘3+Em.ﬂ) E3.O‘-E3.B (3.4)

where OQ,(3=1,2 13); We then obtain in sccond approximation the familiar

(m(M)-+n(Z))/2 = Gm(A )4n(s)) /4 . (3.5)
(1127) (‘1134)

It is interesting to note that if one assumes that the breaking of
unitary symmetry by electromagnetism takes place by virtuc of the fact that
the A2A1 mass difference is net zero, then independent of the values of

the binding energics we have the mass difference equation 14) :

p(Z)n(z°) ¥ n(g£)en(£?) - (a(n)-n(p))

(3.6)
(6 £1.3) (7.0 £ 0.5)

Assuming that A, (the more negative member of the doublet) is heavier
than A1 and neglecting shifts in binding energies due to the electro=-

magnetic breaking of the symmetry we find the qualitatively correct result



that within any charge multiplet, the more negative tue particle, the

heavier the mass. Fig. 3 shows the baryon octet after SU, has been broken

3
by the strong and electromagnetic interactions.

If we further assume in analogy to (3.4) that

8 .8 8 8 .8 8
1/2(Byy 4By ) w By, 1/2(E] 4E, ) mE; (3.7)
we find
1/2(m( £ N4m( 7)) = n(5°) (3.8)

(1193.4 + 0,3) (1193.2+0.7)

B, The Baryon Decuplet

The decuplet states are also constructed from the treys Tabc'
However, the bindings betwecn the acces that form the decuplet may be
different from the bindings that were used to form the octet. This is
exemplified in Fig. 1b., The difference between octet and decuplet ace
bindings is essential, for only in this way are we able to allow for the
fact that s JP = 1/2+ octet of baryons exists while a decuplet with the
same spin and parity is absent. The model we are considering is unable to
tell us which of the representations t, 8 or 10, if any, is to be used for
a particular baryon spin parity assignment. Nevertheless, once we know of
the existence of a baryon singlet, octet, or decuplet, we are able to
derive properties of its member states. We will now consider the case of
a baryon decuplet as applied to A‘g (1238), E:g (1385), E:S (1530},
~I1£1686). First we list the ten gstates :

fa W N Fal
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Ay = T, = Ty

Ay =1/ Viz Yyg, = /Y3 (23429215105, )

A, = 1/ V12 M1, = /3 (Ty,00my en )

Ay = Taza, = Thpy |

fg =1/VJ12 Tz, = 1/ V3 (T113+T131+T3ﬂ) (3.9)
Zc; =1/ V6 T123, = 1/V6 (T123+T231+T312+T132+T321+T213)

Ly =V VIR0, = 1/V3 (T223+ 753+ T505)

RRAEER S V3 (0 5em 0m, )

I =V, =13 (%554 505+1s5,)

SLg = Tygy = Ty

In the limiﬁ of unitary symmetry A1, Az, and AB are indistin-
guishable 80 that the ten states are completely degenerate. As for the
baryon octet, we assume that unitary symmetry ig mainly broken by virtue
of the .fact that A3 is heavier than A1 and A,. The objects of the
decuplet will no longer be identical but appear as in Fig. 4. Neglecting
ghifts in binding energics due to the breaking of unitary symmetry, it is
clear that the decuplet resonances increage their masses'linearly with

strangeness, so that we obtain the analogue of equation (3,3) :

' m(zs)-m(tis) ~ m(ES)-m( Zs) N m(D_S)-m(Ea) . (3.10)
(147) (145) (~153)
At first sight it lay seem surprising that (3.10) works much better than
(3.3) even though botn these relations are obtained in the same degree of

approximation. However, if we g0 to the "next order" and agsume for the

decuplet binding energies g!° relations similar to (3.4), ice.,
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10,

npl0 _ gl0 10 .10y~ .10 10
1/2(B55 + oqa) B = Bsp.r VAR ) B o B30
(3.11)
510 10 10
1/2(8" 33 .%) B 5o = L.m &y = 1,2

we find that the analogue of (3.5) is

A(Lg)a(65) ma(Z (T, ) w n(fL)on(=,)
which is just reiation (3.10)

There exists one more interesting decuplet mags formula,
of the binding energies we fing

Indegendent

m() = mlb)e3(a( T )n(z )) 15) - (5.12)
(~1686) (1690) |

Since the decuplet and octet are constructed from the same set of

paerticles, we may try to obtain a formula relatlng the masses of the two

different representations., PFor example,

m(Zg)alS¢) = n(5)mnle )-1/5(;7) 5'0 4510, 510 4510 E o)

p 3.3 o 33" (3.13)

(&, = 1,2 depending on the charges we take). Now, m(A )-m(N),
m(% )un(N), n(Z )-m(A ) m(ZT)-n(Y ) all contain the difference
m(3)-m(o() and are of roughly the right order of magnitude, Assuming that

10 510 _gl0 510 _ 10 g0 _ 8 8 8 _g
B3, g = B33 ap ” 33 T Tt 3.5 e (3.14)
we obtain
m(zs)—m(is) oI )am(y) . (3.15)
(145) (130)
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Note that we do not expect this equation to hold exactly, even in the limit
of unitary symmetry: first, because the spins and hence the ace dynamics
or binding energies differ for the two repreéentations; second, hecause
octet and decuplet bindings may differ intrinsically, even though the

members of the octet and decuplet have the same spins and parities.

Once again aésuming that the A2A1 masg difference accounts for

the electromagnetic breaking of unitary symmetry we obtain as counterparts
to (306) :

n( A)-n(8) = 1/2(a(A L) (A 4m( a])-n( 7))

n(x )-a(y ) = 1/2(n( z;)ém(zz)+m(AZ)-m( A% (3.16)
(£ D)8(39) = 1/2(( =] a(Z0)sm(h Dnla &) )

Because of the success of relation (3.8) we are tempted to assume

1/2(5,% +8,0 ) # 19

220 12l
10 210 y o 210
1/2(B) 4B, L) RE (3.17)

10,10y 5 10
1/2(E 1148 5,) M E 0,

which immediately yeilds

1/2(m(i_;)+m(:;)) = m(iZ) . (3.18)

Figure 5 shows the baryon decuplet after SU3 heg been broken by the

gtrong and electromagnetic interactions.

Relations between electromagnetic mass splittings in the baryon

‘octet and decuplet may be found if we assume the analogues of (3.14), i.e.,

8419
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10 10 .10 .10 .10 .10 .8 .8 8 .8
oo, By, ® By poBy g M E pp=B [ m Bpy <E N E, Bl
10 10 1 10 .10 .10 .8 .8 8
Boa,Bra, M By p By p B pp=E [, M By, B, 8B, -E (3.19)
10 10 10 10 40 10 8 8 .8 8 _ g g
B3, M3, N By 5By g N E gk g wEys By NE, B ME )5E s
From these follow
- ++
(2w (™)  3(n(n) ()
(2} . (3.9)
- #16) -~ +
m(zs)-m(zg) A m(L)-m(3E ")
(17 £ 7) 8.25 % 0.65) (%.20)
o(z)-a(z%) ®a(zIwa(%) .
(2) (6.0 £ 1.3)

1
Using methods different from ours, Oakes 7) and Rosen 18) have obtained

not only the equations (3.16), but also

m(A;)-m(A;’) = u(y D-al(L)) (3.21)

(17 £17)

We are unable to obtain this result without the further ad hoc assumptions.
In fact, in our model it is natural to expect that within any baryon charge
multiplet, the more negative the particle, the heavier it is. Consequently,

we might think that for the left-hand side of (3.21),

m(Ag)-m(Az) < n(A0)-n(AT) * 3(n(n)-n(p)) = 3.9 (3.22)
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13,

which is in contradiction with Oakes and Rosen's result {3.21) if we
believe in the large S z mass dlfference that is :melled by either

xperiment or by our relatlon (3.20). Consequently, a measurement of the

Z Sis mass difference is of some intcrest.

C. The Baryon Singlet

The Ap (1405), in the limit of unitary symmetry, is shown in
Fig. 1c. PFigure 6 indicates the A B when the symmetry is broken by the
strong and electromagnetic interactions., Since the A is a unitary
singlet nothing quantitative can be said about its mass.
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THE VECTOR MESON OCTET AND SINGLET

Meson states are built from the samc units (A1,A as the

2143)
baryons, They are contained in the anti-acc x ace cross product space :

.

a & a.C a..Cc
A x A (Db—1/3sbnc) + &bDC !_ (1)
T x 3 o~ 8 + 1

where Aa gtands for the anti-acce of Aa‘ Because of the nature of the

decomposition of 3 x 3, mesons can only fall into groups of 8 or 1. The
Eightfold Way would allow, in addition, groups of 10, 75, and 27, possi-
bilities which nature does not seem to take advantage of, We have
pictorially representcd in Figs, 1d, 1e, the two possible meson represent—
ations in the limit of unitary symmetry. In order to explain the experi-
mental data it is neccssary to assume that the octet and singlet AA

bindings are the same, at least for the vector meson case.

The vector meson states are given by :

-1 o 1.2y + 2
p =Dy s p = 1/V2(D-D;) P =D
K*° = Dg ; £ = D? : "= : K- Dg (4,2)
_ 1.2 .3
W = 1/J_6(D1+D2-2D3)
for the octet; and
G, = 1/V3 0 = 1/\/?(D1+D§+Dg) (4.2a)

for the unitary singlet. 1In the limit of unitary symmetry the masses of
the singlet and octet must be the same because the binding is identical in
both representations and all aces are degenerate. It is important to note
that this is not the case for baryons where we have asgumed that the
singlet, octet, and decuplet bindings all differ, even in the unitary

symmetric limit,
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Unitary symmetry must be broken for the mesons in exactly the same

way as it was broken for the baryons, that is, the isospin singlet A3

(or its anti~ace A3) must become heavier than the isospin doublet (A1 ,Az).
Breaking the symmetry by giving A:,; a larger mass not only splits the

masses of the eight vector mesons, but it alec mixes the singlet W  with
the I = 0 member, Wg s of the octet. As a resuli of mixing the physical-~

ly observable particles wo and cp are formed. Since A3 becomes dis-

tinguishable from A, and Az, L and W g must mix in such a way as

1
to separate (A1 ,Az) from A,. This immediately leads to

_
¢ =1}

1/\['5(1):1»]32) )

(4.3)
W

The plus and not the minus sign that appears in the "deuce" expression for
v distinguishes the uo from the ?0. Figure 7 shows the vecter meson
states after unitary symmetry has been broken. Using the empirical fact

that when dealing with mesons one must always work with squares of masses,

and neglecting changes in the bindings due to the bresking of unitary

symmetry, we immediately have 19) :

mz(w) RS mZ(P) (4.4) *)

(7184)°  (750)°

2(¢) w 2’ (K)=(p ) (4.5) ")
(1018)2 (1007)2 |

Mixing has made the (p as heavy as possible, The mixing angle © defined
by '

<
I

W SING - y,005 O
- (4.6)

&
I

LW C0SC +w SING
o] 8

*)

These relations continue to hold when we include binding enexrgy

8419 effects if we assume the meson analogue of (3.4),
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comes ocut to be

SING = \1/3 ,  C0S® =V2/3 , or (5w 35,3° (4.7)

as compared with the empirical value of (O wn 380 20).

Only now has the real power of dealing with three basic objects
become apparent. When working with the baryons, one could eagily say, for
example, that the more strangeness a particle carries, the heavier it igs.
But by using the basic triplet of aces we are able to say, after inspecting
the baryons, that for an octet ana singlet of mesons it is a non-strange
particle that is heaviest of all; for it contains more A than the

3
strangeness carrying meson does.

Interestingly enough, we are able to improve equations (4.4) and
(4.5). If we define the traceless matrix V of the vector meson octet in

the conventional way :

/N6 + /N2 o K
vV = . /N6 - g?/\f? KO
K i ~20y /N6

and let the matrix G be given by

w /N3 (4.8)

Gab = Vabt Sap

then the mass formulae (4.4), (4.5) may be alternatively derived by

assuming that

B® ¥ H) = o) Tr06 - m, TrG(G)\8+)\8G) (4.9)
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for the mass terms in the square of the Hamiltonian | H 21).' Here- Tr
stands for trace while

ra

- @ a9/, = (K00

and

1 0 o
= 1/y3 0 1 0 .
0O 0

Note that we have suppresscd all terms invblving TrG= ﬁu)o.

More generally, however, we may write for the mass terms in the

square of the Hamiltonian,

2 2
HzH,I

+rﬁ§' TrG7re+ mi(Tr'G'TrG Ag tTr ¢ IrT Ag )+

(4.10)

2
+m5TrGA irG). GTrGA AB .

2
where we treat the terms in mg to mg as perturbations to I-I1. Since

the term mgTr'f}"TrG is invariant under SU3 while the terms multiplying

mi, mg, and mg are not, we might expcect that to a good approx:.matlon we

only need keep the perturbatlon TrGTrG, i.c. y

7 = f %Tr(}TrG- : | (4.11)

Doing this we immediately arrive at
n”(w)=n’( ¢ )/2 & n( (p)+m2(§> )~2n (K*) (4.12)

which ig corrcet to the known accuracy of the masses.
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THE PSEUDOSCALAR MESONS

Let us assume that in the limit of unitary symmetry we have nine
pseudoscalar mesons of equal mass, just like the vector meson case., The
members of the octet we call (TT,K,qu) while the singlet is denoted by
MNo* Breaking the symmetry by increasing the A, mass yields relations

3
analogous to (4.4) and (4-5), l.eey

n’(770) ~ n®(TT) (5.1)
n’(m) ® 2n° (1) (T7) (5.2)
(550)° (690)°

where gl and 77'2 are the physically observable particles that result
from mixing " 8 and MNo? just as (P and W are mixtures of Wg

and w g Furthermore, by using arguments identical to those given in

the vector meson case, we obtain the analogue of the mass relation (4,12)

(n*(Tr)=n"(17))/2 & ()40’ (17)-2n’(x) . (5.3)

Substituting the physical masses for 77 , K, and “\ we sec that m2(7T2)

comes out negative |

Fortuna;ely, we have an argument that alleviates these obvious
22

difficulties ~'. After increasing the A, mass wo found n° ( T;‘Z) ~ o (7T).
Therefore in this approximation, and this is the erucial point, mz(TTg) is
very small compared to the mass square differences that exist among the
pseudoscalar mesons. A small perturbation (one which changes magss squares
by an amount small comparcd to changes initiated by the A3 mass increase)
may be enough to shift the mass square of the 77'2 down to zero or even
negative values, We_might say that the TT'g is formed from two very
massive objects that are extremely tightly bound. Energy conservation
leaves the 77'2 with a small positive energy or mass. If we introduce

a perturbation that decrcases the mass of the fundamental objects or
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increases the binding strength then the 77‘2 may no longer possess a net
positive energy and cannot correspond to a physical particle, This, or

something like it may be the situation in the pseudoscalar meson case 23)

.

It is interesting to note that we would not expect the removal of
the w in analogy to the elimination of the ng. The perturbation
given by (4.11) is expected to shift mz(uJ) by an amount smell compared
to the nass squére gplittings induced by the increase of the A3 mass,
Since mZ(UJ) is larger than the vector meson mass square splittings there

is no danger of the w's disappearing through the introduction of a
rerturbation.

With the removal of the 77‘2 we expect that the pseudoscalar
mesons behave as an igolated octet, This is indicated in Fig. 8. Neglecte
ing changes in the binding energies due to the breaking of unitary symmetry

we immediately obtain, by counting squares, the celebrated Gell-Mann -
Okubo formula :

5°(%) % 3/40% (m)41/4 02 (77) | (5.4)

Neglecting differences of binding energies within octets it is
clear that we have the relaticn

2*() (o) % n () u?(77) (5.5)

(0.22 Gev®) (0,22 Gev?)

Note that although it is imperative to assume identical octet and
singlet XA bindings for the vector meésons, it is by no means clear that
a similar situation must exist for other meson Tepresentations, It is
possible that the pseudoscalar meson ginglet "o is not bound and that
the binding of W, and the equality of the W and Wg masses in
the limit of SU3 symmetry is a very special circumstance, perhaps being
due to principles that are not yet fully understood, Indeed, the vector
mesons do enjoy a privileged position in that they are coupled to conserved

currents.

*)

This relation continues to hold when we include binding energy

o 2 e
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If we assume that the A4, mass difference accounts for the
electromagnetic breaking of unitary symmetry we are unable to obtain meson
mass difference equations that are independent of the binding energies
/analogues of (3.6) and (3.16)/. ‘The reason is that there arc fewer
independent eleciromagnetic mass'differences among the mesons than among
the baryons, Furthermore; attempts to generalize binding energy relations
like (3.7} or (3.17) to mesons ends in failure (mQ(Tri) - mz(TTD)), 80
thet we are unable to say anything about meson electromagnetic mass
differehces. In TFigure 9 we display the pseudoscalar mesons after unitary

symmetry has been broken by the strong and clectromagnetic interactions.



VI,

VECTOR MESON DECAYS

A, V-1V4p

In the ace model the vector - vector - pseudoscalar couplings (Vvp)
are easily determined pictorially. As an example we indicate in Fig., 10
how the coupling <\|u)K K| > is obtained. Figure 11 further exemplifies
this graphical technique. In this manner we obtain the interaction given
in Appendix B. For processes like X' - K* +7T or §>ﬂ K*+¥ we are just
determining the SU3 invariant interaction that ig conventionally called
D type coupling, The Eightfold Way would have given us an identical
answer. But unlike the Eightfold Way the ace model also tells us how w
and ¢ couple., For example,

- p + 7T is forbidden, (6.1)

as indicated in Figure 12. Experimentally, the decay rate for

this mode is depressed by at leaéf a factor of 200, as compared with what
one might expect on the basis of phase Space arguments. It is important to
note that the coupling scheme we advocate contains within it information
regarding the way unitary symmetry is broken, i.e., -f + 77 is
forbidden after SU3 is v1olated by the strong 1nteract10n8° consequently
we expect that this decay mode should be greatly inhibited. In fact, {6.1)
is the coupling analogue of (4.4) and (4.5). Any theory based on the
exactness of unitary symmetry and forblddlng qo - f)7T" would be inadequate
for we know the symmetry is too badly broken to be consistent with the
experimentally determined suppression of this mode,

Using the G matrix defined in (4.8) and letting
M/NE L T/NE : mt Ry
P = ‘ T "l/ﬁ-ﬂo/ﬁ K° (6.2)
X" o 2m/ &
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one can easily show that the above coupling scheme is equivalent to letting

the interaction Hamiltonian Hin be given by

t

By 4 & Tr G (GP+PG) . (6.3)
Note that terms proportional to TrG= \f?uJO are not included 21 ). We have

found a gimilar situation when uging the matrix formulation to derive

n(w) M a’(p),

The P y K*, w  and ¢ states given in (4.2) and (4.3) are
eigenstates of the Hamiltonian H1 displayed in (4.9). It is interesting

to ask for the eigenstates of the perturbed system determined by (4.11),

i.e., for

2 .2 2. = 2, 2 e = ~ -
H” = B4, TrG 0r6 = Himg (20wigp+ V2 D9+ V2 pw) . (4.11)

Only @-= Dg and w =1/ ﬁ(D;lﬂ)g) are affected by the perturbation.
The per’burbed eigenstates (', and @' are given by

il

¢' = 00SpQ+ SINBw N P+ w

(6.4)

It

LU'

COSP W m SIN{S(p mw_[sqo
where

B = V2 /(@ (p)n(w)) = (n°(w)-n’())/(VE(*(p)n*(w))) .

The @ piece of (F' is unable to decay into P+, as demonstrated
in Pig. 12. But the addition of the term A w allows fP' to go to

P+ T Just as Lo = 0+ TT (virtual) = T +T+1. The co pTT coupling
constant may be estimated from F(Lu - 3T7) = 8,5 MeV, We find that if
the qg' - P"ﬂ' coupling were the same as the w = ?Tl’ coupling,

r'(tp' —*?'ﬂ', all charge statesg would equal 54 MeV 24). Experimentally,
P(qo’ - g'u—) $ 1.0 % 0.6 MeV 25 . The model we are considering yields as

& crude estimate

B419
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[ﬂ(cp' < QT, all charge states) = ﬂ? 54 MeV ~ 0,3 £ 0,11 MeV  (6.5)
for m(w) = 784 +0.9, m(gJ) =.754 £5, or

r( q()" *f)‘ﬂ‘, all charge states)/ 1—\( (P' total)

(6.6)
0.3 0,11/3.1 £ 1~ 0,2 0,04

This is just at the verge of experimental detectidility. The quantity /2?
is very sensitive‘tp the w p mass difference which accounts for the
large errors given in (6.5), To summarize, we have found that -0

is forbidden to the order in which mz(w) = mz(g) ). The interaction
respongible for the splitting of the oY) P masses also induces the decay
¢ - f T with a strength proportional to

2
\'_(m2(w)~m2(§>))/m2(tp)-m2(w))} .

B, V — P+P

Couplings for decays of this type may be computed with pictorial
techniques similar to those used for V — V4P, There is one essential
difference, however. When forming ¢ IVVP] ) we allowed V 1o act on
V as exemplified in Figs. 10a, 10b, and 10c. In Fig. 10b we see that an
open and closed circle at the bottom of two deuces annihilate, which
effectively multiplies the coupling by +1. Had this annihilation taken
place between objects at the Lop of two deuces we would alsoc have multi-
plied our coupling by +1, A situation of this type is considered in
Fig. 11. DNow, it is perfectly consistent with SU3 to use a +1 for
bottom but ~1 for top annihilations. This latter approach gives rise to
what is called P type couplings. Whether we use F or D coupling for
a particular meson interaction is determined by charge conjugation invariance.

For VVP we are forced to D +type, while for VPP we must use F,
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The W = Y mixing that is implied by our model leads to the VPP

couplings given in Appendix B. In matrix notation
H, | ec TrGM( J PP J,P) . (6.7)

int

We may readily compute P (CP - K+'I'f) in terms of [ ( ? =T+ ). For
‘8 E) width of 100 MeV,

(@~ KK, all charge states) ¥ 2 MeV , (6.8)

as compared with the experimental value 26) of 3.1 1t 1 Mev.
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VII.

BARYON COUPLINGS

The baryons (mesons) are constructed from linear combinations of
treys (deuces), If we undérstand.how”to couple two treys Tabc, Tdef to
a deuce Dﬁ we wili in effect know how to determine the baryon=baryon-
meson couplings (the upper indices on Tabc indicate that it is constructed
from anti-acee). Two natural ways of proceeding are depicted in Fig. 13,
We place the triangle representing the trey Tabc next to the triangle
represgenting Tdef in such a way that corresponding sides match up, Then
we see if the two triangles can annihilate with the help of the "dumbebell"
that represents the deuce., Only aces and anti-aces lying on corresponding
vertices of the triangles are allowed to annihilate one another, with or
without the help of the ace and anti-ace which lie on the ends of the

abe d

dumb~bell, For example, T T opaPe (c #a,b; d£a,bs afb; no

summation over repeated indices unless otherwise specified) gives +1,

bac d ach d cab d
T Tabch = 0, T TabdDo = 0, T Tabch = 0, ete. s
ach, d bea d abe d .
T Tadch = +1, T Tadch = 0, T adch = 0, ete.:
cab d'_ cha d _ bac d _

T Tdach = 1, T Tdach = 0, T Tdach = 0, etc.

For cases like TaccTachg (a # ¢c) we count each physically distinct
e en o ; ace ¢ cee ¢
annihilation configuration, Hence, T ToePe =2 T chch = 3,

ete, As an example, let us now compute the En.?+ coupling. With the
help of (2,2) and (4.2) :

- 4 112 121 >
QN R VI g [C ST
112 112 121, 121 2
= 1/2(0 0y e Ty =TT, o4 L, )T
112 121 2
= 1/2(7 Ty0*T T221)D1

1/2+1/2 =1,
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~0 _~ o (p331 313 2
SEEY A ) (2395155,

oy /o(n331 313 2
==1/2(T T332+T T323)D1

==1/2 = 1/2 = =1,

In this way we generate a coupling scheme which igs conventionally called

F type. There are, however, other possibilities. Let us label the
vertices of the trey triangles in clockwise order by 1, 2, 3., We may then
multiply the coupling by +1 or =1 depending on the particular vertex
where the dumb=bell or deuce acts, rather than our more restrictive previous
choice of +1 only. Most "natural" (which meang that it is the first
possibility we try) is to assign +1 to odd, -1 to even numbered

verticesy; i.e.,

cab d
TR aDe =y T T D= e, TR D=+, ete.
Using this coupling scheme, labelled {(+-+) for obvious reasons, we
obtain the "P+D" interaction rather than the pure ¥ of {(+++), The
other choices (+~~) and (++-) yield D and F+D respectively. More
conplicated ways of obtaining SU3 invariant interactions are discussed in

Appendix C,

It is important‘%o note that in discussing the various trey~trey~
deuce interactions we are determining not only baryon octetebaryon octete
meson interactions, but also baryon decuplet=baryon octet-megson, baryon
singlet=baryon octet-meson, etc., interactions. fTable 2 indicates various
baryon-baryon-meson couplings that are induced by the coupling types we
have discussed, The entries labelled S and T stand for singlet and
decuplet interactions given in Appendix C., We shall concentrate primarily
on the baryonebaryon-pseudoscalar meson interaction because of the wealth

of avallable experimental information,
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It ie possible that nature uses a complicated linear combination of
the coupling schemes we have mentioned, The ¥/D ratlo would then be
determinable only by experiment or dynamical calculations. However, if we
require that the coupling be aigebraically natural and of the simplest form,
we are automatically led to (+=+) or (++-), that is F+D, Any other choice
would not generate interactions in aill representations., Thisg agsumption of
simplicity ie consistent with all known experimental information and seems,
in fact, to be required by existing data, This is discussed in Section IX,



VIII,

THE WEAK INTERACTIONS

We have obtained the result that A is heavier than (po,no) by
an amount characteristic of the grose masg splittings within an octet or
decuplet, i.e., ~ 150 MeV, We therefore expect that /\0, if it exists,
would undergo the ﬂ-decays

-1/3__, +2/3 -
o p0 +e + )/
(8.1)
o -
. p; /Z»Jqu .y
just as
A= pte + V
_ (8.2)
S Pt Y

On the basis of the electromagnetic mass gplittings within a given
isotopic spin multiplet, we are also tempted to conjecture that ng is
heavier than p , making p_ completely stable (like p) but allowing
the decay

L3, +2/3 -

5 p, THe T+ Y (8.3)

just as

n - p+e + Y (8.4)

The A has been considered a bound state of Py Dos and N
Congequently, it is natural to assume that reaction (8.2) takes place as 2
regult of (8.1). Both of these decays are then governed by the same coupling
constant, Since the A p and /\Op0 mass differences are comparable, we
would expect that the A and /\O A -decay lifetimes would be of the same
order of magnitude. Similarly, the lifetime of the n, would be roughly
that of the n.
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A theory of leptonic decays based on the fundamental reactions
(8.1) and (8.3) is in faot quite pleasing: - We assume that the weak decays
of strongly interacting particles are induced by the weak decays of the
aces which comprise them, The couplings (weak interaction Lagrangian) may
be simply determined graphically, For example, we assume that a baryon
undergoes /?-decay when an ace at one of the vertices of the triangle
representing the baryon decays into another ace + e J,‘ while the aces at
the other two vertices remain undisturbed, Zﬁé immediately see that this
1g just the coupling type (+-++) discussed in Section VII, with the meson
replaced by e )./ Prom this follows :

1) the conserved vector current theory for non-strangencss changing
(A8 = 0) leptonic decays;

2) the |AI|=1/2, AS/AQ =41 rules for |As| =1 1leptonic
decays: | | '

3) - Qp - =°+e"+V  is forbidden ~ (8.5)

- if we demand that the same coupling type be used for the decuplet
as for the octet of baryons /see Table 2, entry (+++)/. However,

the reaction

ﬂg - _—5;+e"+\) is allowed, (8.6)

27) we agsume that the'space-time

In analogy with previous work
part of the weak interactions is to be written in terms of right and left
handed aces, i.e., & so=called 1 i 3/5 28)_thgory. Departures from this
type of interaction are attributed to the breaking of unitary symmetry,
Unfortunately, we are unable to estimate quantitatively how badly the
symmetry is violated. However, neutron /3-decay'affords us & hint in
this direction. In the unitary symmetric limit we obtain for the inter-
action Hamiltonian :
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f® 1%, (12500 Y 6, (14 ¥g)e (8.7)

in

where there is an uncertainty as to whether the + or « sign is correct

27))

(in this connection see Ref, . Experimentally,

Hin'toc n X}u (1+1.25 x5)p3j XM(1+ h’s)e ‘ (8.8)
If the + sign ie to be used in (8.7) then there is a chance that the
gymme try remains recognizable after it is violated. ~ Table % contains
predictions of the theory for [ASI =1 f[>-decays. The results are
compared with experiment and the work of Cabibbo 29'). Note that we have
algso inecluded numbers for Z = A +e"+'y . The conserved vector current
theory predicts that the vector part of this decay vanishes, We have
asgumed, in addition, that vector and axial vector should always enter in
.equal strength. Hence, our model forbids this decay. To obtain some
feeling for what forbidden means, we have assumed that unitary symmetry
breaking interactions have changed 3:_""\5“(0+o X5)/\ to

_i- a’M(O+O.25 ‘55)/\ much like. n XA(H 35);0 becomes n XH(‘I+1.25 ‘&5)p.
We then obtain a branching ratio of  [(§5 ™ - A + +V)/[(T " total) ®
Y 10—5, which is compatible with the still very crude (9 events) experi-

mental result,

The ace /\O is also expected to undergo non-leptonic decays :

/\-‘I /3, p+2/3+ -

', .
° © (8.9)

-1/3 , -1/3, o

No TRyt
If these reactions obey a ]AII = 1/2 non~leptonic decay rule,

then so will the baryon and meson non-leptonic decays. The rates for
(8.9) are comparable to the rates for /\ non=leptonic decays since

similar mags differences and coupling constants are used in the two

caged,
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It is possible that the P, and /\0

determined by (8.1), (8.3), and (8.9). For example, if the XA system
binds we might have

lifetimes are not primarily

/\;1/3 - /\+(5';2/3 531/3)

: (8.10)
n;1/3-ﬂ 11+(E;2/3 521/3)

Both these reactions could proceed via the strong interactions and hence

make A o and n, short-lived "resonances", Similarly for P,

However, a crude estimate of the KA mass indicates that (8.10)

is energetically impossible., We argue as follows :
n(AR) & 2m(Z)-E(ZE) (8.11)

where m(AR) is the mass of AR and E(AK) is the XX binding energy.
Since

a(fE) & a(f) + 22 |

m(antibaryon) = n(B) ® 3m(i)-3E(Kx) )
' (8.12)

forbidding (8.10),
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IX, OTHER BARYONIC STATES

On the basis of the results obtained in this paper we would like
to suggest the possible existence of a JP = 3/2° baryon octet (¥ )
and a JP = 3/2+ baryon singlet -(-§) containing the following members s

vy (1515),  Afaess)e, Y 1e60), T (1770) 70 (octet);

(9.1)
A g (1520) (singlet).

The (1635) has yet to be discovered, although its effects ma
¥ 9 J

already have been observed.

31)

This is to be compared with the Glashow=Rosenfeld assignments

Qf
N6(15‘|5), /\5(1520),_\ 23(1660), _T_X(woo)? (9.2)

Note that the mass structure of the Glashow=Rosenfeld Y- octet is
untenable from our point of view for.the mass differences bear no reseme
blance to those of the N,/\,[,_T__.- The = 5(1600) has been looked
for but has not yet been found, PFurthermore, there are indications that
the parity of the A (1520) is opposite to that of the N(1515) 32).

Using the F+D coupling, as indicated in Section VII, we have
found partial widths for the ¥ - octet. Results for the Y .octet and
§ - singlet are shown in Table 4 and are in satisfactory agreement with
experiment, Since the 7T 3 decay mode of the A % is not dominant, it
is not unreascnable to suppose that it has been missed in experiments
looking for 77 % enhancements 33)’34).

Because m(/\K) Q‘m(jix)%4 there is the danger of confusing the two
resonances, Bastien and Berge have made a careful study of K p
elastic scattering in a region where the total energy in the centre-of=

mass system is ® 1660 MeV, They find
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33.

[_'(ZK—* KN) 2 4 Mev (9.3)

Unfortunately, the effects they attribute to the 7 ¥ 1y in part be
due to the A‘E . This experiment alone cannot disentangle the I = O
and I =1 channels. The I = 1 ckannel has been investigated by

Alvarez et al, 35) in the reaction K +p - n:¥§°+p. They report that,
within the statistics based on their 1223 events, no Kop enhancement

is observed., They estimate

"z

¢ 0 $ 2 Mev (9.4)

which is congistent with our prediction

F(z{’ ) ~o ., (9.5)

Relations (9.4) and (9.5) are remarkable in that phase space considera-
tions alone would predict much larger widths. If Bastien and Berge are
really seeing the combined effects of /\-K and % X then (9.3) and

(9.4) need not be in contradiction.

We shall follow Glashow and Rosenfeld in assuming the existence of

an of - baryon octet composed of
v, (1685), N (1815), 3 (1875)e, =, (1972)2, (octet) (9.6)

Once again we use F+D couplings to find the partial widths for the
decay of this octet, as swmmarized in Table 5. In order to obtain some

idea of the expected accuracy of these results we have included in

Table 5 theoretical and experimental decay widths of the well established
§ - decuplet 36).



X, OTHER MESONIC STAT.S

We congider it an open guestion as to whether meson octets and
singlets nust occur -together (Eée Section 27, We proceed with this in

mlndc

Altheugh the W (725) may be accommodated into a unitary symmetry

scheme without any partners 57)

, 1t is nevertheless interesting to assume
that it is formed from AA and to apply therefore equations (5.4}, {5.5)
to see where its companions lie, if they exist, We find that the I =1
state 77* is at ~%50, while the I = O resonance 41* appears at
~775 MeV, within the rather broad £ mass region. I% is well known that
an asymmeiry exuisis in fJC decay 78 y While none is present in the decay
of charged jD 's. This asymnetiry has been associated with a rapidly
riging phase shift in the I =0, J =0 or 2 777 system. This may in
fact be the gl *, mo allow 41* —>'n+-ﬂf we want C parity +1. Spin
Zero is the simplest choice and would also forbid the decay K*(888) -

K (725)+ 7T which experimentally seems somewhat suppressed 39)

7% - 0"t or 0™h 1f we pick 0 7F then its partner

. Hence,
we take for wl{'_
7% would be 077 with the principle decay mode being 37 's. It then
should have been seen i.a some T the experiments tha’ established the
existence and quantum numbers of the ™\ (550). Since nothing peculia-
has been reporited we are finally led to a tentative of asgignment Lor
the TT*- and 07 for the ’h ¥ The smallest nvmber of Ir's the 7T'*
could strongly decay into would then be 5 (3 is excluded by parity), bus
energy conservation removes this possibility. The principal decay modes
of the 77°F would then be 27+ ¥ (order &) or 27T (order & 2).
Like -<he }{ it should be produced with a rather small cross=-section, It

has probably nct yet been seen although there is a chance that it might be

e

the ¢ . The &

since f:o-é 1TQ+ TF is forbidden.

0

is detected most easily through its mode 41* "’7T0+ T s

With the help of unitary symmetry we find that

(4" total'/[( K total) ® F(al* ST/ (K &M = 1.5 (10.1)

|

Since experimentally [y ¥ total) { 15 MeV, r1(q]* total) < 17 HeV.
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It is tempting to put the B(1220) 40) and the K*X or ¥ K (141 0)41)
bump into the same SU3 representation, Existing data favours a 1~ JP
assignment for the B 42), although the evidence is not conclusive. The
B and the f° would then be considered decay modes of the same particle 43).
Let us assume that JP = 1" is correct. In order to facilitate the
labelling of these mesons we adopt the convention of Rosenfeld, Chew
and Gell-Mann, The B would then be called YTK while (0, ur 4’1\5
would stand for the bump at 1410 depending upon whether or not there is
singlet~octet mixing, We use 4]% if there is only an octet of mesons.

The two possibilities are

Ty (1220), K‘K(1365)?, “1x(141°) (octet) (10,2a)
77;,(1220).,;.j wy(mzo)?, Kh,(wzo)?, (PK(WO) (octet+singlet)
(10,2b)

The masses have been obtained with the aid of equations (5.4) for (10.1):
(4.4) and (4.5) for (10.2), Note that the ordering of the masses is just
as we would expect, Moreover, the (octet+singlet) case has the remarkable

property

0 (€ )="(T) & w2 (k) 22(p ) = n*(0)-2() (10.3)

(~0,24 GeV®) (0.22 Gev?) (0,22 Gevz)

which is good to known accuracy of the masses _@ee Equation (5.5_)_7.

The Y- mesons have two different types of decay channels open to
them, as is exemplified by the TFK which decays into 7777 (PP) and
WTT(VP). Both the PP and VP modes are important, complicating any
study of the ¥- meson widths, Furthermore, there is the uncertainty of
how to treat the LUK - Cp‘d mixing, Poriunately the ace theory suggests
answers to these questions. First, Lu,o,- (‘PK mixing must be the same as
L~ (Y mixing, Second, all couplings may be determined as described in

Section VI, Briefly in matrix notation,
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Hintcher(PMGP) and TrTfKPP (octet) (10, 4)

By, o 17 T}'X(PG-FGP) and Tr '('}'XPP (octet+singlet) (10.5)

where VK and Gy are the Y- meson counterparts of the V and @
matrices given in (4.8). The space~time part of the interaction has been

suppressed, Finally, we might expect that

F(TTK ~om/ T =T ~ 172 . (10.6)

This latter result is obtained in the following somewhat indirect manner.

The Gell~Mann -~ Okubo mass formula may be written for mesons as :

n® = mo(1+b! () (1(1+1)1/4 Y2))

where m, and b' wvary from one representation to another, B! may be
considered a function of mg, for mi may be taken to label the represe-.:

ations, Equations (5.5) and (10.3) imply that
2 2 :
b’(mo) ~ 1/1110 . (10.7)

This observation tempts us to assume that if we have two different meson
repregentations of the same spin.parity decaying into similar final gtates,
the couplings h’(mg) governing these decays have for their m§ depend-

ence 3
¥ () ~ 1/l (10.8)

This would imply a connection between

a) 7/_5 > T T end ? aNINIE

b) 7T

s W T oend w —»$1T—‘T|"+ﬂ_+ﬂ_.
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37.

We obtain in this manner

a)
\—'(T/—E =TI, all charge states) =
(10,9)

) (%)3 (1%%)2 (1'93?5575)2 ¢ ?—'vm = 88 MeV

where 594, 348 are iR momenta; 750, 1220 are ? and 7T%_ masses:
925, 1350 are values of m 44 .

b)

I“(;Tx = w7 all charge states) = 43 MeV (10.10)

where the LJ o077 coupling has been egtimated from the 37 decay of the
tw. This yields

F(TTK total) ® 130 Mev (theory)

as compared to (10.11)
- ,
| (]T% total) = 100 + 20 Mev (experiment)

and a fortiori equation (10,6).

To obtain some feeling for the partial widtha of the ¥ - mesons
We congider three cases. Pirst we assume thet only the PP or VP channels
are important., Then we take the case where :

fﬂ(TT%-»¢M7r, all charge states)/]ﬂ(Tr Wil all charge states) = 1/2.

X

These results are summarized in Table 6a,b,

We have also included partial widths for the mesons under discussion
assuning them to be J° = 17(§) 1instead of the more probable 1 ().

There is satisfactory agreement with experiment only when the mesons form
a nonet,



XI, GENERAL COMMENTS

The degree to which unitary symmeiry is violated seems precarious:
it appears to change from one representation to another., For the pseudo-
scalar mesons, for example, the violation seems enormous. Unitary syrmeiry
gives mz(TT) = mE(K) = m2(4l), yet, for physical particles mz(TT)<(<
<(HF(K) A mz(al). For the baryons, on the other hand, unitary symmetry
works reasonably well, predicting m(N) = m(/\) = m(EL) = m(Ei). In spite
of these differences,; our model suggests that the strength of unitary
symmetry violation is the same in both cases; for the breaking of unitary

symmetry is measurcd by ace mass splittings, i.e.,
(m{ag)mm(a,)) /m(a,)

and not by (n°(K)=n(1))/n%(m) or (m{A)=u(¥))/a(K). The amount of
unitary symmetry breaking is universal, it is the same for mesons as
baryons, it is identical for octets and decuplets. This accounts for
roughly the same mass differences within the meson octets, the baryon
octet, and the baryon decuplet, irrespective of the masses of the members

of these representations.

Although our aces P oty A, have "peculiar" baryon number and
charge, their space~time properties should be identical to p, n, A
(in this respect we may think cf them as p, n, A with charge translated
by a unit of —1/3). Thig places a restriction on the quantum numbers
that a meson may possess, PFor example, for spin 0 or spin 1 non--

strange mesons, the following JPG are excluded :

1) 0" 075 17T rfor isospin 0 states:

2) 0%, 07%, 177 for isospin 1 states.

Up to now no resonances have been found with these quantum numbers.

Table 7 lists the low mass meson states that may be formed from A4,

It is natural to associate the baryons with the lowest energy
state of the trey system that represents them. This presumably means
that the 3 aces are all in orbital angular momentur S states with the

spin of one pair summing to 0, Similarly, the pseudoscalar mesons

8419



8419

39.

would correspond to an ace and antie-ace whose orbital angular momentum
end total spin are both 0 (i.e., 130 state). Since the parity of a
nucleon (ace) and antienucleon (anti-ace) stete are opposite, we see that
the intrinsic parity of the pion should be odd while that of the nucleon

should be even,

If aces exist, they most probably interact strongly, like the
nucleon or pion, There are other possibilities, however, which must be
kept in mind when designing experiments to detect the aces. For example,
there may be én interaction, stronger than the strong interactions, which
governs the behaviour of aces causing them to bind to form mesons and
baryons. In this model the strong interactiqns would be viewed as "some
kind of van der Waals' force". Just as two isolated electrons do not
interact with a van der Waals! force, so two aces do ndt iﬁteract strongly.
The ace~like structure of a system would then be discernible at distances
measured in terms of the masses of the particles which bind the aces
(rot the pion mass), Cohsequently high momentum tfahéfer experiments may

be necessary to detect aces.
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CONCLUSIONS

The scheme we have outlined has given, in addition to what we

already know from the Eightfold Way, a rather loose but unified structure

-to the mesons and baryons. In view of the extremely crude manner in

which we have approached the problem, the results we have obtained seem

somewhat miraculous.

A universality principle for the breaking of unitary symmetry by
the strong interactions has been suggested. TFrom this followed a qualis
tative understanding of the meson mass splittings in terms of the barycn
mass spectrum, e.g.; m(AN)> m(N) implies that n(g) y n(K*) S n(w) ~
~ m(? ). The proportionately larger mass splittings within the pseudo-
scalar meson octet have been explained. Mass formulae relating members

of different representations have been suggested, e.g.,

(82(0)u%(p))/2 & () s(p ) 2n® (%)

o (R)-a%(p) # 0’ (0=(T),  n(Z)=a(3) = a(Z )-a(%

)y ete.

L)

A universality principle for the breaking of unitary symmetry by
the electromagnetic interactions has alsc been assumed. This has led to
the qualitatively correct result that within any baryon charge multiplet,
the more negative the particle, the heavier the mass. Electromagnetic
mass splitting formulee relating members of different representations

have been suggested, e.g.,

-0
..‘...8)9

etc.

* s} (s (s m{ =7 )-m( =°) ¥ n( =7)m
m( g ")-m(g") ('ZB) (i%), (z7)a(=") (‘3) (

Nature's seeming choice of 1, 8, and 10-dimensional representations
for baryons along with 1 and B-dimensional representations for the mesons
has been accounted for without dynamical or "bootstrap" considerations.
The amount of octet-~singlet (LJ-qﬂ mixing hag also been predicited with

algebraic techniques.
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A pictorial method for determining strong interaciion coupling
constants has been presented. A unique baryon—baryon-pseudoscalar meson
coupling has been suggested (F+D), We have Ffound that @ - ?'ﬂ' is
forbidden to the order in which mz(uo) = m2(§>).- The interaction
responsible'fcr the splitting of the (., masses has induced the decay

R ?Tr with a strength proportional %o B

[0 ()0 ))/ (03 p)-w(0)

The quantum numbers available to a meson have been restricted wo
these which may be formed from the pyn, A and their antiparticles, The
odd intringic parity of the pion and opposite nucleon parity fit naturally
into the model.

The theory has been quantitatively applied to resonances that have
not as vet been definitively classified into representations of SU
A (1635), X (1318 ’7 (775) are par*mg)es to be watched for.

Flnally, a theory of the weak 1nteract10ns has been considered,
We assume that the weak decays of strongly interacting particles are
induced by the weak decays of the aces which comprise them, From this
followed :

i} the conserved vector current theory:
i) |AI] =1/2, AS/AQ=+1 for iAS] =1 leptonic decays:

iii)_g_"%—' T_°+e_+ V7 is forbidden but _ﬂ_"% - ZZ+e-+ VY is allowed.

Numerical results for hyperon (5.-decay have been presented.

There are, however, many unanswered questions. Are aces particies ?
If so, what are their interactions ? Do aces bind to form only deuces and
-treys ? What is the particle (or particles) that is responsible for
binding the aces ? Why nmust one work with masses for the baryons and mass
squares for the mesons ? And more generally, why does so simple a model

yield such a good approximation to nature ?
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Our results may be viewed in several differeny ways. We might

say :

1)

4)

the relationships we have established are accidents and our model isg
completely wrong., The formula m{Z) = (3u(S )-m(¥))/2 is correct

to electromagnetic mass splittings and yet seems entirely "accidental.
It certainly would be no great surprise if our mass formulae were

accidents too,

there is a certain simplicity present, additional to that supplied by
the Eightfold Way, but this simplicity has nothing to do with our
model 47). For example, the Gell-Mann ~ Ckubo mass formula may be

written for any ©SU, representation as :

3

=
n

2 mi {1+b' (mi) [I(1+1)~1/4 Yzjk

for mesons,

=4
n

m, {1+a(m0)Y+b(mo) [Z(1+1)~1/4 Yz]k

for baryons, where m s b'y a, b vary from one representation to
another, The quantities o', 2, and b may be considered functions
of m,or mi. Bquation (5.5) may be "explained" by postulating
that b'(mi) goes 1like b'(mi) ~ 1/m§. Equation (3.15) would follow
if a(mo) and b(mo) were any slowly varying functions of m_,
going for instance like 1/h0. Relations of this type could undoubt.

edly result from many different theories.

perhaps the model is valid inasmuch as it supplies a crude qualitative
understanding of certain features pertaining to mesons and baryons.

In a sense, it could he a rather elaborate mnemonic device.

there is also the outside chance that the model is a closer approxi=—
mation to nature than we may think, and that fractionally charged aces

abound within us,
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Appendix 4

The masses of the mewbers of the baryon octet are:

938,211 I 0,01 = ﬁ(p) =2n(1) + nf2)

- /2 (B, +B, +E , + B, o+ 2 )

939.505 £.0.0t = m(n) m(1) + 2n(2)

12 By +By, +E, ,+E, ,+ 2 )

115,38 1040 =n(A) = (1) + n(2) + n(3)

- 1/12 (2E

12, T %z, * 5E23. *E L
By 5+ By g+ T2 5t
2E.23)
4+ . + ;
1189,35 = 0,15 = m(") = 2n(1) + u(3)

- 1/2 (E11. + 813..+ E1.1 + By 5+ ZE.13)

1193,2 207 =n(T") = m(1) + n(2) + n(3)

1/4 (2E +E 13. 23. + 2E1.2 +

E1.3 By3t & 5+ 2% 5)

1197.6 £ 0,5 =n(357) = 2n(2) + ﬂﬁ

- 1/2 (322. + By 4B, +E, ;4 2E.23)

1315,2 2 1,0 =u(=°) = nf1) + 2m(3)
- 1/2 (By; 4By +B 4B o+ 28 )
1321,2 £0,3 =n(z7) = m(2) + 2m(3)

)

=1/2 (Byy +Bgy +E, 4B, o+ 2E

where we have suppressed the superscript 8 on all the binding energies,



46.

The masses of the members of the baryon decuplet are:

22 = (A7) < (1) g e )
w(A]) =2n(1) + a(2) /5 (R, + B, 4 )
-:m(Ag) = m(i) + 2111(2) - 1/3 (E22° + 2E12. + o s -)
=n(Ay) = 3m(2) - (5, . . )
1375 £ 4 =m(z“g) = 2m{1) + u(3) - 1/3 (8, + s +ou)
S =) < w0+ a(2) ¢ w) - /5 (8, 4 By +E23; Faal)
.' 1392 i-4 =m;($_;) =: 2n(2) + m{3) - 1/3 (E22. + By H 4 .)
= m(_‘-;z) = 1) +2u(3) - 1/3 (E3_3- +Bs 4 .)
1533 £ 3 = pf f_;) = m(2) + 2n(3) ~ 1/3 '(E%; + 2R 4 )
1686 L 12 = n( () = 3m(3)-_f- (Es.j. o)

wﬁere we.have s{J.ppressed the superscript 10 on all the binding energies,

The expréssion ‘(EH. +...) sbands for (E”“ + Eh1 + E,H) ,  with

similar meanings for the other nine cases. The values and errors quoted for
ﬁ(i:) and m( 2-6) are to be used to determine roughly the Z—&{ 5 mass
difference, There may be systematic effects that equally shift both these masses,

16)

See reference .
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Appendix B

The vector - vector ~ pseudoscalar meson couplings are given by!

- £t 40
— - .
B, o @ KK+KK+KK+KK-4/J€(PL)+

A0 o o+ 40 = ot *
K (8 TY+ /2% 7T +1/\/‘2"Ju1< + P+ 1/ V2WK -1/ K " +
+(PK+) + hecs +
*° * 0,0 -k 0 *0
K (K 77" 1/\/—1{77_ 1/\/2_SDK+S)K +1/\l§wK-1/\/6_Ker+
+(70K0) + h,ce +
e - —_ — - — — x" 0
w (\IE? 7r+'+\/2§)°77~'° +\/2§)+7T +V2/3 anr INZE &+ AT K+
_,0 +
FINZE R+ NZE ) 4

—_ o )
P+(\/§wn+ +\/2/__3 S)+4r2 +K © +X E") + heoo +

;"’(\/27»11‘o +V2/3 53%1 + N2 it o N3 E*OK“ - A2 K*°E° +
_*+
+1IN2 K K7)

The spece-time part of the interaction has been suppressed.
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The vector - pseudoscalar -- pseudoscalar meson couplings are determined
to be:

-+ =00
H o @(KK +KK) +

y |
* - N
K (7% + 1IN2 T 43/ J¢lK+) + hecy +

o _
K (77K + 102 K07° +\5/3 nKO) + hece +

OUNZEE + V) 4

?(\/‘577077'* + KO + heey 4

3)0(\/'2- TT+7T~ + INZ KT+ 1/\[5 Y{'oko)

where the space-time part of the ihte'rac,tion is obtained by replacing the vector

meson V by V, and the product 131P2 of two pseudoscalar mesons by
(BB, =2 (O2)
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Appendix C

We could consider an entirely different coupling scheme from that
presented in Section VII where we do not restrict ammihilations to take place

between aces and anti-aces at corresponding triangle vertices, that is

abe d

T Tadbnc (c.1)
or

abe d

T Tbach (c.2)

might no longer be zero (in these examples we agssume ¢ # a,b; d,¥ a,b; a % b;
no summation over repeated indices). We call amnihilations like the one given in
(C.1), ™" type while that of (C.2) is "0" type. The ! in ™™ type indicates
that aces ammihilate at borresﬁonding triangle vertices only once. When counting
the number of annihilations at corresponding triangle vertices we do not include
cases where the "dumbbell" or deuce helps. Hence (€.2) is "O" and not ™", We
may also include the possibility of attaching minus signs to certain annihilation
configurations. Cne natural way of proceeding is the following. We label the
vertices of a triangle in clockwise order by 1, 2, 3. The action of a dumbbell
on two triangles always picks out two vertices and hence two numbers. If these
numbers are a and b, then we may pick a + or -~ sign for the ammihilation
according to the value of (_1)a+b. We indicate this coupling scheme by the
symbol P (for permutation). Hence, (C.1) is +1 4in ™" type coupling, -1 in
"{P" type coupling, and O in "O" and "OP" type coupling. Clearly "2" = "2p" =
the coupling type we have previously labelled in Section VII as (+ + +). Counting
all distinguishable annihilation configurations we obtain the couplings given in

Appendix Table 1.



50.

Only type (2 + 1)P generates couplings in all three representations.

We do not work with (2 4+ 1)P coupling in this paper primarily becsase it gives

a F/D ratio that is incompatible wih our speculations on the ¥
(Section X), |

- octet

Qur normalization has been such that:

. 8) S couplings are given by (;(S /\fé) (b +nk% 4. . )

voroonn R T
+ = B _-

C)D " 0 n " TT(Pn+’_.:_._+.,.)

Ve vz St 1)

The detailed coﬁpiings may be'found”iﬁ referénce 36)
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Appeéndix Table 1

Type of Coupling for Representation of Decaying Baryon
Baryon — Baryon + Meson Singlet Octet Decuplet
2=2P=(++ +) 0 F 0

2 + 1 0 3(F + D)/2 0
(2 +1)P -5 3F-0/3)/2 0
2+1+0 0 0 0
(2+1+0)p 0 F - 3D 2T
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6)

7)

9)

10)

11)

12)

M. Gell-Mann, Phys. Rev, 125, ’1067 (1962),

Y, Ne'eﬁan, Nuclear Physics 26, 222 (1961),

R. Po Feynmen and M, Gell-lann, Phys, Rev. 109, 193 (1958),
S. Sakata, Prog, Theor. Phys, 16, 686 (1956),

Dr, Gell-Mann has independently speculated about the p0831ble existence of
thése particles, His primary motlvatlon for 1ntrodu01ng them differs from

ours in many respects, See Physics Letters 8,.214, 1964,

In general, we would expect thatibgryons are built not only from the product
of three aces, AAA, but also from AAAAA, AAAAARA, etc,, where &
denotes an anti-ace, Similarly, mesons could be formed from 4Kh, BAAA
etc. For the low mass mesons and baryons we will assume the simplest

possibilities, AL and AM, that is, "deuces and treys",

R. E, Behrends, J. Dreitlein, €. Fronsdal and W. Lee, Rev, Mod. Phys,, 34, 1
(1962),

Se L, Glashow and A, H. Rosenfeld, Phys. Rev, Letters 10, 192 (1963),

’ - 2 T : .
Note that we use the identity Tab,c + Tbc,a + ca,b 0

For example, E:b is the binding energy between the aces a and b when

they are positioned as in Figure ia, .

Since A1 and A2 form an iscspin doublet their mass difference must be

electromagnetic in origin and hence negligible in first approximation.

These formulae are obtained by counting the number of shaded squares (the
number of AB'S) that are present in each baryon, We have averaged the

masses of the /\ and 7_ somewhat arbitrafily in Eq. (3.3).
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13)

14)

15)

16)

17)
18)

19)

20)

21)

22)

23)

8 8
E31- = E§2. and E3.1 = E§.2 if we neglect the electromagnetic interactions
which distinguish ace 1 and 2,

This formula was first derived with other techniques by: S, Coleman and

S. L. Glashow, Phys. Rev, Letters §, 423 (1961),

This formula has been-derived with other methods by S, Okubo, Physics Letters
4, 14 (1963).

This rather crude estimate of the jfgifgsmass difference comes from

W. A. Cooper, et al., to be published in "Physics Letters”,
R, J. Oakes, Phys. Rev. 132, 2349 (1963).

S, P. Rosen, Phys, Rev, Letters 11, 100 (1963),

' 2 4 2. 2 27 2
For example, we would write m (?') = +m, - (E1) where E1 is the
binding between ace 1 and anti-ace 2 , The author has no explanation
for why squares of masses or binding energies should appear when working
with mesons, This is especially mysterious in any model, like ours, where

particles are treated as composite,
J. J. Sakurai, Phys. Rev. 132, 434 (1963).
For a discussion of the G matrix see: S. Okubo, Physics Letters 5, 165 (1963).

The existence of fhe 77'2' with a mass near that of the plon is ruled out
experimentally, For example, in addition to the decay K+ - TT+ + TTO
we would also expect to have K" =3 7f+-+77‘2 if TT”z existed, In fact,
since the former decay mode is suppressed by the \AI| = 1/2 rule while
the latter is not, K =» 77*'*-772 would be the dominant K' decay mode.

If we identify the physical /7 (550) with the T z we would expect the ninth
pseudoscalar meson to be at ~ 1300 MeV (we use the analogue of (4.12)).

In this schene, (5.4) would have to be viewed sz an accident,
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Table {

Table 4

Table 6

TABLE CAPTIONS

Here I, S, B, Q, J, and P stand for isospin, strangeness, baryon number,
charge, spin, and parity, respectively. The lower limit on the ace mass
is obtained by requiring that it be at least 1 /3 the mass of the

§ - decuplet,

MK, o B and r represent the mass of the decaying baryon, the final
state momentum, and the width. Decay modes that have not yet been
observed are included within parentheses in column 1. Although the =
decay channel of the = % is suppressed by unitary symmetry, the large
phase space available for this mode coupled with the breaking of the
symuetry may account for the fact that = el Z_ has been seen,

MB’ o’ P, 7:( A12, and F are the mass of the decaying meson, the momentum
’

in the finel state, the sum over all charge states of the square of the
decay amplitude, and the width for decay, respectively., The subscripts
gy & indicate that the decaying meson has J'P =1 "or1 ",

Table 7 We list here the low angular momentum systems that may be formed from

an ace and an anti-ace. Certain resonances have been tentatively classi-
fied in this scheme, (E -E > gives the expected value of the spin times
the orbitel angular momentum, It is tempting to conjecture that this is

a pertinent quantity in ordering the energy levels of the 1A gysten,
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Type of Coupling for Representation of Decaying Baryon
oayen Damyon tVesen | Singlet  0ctet __ Deouplot
(+ + +) 0 F 0
(+ = +) S (P+D)/2 T
(+ + =) S (F+D)/2 -T
(+ = =) 28 D 0
TABLE 2
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Decays of MY p Ptheor'y 1T‘exp.
| Octet __ (Mev) __ (Mev) _ (vev) _ ____ (MeV)
NT >aN 1515+ 3 452 80 (input) 80
A » KN 16359 376 25 < 40
(r3) %2 7.6
EY - oA 1660 + 10 441 6.6 13
(k) 402  suppressed < 2
9y 382 19,3 11
';'Y >z 1770+ 25 375 suppressed
(k) W2 1.6
(Kz) 246 2.9
Decays of Md‘ P rtheory : I‘exp.
| Singlot . (MeV) __(Mev) _ (weV) _______(Wey) |
Ag>wE 1519+ 2 261 9 (input) 9
v 238 k.5 5
TABLE 4

Partial Widths of the y-Octet and §'-Singlet
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Decays of Ma P theory I‘exp,
-_-==QEES§========:£¥:B-V‘1—":—-'"(B:JSYJ """""" Qd=e-‘0-—:—--——=;(£[-_e-¥l-—:="
N, > 7N 1685+ 5 570 80 (input) 80
(nN) 385 0.6 < 20
(xa) 227 0.06 < 2
A, > XN 1815 ¢ 35 539 42 70
(wz) 502 9.0 < 40
(na) 345 0.2 < 1.3
Z, > {mA) 18757 596 9.8
(Kwv) 586 suppressed
(73) 545 32
(ng) 332 0.2
(K3) 213 0.04
7, ~(E) 97z 539 hub
(rz) 533 suppressed
(Kz) 478 17
{(nz) 298 0.3
| Decays of s P theory rexp
::D=e=c=u_‘P=1::e=t::::=::=-_(¥g¥2::::::ngglz==:=:=(=M=?‘.‘D::**=":£M§Yl*-'"':
Ap - N 1238 232 9% (input) 94
£y A 1382 205 26 39+ 7
7l 123 3.8 < 1.5
de - T 1533 153 9.0 1% 2
0 p 1686 Decays weakly into #Z ,EA,EE?,%&), Ed\ Lv
TABLE_5

Partial Widths of the a - Octet and §-Decuplet

Q.10
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= C.FG
AA P J for m(n) or
System St like number nr) n(K) n(w) n(e)
130 - 3/8 o - 135 L9k 548
351 5/8 i 750 890 78, 1019
3p0 ~11/8 ot - 5507 725 7757
1P1 - 3/8 Tyt 11407 1232 46) 12607 or
: 11407 13209
P, - 3/8 Tt - 1200 ) 12907 13209 or
1200 13707
3P2 13/8 tot = > 12007 Vi ? (0, 22 Ve (740429 or
5 w(m) VIZ(mw 0wk
D, ~19/8 =t 1220 13207 12207 1410
1 - ew
D, - 3/8 *2 > 12007 ViR 7)+0. 22 wfm’l«rr§+o.29 or
m( ) ar )+ Oulids
, | -3/ - > 12007 " o,
3D3 21/8 -3- ¥ > 1200? " n " 1t

TABLE

Possible Mesun Representations

G ;
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FIGURE CAPTIQNS

Figure 1 These deuces and treys correspond to the units from which all known

particles are constructed,

8+ Members of the baryon octet are built from treys of this type. The
shaded circles at the vertices are aceg, while the solid lines
denote binding energies, In the wnitary symmetric limit the three

acss a, b, and ¢ are indistinguishable, as shown,

bs. The decuplet baryons are formed from this type of trey, Octet and

decuplet treys may have different ace bindings,
ce This trey is used to construct the unitary singlet,

dsye. The deuces shown correspond to members cf meson octets and
singlets in the limit of unitary symmetry. The open circles are

anti-aces,

Figure 2 We view the baryon octet with unitary symmetry broken by the strong

interactions, One of the three aces has now become distinguishable

from the other two. It is pictured as a shaded square., Mass splittings
are induced by making the squares heavier than the circles, Since the
same set of aces are used to construct all particles, mass relations

connecting mesons and baryons may ke obtained,

Figure 3 After SU3 has been broken by the strong and electromagnetic inter-

actions the baryon octet looks like this, The three aces are now
completely distinguishable from one another, If we assume that n
(the triangle} is heavier than P, {(the circle) and neglect shifts in
binding energies due to the elactromagnetic breaking of the symmetry we
find the qualitatively correct result that within any charge multiplet,

the more negative the particle, the heavier the mass,

These are the members of the baryon decuplet after unitary symmetry has

been broken by the strong interactions,



76,

Figure 5 The decuplet has been further resolved by the electromagnetic inter-

actions,
Figure 6 The unitary singlet ﬁ\P is constructed from this combination of treys.

Figure 7 The vector mesons are represented by these deuces. Note the wo and
+*
9 masses are the same while the CP mass is twice the K mess minus

either the v or ? mass.,

Figure 8 The isolated octet of pseudoscalar mesons is represented after SU3 has

been broken by the strong interactions and the 7]"2 has been removed.,

Figure 9 We display the psecudosezlar mesons after SU3 has been broken by the

strong and electromagretic interactions,

+
. : *
Figure 10 This is a computation of the coupling fgr the decay «ww 93X K .
N .

First we let the deuce representing K  act on*;zs as shown in a,

and b, Note that the p_ (s0lid circle) of K  annihilates the 130
(open circle) of C:: . K is now allowed tq act, as indicafed.in Cs

The part of C:; that was partially anmihilated by K* is now completely
destroyed by K y &llewing vacuum to be projected onto viiuum' Note
that the part of o which could not be broken down by K remains

unscathed by K and does not contribute to the coupling.
Figure 11 We compute here the w L,lecoupling°

Figure 12 The ¢f ?'ﬂ" coupling is zero, as indicated,

. . 121 3
Figure 13 a. The coupling of T T321D1 .

. 211 3
b, The cogpllng of T T231D1 .

Both a, and b, are + in F type coupling, In F + D coupling
a =1, b, =-1, i,e, the position of the dumb-bel)l determines the

gign of the coupling,
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