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Both‘mescns and baryons are ccngtructed from a set
of three fdgggmental particles called aces, The aces
break up into an disospin doublet and ginglet, Each ace
carries baryon number %— and i1s consequently fractionally
charged. SU, (but not the Bightfold Way) is adopted as
a higher symmetry for the strong inleractions., The break~
ing of this symmetry is assumed to be universal,being due
to mass differences among the aces, BExtensive space~time
and group theoretic structure is then predicted for both
mesons and baryons,in agreement with existing experimente
al information, An experimental search for the aces is

suggested.
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INTRODUCTION

We wish to consider a higher symmetry scheme for the strongly inter-
acting particles based on the group SU,. The way in which this symmetry
ig broken will also concern us. Motiva;ion? other than aesthetic, comes
from an attempt to understand certain regularities, described below, in
the spectra of particles and resonances. Since we deal with the same

1)

will be similar in the two models. However, we will find restrictions on

underlying group as that of the Llghtfold “ay ;3 particle classification
the representations that may be used to clasgify particles, restrictions
that are not contained in the Lightfold “ay. The (N,A,S,=) and the
pseudescalar mesons will fall iato cctets: 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
(v5(1238), YT(TBSS), 32(1530), 2(16757)) will form a decuplet in the
usual manner. The restriction of representations will allow us to under-
stand certain features concerning the organization of these particles.

We will also be able to obtain a deeper understanding of both the meson

and baryon mass spectrum by relating one to the other,

The two symmetry schemes differ in the way pariicles or resonances
are constructed. In the lightfold ‘say, the 8 pseudoscalar mesons may be
thought of aé bound states of a fundamental triplet (p,ng\). For example,
the 717 would be represented by np, the X by DA, etc. In the
language of group theory, the 8~dimensional representation of SU3
containing the mesons is included in the 9-dimensional baryon (X) antie
baryon crogs product space, i.e., 3 & 3 = 8 @ 1. However, if as in
the Sakata model 2) we attempt to construct the baryons out of this triplet
(for example n ~ ppn, ;Ef ~ ﬁf\p\j etc.) we are no longer able to
classify them into the familiar group of & particles. The difficulty stems
from the fact that the eight-dimensional representation describing the
baryons is not contained in the 27-dimensional antibaryon X) baryon &

baryon cross product space, 3 ® 3 ® 3. In the decomposition
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TR 3 ® 3=3 @ 3 & % @ 15, only the 15-dimensional represent-—
ation can accommodate all & baryons. Unfortunately this representation
contains other particles whose masses may be predicted by the Gell-Mann -

Okubc mass Fformula 3)

Moo= g f,_;+a.>f+b[1(1+1\—\/q>'*]} (1.1)

Since these particles or resonances do not seem to be present in nature,
we must abandon the Sakata model and work with the 8 baryons themselves

as "fundamental" units.

There is, however, ancther possibility based on a genuine desire +o
keep certain elements of the Sakata model. If we build the baryons from

a triplet of particles (po,n ; hb), (po,no) being a strangeness zero

isospin doublet and A‘o a gtrangeness ~1  singlet, using 3 &) 3 () 3
instead of 3 ® 3 C) 3 we find that classification of baryons into a

set of 8 is possible since 3 @ 3 ® 3 =1 @ ¢ & 8 ® 10. We note
that the 710-dimensional representation is present so that the N; decuplet
may also be constructed from our three fundamental units. The 2$—dimension~
al representation which ccecurs naturally in the Zightfold Yay and which

does not seem to be used by nature is suggestively absent., The only
difficulty is that now the baryons seem to have baryon number 3. This we
get around by assigning baryon number 1/3 to each member of the basic
triplet, which leads via the Gell-Mann - Nishijima charge formuls,

Q =e [IZ+%(B+SE}, to non-integral charges for (po’no?f\o) 4). The isoszpin
doublet (po,no) contains charges (%,-—%) while the isospin singlet

Ao has charge -%. We shall call Py Moy or N an "ace", ©Note

that the charges of the aces are just those of (pyn,h\), but shifted by

a unit of -%. The igospin and strangeness content, along with space-

time properties, remain the same. We will work with these aces as funda—
mental units from which ali mesons and baryons are to be constructed,

It is quite possible that aces are completely fictitious, merely providing

a convenient way of expressing a symmetry not present in the Uightfold ‘ay.
On the other hand, as we shall see, an experimental search for aces would

definitely seem worthwhile,



THE BARYON OCTET

For convenience, let us designate the aces (po,no,f\o) by
(A1,aQ2, AB).' In order 1o construct the states representing the eight
baryons we consider the reduction of the 27-dimensional cross product
space of "treys"" Ao( AﬁAX 5) (&, f,% = 152,3) into irreducible

. [
representations .

ALBA DA, ~ oot ® Tup ® "!‘;,(,_(3,;,@7;,(3,}

, (2.1)
3 ®I®I ~ /o ® B @ & @ |

Here Tmpx, is totally symmetric in its indices and will represent members
of the N§(1238) decuplet, while Twpy¥ 19 symmetric in Ay R ; being
explicitly given by

Tm{i;? - 5}?—5 iTVme ‘“'To\\(;(;s*"_r o Y "T.‘S‘ﬁd‘}

and will be taken to represent the nucleon octet (T N could of course

be used just as well), = w 18 totally antisymmetric in e | B, Y

‘“>ﬁ> A
and allows for the existence of an T = 0, 8

fied with the Y‘;(Mos). The fact that the N

=1 singlet to be identi-

Wk |l

does not geem to belong

2]

~r

to the 27-dimensional representation ") el SU may be taken as a pre-~

A

diction of this model,

We now list the baryon states
- 7T A -
AR b= T, ,a

A=\ SLTg\s}\ _TI%Q\X

— [9] —— +

N y = Vo | S = _
-._.:"T&S\;,B L=\ R L = 1153 (2.2)
— —
”_:'Eaaa —~= a3y
For example, by inspection of the subscripts, T.. _ has



IZ = («%) + (-+) + 0 and strangeness § = 0+0+(-1). In the limit of
unitary symmetry the 3 aces are indistinguishable and all baryon states
have the same structure and mass, This is represenled in Pig. ta. The

[y f T kY. ’ - i o Ty -] -
mass of a barycn pr)% may be thought of as i, tig +HI q*@ 3
where, for example, m

-E
d5x ﬁ5%
represents the mass of the ace o and the E's

(=8
are binding energies. (E‘;‘(3 is the binding energy between the two aces

o« and A when they arc connected by a sclid line, Binding energies
for dashed line connectione are given by }Ei,ﬁ‘) In the unitary symmetric
limit we have mg =Mg =My Eum»:Ea; ; Eg,w iacgs so that the nasses of
all the barycns are identical, We now assume that unitary symmetry is
broken due 1o the fact that the gingiet P\B is heavier than the doublet
(}\1,l\2) 8), in analogy to the Szkata model where the A was assumed
heavier than the (p,n). The baryons now break up intc distinguishable
groups, so that instead of Fig. 1a, we have Pig. Za. As a first approxi-

mation, neglecting differences in binding energies, we immediately find 9):

A (Y= (E) Em(g_nm(m]/;:[w(anm(m]/&
Curey  (t193) (154 (130)

(2.3)

The 2 and A masses ars expected to differ, however, because the ace
/\3 is bound differently in the two cases. Teo obtain more accurate
results one would have to say something about the binding energy between

aces.,

It is interesting to note that if one agsumes that the breaking of
unitary symmetry by electromagnetism takes place by virtue of the fact
that the /\2/\1 mags difference is not zero, then independent of the

0):

values of the binding energies we have the mass difference equation

P (TY = (22 2 ()= (27) = [} = m(B) )

(2.4)

(s.62).4) (7.0t 0.5
Assuming that F\? (the more negative member of the doublet) is heavier
than ﬁ\1 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 the mass, the heavier

+hrar martisale



3. THE BARYON DECUPLET

Figure 1b represents the decuplet Tqﬁ?fa in the limit of unitary
symmetry, ﬁ\1, A?, and P\j are indistinguishable and all binding
energlcs are egual. The 10 members are completely degensrate. As for the
baryon octet, we assume that unitary symmetry is mainly broken by virtue
of the fact that A 3 is heavier than ﬁ\1 and ﬁ\2. The objects
of the decuplet will no longer be identieal but appear ag in Fig, 2b.
Neglecting shifts in binding ensrgics due to the breaking of unitary
gymnetry it is clear that the decuplet resonznces increcase their masses

linearly with strangeness, i.¢.,

AN AL AN A RN C ARPN AN CRY
(147) 48 .

3ince the decuplet and cctet are constructed from the same set of
particles we may try to cbtain a formula relating the masses of the *wo

different repregentations., The :E_i Y? mass difference is given by
3

- . 1)
m3-m2—E33+Eab (a,b = 1,2 depending on the charges we take) .
My =fhs m:_—mN, M oA, Inz-qnz- all contain the difference T~
and are of roughly the right order of magnitude., ITf we pick = =3

the only mass difference whose binding energy term is _E33+Eab we find :

':jf,& -—M(Yﬁk\ = m(Z) - A lT)

(145 (120)

el (3.2)

Note that we do not expect this egquation to hold exactly, even in the
limit of unitary symmetry, because the spins, and hence the ace dynamics

or binding cnergies, differ for the two representations.

oA O



The Baryon Singlet

The Y;(1405), in the limit of unitary symmetry, is shown in
Fig. 1c. PFigure 2c¢ indicates the Yé when the symmetry is broken by
*
increaging the FR 5 mags. Since the YO is a unitary singlet nothing

quantitative can be said about its mass.

—~ a4



4. THE VECTOR MESON OCTET AND SINGLET

Meson states are built from the same units (A1’A2’A3) as the

baryons. They are contained in the anti-ace &) ace cross product space s

= o ¥
A@)A@ﬁa(\)ﬂ—\/a&z DD 80,; Dy (8.1)
I3~ 8 ® |\

ok
where A\ stands for the anti-ace of f\q « Beeause of the nature of the

decomposition of 3 (:) 3, mesons can only fall into groups of 8 or 1.

The Fightfold Way would allow, in addition, groups of 10 and 27, vossibi-

lities which nature does not seem to take advantage of. We have pictorially

represented in Fig, 14, 1e the two possible meson representations in the
limit of unitary symmetry.

The vector meson states are given by :

p7= D, %= 1 /Na (D)~ D) ?*- D)

(4.2)

for the octet; and

W, = bR Di - ,/\JT (Dli-i- Dg;-l- D?)J\(4.2a)

for the unitary singlet, In 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., In fact, if the

8182



forces are such as to bind the azes into an octet, they must alsc bind the
ages into a singlet., It ig important t¢ note that this ic not the case
for baryons where the singlet, octet, and decuplet bindings all differ, even

in the unitary symmnetric iimit.

Unitary symmetry must pe broken for the mesons in exactly the same
way as i1t was broken for the baryons, that is, the isospin singlet ﬁ\f
(or its anti-ace /\3) must become heavier than the isospin doublet
(/\1,F\2). Breaking the symmetry by ziving ;\3 a larger mass not only
splits the magsea. of the eight vector mescns, but it also mixes the singlet
UJO with the I = O member, bUB, cf thz octet, As & result of mixing
the physically chsgervable particles W and (9 are formed. Since F\B

becomes distinguishable from f\T and AL, o, and L), must mix
=

o]

in such a way as to separate (ﬂLi,Aq) from A.. This immediately

leads to

3

3
@= 1Vj (4.3)

W= HNT (D) + DY)

The plus and not the minus sign that appears in the "deuce" expressicn
for o distinguishes the (J from the ?O. Figure 24 shows the

vector 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

breaking of unitary symmetry we immediately have 12)
= - S,
e L) = e () (4.4)
& &
7ayy (750
EY - = H o
(Y = T (K ﬁﬂfvm(?\ (4.5)

-
o,
.,

(/o) (fooT1Y)
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Mixing has made the (P as heavy as possible, The mixing angle &

defined by

= Wo SING -y cosE

comes out to be

SING =\1/3 | COS®™ =i y cr & =357 (4.7)

as compared with the empirical value of (& n~ 38° 15).

Only now has the real power of dealing with three tasic objects
become apparent. When working with the baryons, one could easily say,
for example, that the more strangeness a particle carries, the heavier it
is. But by using the basic triplet of aces we are able to say, after
inspecting the baryons, that for an octet and singlet of mesons it is a

non=strange particle that is heaviest of ally for it contains more A

3

than the 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 :

LAJS/\/E; + ?5/\@? SD+ K#+

v = P We/VE - OINE (Fe

- %o
K K" ~ AWy B

8182



10,

and let the matrix ¢ %e given by
e ——
GCup = Vap + dxpw, /3 (4.8)

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

agsuming that

& A

Ho% H= m TREG =) ToG 6 2y + Ng6) (4.9)

for the mass terms in the square of the Hamiltonian H 14). Here fTIr

stands for trace while mf = (2m2(K*)+m2(? 1) /3, mg = (ma(K*)-mz(? ))/\J§;
and

A= 4] o \
C.) O “'9\

Note that we have suppressed all terms involving TrG= \[3”U)U,f

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

square of the Hamiltonian,

H = H?‘+ MQE‘)TRCTRG +”‘:}q ERETRG)\6 +TaG TrG )\;J—l—

/W\AS_TR'GRBT&GX(S+fw3%TR@>\8Q)\&3 (4.10)

- 2 2 2 .
where we treat the termg in m, 10 m,  as perturbations to H1. Since
-

the term n% TrG Tr G is invariant under SU.5 while the terms multipliying
2 2

m4, m5, and mz are not, we might expect that t¢ a good approximation we
only need keep the perturbation Trﬁfh?G, i.84,

e HY e d Te T Te G (1)

Doing this we immedlately arrive at

2 K (¥
[ )= (] 2 = 2 (@m0



THE PSEUDOSCALAR MESONS

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 (77,K, mg) While the singlet is dencted by Mo+ Dreaking the
symmetry by increasing the A\B mass yields relations analogous to (4.4)

and (4.5), i.e.,

AT 2 A () (5.1)
e (4) = & A (KY = 4> (77) (5.2)
(650N

0
where 41 and TTO are the physically observable particles that result
from mixing Mg 284 M,y Just as (f and w  are mixtures of Wy
and SR Furthermore, by using arguments identical to those given in

the vector meson case we obtain the analogue of the mass relation (4.12)

T3 T - el (V] /2 = e (o) 4 2 0T = 3 an () (5.3)

Substituting the physical masses for 7" , K, and 41 we see that m2(7rg)

comes out negative !

Fortunately we have an argument that alleviates the difficulties.

After increasing the A mags we found mszrz) = mECTT), Therefore

3 ;
in this approximation,; and this is the crucial point, m (TTS) is very
small compared to the mass square differences that exist among the pseudo-

scalar mesons., A small periturbation {one which changes mass squares by

an amount small compared to changes initiated by the %&5 mass increase)
0
may be enough to shift the mass square of the i\o down to zero or even
: . X o
negative values. We might say that the TTO is lormed from two very

massive objects that are extremely tightly bound. Inergy conservation

C . . .
leaves the ]’TO with a small positive energy or mass. If we introduce



a perturbation that dceraasges thte muss of the fundamental objocis or increa-
e .
f]O may no longer possess a net peositive
energy and cannot correspond tc a physical particle. This, or something

ges the binding strength then the

lik= it Zs =vidently the glituaticn 1w the pssudescalar meson case.

It is interesting to note that we would not expect the removal of
"the O in analogy to the elimination of the 7T'g. The perturbation
given by (4.11) is expectad to shifi mzﬁu) by an amount small compared
to the mass square splittings induced by the increase of the A\5 Mass.
Since m2(Lu) is larger than the vector meson mass square splittings
there is no danger of the (y's disappearing through the introduction

of a perturbaticn,

With the removal of the TTE we expect that the pseudoscalar
mescons behave as an isolated octet., This is indicated in Fig. 3.
Neglecting changes in the binding energies due to the breaking of unitary
symmetry we immediately obtain, by counting squares, the celebrated

Geli-Mann = Okubo formula :

A (KY = 374 A" () + Iy e (1) (5.4)

Neglecting differences of binding energies within cctets it is

clear that we have the relation

A2 (KFY = 2 (@) 2 aad” (K = ann (TT) (5.5)
(2 0GeVH) Coaa(ev®)

8182
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COMMENTS

The degree to which unitary symmetry is violated seems precarious;
it appears to change from one representation to another. For the pseudo-
scalar mesons,; for example, the violation seems enomous. Unitary symmetry
gives mzﬂT):zm%K):zmzﬁjh yet, lor physical particles mzaT)<<HF(K) ~g
R mzfg ).  For the baryons, on the other hand, unitary symmetry
works reasonably well, predicting =(N) = m(ﬁ\) = m(i;) = m(E;). In spite
of these differences, our model suggests that the strength of unitary
symme try violation is the same in both cases: Tor the breaking of

unitary symmetry is measured by ace mass splittings, i.e.,

DA = (AN /o ()

and not by (0°(K)-n°(T))/m? () or {(n(A)=n(x))/m(}). 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 Pgs By A o have "peculiar" baryon number and
charge, their aspace-time properties should be identical to Py N, A
(in this respeet we may think of them as p, n, A\ with charge translated
by a unit of -%). This places a restriction on the gquantum numbers that
a meson may possess. For example, Tor spin O or spin 1 non-strange

mesons, the following JPG are excluded :

1) O+'-, O-'-, 171 for igoaspin 0 statow:

2) O+*~, 0_4', 177 for iscspin 1 states.

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



14.

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 momentunm 3 states with the spin of
one palr summing to O. Similarly, the pseudescalar mesons would correge
pond tc an ace and anti-ace whose orbital angular momentum and total spin
are both O (i.e., 1SO state). Since the parity of a nucleon {ace) and
antinucleon (anti-ace) siate are cpprosite, we sec fthat the intrinsic parity

of the pion should be odd while that of the nucleon should be even.

We have obtained the result that A o 1s heavier than (po,no)
by an amounit characteristic of the gross mass splittings within an octet,

lce.y, ~ 200 MeV, We thereforc sxpect that A if it exists, would
o? ?

undergo the 3  decays -1/3 +2/3
o> P 2 4+ ¥V
+ /3

ma T ¥
just as
N — b - Qﬁ-%‘l/
b A+ v
On the basis of the slectromagnetic mass splittings within a given isotopic

spin multiplet we are also tempited to conjecture that n_ 1ls heavier than

P,s making P, completely stable {like p)  but allowing the decay

—-i{3 +213 -
o Po + A+ V

just as

P — b - o+ v

An experimental search for the Py Ty AN 0 might prove interesting.,



T+ 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
te the mesons and baryons., In view of the extremely crude manner in
which we have approached the preblem, the results we have obtained seem

somewhat miraculous.

A universality principle for the breaking of unitary symuetry has
been suggested., PFrom this followed a Taatitative understanding of the
meson mass splittings in terms o the baryon mass spectrum, Sefey
m{ A} > n(N) implies thu: n(@)> n(K*) > m{w) = m(s:v ). The proportion—
"teYr larger mass ~1i% ctings within the pseudoscalar meson octet have been
explained. Mass formulae relating members of different representations
have been suggested, e.g., [ﬁz(uJ)-mz(? I] /2 = mz((p)+m2(§>)-2m2(K*),

n* (K= (p ) = o (K)=n®(1T).

Nature's seeming choice of 1, 8, and 10~dimensional representations
for baryons along with 1 angd 8-dimensional representaticns for the mesons
has been accounted for without dynamical or "tootstrap" considerations.

The existence of a unitary singlet LUl which mixes with the octet of
vector mesons has been predicted (along with the amount of mixing), while
the absence of a unitary singlet for pseudcscalar mesons ‘lLas been made
plausible. For the baryons the model predicted that there were no analogues
of W =~ (fmixing for either the octet or decuplet; even though there

might be singlet baryon sztates.

The quantum numbers available tc & meson have been restricted to
those which may be formed from the Py ny; f\ and their antiparticles.
Finally, fthe odd intrinsiec parity of the pion and opposite nucleon parity

fit naturally into the model.

There are; however, a number of unanswered quesiions. To aces bind
to form only deuces and treys ? What is the particle (or particles) that
is responsible for binding the aces ? Why must one work with masses for
the baryons and mass sgquares for the mesons ? And more generally, why

does so simple a model yield such a good approximation to nature ?

21822



16,

2)

3)

Our results may be viewed in several different ways. We might say :

The relationships we have established are accidents and our model is
completely wrong. The formula m(}:) = [}m(z:)mm(N)il/Q is correct
to electromaghnetic mass splittings and yet seems entirely "accidental",
It certainly would be no great surprise if our mass formulae were

accidents toc,

There is a certain simplicity present, additional to that supplied

by the Eightfold Way, but this simplicity has nothing to do with our

15 -
model )). For example, the Gell~Mann - Okubo mass formula may be

written for any SU representation ag

3

S - rmc;; i\ + b’(m«t\[l(l.;. Y- \/y Y&]i

for mesons,

= a1 alan ) Y bl N TLT+1) - t/w‘*]E

for baryons, where I b!', a, b wvary from one representation to
another, The quantities b', a, and bt may be considered functions
of m_ or mi. Equation (5.5) may be "explained" by postulating

that b'(mﬁ) goes like : b'(mi)’“1/ﬁ§. Equation (%.2) would follow
if a(mo) and b(mo) were any slowly varying function of ms golng
for instance 1ike T/mo. Relations of this type could undoubtedly

result from many different theories.

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

In a sense, it could bhe a rather elaborate mnemonic device,

There is algo the outsilde chance that the model is a closer approxi-
mation to nature then we may think, and that fractionally charged

aces abound within us.
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S. Ckubo, Physics Letters 5, 155 {1963).

In a recent proprint S. Coleman and S.T. Glashow have considered

another mass formulae producing model.
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Figure 1

Figure 2

Figure 3

PIGURE CAPTICNS

These deuces and treys correspond to all known particle

representations in the limit of unitary symmetry.

a) This trey stands for a member of a baryon octet. The
shaded circles at the vertices are aces, while the
solid and dashed lines denote two different types of
binding. The trey is symbolically given by T‘Mﬂgﬁ
while the binding encrgies are Ex (s0lid line);
IENsX ; and :Eﬁsg (dashed lines). In the unitary

symmetry limit the three aces are indistinguishable,

b) This trey represents a member of a baryon decuplet and

is wriltt as T .
is written C‘ﬁﬁs

¢) The trey standg for T ; & unitary singlet.
ESVETR

d)—e) The deuces shown correspond to members of meson octets

DZ‘ ~( 5?;/3)]3\2: and singlets, (1/\’_3')1)\% . The open

circles are anti~aces,

We view the particle representatiocns with unitary symmetry
broken, One of the three aces has now become distinguishable
from the other two. It is pictured as a shaded square, The
open squares are anti-aces, The mass splittings within
representations 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 be cbhtained.

The isolated octet of pseudoscalar mescns is represented
after unitary symmetry has been broken and the ng has

been removed,
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