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Sincewe heal witk the same u~derlyinggrcup as that of tk? “ “-~--.-.+...
,:Tay1),2)fold ? particleclassificationwill be sinilarin the wc

MOde1s. However,we will find restrictionson the representatio~sthat

may be used to zlassifyparticles,restrictionsthat ZTQ net c3fit2.lE2d

in the EightfcldViay. ~hi~ (rr,~,~,: ) acd the pseudoszalarxzsczs

will fall into cctets: the vectormesonswill be groupefiinto az ~cte:

and singlet,where the two representationswill mix by a predictable?

amountw!lenucitary symmetxyis broken; while the (b&(123~),~ 6(1335),
z&(1530) ,~p(1686)) will form a deeupletin the usual manner. The

o
choiceof 1, 8, and lo-dimensionalreprssentzticnsfor baryons? a13Lz
with 1 and 8-dimensionalrepresentationsfor mesonswill be a nat~nal

consequence of the model.

A sinplemechanisnfor the breakingof unitary symmetrywill be

presented. ~~as~fcmulae c~nnecti~g memb~r~ of the same re~res~r.tazlccCr

members of differentrepresentationswill follow. The aescn and baryx

mass spectrawill be relatedto each other.

The EightfoldWay does not allow a unique determinationof the

baryon-baryon-mesoninteraction. Two types of coupling,known as F

and ~ 1), are possible. The model we shall considerwill suggest

what ratio of F to D couplingis to be taken. We will also see that

relationsbetweencouplingconstantsthat governthe interaction Of

differentrepresentationsmay exist. For example,for the octetand

singletof vectormescns (~ ,K*,W8) and W. we will find a natural

connectionbetweenthe amplitudesfor ti8*~+T and tio”f+v

which will suppres~s~thereaction ~ q ~ + m by a predictableamount.
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11.

,“..“.-.

cross~roduct space,i.e., 7X3 = 8+1,

we attemptto constructthe baryonscut

n - ppn, : - 5A A j etc.) vfe are no

the familiargroup of 8 particles, The

the eight-dimensionalr~prese~tationdescribingthe barycnsis not CCY.tai.’-.:.

in the 27-dinensional anti’oaryonx baryonx bar,yoncross prcduct spazei

7X3X3● In the decomposition 7x3x3 = 3+3+F+I5, onQ the I ~-dimensional

representation can accommodate all 3 bar.yens.Unfortunately,this reFrz-

sentaticncontainsotherparticleswhose xassesmay be predictedby th=

Gell-Mann - OWbo mass formula

m=m
{[ 1]ol+aY+b 1(1+1)-l\4Y2 . (2.1)

Since these particlesor resonancesdo not seem to bs preseritin nc:urelwe

must abandonthe Sakatamcdel end wcrk with the 8 baryonsthemselvesas
t~fundmental??LUlitS.

There is, however,anotherpossibilitybased on a genuine desire to

keep certainelementsof the Sakatamodel. If we buildthe baryonsfrc?za

triPlet of Particles (Po,no,Ao), (po,no) being a strangeness zero
isospin doublet and ~. a strangeness -1 singlet, using 3x3x3 inszead

of 7x3x3 we find that classification of baryons intc a set of 8 is

possible since 3x3x3 = 1+8+8+10. We note that the lo-dimensionalrepresent-
ation is present so that the ~& decuplet may also be constructed from

our three fundamental units. !Che 27-dimensional representation and the fi-

representation which-Occurnaturally in the Eightfold Way and”which do not

secm to be used by naturefor the baryonsare suggestivelyabsent.
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4 .

Perhapsit is best to stateahe%6 of time the point of view we h~ld

regardingthismodel. SU
3

is the group cf rotationsi~ a tw?e dinefisis~ai

vector space (overcomplexnumbers). p~ Sightfoid ‘,VaySill~leS Out for

specialconsiderationobjectsin this space that kave remarkablycc~plicated

transfozznationproperties(second,third,and fourthrank tensorscorrespond-

ing to 8, 10, and 27-dimensionalrepresentations).In a manrr.erof speakir-g!

the EightfoldWay is a theorybased on a vector spacewithoutvectcrs. y{~

focus our primaryattentionon vectors (aces)in this spacewhere SU3

cperates. It is our hope that in so doingwe will betterbe able t~ express

certainsymmetriesand asymmetriespresentin nature. Whetneror not these

vectors correspondto physical?articlesis of courseimpossibleto say.

The validityof many of our resultsmay not be takenas direct

evidencefor the existenceof aces~ at least not if we are to believethat

the world is as complicatedas most modern theoriesmake it out tc be. ?or

example,baryonmass formulaewill be obtainedby a lineartreatmentof the

aces: but particlephysics”has taughtus that linearitycf this type should

be most unreasonable. On the otherhand, sayingthat the vectorsor aces

are some kind of spurions,fictionalparticlesthat help in computingcon-

sequencesof symmetry,is also not correct. Aces, unlike conventional

spurions,bind and have physicallyobservablemass differences. ~lJ~~cu~l

we shall consideris quite-peculiar.It is too simpleto be literally

valid, yet too COrJpleX to ~C understoodir.conventionaltzms.
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Aa X Ab X Ac - ~ +~ +T + ~
abc, &b,C ac,b a,b,c

(3. 1)
3 x 3 x j - 10 + 8 + a + 1

7?

Sere T is tozally s}~e tric ir.its indicesand will repres enl ~e~.~z r:
a.bc,

of the ~ ~ (1238) dec>~plet,whils Tab,c is smetric ~n a5~ : b~i~z

explicitlygiven by

1’
2A ‘T

-T
ab~c = — acb+Tbac-Tbca )abc

(3.2)

and will be taken to representthe nucleon octet (T could cf courseac,b
52 used just as well). T is totallyantisymmetricin ayb,c a~d

a,b,c
allowsfor the existenceof an I = o) S = -1 singletto be identified

with the Ap (1405). The fact that the ~g does not seem to belongzc

the 27-dimensionalrepresentation
8) or the ~-representation cf S’J

3
may be taken as a predictionof this model.

A. The Baryon Octet

We now list the 8 baryon states :
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= ’22,3
= -2’2 =27,2

1/’0(:2 #252 )L

-o = T = -2T,3,3= l/@Tjjl-T31j)L 33,1

For example,

Iz = (-1/2)+(-1/2)+0

integralace charges

that the baryonsare

by inspectionof

and strangeness

(2/3,-1/3,-1/3)

constructedfrcm

the subscripts, - has
‘22.3= ~

s = 0+0+(-1). ‘“Yote that the P.or.-

are forcedm US when we XSSUQe

the aces as in (5.2). In the limit

of unitary synmetrythe 3 aces are indistinguishableand all baryon S:a:ss

have the same structureand mas;. This is representedin Fig. la, whzre

we have drawn the

the octetmembers

The maSS

may be thoughtof

unit”arysymmetriclinit of the trey Tabc from which.

are co~structed.

m(Tab,c) of a baryon Tab,c = (1/2fi)(Tabc-Tacb+Tbac-Tbca)

as the averageof the masses of Tabc~ Tacb7 Tbacj and

T We representthe mass m(Tabc) of ‘=b~ by
bca’

m(Tabc)= m(a)+m(b)+n(c)-E~bo-E!?cc-E~bc

8
where m(a) is the mass of the ace a and the E ‘s zre octetbinding

10)
energies . The baryonmassesare given explicitlyin Appcnc?ixA. In

the limit of unitarysymmetrywe have m(a)=m(b)=m(c),E:b.=3:d4,

E:.b=E:Od, E:ab=E:cd w +thatthe masses of all the baryonsare identical.
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binding energies, we imnc diately find that the baryons increase t!:c ir R~SSCS

12)linearly with strangeness, i. z. ,

m( A ) ~ m( ~) , (m( ‘Z.)+m( A ) )/2 - (n( Z. )+m(N) )/2

(3* 3)
(1115) (1193) (1 154) “ {1127)

The A and ~ masses are zxpected to ii ffcr, howzver, because tnc acz

A. i z bound dif f c rent ly in the two cases.
2

A natural assumption concerning binding energies would b~

I /’2($3.+E:~,) ~ E; XO=E; P. , l/2( E;e5+E~.P) x E;@m =E;OF (5. 4)

13)
where cK, p=I,2 . We then obtain in second approximation the i’a~ilia~

(m(N)+m( ~))/2 = (3n(A )+m(z ))/4 .

(1127) (1134)

It is interesting to note that if one assumes

(3. 5)

that the breaking of

unitary symmetry by electromagnetism takes place by virtue of the fact thst

‘he ‘2A1 mass difference is net zero, then independent of the values of

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

m( ~-)-m( ~“) ~ m(~-)-m( ~+) - (n(n)-m(p))

(3.6)
(6 ~ 1.3) (7.0 i 0.5)

Assuming that (the more negative member of the doublet) is heavier‘2 *.
than A, and neglecting shifts in binding energies due to the electro-

magnetic breaking of the symmetry we find the qualitatively correct result
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wc find

l/2(21(E+)+dE-)) = n(x”)
(1193.4 t G.j) (11g?. 2:C.7)

(3.7)

B, The Baryon Dccuplet

Thc decupbt states arc also constr~ctzd fron tkL; :r2ys Tabc.

~owcvcr, the bindings b~twccn the zccs that fcrm the decu~let gay be

different from the bindings that were used to form the octet. This is

exemplified in Fig. lb. The difference between octet and decuple< ace

bindings is essential, for only in this way are we able to allow f~r th~

fact that a JP = 1/2+ octet of baryons exists while a decuplet with the

same spin ad parity is absent. Tile nodel we are ccmsidering is unable TO

tell us which of the representations 1, 9 or 109 if aayy is to be used for

a particular baryon spin parity assigment. ??evertheless, once we know of

the existence of a baryon singlet, octet, or decuplet, we are able tG

derive properties of

a baryon decuplet as

i
~ 1686). First we

its nember statea. We will now consider the case of

applied to A S( 1238) , ~ ~ (1385), ~ ~ (1 530),

list the ten states :

8419



3. .

. “-

++
L = ‘ I l l= ‘Ill
+ = l/F2 :,12 = l/’/7 (T112+T121+T211)

7

4° = 1/ 42 (T221+T212+T1 221/ @ T221 = = )
.4 3

L$ = 7222, = ~~zz

+
l/ti T113, = 1/’~> (T113+~131+~j1 Ir= ) (3.3)

‘s

E:= 1/ K T,23, = )( +

= 7

T (T133+~313+*331= )
=6 331, =

-= 1/ @ T339, = l\i~ (T233+T323+T532)
‘6

% = ‘333, = ’333

‘3
are

A
3

heavier than ‘1 and

it is

:

first sight it may seem surprising that (3.10) than

(3.3) even

to the ‘next order~ and assume for the

decuplet (3.4)J “i.e. z
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1c.

which is just reiation(3.1o)

Since the decuplct a?d octet are constructedfron tne same se? Jf

Particles,we may try to obtain a fczmula relating the xasses of the $~;~

differentrepresentations. Fcr example,

(4,p= 1,2 depending~n the ch~=~e~we take). Now, In(A)-m(~~)j

m(X)-(N)j m(~)+dA)~ m(~ )..m(~ ) all contain the difference

m(s)-m(q) and are of roughlythe right order ‘f ~a~nitudee
Assmirig ~ha%

~lo 10 =EIO-EIO El o -*IO E8”-E8 88
= ‘3.3-%.p

(3.14)
33.-E%p 3.3 C&p= ●33 QO(p= 3~”%B”

we obtain
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. . .

Because of the successof relation(3.8)we are temptedto assume

~ E;:1\2(E;:0+E:;.) .

~ E/021/2(E;:1+E::2) .

which immediatelyyeilds

(3.16)

(3.17)

(3.18)

Figure 5 shows the baryondecupletafter SU3 has been brokenbY the

strongand electromagneticint.sractions.

Relationsbetweenelectromagneticmass splittingsin the barycn,,+
octet and decupletmay be found if we assumethe ,analoguesof (3.1~)9i.e~$
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12.

,...“...

Frcm these fallow

“T

76)
m(q)+ x 2(~-)-El(z ‘)

(17 i 7) (8.25 i 0.65)

17) la)
Using ncthods differentfron curs, Cakes and Rosea hzv? cbtzixd

not only the equations(3.16), but also

(3.21)

We are unable to obtainthis resultwithoutthe furtherad hoc e.sstmpticns.

In fact, in our model it is naturalto expectthat within any baryoncharge

multiplet,the more negativethe particlc~the heavierit is. Consequ2ntly9

we might thinkthat for the left-handside of (3.21)?

(3.22)
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c The B~rYon SinglGt

The A ~ (1405), in ths limit of unitary SP~~trY~ is ~~own in

Fig. Ic. Figure 6 indicates the ~ ~ when the symmet~~ iS ~rok~~ ~Y the

strong and electromagnetic interactions. Since the A ‘Ts a wizary
P

singlet zothing quantitati-~e can be said about its mass-
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IV.

.. .,....-.,

8419

:

~,+o 1)

The vectcrmeson statesare given by :

?-
=D; :

;=
I/’@ D;-D;) : C+= D;

*O
K = D; : K*+= D; : K*-= D; :

K*O
= D2

3

fcr the octet,and

(4>3= 1/6 D: = 1/ fi(D; +D;+D; ) (4. 2a)

for the unitarysinglet. In the limit of unitary spetry the aasses of

the singlet and octet must be the ss=e because the binding is identical ‘n

both representationsand all aces are

that this is not the ca;e”forbaryons

singlet,octet,and decupletbindings

symmetriclimit.

degenerate. It is importantto note

where we have assumedthat the

all differ,even in the unitarY



tinguishablefrcn Al and ‘2t w C ‘nd u 8 ‘US: ‘ix ‘n ‘Ucila ‘:2;”-‘-”:”
to separate (.41,A2) fm~ A5. This immediatelylsads tc

The plus and not the ninus sign that appearsin the “de~ce”expres~i~~ f:r

u distin=wishesthe w from the ?O” Figure7 sh~wsthe vzc??rzszo:-

statesafter unitarysymmetry

that when dealingwith mesons

an~ neglectingchangesin th~

s~e try, we im.aediately have

n2(u)

(784)2

m2(y )

(1018)2

,
has been broken. IJsingt;heenpirical f?.?~

o~e must alwayswcrk wit:hsquaresOf TA2SS+S i

bindingsdue t~ the breaki~gcf unitary
1’3)

:

~ m2(~ )

(75C)2

s 2m2(K*)+n2(~ ) ●

(1007)2

(4.4) “’”:’

,...
(4.5) “’)

Mixing has aade the ~ as heavy as possible. The CIXingangle ~ tefin~d

by

(1?= UOSINB - ~COS ,3
(4.6)

Lu= LIOCOS@ + W8SIN @,..1

*)
Theserelationscmtinue to hold when we includebindingenergy

8419
effectsif we assumethe meson analogueof (304).



1 5 .

strafigcnesscs.rryingmeson dces.

Interestinglyenough,we are cble to inproveequations(4.4)znd

(4.5). Ifwe definethe tracelessmatrix V of the vectormeson o~t~t in

the conventionalway :

and let the matrix G be givenby

then the mass formulae(4.4),(4.5) my ‘w alternativelyderivedbY

assumingthat

(4.8)
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17.

znd

wncre we

the tc?.rm
22m,m,
4 5
only need kczp ;he perturbation Tr~ TrG, i.C.I

H2
. ~2+m2Tr@ ~r~ (:.11)

-1 3
●

Doing this wc irznediatclyarriw at

mz(Q)+112(~ )/2 x m2((p)+m2(y )-2m2(K*) (4. 12)

which is corfccttQ t.hcknown accuracyof the masses.
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‘ron ‘ixin~ ‘18 ‘*d ~o’ Just as ~ ‘“ndU are ‘ix:ures‘f ‘d:
u

m

~ . (y, ::,;,

. %

A

)

o

~

a



(p

L

) = (5.5)

a

3
a

a



*.
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this mode

one might

note that

regarding

forbidden

we expect

is depressedby at least a factorof 200, as comparedwith VIk2T

expecton the basis of phase s$acearglments. It is inport~.::-.5:

the couplingschemewe advocatecontair.swithin it info~atiJ~-

the way unitarysymmetryis broken,i.e., ~ -j2+7T is

after W
3

is violatedby the strongir.teractiozs:conssqu?x;L;:

that this decaymode shouldbe greetlyinhibited. 1n fact, (5.1)

is the couplinganalobweof (4.4)and (4.5). Any theory based on the

exactnessof unitary symmetryand forbidding (J)~ ~ T would be inads~:latz

for we know the symmetryis too badly brokento be consistentwith the

experimentallydeterminedsuppressionof thisaode.

Using the G matrix definedin (4.8)and letting
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22.

Note that terms proportionalto ?rG= fi!*\o are n~t ine~~d~d2’‘. ‘s hZ7e

found a similarsitua~ionwke~ ‘Jsiggthe matrix fcrnula<ionto de?ive

m2(Q ) % m2(p ).

The
P ‘ ‘*’

u and ~ statesgiven in [4.2)and (403)are

eigenstatesof the Hamiltonian H, diqjlayed in (4.9). It.i$ int~re=:i~:

to ask for the eigenstatesof the perturbedsystemdeterminedby (4.11),

i.e., for

~ly q = D; and W = 1/’ @D\+@ are affectedby the perturbatic~.

The perturbedeigenstates wI, and ~~ are given by

(5.4)

where

(3 = G n&(m2(~ )-m2(Q)) = (B12(L&m2(~ ))/(i7(n2(@-m2(UJ)) ●

The ~ piece of Q’ is unable to decay into p+n, as demonstrated

in Fig. 12. But the additionof the term /LJUJallows ~f tO gO tO

~ + T just as Q - y+~ (virtual)‘T+~+~o The ~~m COUPling

constantmay be estimatedfrom r(~ ~ 3~) s 8.5 MeV. We find that if

the @ ‘ 4 PTT couplingwere the sme as the u - ~~)coupling,

r(v f ~yT, all chargestates)would equal 54 MeV . Experimentally,

r(@ + @ <1.0 L 0.6 MeV 25). The model we ere consideringyieldsas
*+

a crude estimate
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. .. .... .. ,.,.

This is just at the verge of experimentaldetectability.The quar.t<?,yz-/
is very ser.sitiveto tile

(6 ~~ P ‘ass cliff
erencewhizh aceourLtsfcr ‘:5?

large errors given ic . . To summarize,we have found tkat ~’4 ~ “r

is forbiddento the order in wkick r12(LLJ)= n?(y )0 The hteracticn

responsiblefor the splittingGf the w ~ aas9es ~~~o ir.du~es t“fl?dt?CZj-

Y ‘~7Twith a strengthproportionalto

B. v + p+p

Couplingsfor decaysof this type nay be computedwith pictorial

techniquessimilarto thoseused for V - V+P. Thereis one essential

difference,however. When fomning < lfiPI ) we allowed V tO act on

~ as exemplifiedin Figs. 10s, 10b, and 10c. In Fig. 10b we see that an

open and closedcircleat the bottom of two deucesannihilateswhich

effectivelymultipliesthe couplingby +1. I~adthis annihilationtaken

place betweenobjectsat the ~ of two deuc~swe would also have multi-

plied our couplingby +1. A situationof this type is consideredin

Fig. 11. Now, it is perfectlyconsistentwith SU3 to use a +1 for

bottombut -1 for top amihilations. This latterapproachgivesrise tc

what is called F type couplings. Whetherwe use F or D couplingfOr

a particularmeson interactionis determinedby chargeconjugationinvariance

For WP we are Torced to D type,while for VPP we must use F.
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24.

..=nt UC Tr Er.. ~: ( JMW-P Q) . (6.7)

We zay readily compute T(q - X+l?) in terns cf ~ ( ~ + T +~)0 ‘c’

a
?

width of 100 WVs

( (p -R, all charge states) = 2 :Jev J

“T26) of ~● , : 1 :lev.
as compared with the experimental value

(6. 3)
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bTT Dd = O, TacbTabdD~= 0, TcabTabdD~= 0, ‘t’*:
abd c

~zcbT Dd
Tbcam ~d = o abc

= +1, ~ T Dd = o, Ctc.:
ado c ‘adb c 9 adb c

~cabT Dd = 1, TcbaTdab~~= 0, ‘bacTdabD~= 0, “C*
dab c

For cases like T.
accm Dc‘acec

amihilation configuration.

etc. As an example,let us

help of (2.2) and (4.2) :

(a # c) we ccunt each physically distinct
acc ccc

Hence, T TaccD~= 2j T TcccD~ = 3J
+

now computethe ~n
P

coupli~g. With the

{ l~np+l ) = l/2(T
112-T121)(T212-T221)D~

~.D2
~d/2(T’12T212-T’‘2T221-T’2’~2,2+T’2’T221 1=

= 1/2(T112T212+T121T221)D;

= 1/2 + 1/2 = 1 ●
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23•

For

.... ‘.-.

=-1/2 - 7/’2 = -1 ●

In this way we generatea cou~ling scheme whi:l. is c~n~ec$i:=d~y cal~%d

1? type. There are, however,ctkerpossibilities. Let us label the

verticesof the trey trianglesin clackwiseorder“cy1, 29 3.7 ~Je:lay:::e::

multiplythe couplingby +1 cr -1 dspendingon the particularvenex

where the dumb-bellor deuce ac:sj rather tb.anour ncre restrictiveprs;-i;.dz

choice of +1 only. Most ‘natural”(whichmeans that it is the first

possibilitywe try) is to assign +1 to odd, -1 tc evea manbered

vertices,i.e.,

abc
1’ TabdD:

~acb -
= +1, A Tadbll:= -1, T

cab~ d
‘Jabnc= +1} etc.

Using this couplingscheme!labelled (+-+) for obviousrea~~~s~we

obtainthe IIF+DIIinteractionratherthan the pure ? of (++ +). ?h~

other choices (+--) and (++ -) yield D and F+D reSPectiv~lY~:’l~re

complicatedways of obtaining SU3 invariantinteractionsare disc’~sseciix

AppendixC.

It is important“tonote that in discussingthe varioustrey-tr~Y-

deuce interactionswe are determiningnet only baryonoczet-baryonQcT>?-

meson interactions,but also baryon decuplet-baryonoctet-eson? barycn

singlet-baryonoctet-meson?etc.? interactions. Table2 indicatesVarlaus

baryon-baryon-?nesoncouplingsthat are inducedby the couplingtypeswe

have discussed. The entrieslabelled S and T standfor singletand

decupletinteractionsgiven.inAppendixCO We shell concentrateprimarily

on the baryon-baryon-pseudoscalarneson interactionbecz=:sof the wealth

of availableexperiment@ information.
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VIII.

“.-..“.-..-

just as

ti the basis of the electronagzeti:aass splittings‘7ithina glvr?~.

isotapicspin multi?letywe are also temptedt~ conje~t”Jre~~Iat‘2 ‘13

heavier than PO) making PO completelystable(like P) but d~C’:::~:

the decay

-1/3 - p+2/3+e-+ ~
no 5

just as

n + p+e-+V (8.4)

The A has been considereda bound state cf Po, no? and AO*

Consequently,it is natural to assume that reaction(8.2)takesplace as a

result of (8.1). Both of these

constant$ Sincethe Ap and

would expectthat the ~ and

order of magnitude. Similarly,

that of the n. -#

decaysare then gcvernedby the same COCPl~W

AOPO xaassdifferencesare comparable,we

A. ~-decay lifetiineswould be of the same

the lifetimeof the n. would be roughly
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~ thzcrycf Lsptonicdecaysbased cn the fundamentalreaCTiOX25

(8.1) and (E!.3)is i.nfact quitepleasing. ‘J?assumethat the wtak a=cays

cf snronglyinteractingparticles“~,-.,. ar.sizducedby the weak dzcays cf W-c

aces which comprisetnsm. The couplings(weakinteractionLagrangiaL)za;-

be sizriplydeterminedgraphically. FCr ZXample,we assumethat a baryc??

under~oes ~-decay when a~ ace at one of the Ysrticesof ?hs zria%le

representingthe barym decaysinto anotherace

the othertwo verticesrcmainundisturbed. Fe

is just the couplingtype (+++) discussedin

replacedby e OLT From this follows :

1)

2)

3)

the conservedvector currenttheoryfor

(~S= O) leptonicdecays:

the I~11 = 1/2, AS/ZIQ = +1 rules for l~S/ = 1 l~ptcni~

decays:

Ci~ -D?+e-+~ is forbidden (9.’j)

if we demandthat the same coupling type be used fcr the decuplet

as for the octet of baryons_fieeTable2, entry (+++~T. Hcwever}

the reaction

fi$ -’ =-+e-+~is allowed” (8.6)

In analogywith previouswork 27) we assumethat the space-time

part of the weak interactionsis to be writtenin terms of right and left

handedaces, i.e., a so-called 1 2
()’5

28) theory. Departuresfrom this

type of interactionare attributedto the breakingof unitarysynmetry.

Unfortunately,we are unable to estimatequantitativelyhow badly the

symmetryis violated. iiowever,neutron P -decay affordsus a hint in

this direction. In the unitary symmetriclimitwe obtainfor the inter-

actionHamiltonian:
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(0. 3)

If the + sign is to be Used in (8.’7) then there is a chance that the

symmetry remains recognizable after it is viclated. Table 3 ccntair.s

?redictlons of the theory for ILSI= 1 b-decays. ~he re~u~%- are
29)

compared with experiment and the work of Cabibbo . Xcte that we >Aave

also incl’.Med numbers for T-+L A+e-+v. ?he ccrserved vect~r cxrrezt

theory predicts that the vector part of this decay vanishes. Viehave

assumed, in addition, that vector and exial vect@r should always exter iK

equal strength. Flence, our model forbids this decay. To oktain some

feeling for what fcrbidden means, we have assumed that unitary symmetry

breaking interactions have changed ~-XM(O+OW5)A to

~- JN(Q0.25 ~5)~ much like ; 8A (fi+ ~5)p becomes ; ~M(l+l.25 ~j)p.

We then obtain e branching ratio of
-5

R Z- - A +e-+ wr(~-total)=
*10 , which is compatible with the still very crude (9 events) experi-

mental result.

The ace A. is also expected to undergo non-leptonic decays :

If these reactions obey a l&Il = 1/2 non-leptonic decay rule,

then so will the baryon and meson non-lept onic decays. The rates for

(8.9) are comparable to the rates for A non-leptonic decays since

similar mass differences and coupling constants are used in the two

cases. +.
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A:”3 + ~ ,(;-2/3 ;:1/3,o

-1/3 ~ ~+(;-2/3 :+1/3) .no 0 0

(3. 15)

Both these reactions cculd proceed via the ~tr~ng intcrac’:ions ~.r.dhLY.e-

make A and no shcrt-lived “resonances”. Sinilaql; fcr ;..
o

However, a crude estimate of the ~ mass indicat=s ‘ha: (5. 1:)

is energetically impossible. We argue as follows :

where m(=) is the mass of ~ and E(m) is the ~ binding energy.

Since

(9.12)

forbidding (8.10).
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21reaayhave “DE*P-o‘DS2rved.

Wing the F+D cc.upiing,as indicat~din SecticE‘III,we kzve

fcund partialwidths for tiie ~ - octet. Restiltsfcr the ~- CCt2t afld

& - singletare shown in Table A ~nd are in sati~f2CtCry agrczri~!lt“Xith

experinent. Since the 7T~ d?cayaode of the A ~ is ~c~ dcnifiant$ :7

is not iuweasmable to stipposethat it has been nisszd in experiments

lockingfor 77~ enhancements33) ,34) ,

Because n(~K ) = m(z ), t~~= is the
g 34)

resonances. kstien md 3erge ilavenaae a

elastic scatteringin a regionwhere the total

mass systemis =’1660 Iiiv. They find
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r(:,, =.-’> , -.
- .“.., , ~ - . . ..~~ .

L ,, ,

.:. ,-.

/
‘. : ‘)

.,
.’.

an ~ - baryon O ctst CfXl~ osed Cf

(2’.:)

Once againwe

decay of this

use F+D couplingsto find the partiaiwid~hsfor the

octet,as sumnuwizedin Table 5. In crdsr %C obtaisscm

idea of the expectedaccuracy~f these resultswe have izclutiedin

Table 5 theoreticaland experiment?.1decaywidths cf the ‘.’ICUEstz?)lis:>kc

&- decaplst36).



I

I
I

!

Withthehelpof unitarysjmmetrywe findthat

Sinceexperimentallyr( K total)< 15 i%V, r(*..tal)< ’17 !Iat’.
?
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labellingof thesemesons we adort t:x cc!iVCn TiOn cf h aenf: li, :h, ?vi

and Gcll-llann.The ii would t!:cnb? callsd TX ~;hile UK Jr ’11 &

would standfor the bump at 141C dcp:ridingLIpCn wk.ctkier cr r.;: Tilerc is

The two possibilitiesare
,-

“?

7TM(1220) , K ~ (1365)?, q.d (1410)

73(1220), u ~ (1220)?, ]{ (I32(;)?,
Y

WY(141 O) (Cctet+siwl:t)

(, O*‘..’,

The masses have been obtainedwith the aid of equaticns(5.4)fcr (10.1):

(4*4) and (4.5)for (10.2). Note that the orderingof the mass~sis .i’~st

as we would expect. Moreover,the (octet+singlct)case has tnc rcns.rkabl.

property

(-0.24 GeV2) (0.22GeV2) (0.22 GeV2)

which is good to known accuracyof the massesFee Equation(5.517.

The ~-mesons have two differenttypes of decay channelsopen t.c

them, as is exemplifiedby the TX which decaysinto ~~(PP) and

@7T(vT). Both the PP and VP modes are impcrtant,complicatingany

study of the lf-meson widths. Furthermore,there is the uncertainty of

how to treat the WW- C& mixing. Fortunatelythe ace theorysuggests

answers to thesequestions. First, Uti-Vu mixingmust be t~e same as

ti-~mixing. Secofid,all couplingsmay be determinedas describedin

SectionVI. Brieflyin matrix notation,
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‘Thislatter resultis cktaine d in t!le fcUcwir.zsc~~wha~

The Gell-l!anr.- ok~~b.~mass fc~.’dkma;-be ‘::rltten

n’ =m:(1+b‘(n$ (I(1+1)-1/4y2))

where and b’ vary from one representatior.to another. b1 may *?
‘o 2

,:

considereda functionof m.~ for m; may be takento label the reprcsI?flz-

ations. Equations(!5.5) and (1Q 3) imPIY that

(1c.7)

This observationtemptsus to assume that if we have two diff~rentmeson

representationsof the same spin-paritY decaying‘nto ‘imilar‘inal ‘tates>
a’the~o~plings ti(m~) governingthese decaysnaVe ‘Ortlleir o ‘depen-

dence:

This would implya connectionbetween

(10.8)
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where 5;4, 348 Qre T’_ aoa;;ja: 750, 1220 are
Y

‘“d T8
...--.- -,.,,’.-:.,~.

925, 1350 are values of mc“

( 1c’. 1u)

where the w
7
~coupling has been sstiinatedfrom the 3 ~ decay cf the

u. This yields

as comparedto

1-(~W total)~ 130 MeV (theory)

(10,11 )

1=(TX total)= 100 i 20 ?Jev (experiment)

and a fortioriequation(10.6).

To ob~ainsome feelingfor the partialwidths of the ~-nesam

we considerthreecases. Firstwe assume that mly the PP or VP channel:

are impcrtant. Then we take the case where :

These resultsare

all chargestates)/~(~. ‘~~, all chargesta~e~)= li~”

summaized in Table 6c,b.

We have also includedpartialwidths for the mesonsunder dis~ussicn

assumingthem to be ~P = +
1 (6) insteadof the more probable l-(l).

There is satisfactoryagreementwith experimentonly when the mesons form

a nonet. -d
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2) 0+ ‘, o-‘, 1-- for isospin 1 states.

It is natural tc agscclete th! kzryonswith the lcwast.Jrusrgy.
state of the trey systemthat r~pr~sentsth~m.

~h.i~Presmably means

that the 3 aces are all in orbitalangular~on~nt~ S ‘tates‘“;itk‘he

spin of one pair summingto 0. SiinilErly,the pseudoscalarmesons
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.-..... .

If eces i?xist,they n~~t probably iil~s=act strcrig~:; , lik? TllG

nucleoncr pion. Tb-egeare Ctilerpossibilities, hc~:;eve=t;’{::i~h::’ASCL’=

kept in mind when desig~.ing-cxperir.entsto detect*b-eac?s. Fcr ~~-~~-?~:j

there may be an ir.tsraction, strcmgerthan the stronginteractlszz, ...-*..-...’--’6:.

governsthe bekaviol~rof aces causingthen tc bind to~$orm :;ez:r.s a.::i

baryons. In this mcdel the strcnginteractionswould be vieI:ied ns “s:::.e

kind of van der Wa&Lsl force”. Just as two isclatedelectrc~sic :]::

interactwith a van der V/aalstfzrcz, sc two 2css 60 net ir.teractS7:3::CL:-.

The ace-likestrdcturecf a systemwculd then be disczrr-ib:eat dis’tz::z~s

measuredin terms of the masses of the pa,rticlcswhich bind the ac:s

(rot the pion mass). Consequentlyhigh momentumtransferexperiments msy

be n$cessaryto detectaces.
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(m2(u)-m2(fI ))/2 ~ m2(~)+n2(fJ )-2m2(K*) ,

A universalityprincipiefor the breakingof unitzn?ysjnunetryLY

the electromagneticinteractionshas also been assumed. ~h.ishas lsd :C

the qualitativelycorrectresulttha%?:ithina~.yharyccchargenultiplezj

the mere negativethe pr.rticlc,thC i7.C2ViE2 tl”.C !?AS3. Elec:romagnetic

mass splittingfarmulaerelatinginembersof differentrepresentations

have been suggested,e.g.,

Natureisseemingchoiceof 1, 9, and I&dimensionalrepresen?atiow

for baryonsalongwith 1 and 8-dimensionalrepresentations for the mesons

has been accountetifor without dynamicalor ‘bootstrap considerations*

The amountof cctet-singlet (u-+4) mixing has also been predicted$vit~
*+

algebraictechniques.
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:

ii) 1~11 = I/2, AS/A Q = +1 for 1A~

~
b

= 1

-P
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coxlpl’2t2Q W:O113.

tc 312czrcr.agnet1c

It certainlywould

accidentstoo.

2) there is a certain

the EightfcldWay,
.-.\

written for my N 3
reprzserta~ianzs :

2 .m ~ {l+b’(n:)~(1+1)-1/4y2]~

for mesons,

m .m
{

o l+a(mo)Y+b(mo)~(I+l)-1/4Y2]
\

fcr baryons~where mc~ bf~ a? b vary from one representationto

another. The quantities b!, a, and b may be consideredfuncti~ns
2-

of m. or mo. Equation(5.5)

that b!(m~) goes like b’(m~)

if a(mo) ‘and b(no) were any

going for instancelike I/mo.

edly resultfrom many different

IIexplainednay be “ by postulating

- l/m~. ~quation (3.15) WCdd follow

slowly varying functims of Do,

Relationsof this zype couldundoubt-

theories.

3) perhapsthe model is valid inasmuchas it suppliesa crudequalitaiiv?

understandingof certainfeaturesPertaining‘o ‘eSonsand baryonso

In a sense,it couldbe a ratherelaboratemnemonicdevice.

4) there is also the outside chance that the model is a closerapproxi-

mation to nature thanwe may think,and that fractionallychargedaces

aboundwithinus.
--
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Appendix A

The messes of the members of the baryon octet tire:

938.2112 0.01= m(p) = 2m(l)+ m(2)

- 1/2(Ell. +E12 +E1.l +E1.2 + 2E12)
.

939.505:0.01 =m(n) = a(l)+ 2m(2)

- 1/2 (E22 +E12 +E2 z +E1 z + X12)
● ● ● ●

1115.38~O.lO= m(A) = m(1)+ m(2) + m(3) TV
- 1/12(2E12+ 5E,30+ SE*3Q+ 2E1~ +

5E’+5E23+8E*12 :13+1.3 , +22

2E.23)

1189’.35~0.15=m(~+) = h(l) + m(3)

- 1/2(Ell +E130 +El , +El ~ + 2EG13)
* 9 ●

1193.2~o.7 =m(~”) = m(1) + m(2) + m(3)

1197.6:0,5 = m(~-) =

1315.2~ 1.0 =m(ZO) = m(1)

1321.2~0.3 =m(Z,-)=

- 1/4(~12 +E130 +E23. + Xl ~ +
●

E
1.3 “)‘E2.3 + ?13 + %23

2m(2)+ m(3)

- 1/2(E22@+E23,‘E202‘E2,3 + ‘,23)

+ d3)

- 1/2 (E13a +E33 +E, s +E3 3+2E13)
8 ● .

m(2) + 2m(3)

- 1/2(E23@+E330 +E2 s +E363 + 2E23)
●

where we have suppressed the superscript8 onsllthebinding energies.
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137524 = m{x;) = 2m(1) + m(3) - 1/3 (E.. + 2E130+ . . .)
lb.

= m(~~) = ra(I) + z(2)+ d3) - 1/3 (E120+ E,= +E23 “+ . . .;‘/0 ●

2m(2j+ m(3)- 1/3 (~220+ 2323. + . . ●)

+ 2d3) - 1/3 (E330 + 2E13C+ ● ● ●)

m(2)+ 2m(3) - 1/3 (E33C+~23(+ ● ● ‘)

3m(3)- (E33@+ . s ●)

where we “have suppressed the superscript 10 on all the bi:da energies.

The erpz%ssion (Ell + , . .) stands for (Eq,. + El,1 + E,ll) ? ::ith

similarm~eanirw for’the other tie cases. The values and errors ~uoted for

~(z,:) and m(z~) SI.~ to be used to determine roughly the Z-&~+&~ss

difference. There may be systematic effects that equally shift both these masses.

See reference 16)0

.
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iippendix B

‘The vector - vector - pseuckscalar meson

Tht? space-time part of the titeraction has been swwesged~

.
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—o
y (fi 7-i‘n- + l/J~ K+K-+ l/fi ~KO)

where the space-the part

meson V by VA and the

( JAP, )P2 - PI( JAP2) .

of the titeraction is

product ‘IP2
of two

obtained by replacifig the vector

pseudoscalar mesons by
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.:.,”...
‘.lecouldconsideran entirelydiffer~ntcouplingschemefromthat

presentedin SectionVIIwherewe do notrestrict,mm~hilationsto takeplace

betweenzcesandanti-acesat correspondingtri~glevertices,thatis

TabcTadbD:

or

T3bcTbadD:

(Col)

(C.2)

might no longer be zero (in these examples we assume c ~ a?b; d~a,b; ~#b;

no summationoverrepeatedindices).We callannihilationsliketheonegivenin

(Cl), ‘Intype while that of (C.2) is “O” type. The 1 in “1” type indicates

that acesannihilateat correspondtigtriangleverticesonlyonce. When COUntln/3

thenumberof tihilationsat correspondingtriangleverticeswe do notinclude

caseswherethe‘dumbbellWor deuce

mayalsoincludethepossibilityof

configurations.Onenaturalwayof

verticesof a trianglein ~lockwise

helps. Hence(C.2)is “ONandnot“1”. We

attachingminussignatocertainannihilation

prOCeedlngiSthefollowing. We label the

order by 1, 2, 3. The action of a dumbbell

on twotrianglesalwayspicksouttwoverticesandhencetwonumbers.If these

numbersare a and b, thenwe maypicka + or - sign forthe~hi~tion

accordingto the value of (-l)a+b. We indicatethiscouplingschemeby the

symbol P (forpermutation).Hence,(Cl) is +1 in “1”typecoupling,-1 in

‘lPm type coupling,andO in ‘O”and “OPUtype coupling. Clearly ‘2~ = “~” =

the coupling typewe havepreviouslylabelledin Section VII as (+++). Counting

all distinguishableannihilationconfigurationswe obtainthecouplingsgiVeIIin

Appendix Table 1.
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Only t?fle (2+ I)P generates couplin~ inzll threerepresent~tionso
t~e d. not work with (2 + l)p coupling in this paper primarily beclwe it gives

.-.“.-.
a F/D ratio that is incocqatible wih our speculations on the X- octet

(Section X).

Ournormalization has been such that:

a) S couplings are given by (IL /~1) (PK- + I@O+.. .)

b) F II U JI 1!

c) D It II It II

d) T II 11 II n m

The detailed couplings maybe found in reference 36).
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—

Typeof Couplingfor Representationof Decayingkrgon

mn+Baryon+Meson Singlet Octet Decuplet

‘T

2 = ,2P= (++ +) o F o

2+1 o 3(F+ D)/2 o

(2+ 1)P -s 3(F- D/3)/2 T

2+1+0 o 0 0

(2+ 1 + O)P o F - 3D 2T
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‘ ~ >:~re=ar.,X Physics26, 2 (

R. F. Feynma.nar.dM. ~eli-knri,Fhys.Rev.Q, 1 (

4 S. Sakata,Frog.Theor.Phys.~, 6E16(

5 Dr.Gell-!!annhasifidependentlyspeculatedabouttheFoss~$l?existenc?~f

theseparticles.FIisFrinarymotivationforintroducingthend:ffersfrom

oursinmanyrespects.SeeFhysicsLetters& 214$?1964.

generalswe wouldexpectthatbaryonsarebuiltrioto n lf r othe;rcdact

of threeaces, M? butalsofrom AJUM, —Iz4AAAA,etc.,where A

denotesan anti-ace,Similarly,mesonscouldbe formedfrom 1A, —m

etc. For thelowmassmesonsandbaryonswe willassumethesimplest

possibilities,‘U and MA, thatis,“deucesandtreys”.

E. Bebrends,J. Dreitlein,C. FronsdalandY. Lee,Rev.Xod.Phys.,& 1

(1962).

L. GlashowandA. H. Rosenfeld,Phys.Rev.LettersQ, 192(1963).

9) Notethatwe usetheidentityT ~ T + Tca,b=0 .ab,c bc,a

1 Forexample,~8 is thebindingenergybetweentheaces
ab.

a and b when

theyarepositionedas in Figurela.

11) Since Al and ~ ‘om ~ is~spind theirmassdifferencemustbe

electromagneticin originandhencenegligiblein firstapproximation~

1
Theseformulaeareobtainedby counting

n u d e rof ~f~ thatarepresentin

massesof the A and ~ somewhat

the:.umberof shadedsquares(the

eachbaryon.We haveaveragedthe

arbitrarilyinEq. (3.3).
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. .

19) Forexample,we woulawrite 22(f+) = m; :-~:- ($2
-2:’hereL
1 is ti:

23) If we identi~thePPqSLCai~

pseudoscalarpeson~o-be et

3n this, scheme, (5.4)~~ould

c
(:jo)hi~h thefi o wc wculdexpectthdninth

& 1300MeV (weusetheanalogueof (4.12)).

haveto be viewedas an accidect.
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44) ~ = 1350 corresponds to the Z-octet +
o
T - singlet we mst use IL. = ~JIC.

45) &

46) ~,.

~lmker, et ~C, gc~ Report 111B3 (1964).—. ,,,,

Armentex’os, private comunicatlon.

47) In a recent preprint S.Cole~
~d S. L. Glashow have considered another

mass formulae producing nodel.

. .

. ..

. .

.,,

.

. .

.

+..

8419



-. ..

TA3L3 CAPTION S

Tablet dereI, S,B, ~,J, andP standforisospin,strangeness,bazyonnumber,

charge, spir+andparity,respectively.Thelowerlimiton theacemaSS

is obtainedby requiringthat

6- decuplet.

T8ble4 M~,~*P$ and~ repregentthe

itbe at least 1/3 themassof the

massof thedecayingba~on, thefinal

statemomentum,andthewidth.Decaymodes

observedareincludedwithinparenthesesin

decaychannelof the ZB is suppressedby

phasespaceavailableforthismodecoupled

symmetrymayaccountforthefactthat x ~

thathavenotyetbeen

column1, AlthoughtheTrE

unita@7symmetry,thelarge

withthebreakir.gof the

+7-T-L hasbeenseen,

2
Table6 MX,6j P? ~~Al t end~ arethemassof thedecayingmeson,thenomentun

h thefinalstate,thesumoverallchargestatesof thesquar$of th.s

decayamplitude,andthewidthfordecay,respectively.Thesubscripts

~, 6 indicatethatthedecayingmesonhas 3 = 1 -or 1 + .

&kQkd welist here the low --momentumsystemst~t maybe formedfrom

an aceandan anti-ace.Certainresonanceshavebeententativelyclassi-

fiedin thisscheme.<~.~> givestheexpectedvalueOf thesPfitimes

theorbitalangularmomentum.It is temptingto conjecturethatthisis

a pertinentquantityin ordertigtheenergylevelsof the AA system.
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F I G U ?.z 2 .;.P T I ,2::s

~k-eseLe>.icesV.Ci~r5yscorrespr.d tc ?!i~“z-its1’rOC;?ii:h.Z1lkr-C;.T-

;articlesarecor.str~cted.

a. Men”berscf :.he‘caryGr.octetare“miltfror,treys:1”K1-tis:;-;?.;:r-~

sk.adedcirclesat tk.everticeszreaces,‘whilethescli.i;inss

aer.otebiridtigeriergies.Ir,theur.ituysyiii~:ricliz.it.the?Fzs=

ac=3se.,b, and C areindistin~~ishable,2s skckT..

b, Thedecu~letbmyons areformedfromthistyFeof t.rey.~’c~e~Z?.C
‘T

decuplettreys~ayhavetiifferentacekir.?irg.s.

c. Thistreyis ‘usedto constructtheur.itarysinglet.

d.,e. Thedeuces‘showncorrespondto meioerscf zesoccctetsar.cl

singletsin theliciitof “unitarysymmetry.Theo~e~circl&sHe

anti-aces.

We viewthebaryonoctetwithunitarysymmet~broke~by thestror.g

interactions.Oneof thethreeaceshasrowbecgme?istiz~~ishaele

fromtheothertwo. It is plCtUedas a shadedsquare.1.2ss5rllttlr.gS

areinducedby inkingthesqxxes heavierthanthecircles.Sir.ceThe

samesetof acessreusedto constructallparticles,zzssrelatic~s

connectingmesonsandbaryonsmaybe obtained.

After SW
3

hasbeenbrokenby thestrongandelectroma==eticinter-

actionsthebaryonoctetlookslike this. Thethreeacesarenow

completelydisthguishsblefromoneanother.If we assumethat n.

(thetriangle)is heavierthac p. (thecircle)andneglsctshiftsh

bindingenergiestiueto theekctromagneticbreakirigof thezymmetrywe

findthequalitativelycorrectresultthatwithinanychargemultipiet,

themorenegativetheparticle,theheavierthemass.

Thesearethee~embersof thebaryocdecupletafterunitarys+w.etryhas

beenbrokenby thestrongi~teractions.
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