
VOLUME 13, NUMBER 20 PHYSICAL REVIEW LETTERS 16 NovKMBER 1964

The meson-baryon squared coupling constant is
given by

P 1 1 +

(5) Applying the usual bootstrap philosophy to
these models, we would expect the positions
&~ and squared coupling constants x; of bound

states (or virtual states, or resonances) to be
determined by a set of equations, which for
the case of two bound states (one of them being
the target baryon located at &u, = 0) should be
of the form

f1(~l 2tt ~2t gt

~2 f2(~lt ~2t ~2t gt «) t

Al = Fl(Alt A2t ld2t g, «),

~2 2(~lt ~2t +2t gt «)t (17)

The threshold condition rea.ds

s, '+2Im(q, '-q, ') =1+2«

which, for v-1, approximately reduces to

fl, +0, =~2(1+«-') '.
There is resonance in the J=

& channel rep-
resented by a pole of S„,at ~ = y on the second
Riemann sheet. For ~-1 the pole is near thresh-
old, with position and width given, respectively,
by the approximate expressions

Rey=l+-', (I+« ')
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where g is the subtraction consta. nt and I(: the
cutoff momentum. (The mass of the scattered
meson acts a.s a scaling parameter, which is
set equal to unity. ) From (17) we should expect

and X, to be determined up to one arbi-
trary parameter. The results in all the models
studied disagree with this counting. %e may
perhaps understand the nature of this disagree-
ment by considering the present theory as the
limit of a relativistic theory in which the mass
of the target baryon (M) is to be inserted into

Eq. (17) as follows:

M = M+fl(X„A2, lu2t g, «t M),

M + &u2
= M +f2 (A.„A2, e2, g, «, M),

Al = Fl(Alt A2t ltl2tg, «, M),

~2 2(~l t ~2t +2tg t (16)

We see that Eqs. (18) have the correct number
of variables to allow two free parameters. If
now a static limit is to make sense, the func-
tions f and F must be .insensitive to M, and
therefore one of Eqs. (17) must be an identity.

Details of this work will be published else-
where.
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signer's supermultiplet theory„' transplanted
independently by GGrsey, Pais, and Radicati,
and by Sakita, ' from nuclear-structure phys-
ics to particle-structure physics, has aroused
a good deal of interest recently. In the nuclear
supermultiplet theory, the approximate inde-
pendence of both spin and isospin of those forces
relevant to the energies of certain low-lying
bound states (nuclei) makes it useful to classify
the states according to irreducible represen-
tations of SU(4). Parallel to this, in the par

ticle supermultiplet theory, the possible inde-
pendence of both spin and unitary spin of those
forces relevant to the masses of certain low-
lying bound states (particles) makes it interest-
ing to classify the states a,ccording to irreduc-
ible representations of SU(6). Three results
associated with this SU(6) classification indi-
cate its usefulness: (1) The best known bary-
ons (in particular, the spin-l2 baryon octet
and the spin-2&+ baryon decuplet) are grouped
into a supermultiplet containing 56 particles.
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The pseudoscalar 0 octet, vector 1 octet,
and vector 1 singlet of mesons are grouped
into a supermultiplet containing 35 particles.
(2) Rather accurate mass formulas have been
written down (partly on heuristic grounds) for
the supermultiplets. "' (3) In the approxima-
tion where the spin and unitary-spin indepen-
dence of the forces relevant to the 56 is broken
only by electromagnetic coupling, the magnet-
ic moments of all the baryons in the 56 have
been calculated up to a single common factor. 4

This calculation predicts the ratio P= p„/p~
= -2~, which agrees with the experimental value
to within 3%.

Analogy with the Wigner supermultiplet the-
ory leads us to adopt an atomic model in which
all of the baryons and mesons are composite
objects made up of basic particles. We assume
that the basic forces are independent of unitary
spin, but are in general spin dependent, and
that the approximate symmetry group of the
theory is 6"RSU(3), where 6" is the covering
group of the Poincarb group. However, for
low-lying bound states, in particular when
all orbital angular momenta are zero, all or-
bit-orbit and spin-orbit forces vanish so that
there will be an additional degeneracy which
will allow SU(6) invariance for these particular
states, provided the spin-spin forces are not
too large. ' The desired supermultiplets, the
56 for the baryons and the 35 for the mesons,
contain, respectively, the symmetric direct
product of three SU(6) multiplets, and the anti-
symmetric direct product of an SU(6) and an
SU(6)* multiplet. These assignments suggest
that the basic particles are quarks. ' 9 For the
mesons the 35 can be achieved by a state con-
taining a fermion and an antifermion in s states;
however, for the baryons the assignment of
three fermions to the 56 is not possible if all
three fermions are in s states. ' We will re-
turn to this problem later, but for the moment
assume that we can arrange to construct both
the 35 and the 56 with all particles in s states.

The notion that an atomic model underlies
the SU(6) invariance gives some hints for the
derivation of mass formulas. In analogy with
atomic and nuclear physics we suggest that
the terms violating the exact SU(6) symmetry,
for those states where the symmetry is relevant,
arise either from one-body or two-body forces.
A particularly simple assumption is that all the
SU(6)-violating terms come from the J=I= Y =0
member of the (35-dimensional) adjoint repre-

sentation of SU(6). With this assumption, the
one-body force gives for the mass operator

where T~~ is a tensor operator which transforms
in the same way as the adjoint representation.
The two-body contribution gives

x(T +T ) ] V (lr r..-i),3 6 (x) (x)
3 6 j 2 i j

where A. distinguishes the different contributions
which can occur from the two-body operator
in the brackets. These contributions are M(g) "',

(35) &
" ( 405) &

" (405) &
" (405)

using the notation of Bdg and Singh. ' Note that
with this assumption, only the representations
1, 35, and 405 can contribute to M"', because
these are the only symmetric real representa-
tions contained in 35@35. For the 56, the con-
tributions from M(z) ' and M(35)

' can be ab-
sorbed in SK"'. Contributions from M(405)"'
and M «0»"', together with the one-body opera-
tor, already suffice to give the mass formula
which has been suggested for the 56:

M =MD+ oY +/[I(l+ I)-~ Y2]+yj(@+I).
The magnetic-moment calculation, ' as already

pointed out by the authors, can be obtained by
assuming that the entire magnetic moments of
the baryons in the 56 are produced by the in-
trinsic magnetic moments of the quarks, "and
that the quark moments are proportional to
their Dirac moments, Qh/2Mc, @=quark charge,
M = quark mass. If the free quark moments
equal their Dirac moments, then one can re-
solve the incompatibility of assumptions (I)-(IV)
discussed by Bdg, Lee, and Pais4 by saying
that quarks, rather than nucleons, have mini-
mal electromagnetic coupling, and that the
radiative corrections (in empty space) to the
quark moments are small (as is the case for
the electron and muon), or proportional to their
Dirac moments. However, if the quarks bound
in nucleons have Dirac moments, then M =m~/
2.79 = 336 MeV, so that pne must lppk fpr a
mechanism (perhaps acting only in strongly
bound states) which enhances quark magnetic
moments in proportion to their Dirac moments.

Npw we return to the question of placing three
spin-'; quarks in s states in the baryon 56.
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This can be done if the quarks are parafermions
of order P = 3. This suggestion is the main new

idea of this article. " For parafermions of
order 3, one has the Green Ansatz for the crea-
tion and annihilation operators,

(n)t ~ (n)
A. A. A. A.cY=1 Q=l

where the a and a~ ~ satisfy the anticom-
mutation rules for the same n,

O' Q A G

+ A. p,
'

A.
'

p, +

and commute for different n and P,

State

Para
super selection

sector

a ~40
[a~ at~+CO
[a"t, b~) @0
[a~, a~i @'p

[a~ &~~-40
[[at, a~]+, a~)+@0
[[a~,a~]+, y~j+40

para-Fermi
para-Bose
para-Bose

Bose
Bose

Fermi
Fermi

2
3

4 1 2
3' 3' 3
1, 0, —1
4 1 2
3P

1,0, -1
2, 1,0, -1

»»3 -~3 -~
aa~ is the creation operator for a quark, b ~ for an

antiquark.

Table I. Comparison of para, charge, and baryon-
number superselection sectors for P =3 para-Fermi
quarks.

(n)t (P)t]

Here a stands for the single-particle quantum
numbers; for example, momentum, spin, Iz,
and Y. Let

Then the state f&» C 0 is symmetric under
all permutations of A. , p, , and v." This com-
posite state is a fermion, "since [fz»~, an't]+
= 0, which implies [fi&„,f „]+= 0.

The comparison of superselection sectors
for paraquarks due to their para nature with
the charge and baryon-number superselection
sectors is given in Table I.

The suggestion that quarks are parafermions
(and, in a field theory, the quanta of para-Fermi
fields) is allowed by the selection rules which
follow from locality. " Relevant'6 local inter-
actions (in the sense of spacelike commutativity
of the interaction Hamiltonian density) can be
constructed with these fields; for example,
the Yukawa interaction

or the Fermi interaction

H =Go.[@ @1 [@ @] 1-&same)J

where 4 and y are, respectively, para. -Fermi
and para-Bose of order 3. The paraquark sug-

gestion does not fall under the quantum-mechan-
ical theorem'7 that particles with anomalous
permutation properties cannot be produced from
initial states (Sx) with at most one such par-
ticle because, in this theorem, it was assumed
that the only superselection rules were those
generated by charge, baryon number, and lepton
number, while in parafield theories there are
additional superselection rules. "y' The ques-
tion of the compatibility of parafield theory
with intuitive notions concerning the behavior
of quantum systems when separated into sub-
systems has been raised. ' This question de-
serves serious attention; however, we do not
consider it here.

After this brief defense of the possibility
that quarks are para-Fermi, we proceed to the
classification of baryon states in the paraquark
model. The baryon wave functions must be
symmetric under permutations. Vie present
in Table II states in which the wave functions'
are sums of products of space wave functions
and spin-unitary-spin wave functions. All the
quarks are in the lowest radial state for a given
l. The Young diagrams for both the space and
spin-unitary-spin wave functions are the same;
the numbers listed give the number of boxes
in successive rows. Even if the SU(6) classifi-
cation is useful only for the lowest 56 with
configuration s', the (SU(3), 4) classification
given in column 5 should be»seful for higher
states. We have continued the table up to the
P' configuration in order to obtain states with
J =';, since there is some experimental evi-
dence for such states. ' However, we post-
pone assigning the known baryons to multiplets.
The fact that only the 1, 8, and 10 SU(3) mul-
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Table II. I,ow-lying states in paraquark model of baryons. a

Orbitals
conf igur ation

S3

(pure}

S2p i

(spurious)
S2pi

(pure)

s ip2 S2di

(mixed)
s ip2 S2di

(mixed)

s'p', s'd'
(mixed)

ip2

(pure)
s'p', s2u'

(mixed)
sip2, s2

(mixed)

p 3, S ip id 1,S 2f i

(mixed)
p3 sipidi

(mixed)

p', s'p'd', s 2f

(mixed)
p3, Sipidi

(mixed)

p3 S ip idi

(mixed)

Parity
Young

diagram

(3)

(2. 1)

(3)

(2, 1)

(2, 1)

{1,1, a)

(3)

{2,1)

(3)

(2, 1)

(1,1, 1)

(SU(3),J)
decomposition

(s,J = 1/2)
(1O,J =3/2)

(8,J = 1/2, 3/2)
{10,J= 1/2, 3/2, 5/2)

(1,J = a /2, 3/2)
(S,J = 1/2, 3/2, 5/2}

(10,J = 1/2, 3/2)
(8,J = 1/2, 3/2)

(8,J = 3/2, 5/2)
(1O,J= a/2, 3/2, 5/2, V/2)

(1,J =3/2, 5/2)
(8,J= 1/2, 3/2, 5/2, 7/2)

(10,J =3/2, 5/2)
(S,J=3/2, 5/2)
(1,J=1/2, 3/2)

(8,J = 1/2, 3/2, 5/2)
(1O,J=1/2, 3/2)
{8,J =1/2, 3/2)
(8,J = 1/2, 3/2)

'(1,J = 1/2, 3/2, 5/2)
(s,J = 1/2)

(10,J = 3/2)
(1,J= 1/2}
(s,J=3/2)

(10,J= 1/2)
(8,J =1/2)

(8,J=5/2, v /2)
{1O,J=3/2, 5/2, 7/2, 9/2)

(1,J=3/2, 5/2)
(8,J = a/2, 3/2, 5/2, v/2)

(1O,J= 3/2, 5/2)
(S,J = 3/2, 5/2)
(8,J = 1/2, 3/2}

(10,J= 1/2, 3/2, 5/2)
(1,J = 1/2, 3/2)

(8,J= 1/2, 3/2, 5/2}
(1O,J=1/2, 3/2)
(S,J = 1/2, 3/2)

(s,J =1/2)
(1,J = 3/2)

Total
multiplicity

168

210

280

350

210

60

Vo

350

168

210

20

Total no.
of I

m ultiplets

30

30

13

20

30

Totals: 2600 291

aSee reference 23.

tiplets occur is common to any three-quark
model. The table can be constructed using
only elementary facts" known to nuclear phys-
icists. A useful check" on the construction
of the table is the observation that if the s-
and P-orbital states are considered equivalent,
then these four states transform as the funda-
mental representation of an "orbital" SU(4)
group. %hen this last group is combined with

SU(6), one reaches SU(24), whose three-par-
ticle symmetric representation has dimension
2600.

If this model is correct, then it should be
possible to produce real paraquarks in high-
energy interactions. The superselection rules
for production of paraquarks from normal
matter are the same as for Fermi quarks (see
Table I); for example, 5+m -3q, but 5+m $ 2q
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or q, where b, m, q stand for baryon, meson,
quark. However, the threshold behavior of
6+m —3q for paraquarks would reflect the s-
state wave functions and would differ from the
threshold behavior for Fermi quarks.

In Coulomb scattering from normal matter,
the lowest order cross section for para par-
ticles is the same as for normal particles of
the same charge, so para particles should be
detected as easily as normal particles.
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