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A geometric light-quark model is described in which al1 quark-quark binding energies are
less than 5%. Thequark states of this model are formed entirely from a single mass quantum M,
which has the same principal quantum numbers as the kaon. M appears in a spinless config-
uration {M—70 MeV), and also in a relativistically spinning configuration (M, 110 MeV) as
the nucleon quark 8 =%4, -330 MeV. The mass ratio M, /M-~~ is a calculated quantity. The
model can be formulated with a total of ten quark-state parameters: the masses iM = 70.0
MeV, M~ = 74.6 MeV, 8' = 330.6 MeV, and 8'~ = 336.9 MeV; the hadronic binding energies
~~= -5.0 MeV, MM, = -5.0 MeV, and M, N, = -9.1 MeV; a magnetic binding energy 8' S'
= +1.7 MeV; a m~~netic moment p, ~ = + 9.3 nuclear magnetons {p.N); and a radius R~ = 0.6
fermi. The spin angular momentum 4= ~k of the spinor S is a calculated quantity, and the
model also includes small calculated Coulomb corrections arising from multiple internal
charges. With this formulation, the masses of all of the fundamental narrow-width hadron
resonances —x~, 7t, X~, E'0, q, M, q', 50, P, n, Pn, A, Z', Z, Z, =0, -, and 0 —are
calculated to an average absolute accuracy of +0.1%, or +1 MeV, and spins, charge split-
tings, magnetic moments, and strangeness quantum numbers are reproduced. These calcu-
lated mass values are accurate enough to pinpoint the M meson as the fundamental ground-
state member of the M{953), q'{958), 50{963)multiplet, a result that is experimentally con-
firmed by both the production modes and the decay modes for these mesons.

I. INTRODUCTION

A light-quark model for reproducing hadron
resonances is described. This model is simple
enough that its essential numerical features have
been described in the abstract to this paper, and
yet it possesses accuracy and comprehensiveness.
The parameters of the model are physically iden-
tifiabJ. e, and in general they can be isolated and
determined either phenomenologically from the
experimental data or else from straightforward
theoretical considerations. This light-quark model
has a mathematically mell-defined geometry, and
in the present paper me introduce specific geomet-
rical configurations for the individual quark states
and for the quark clusters that constitute hadron
resonances. These geometrical configurations
have several important features: (l) They account
for both hadronic binding energies and internal
Coulomb corrections in an accurate and apparently
unique manner; (2) they give spin angular mo-
menta, magnetic moments, and the volume of a
nucleon as directly calculated quantities, (S) they
facilitate the pedagogical presentation of this
somewhat unconventional approach to elementary
particle structure. It should be recalled that
Maxwell had a mechanical model for the electro-
magnetic field firmly in mind when he wrote down

his famous set of equations. Maxwell's spinners
and idler mheels have long since disappeared,
leaving behind only the equations which express

their operation. The present geometrical quark
model may similarly disappear, but hopefully
the systematic results which it represents will
remain.

In another paper, ' denoted here as paper I, a
compilation of about 130 low-mass experimental
hadron resonances was presented, documented,
and evaluated. In the present paper we use these
data values directly, usually without further docu-
mentation. Paper I also included a phenomenolog-
ical analysis of the experimental data which re-
vealed the existence of the present set of light-
quark states. It was demonstrated in I, with the
aid of these quark states, that the broad-width
hadron resonances can be interpreted as nuclear-
physics-type rotational levels, with the narrow-
width resonances constituting the rotationless
S-state bandheads. ' A comprehensive study of
these hadron rotational bands was given in I. In
the present paper, we are concerned only with the
problem of reproducing the narrow-width 8-state
resonances. ' The mapping problem —the task of
reproducing all of the observed resonances, and

only the observed resonances —was discussed at
some l,ength in I; this discussion is not repeated
here. Also, the predictive power of this light-
quark model (which was formulated several years
ago) has been demonstrated in one way or another
by almost 4 of the resonances in the 130-resonance
data compilation of paper I; these predictive suc-
cesses are summarized in detail in that paper.

10 850



10 LIGHT-QUARK HADRON SPECTROSCOPY: A QEOMETPIC. . .

In Sec. II of the present paper the very-narrow-
width S-state resonances (I'«5 MeV) are repro-
duced, and in Sec. III the intermediate-width S-
state resonances (I' ~ 10 MeV) are reproduced.
Sec. IV summarizes the experimental, phenom-
enological, and theoretical evidence that can be
used in order to determine numerical values for
the ten parameters of this light-quark model. Al-
though the masses and binding energies of this
light-quark model are quoted here to accuracies
of 0.1 MeV, this is not meant to imply that these
values are actually known to that accuracy. Our
purpose is rather to demonstrate that this very
limited set of light-quark states (which are all
formed from the quantum M -70 MeV) has the
intrinsic capability of accurately reproducing the
very-mell-known ground-state hadron resonances,
since this capability furnishes the strongest argu-
ment for the physical reality of the basis set. Sec-
tion V contains a brief summary of the present re-
sults. Several topics are amplified and extended
in appendixes at the end of the paper.

The meson and baryon S-state resonances dis-
cussed in Secs. II a.nd III total 53 resonances in all.
These 53 resonances are reproduced by the pres-
ent light-quark model to an average absolute mass
accuracy of better than +0.4%.

In the present paper, and also in paper I, it is
evident that we are using what is in many respects
a classical description to reproduce particles and
resonances which are thought to be highly quantum-
mechanical in nature. The reason for this semi-
classical approach is not due to any particular
desire on the part of the author to circumvent
quantum mechanics. Our one goal in these two
papers has been to provide a spectroscopic de-
scription for these particles, including mass
values, spins, charge states, and magnetic mo-
ments; and, in obtaining these spectroscopic quan-
tities, the author was literally forced into the
description that is provided here. As one example,
the use of actual rotating current distributions
to calculate particle magnetic moments may seem
(to present-day physicists) to be a highly implaus-
ible procedure, and yet these current loops give
correct answers —and in fact answers which have
not been forthcoming from any field-theory model
of which the author is aware. The model that we
end up with in the present paper is a rather curious
mixture of classical and quantum concepts. The
dynamical implications of this model clearly must
be investigated before the utility of this approach
can be accurately assessed, and these dyna. mical
studies may well force a revision of some of the
concepts. However, on the spectroscopic level
the model is, as far as the author can determine,
in agreement with experiment. The geometric

H. THE VERY-NARROW-WIDTH 5-STATE
RESONANCES

These resonances inct.ude the w, K, q, M, q', 5',
and 5 pseudoscalar bosons, and the P, n, A, Z,
:-, and 0 metastable fermions. In addition, two
bound-state resonances, pn and K p -=A(1402)S,
are also included, since they fit in naturally with
the present systematics.

The fundamental mass quantum M -70 MeV is
described in Fig. 1, and the complete set of light-
quark basis states generated as combinations of
quanta M is shown in Fig. 2. These basis states,

=M, 3 =3M, 4=4M, 7=7M, and S=(3M)
are linear a~~ays of quanta M, denoted as
"cabers. "' Although the appearance of these quark
states as linear structures seems somewhat un-
usual, the linear arrays in fact uniquely represent
both the formalism for hadronic binding energies
and the formalism for applying Coulomb correc-
tions.

Table I summarizes the numerical values of the
ten independent quark-state parameters that are
used in the present model. In Sec. IV, many of
these parameters are deduced directly from the
experimental data. Table II lists the properties
of the 1, 3, 4, 7, S caber basis set, including their
strangeness characteristics, hadronic binding en-
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FIG. 1. The fundamental mass quantum AI 70 MeV.
M appears to have the same quantum numbers as the
K meson; in particular, it has isotopic spin I =~, spin
angular momentum J=0 (it also appears as the spinning
quantum M, in the spinor S), and strangeness S =+ l.
The shape of the quantum M is that of an oblate spheroid,
with radii R~~= Gv 3 F and Rm;„=3 F, as determined
in Appendix B. As shorn in Fig. 2, the quantum M
occurs in its spinless form in the basis states 1 =—M,
3—= 3M, 4=—4M, a.nd 7=—7M, and it occurs in its spinning
form in the spinor S =—3M, . Although the spinless quan-
tum A- 70 MeV has not been observed experimentally,
the spinning quantum '4, is related phenomenologically
by the equations of special relativity to the readily ob-
served muon (see Appendix E and Fig. 28).

elementary particle model that is illustrated in

Figs. 1-28 of the present paper is offered here
not as a "solution" to the elementary particle prob-
lem, but rather as an indication of fruitful areas
for further research.
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FIG. 2. The cabers 1, 3, 4, 7, S. These are formed as linear arrays of quanta M. The linear arrays account in an

apparently unique manner for a number of phenomenologically required light-quark binding energy characteristics and
electromagnetic characteristics, as is summarized in Table IV. These linear arrays occur both as cabers (strangeness
= +1) and as anticabers (strangeness =-1), and hadronic binding energies exist only between caber-anticaber pairs. In

hyperon resonances, which are formed by adding spinless anticabers to an existing nucleon spinor triplet, it is the spin-
less anticabers which carry the conventional strangeness quantum numbers; the conservation of baryon number is pre-
cisely equivalent to the conservation of nucleon spinor triplets, so that the strangeness of the spinor triplet, and hence
also of the spinor S, does not enter into the bookkeeping of the associated-production process. Thus the spinor S is
assigned a strangeness quantum number of zero, although from its hadronic binding energy it is in fact "strange. "
In Sec. III, "nonstrange" forms of the cabers 3, 4, and S are also described. The mass of a caber is the sum of the
masses of the constituent subquanta M. The properties of the cabers 1, 3, 4, 7, S are summarized in Table II, and the
spinor S is discussed in detail in Appendix B.

ergies, and mass values. A notation is introduced
for the different particle-antiparticle states of
these linear arrays, as follows: sA'ange cabexs
(1, 3, 4, 7, S; strangeness =+1); strange anti-
cabers (1, 3, 4, V, P; strangeness = —1); nosstrange
cabers (3, 4, S; strangeness =0); nonsirange anti

cabers (3, S; strangeness =0). The "strangeness"
of the spinors S and S, which does not contribute
to the strangeness quantum numbers of Gell-Mann
and ¹ishijima, is discussed in the caption to Fig.
2. It is convenient to denote strange cabers and

strange anticabers simply as "cabers" and "anti-
cabers. " Nonstrange cabers and nonstrange anti-
cabers are usually lumped together under the gen-
eral heading of "nonstrange cabers; "the distinc-
tion between these two types of nonstrange caber
is of importance only for detailed associated-pro-
duction reactions, as described in Appendix D.

Table III summarizes phenomenological rules
for reproducing hadron resonances as clusters of
cabers, with the Fermi-Yang4 formulation of the
nucleon being used rather than the formulation of
Qell-Mann and Zweig. ' These rules reproduce the
observed spectrum of S-state hadron resonances.
The rotational levels mentioned in Hule 7, which

are described in detail in paper I, complete the
mapping of the hadron resonance spectrum. Table
IV describes some features of these hadron reso-

nances which are uniquely accounted for by the
linear caber configurations of Fig. 2. Figure 3

shows the distinctive manner in which individual
caber-anticaber pairs bind together, and Fig. 4
shows how these caber-anticaber pairs occur in a
cluster of cabers.

Figure 5 is an energy-level diagram for the
very-narrow-width J = 0 meson and kaon reso-
nances (these resonances are discussed in more
detail in Appendix A and the isospin labels are
discussed in Ref. 5). Experimentally, the widths
of these resonances appear to be much less than
5 MeV; phenomenologically, these resonances can
be constructed entirely from spinless quanta M.
The position of the M meson'' in Fig. 5 as the
lowest-mass member of the M, g', 5 multiplet' '
suggests that the M must be the fundamental
ground-state member of this multiplet (see Table
v).

Figure 6 shows the m mesons, and it illustrates
the manner in which parameters (1), (2), and (5)
of Table I exactly reproduce these resonances.
Figure 7 describes the caber-anticaber pairs
m =1 1, g=4'4, (M, q', bo) =7+7, K'=7', and

K =7, and the mass calculations in this figure
show that parameters (1), (2), and (5) also accu-
rately reproduce these resonances. The 7'7
mass calculation coincides with the mass of the
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TABLE I. Summary of numerical values and calculational quantities for the ten-parameter light-quark basis set. It
is important to note that several of the numerical values which are given here as free parameters can be determined
directly from the experimental data or from theoretical calculations, as is described in Sec. IV. M and M denote
nonspinning and spinning quanta M.

Quark-state masses

Parameter (1). M, M =70.0 NeV.
Parameter (2). M', M =74.6 NeV.
Parameter (3). S', S =330.6 MeV (S' -=MSMSMSO, S =—MOM Mo)
Parameter (4). S",S =336.9 MeV (S" =—M,'M, M,', S =—M, MONS).

Rule: The intrinsic masses of the spinless cabers 3 = 3M, 4 = 4M, and 7 == 7M are the sums of the constituent
masses M (see Table II).

Hadronic binding energies

Parameter (5). Bzk, ——-5.0 MeV, B~~=Byy =0.
Parameter (6). Bzy =By@ =-5.0 MeV, Bzz ——Byy —-0.8 8 8
Parameter (7). B~ y =-9.1 NeV, B~ z =By y ——0.

8 8 ~ ,8 8 8 8
Rule: These hadronic binding energies are very short-ranged; they operate directly between matching subquanta

in adjacent caber-anticaber pairs.

Magnetic binding energies

Parameter (S). Bz+z-=Bz'&' —--1.7 MeV, 8&+&+ =+1.7 MeV, Bz+z++ =+3.4 MeV.

Rule: These magnetic binding energies are short-ranged; the values shown here apply only to adjacent spinors in
a cluster.

Magnetic moments

Parameter (9). p~- =+9.3p,„,p~-=-9.3p,„,pz-- =-18.6p„~
Note: Equatorial charge distributions on the spinors S give calculated magnetic moments that are precisely a factor

of three larger than the values shown here.

Radii of the quantum M

Parameter (10). R ~ =3&3 P.
Dependent parameter: R ~~ ~g P. |Prom the calculations of Appendix B, R m~ =R~;„(S,3',Rm8, ).j

Coulomb effects

Coulomb self-energies: Strange cabers in general occur singly charged, and alternate charge states are formed by
adding another charge; nonstrange excitation cabers occur uncharged.

Coulomb binding energies: These are calculated classically; for definiteness, the quanta M" are assumed to have
centered point charges and the quanta M', are assumed to have equatorial charge distributions, although these detailed
charge distributions have little effect on the (small) Coulomb corrections.

Spin angular momentum

The spin angular momentum J = 2 I of the spinor S is a calculated quantity, as shown in the calculations of Appendix B.

M, which is in agreement with the systematics of
Fig. 5 and Table V. Figure 8 shows details of the
q' multiplet; it illustrates the manner in which
the model can reproduce the It'-M mass difference,
and also the manner in which the 5 is constructed
as a charged form of the q'. The doubly charged
caber 7' that appears in the 6 in Fig. 8 also ap-
pears singly as the Ko in Fig. 9. Arguments which
single out the M meson as the fundamental member
of the q' multiplet are summarized in Table V.

Figure 9 illustrates the K mesons. The caber
configurations shown here reproduce the absolute
masses of the kaons, the charge splitting of the
masses, "the spins and total charges of the kaons,
and the strangeness values (+ I for the K' and

mixed for the K audio). These kaon caber con-
figurations also have significance with respect to
lifetime systematics (Appendix A} and with respect
to the equations for associated production (Ap-
pendix D). The fact that a secondary scattering,
whose effect is clearly to cause a geometrical
rearrangement, converts some K~o mesons into K~o

mesons suggests that the difference between these
two meson states is geometrical. From the nega-
tive parity of the K~ » mme decay and the positive
parity of the Kz - mm decay, we have a further sug-
gestion that the parity and the particle-antiparticle
nature of a mass quantum M' may depend on its
spatial orientation with respect to the resonance
structure in which it is contained.



854 MALCOLM H. Mac GBEGOH 10

TABLE II. Properties of the cabers 1,3, 4, 7,S. These linear arrays of quanta M and M, ,
which constitute a complete set of light-quark basis states, are illustrated in Fig. 2, They
occur as strange cabers and antieabers and as nonstrange cabers and anticabers. Strange
caber-anticaber pairs bind hadronically with HBE - 4%; nonstrange cabers bind hadronically
with HBE - 0%; strange caber-caber and anticaber-antieaber pairs do not bind hadronically.
The mass of a caber is the sum of the constituent masses, and the "intrinsic mass" of a caber
is the mass before multiple-charge Coulomb corrections have been applied.

(a) Strangeness quantum numbers and hadronic binding energies

Strange cabers (all subquanta M) '
strangeness
hadronic binding energy {to anticabers)

+1
-4/o

3 4 7 S
ceo» b

-4/o -4% -4' -4'
Strange anticabers (all subquanta M) ~

strangeness
hadronic binding energy (to cabers)

7
-1
-4%

S
rioPP b

Nonstrange cabers (mixed subquanta M and M} '
strangeness
hadronic binding energy (to everything)

3 4
0 0 0

-0% -0% -0%

Nonstrange antieabers (mixed subquanta M and M) '
strangeness
hadronic binding energy (to everything)

3
0

-0%

S
0

-0%

(b) Intrinsic mass values

Caber

Intrinsic mass (MeV}

Uncharged 7O.O 21O.O 28O. O

Singly charged 74.6 214.6 284.6 494.6 330.6
Doubly charged ~ ~ ~ d ~ ~ ~ 289.2 499.2 336.9

The kaon is an exception. See Fig, 2. ' See See. III. d Not observed,

TABLE III. Rules for hadron resonance formation as clusters of cabers.

(1) Nonstrange pseudoscalar mesons are formed as hadronically-bound strange caber-anticaber pairs: ~ =11, g =44,
(I, q', e') =77.

(2) Strange pseudoscalar mesons are single (unbound) strange cabers or anticabers: E = 7 and E =7 are the only ex-
amples,

(3) The nucleon is the hadronieally bound Fermi-Yang spinor triplet N =SSS. Conservation of baryon number is
precisely equivalent to the conservation of these triplets.

(4) Metastable hyperon resonances are formed by adding strange anticabers 3 and 4 to an existing SSS nucleon core:
A=SSS3, Z=SS84, - =SSS33, Q=SSS344,

(5) Short-lived baryon and hyperon resonances are formed by adding nonstrange cabers 3 and 4 to the metastable
"ground states" N, A, Z, and: N3, N4, N33, %44, A3, A4, A33, A44, Z3, Z4, Z33, Z34, Z44, =3, =4, ete. (see Fig.
16).

(6) Short-lived meson resonances are formed by adding nonstrange excitation quanta to an SS spinor pair: cu =SS7r,

P =3SSm, D =3SS33, 8=3S844, etc. (see Fig. 19).
(7) Broad-width baryon and meson resonances (I'-100 MeV) are interpretable as rotational excitations, with the S-

state resonances of rules (5) and (6) serving as bandheads. The S-state resonances of rules (1)-(4}do not have over-
lying rotational bands.

~ See Ref. 4. b See Ref, 1.
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TABLE IV. Distinctive feature of light-quark hadron resonances which are uniquely accounted for by the linear caber
structures of Fig. 2.

Hadronic binding energies

(1) If the observed pseudoscalar bosons are compared to a 70-MeV mass grid, it is apparent (see Fig. 5) that (a) the

g, and M, g', 5 resonances have binding energies that are proportional to their masses, {b) the kaons appear to be
unbound.

{2) The strange anticabers 3, 4, and 7 all bind to the SSS spinor core with the same binding energy: —30 MeV (see
Figs ~ 3 and 4).

(3) In multiple-strangeness excitations, the first anticaber binds with —30 MeV, the second binds with -15 MeV, and

the third with -0 MeV (see Fig. 4).
(4) The calculations of the Pn and hyperon masses in Figs. 11—15 all assume that these caber clusters are eoplanar;

this coplanarity implies that the cabers have essentially cylindrical (linear) geometries with respect to hadronic bind-

ing energies.

Other hadron properties

(5) The Ko-K' mass difference, which is 4.0 MeV instead of 4.6 MeV, implies a length for the K of at least 2.4 F
(see Fig. 9).

(6) The calculated Coulomb corrections for the baryon and hyperon resonances of Figs. 10—15 accurately reproduce
the observed n-p, Z -Z -Z', and = -=0 charge splittings; this suggests that the linear displacements assumed for the
internal Coulomb charges must be approximately correct.

(7) The mechanical and electromagnetic properties of the spinor S which are derived in Appendix 8 are based on a
linear array of three subquanta M, .

The mass calculations for the resonances of
Figs. 5-9 are summarized in Table VI. In making
these calculations, we have used a total of five
numerical parameters —the masses M' and M',
the binding energy B~~, and the radii A,„and

for the Coulomb corrections —and we have
reproduced the masses of the nine resonances in
Table VI to an average absolute accuracy of better
than 0.5 MeV, using a 70-MeV mass quantum as
the fundamental building block. This is the strong-
est argument that we can give for the reality of
this spinless light-quark basis state (which does
not appear in the conventional quark model). In
assessing the results shown in Table VI, the ab-
sence of any counterexamples should be stressed;
all of the observed Low-mass J~ =0 bosons are

included here.
Figure 10 describes the nucleons. Since these

are spinor triplets SSS in which there are two
hadronic SS bonds but no hadronic SS bond, the
triplets can occur either as linear arrays or as
clusters, depending on the electromagnetic poten-
tials; and as shown in Fig. 10, the proton appears
as a linear array and the neutron as a cluster.
These configurations reproduce the masses,
charge splitting, spins, and magnetic moments
of the nucleons, as well as the zero electric di-
pole moments with respect to the spin axes. As
discussed in paper I, these configurations repro-
duce the rms electric and magnetic radii for the
nucleons; also, if the charge distributions are
assumed to be equatorial current loops, then these

? ?
I

?

X??

C~

??, pp

p%p',e.':+:QM
I /

/ f gqka

.?

11 33 44 77
-5.0 -15.0 -20.0 -35.0

S3
15.0

S4
1Q 0

SK SS
.15.0 -27.3

FIG. 3. Hadronic binding energies between caber-anticaber pairs. The hadronic binding, which from its -4% mag-
nitude is very short-ranged, operates directly between matching M and M subquanta in adjacent cabers. Denoting these
subquanta as M (nonspinning) and M~ (spinning), the hadronic binding energies between subquanta are as follows:
AfM =-5.0 MeV, MMs=MMs = —5.0 MeV, MsMs=-9. 1 MeV, MM=MM =MMs=MMs=MsMs=MsMs=0 As shown in the

figure, the corresponding caber-anticaber binding energies in MeV are as follows: 11=- 5,0, 33 = —15.0, 44 = —20.0,
77= —35.0, S3=84 =87= —15.0, SS=—27.3, SS=SS=0. The mass proportionality of the 11, 33, 44, and 77 binding ener-
gies and the equality of the 83, S4, and 87 binding energies are both phenomenologically required features, and they
seem to follow uniquely from the linear caber configurations shown here.
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RESONANCE

STRUCTURE
STRANGENESS
3 AND 4 H. B.E

g HYP$ R(3N

ScS &

2 «-15=-30

g HYPER()X
SSS4

2a-lb -30

:- HYPERON

SSS33

3 x-15=-45

Q HYPE H()N

SSS344

3 a -l J=-4~v

FEG. 4. Hadronic binding energies for clusters of spinless anticabers added to a nucleon core. Due to the very short
range of the -4% hadronic binding energies, only adjm~'nt caber-anticaber pairs in a cluster can bind hadronically.
When adding spinless anticabers to an SSS-triplet nucleon core to form a hyperon resonance, the first 3 or 4 binds with
two spinors S to give HBE=-30.0 MeV, the second 3 binds with only one spinor S to give HBE = —15 MeV, and the third
anticaber, from its position in the excitation cluster, binds with essentially zero binding energy. As discussed in
Fig. 2, the spinless anticabers carry the strangeness quantum numbers of the hyperon resonance. Experimentally,
anticabers 3 and 4 wQ1 bind to an SSS nucleon spinor core to produce F* resonances, but cabers 3 and 4 will not bind to
this same spinor core to produce Z* resonances. Thus the particle-antiparticle asymmetry that is inherent in the nucle-
on spinor core leads to observable consequences. In the present light-quark approach to particle structure, the Fermi-
Yang (Ref. 4) formulation of the nucleon, N =SSS, is required, rather than the Qell-Mann and Zweig (Ref. 5) formulation,
N =SSS.

current loops can account for the behavior of elec-
trornagnetic form factors in appearing like dipoles
at low energies and like point charges (partons) at
high energies, depending on whether the incident
particle wavelength is large or small as compared
to the dimensions of the current loops. In Ap-
pendix B it is shown that these spinor triplets give
an average nucleon volume that is in agreement
with the nucleon volume obtained from optical-
model calculations for heavy nuclei.

Figure 11 shows the Pn bound state. The cal-
culation given here represents the only quantitative
explanation of which the author is aware for this
P'n binding energy of —83.3 +1.4 MeV. In partic-
ular, potential model calculations of the Pn sys-
tern have great difficulty in reproducing the narrow
width (I' ~8 MeV) of the resonance. The pn bound
state is a remarkable experimental result in that
it gives us for the first time direct evidence that
binding energies as large as 4% exist in nature.
As was discussed in paper I, nucleon-nucleon and
nucleon-antinucleon binding energies are analo-
gous to the quark-quhrk binding energies that ap-
pear in the present light-quark model.

Figures 12-15 illustrate the metastable hyperon
resonances. From the observed mass intervals,
and also from the magnetic moments, it is clear
that these are formed as combinations of seeress
basis states combined with an SSS nucleon core.
From the systematics of both the meson and bar-
yon resonances, it is apparent that the spinless
excitation quanta carry the strangeness quantum
numbers. This light-quark representation for the
hyperons, in addition to reproducing the masses
and quantum numbers, establishes a direct rela-
tionship between internal particle-antiparticle

980

=0 I =]/2

6'(963.5 + 1.?)1(5.9
r)

' (95S.1 + 0.4)r& 0, 8
M(953 + 2}l"&10

S (962)x&5

o 560

490

&(54s.e)r &0.9

K'(497.7)I 0
K+ {493.7)I 0

140 s'(135.0) 1"0 (139.6}&0

FIG. 5. An energy-level diagram for the pseudoscalar
boson resonances, plotted with 70-MeV mass intervals.
Experimentally, all of these resonances except the 60

have been measured to be J = 0 levels. The position of
the M as the lowest member of the (M, g', 6o) multiplet

suggests that it is the fundamental member of this group-
a suggestion that is borne out by the mass calculations of
Figs. 7 and 8 and the production and decay modes sum-
marized in Table V. As can be seen by the 70-MeV mass
grids, the w, q, and (M, vf, d ) resonances have small
binding energies that are proportional to the masses,
whereas the E mesons appear to be unbound. The 6
a charged form of the g, is discussed in Fig. 8. Experi-
mental evidence for these levels is discussed in Appendix
A. The isotopic-spin labels are discussed in Ref. 6.
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TABLE V. A summary of arguments which indicate that the M meson is the fundamental
ground-state member of the M(g53), q'(958), Bo(963) multiplet.

(1) As shown in Fig. 5, the M is the lowest-mass member of the multiplet.
(2) The mass calculations of Fig. 7 pinpoint the M as the most strongly bound (and therefore

most symmetric) resonance.
(3) The M meson is observed in the symmetric reactions

(a) P +d- He3+M (Ref. 7),
(b) X-+p- Z-+p+M (Ref. 8),

which do not show the g' or 6 resonances, whereas the rj' has been observed in the asymme-
tric reaction

{c)Z-+p —~+q (Ref. 8),

which does not show the M, and the 0 has been observed in the charge-exchange reaction

{d) 7l +p 50+@ (Ref. 9),

which shows an g' signal but no M signal. The symmetric reactions {a) and (b), in which the
M is created directly from kinetic collision energy, require that the M have perfect internal
particle-antiparticle symmetry, and hence a hadronic binding energy of -35 MeV (Fig. 8).

{4) The M has the symmetric one-step decay process

(e) M 1r~ ( 100%) (Ref. 8),

whereas the q' has the asymmetric two-step decay process

(f) g' py, p 1r7t (-100%) .
Appendix A contains equations for the production and decay reactions shown here. These

equations bring the symmetry characteristics of reactions (a)-{f) more sharply into focus.

symmetries and strangeness quantum numbers. It
also shows that baryon number conservation is
identical with the conservation of S8S nucleon
spinor triplets. The mapping problem as to why

just these particular hyperons are produced, and
not for example ='=SSS44, is discussed in Ap-
pendix D. The Z (Ref. 11) and " (Ref. 12) mag-
netic moments are discussed in the captions of
Figs. 13 and 14, respectively. The 0 mass
shown in the caption to Fig. 15 is from Ref. 13.

The baryon and hyperon caber cluster calcula-
tions of Figs. 10-15 are summarized in Table VII.
The one resonance included in Table VII which is
not shown in the figures is the E p bound state
A(1402)S. We can calculate the mass of the K p
bound state immediately by noting that this p'(t'

excitation is directly analogous to the p4 excita-
tion that constitutes the Z' resonance. Thus the
A(1402} should have a mass that is just 3 x70.0
=210.0 MeV above the Z' mass. The actual mass
difference (see Figure 15) is 209.9 MeV. In Table
VII we followed the less accurate procedure of
calculating the A(1402) mass directly from the
S~S~S~'1 cluster of cabers. In line with these
calculations, it is interesting to note that the decay
of the A(1402} resonance is 100% into Z resonances,
and not into the A(1116) resonance (which has a
spinor-flipped spinor core configuration).

The average calculated absolute mass accuracy
for the eleven resonances shown in Table VII is

+0.12/q, or +1.6 MeV. In assessing the physical
content of this result, several factors should be
noted in addition to just the number of numerical
parameters contained in the model: (1) The basic
building blocks for these resonances are very
large —a spinor S -330 MeV and two spinless
cabers 3-210 MeV and 4-280 MeV; (2) these

RESONANCE
UNBOUND MASS
HADRONtC B.E.
BOUND MASS

144.6
G O

139.6

140.0
-S.O

135.0

EXPE R. MASS 139.G 135.O

FIG. 6. The 1j' mesons. The M, M, and M mass
values of Fig. 1 and the MM binding energy of Fig. 3 are
adjusted so as to precisely reproduce the pion mass
values. A stringent test of this phenomenology is to then
use these same parameters to reproduce the higher-mass
resonances, since any systematic errors will scale with
the resonance masses. As is shown in Figs. 7-9, the

parameters that accurately reproduce the pion masses
also accurately reproduce the masses of the higher-mass
resonances of Fig. 5. The caber pairs shown here also
reproduce the strangeness quantum number S =0 and the
spin 4=0 of the pion. Phenomenologically, it seems to
be correct that every hadronic resonance must contain
at least one neutral quantum Mo or M~~. If we postulate
this as a requirement for the ~ mesons, then we have
also reproduced the isotopic spin I =1 of the pion multi-
plet.
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RESONACE

STRUCTURE
STRANGENESS
UNBOUND MASS

HADRONlC B.E.
COULOMB COR R.
BOUND MASS

PI MESON
11
0

140
-5
0

135

ETA MESON
44
0

569
-20

-1
548

M MFSQN
77

0
989
-35

-1
953

K ME SON

7
+1

495
0
0

495

K" MESON

7
-1

495
0
0

495

EXPER. MASS 953

FIG. 7. The pseudoscalar bosons m, g, M, and X', members of the pseudoscalar nonet. As can be seen, the param-
eters that reproduced the pion masses in Fig. 6 also reproduce the masses of these resonances. Furthermore, the
mass calculation singles out the M meson as the fundamental member of the M, g', 40 multiplet, in agreement with
the results of Figs. 5 and 8 and with the systematics shown in Table V. The Coulomb corrections used here were ob-
tained from parameter {10) in Table I: Rm~ =0.6 F-&2/2R ~ = —1 MeV, a result that is essentially independent of any
specific choice made for the internal+ and- charge distributions in the subquanta M+ and M . The caber charge assign-
ments g=4+4, %=7 7", K =7", and E =7 shown here are in agreement with the rule for Coulomb self-energies given
at the bottom of Table I.

same basis states also appear in other resonances,
for example in the resonances of Table VI; (3)
the absolute mass of each particle is a delicate
balance among three kinds of binding energy-
hadronic, magnetic, and Coulomb —and the mag-
netic and Coulomb binding energies are constrained

by the requirements of reproducing spins, mag-
netic moments, charge splittings, and total
charges; (4) there are no counterexamptes —,all
of the observed long-lived baryon and hyperon
resonances are included here.

Table VIII summarizes all of the calculations of

~t

,C

i(E NUN~NC(

PR()()(JC (ION PROCESS
i)NUUUND MASS
HADRON!C 8 E

COULOMB CORR
8OUND MASS

M MESON
A~8 A-8+RES

989
-35

-1

953

, ,
' MESON

A+8 C+RES
989
-30

-1

958

') MESON
A+8 "A+RES

994
-30

-1

963

FIG. 8. The M{953), g {958), and 6 {962) mesons. The symmetric production mode A +B —A +B +M mandates that
the M, which is created dix ectly from kinetic collision energy, must have perfect internal particle-antiparticle sym-
metry, and hence a binding energy of —35 MeV. The asymmetric production mode of the g, on the other hand {see
Table V), suggests a particle-antiparticle "defect, "an unmatched MM pair, which shifts the mass upwards by 5 MeV.
This asymmetry also relates to the decay modes of the M and q' resonances, as is shown in Table V. The M{953),
g'{958), 50{963) fine structure is a direct experimental indication of the 5-MeV internal MM binding energy that was in-

voked initially to explain the pion masses of Fig. 6. The 6 appears here naturally as a charged form of the rj'. From
the Coulomb rule at the bottom of Table I, this charged state is formed by adding a charge, so that 0 =7+ 7 . The &+

caber shown here in the 5 can also be observed singly as the EJO meson of Fig. 9.
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%?

R ESON ANC E

STRANGENESS
UNBOUND MASS
COULOMB CORR.
BOUND MASS

EXPER, MASS
Ko-K - MASS O IF FE R E NC E

CALC.
FXPER.

K+ MESON
+)

494.6
0

494.6

K MESON

494.6
0

494.6

493.7

3.9 MeV

4.D MeV

+1
499.2
-0.7
498.5

K$ MESON
+1-1
499.2
-0.7
496.5

497 7

FIG. 9. The K mesons. The configurations shown here reproduce the absolute mass values, the charged splitting of
the masses, and the strangness characteristics. The K =7* mesons were shown in Fig. 7. The K~0 =7' caber also
appears in the 6 resonance of Fig. 8; the K& is a more symmetric form of the 7+ caber, and it has a ~7r decay mode
as compared to the ~~~ decay mode of the K&0. As is shown in Fig. 23 of Appendix A, these kaon configurations also have
phenomenological significance with respect to the lifetimes of these resonances. From the calculation of the K -K'
mass difference, the Coulomb correction in the K0 must be —0.6 MeV (the value of —0.7 MeV shown here is from the
radius R~~ = 3 F given in Table I). Thus the K0 charge separation must be e /R' = —0.6 MeV —8 =2.4 F. This large
value for R' is one of the main reasons for selecting a linear structure to represent the kaon. The conventional quark
model predicts unambiguously (Ref. 10) that the K' meson should be heavier than the K, K0 meson, so the present
light-quark systematics offers a resolution of this long-standing theoretical puzzle. 'The kaon configurations shown here
are K =3 40, KID =3+3 10, and K&~ =3 4, so that K' have strangeness +1 and KI0 and K&0 have mixed strangeness, as
observed experimentally. The K80 regeneration process, a secondary scattering, is a geometrical rearrangement of the

KLD, structure.

TABLE VI. Calculation of mass values for the very-narrow-width boson resonances. The
rules for reconstructing these resonances are given in Tables I—III. These resonances are
illustrated in Figs. 5—9.

Boson Caber array

Intrinsic

mass

Binding energies Observed mass

(MeV) (MeV)

Hadronic Coulomb Calc. Exper. Error

M
gl
g0

6
K
K0,K0

1010
4+ 4
7'7
7'7
7+7
7' 7

7+

144.6
140.0
569.2
989.2
989.2
989.2
993.8
494.6
499.2

—5.0
—5.0

—20.0
-35.0
-30.0
—25.0
—30.0

0
0

—1.2
—1.2
-] 2
—1.2
-1.3
—0.7

139.6
135.0
548, 0
953.0
958.0
963.0
962.0
494.6
498.5

139.6
135.0
548.8 ~

953
958.1
963.5
962
493.7
497.7

0.00Vc

0.00'Vc

-0,15%
0.QOVO

-0.01'
—0.05%
+ 0.05Vc

+ 0.18VG

+ 0, 16Vc

Average percentage mass accuracy +0.07Vc

Average absolute mass accuracy +0.4 MeV

~ A recent measurement [D. M. Binnie et al ., I'hys. Rev. D 8, 2789 (1973)] gives the g mass
as 548.1+0.4 MeV.
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k +' "

4+%

~Ale IS IS Wk4t" *. ' g

i@i&~ +":.

Spinor configuration

Intrinsic mass {MeV)
hadronic binding energy
magnetic binding energy
Coulomb binding energy

Calculated mass
Experimental mass
Calculated magnetic

moment
Experimental magnetic

moment

+ S~$+

(linear)
991.8

—54.6
+ 3.4
—2.2
938.4 MeV
938.4 MeV

+2.79pg

+2.79pg

S+S S+

(clustered)
998.1

—54.6
—1.7
—2.1
939.7 MeV
939.6 MeV

—1.86pg

—1.91p~

WAi~a.",:&:gs'kAA

$ ''. ''':g, '. ' .":g&"', :' «0', I,': ' f
~,-: .. C.

FIG. 11. The pn bound state. The same parameters
that reproduce the proton and neutron also reproduce the
pn bound state. The pn cluster shown here is a spin-1
configuration, as suggested by the experimental data.

Spinor configuration si s;sos+, s~s)
Intrinsic mass (MeV) 1989.9

hadronic binding energy —191.1
magnetic binding energy +1.7
Coulomb binding energy —5.6

Calculated mass 1794.9 MeV
Experimental mass 1794.5+ 1.4 MeV

The Coulomb corrections for Figs. 10-15 are discussed
in Sec. IV and summarized in Table I.

FIG. 10. The proton and neutron. These are both
formed as Fermi-Yang (Ref. 4) spinor clusters N=SSS.
The internal charge assignments for the nucleons follow
uniquely from the requirement of reproducing the follow-
ing experimental data: the total charges, the magnetic
moments, the spins, thb mass difference, and the zero
electric dipole moment for the neutron about its spin
axis. From their resultant electromagnetic interactions,
the proton appears with a linear SSS configuration and the
neutron with a, clustered S~ configuration. The nucleon
values that are reproduced from the parameters of
Table I are the following:

Proton

FIG. 12. The A hyperon. The A is the caber cluster
S3, in which the anticaber 3 carries the strangeness
quantum number S =-1. Calculated values for the A are
the following:

Caber configuration
Intrinsic mass (MeV)

hadronic binding energy
magnetic binding energy
Coulomb binding energy

Calculated mass
Experimental mass
Calculated magnetic moment
Experimental magnetic moment

S+)S)S+)3
1206.4
-84.6

~3 2
1116.9 MeU
1115.6 MeV

—0.93pg
(- 0.67+ 0.06)pN

the present section. Starting with the ten numer-
ical parameters of Table I, and using them in the
manner outlined in Tables I-III, we have repro-
duced or otherwise accounted for the absolute
masses of twenty resonances to an average ac-
curacy of +0.1k, or +1.0 MeV, taking into account
the constraints of item (3) in the above paragraph
plus the requirement of reproducing the strange-
ness quantum numbers. It might be argued that
this geometric light-quark model has some built-
in parameter freedom in addition to these ten nu-
merical constants; however, it can also be argued
that a number of these constants are in fact pinned
down by the experimental data, as is discussed
in Sec. IV.

It is instructive to compare the summary of
results in Table VIII with the mass calculations
that are obtained from symmetry schemes, using
the discussion of these symmetry schemes by
Feld'4 as a guide. The standard baryon mass
formula —,

' (M~+M„)= —,
'

(Mz+3MA), which follows
from the early Goldhaber model, " requires three
known masses to determine the fourth. Choosing
all neutral masses, this formula gives the mass
of the ™0,for example, to an accuracy of 1.2%.
If this same Qoldhaber formalism is applied to
meson masses, it gives the equation 4M~ =3M„
+M, . Using the Ko and g as input masses, the g
mass is calculated to an accuracy of 13$. If the
ad ho@ assumption is then made that the squares
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4
':,"p & ~s

FIG. 13. The Z hyperons. The Z hyperons are caber
clusters S&4, in which the anticaber 4 carries the
strangeness quantum number S = —1. The configurations
shown here reproduce the masses and charge splittings
correctly. The Z' magnetic moment is correctly repro-
duced. The calculated Z magnetic moment is in dis-
agreement with a recent measurement (Ref. 11). The
magnetic moment of the Z has not measured, but the &

cluster shown here and the A cluster of Fig. 12 correctly
reproduce the Q value of the observed decay mode Zo
—A+p (see Fig. 22).

Caber configuration
Intrinsic mass (MeV)

hadronic binding energy
magnetic binding energy
Coulomb binding energy

Calculated mass (MeV)
Experimental mass (MeV)
Calculated charge

splitting (MeV)
Experimental charge
splitting (MeV)

Calculated magnetic
moment

Experimental magnetic
moment

S)S)S+(40
1271.8
—84.6

+5.1

1190.9
1189.4

2.8

S+) S)S+)4

1276.4
—84.6

+5.1
—3.2

1193.7
1192.5

4.5

S)S)S)4
1281.0
—84.6

+5.1
3 ~ 3

1198.2
1197.3

+2.79pz +2.79@„+2.79@~

(+2.59 (-1.48
+0.37)p~

(Ref. 11)

of masses should be used in this equation, the q
mass is calculated to an accuracy of 6%. These
Goldhaber mass equations do not work for other
groups of meson resonances. In the SU(6) formal-
ism, the q' meson can be added to the (w, K, q}
group, but only at the expense of introducing an
additional arbitrary mixing parameter, so that
SU(6) has no real prediction for the rl'(958) mass
[for example, the E(1416) meson is sometimes
considered to be the singlet member of this groupj.
Thus, with respect to the calculation of absolute
resonance masses, the SU(6) formalism and its
various antecedents give values for only two res-
onances out of the list of resonances shown in
Table VIII—one baryon mass to an accuracy of
-1% and one meson mass to an accuracy of -6%
(or perhaps 13%). With respect to charge split-
tings, the SU(6} formalism, with the n-p, Z:Z',
and Z -Z' mass differences as input parameters,
gives the = -=' ma, ss difference correctly, but
it gives the K' mass as being larger than the K

~o
FIG. 14. The "

caber clusters

jJ
Q~l'' N.y )PE) $

4s gj

s. The " hyperons are thehyperon

S 3,'3
in which the two anticabers 33 carry the strangeness
quantum S = —2. In order to reproduce the large charge
splitting for this hyperon resonance, we must, as in the
case of the proton and neutron, form the second charge
state by using a doubly charged spinor S . This Leads
to the prediction that the " and the neutron have com-
parable magnetic moments, in contrast to the SU(6) pre-
diction that the " and A have comparable magnetic mo-
ments. A recent experimental result (Ref. 12) is in
agreement with the present prediction. The " magnetic
moment is unknown.

Caber configuration
Intrinsic mass (MeV)

hadronic binding energy
magnetic binding energy
Coulomb binding energy

Calculated mass

Experimental mas s

S+S-,S+ 3-3'
1416.4
—99.6
—1.7
—3.2

1311.9 MeV

1314.9 MeV

S)S)S)3
1422.7
—99.6
—1.7

3,3
1318.1

MeV
1321.3

MeV
Calculated charge

splitting
Experimental charge
splitting

Calculated magnetic
moment

Experimental magnetic
moment

—0.93'~

~ ~ ~

6.2 MeV

6.4 iMeV

—1.86@,
„

(—1.93
+ 0.75)pg
(Ref. 12)

mass. If the n'-n' and K'-K' mass differences
are instead used as input parameters, SU(6) then
gives the wrong value for the n-p mass difference.
Thus, while the unitary symmetry schemes give
the IB1' relationships (isotopic spin, baryon num-
ber, hypercharge) in a very striking manner, the
calculation of absolute masses is not one of their
main virtues. In this connection, it should be
noted that the prediction of the Q mass was based
on a decimet interval rule with spacings of 140
MeV. As can be observed in Figs. 16 and 19,
140-MeV resonance spacings are a very common
occurrence. Perhaps the most important point
to bring out in this discussion is one that does not
involve masses. This point is the fact that the
existence of the M, g', 5', 5 resonance fine struc-
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ture seems to be in contradiction with any results
that we would expect to find on the basis of either
unitary symmetry schemes or 8-matrix approaches.

The very-narrow-width resonances of the pres-
ent section are constructed entirely from strange
cabers and anticabers. In Sec. III, we consider
intermediate-width baryon and meson 8-state
resonances which include nonstrange cabers. In
many respects, the systematics of the nonstrange
excitations is considerably simpler than the sys-
tematics of the present section.

III. THE INTERMEDIATE-WIDTH S-STATE
RESONANCES

In Figs. 12-15, we saw that hyperon resonances
are formed by adding strange anticabers 3 and 4
to an 888 nucleon spinor core: A =SSS3, Z =SSS4,
= =SSS33, and Q=SSS344. In these hyperon ex-
citations, the anticabers 8 and 4 carry strangeness
quantum numbers 8 = - 1, so that the excitations
have different strangeness values than the SSS nu-
cleon ground state. The anticabers 3 and 4 have
-4 j() binding energies with the spinors S in the
nucleon spinor core (see Figs. 3 and 4}.

Figure 16 shows a different kind of baryon ex-
citation. This figure is an energy-level diagram
of the rotationless narrow-width and 8-state
baryon and hyperon resonances, with each reso-
nance type grouped in a column (an "excitation
tower") above the corresponding metastable
"ground state, " and with 70-MeV mass grids
superimposed on the ground states. As can be
seen, the resonances occur at accurate 70-NeV
intervals above these ground states, so that the
excitations are formed from 70-MeV quanta with
essentially zero binding energy. Also, the ex-
citation quanta are "nonstrange, " since the excited
states have the same strangeness quantum num-
bers as the ground states. From the observed
level spacings it can be seen, as shown in the
column at the far left in Fig. 16, that these ex-
citation quanta are formed as combinations of the
(nonstrange) cabers 3 and 4. Thus metastabfe
(very-narrow-width) hyperon resonances are
formed by adding strange anticabers 3 and 4 to an
SSS "ground state, "with -4% binding energies;
and intermedi gte-svidth 8-state baryon and hyperon
resonances are formed by adding nonstrange
cabers 3 and 4 to the ground states" SSS, SSS3,
SSS4, and SSS33, with essentially zero binding
energy.

As was discussed in paper I, the 3-type and the
4-type excitations, both strange and nonstrange,
exhibit different symmetry properties. For ex-
ample, the %44, A44, and 544 excitations of Fig.
16 are dominant and easily observed 8 states.

FIG. 15. The 0 hyperon. The 0 is the caber cluster

8 3—,

in which the three anticabers 344 carry the strangeness
quantum number S =-3. The spin of the Q has not been
measured. Since the 0 -" mass difference is 350.9
MeV, almost precisely equal to 5 x 70.0 MeV, ere have
assigned the G the same spinor-triplet configuration
as the " . In a similar pairing of resonances, the
AC'1402. 4) =P7 and Z /192. 5) =P4 resonances have a
mass difference of 209.9 MeV, almost precisely equal
to 3x70.0 Mev.

Caber configuration
Intrinsic mass P/feV)

hadronic binding energy
magnetic binding energy
Coulomb binding energy

Calculated mass
Experimental mass

S)S)S)3 4 4
1772.7
—99.6
—1.7
—3.3

1668.1 MeV
1672.2 MeV |,'Ref. 13)

whereas the 1V33, A33, and 233 excitations are,
respectively, an unobserved N(1359) bandhead,
the narrow-width Z= —,

' A(1518)D resonance (which
is not a D state), and the controversial Z(1620)S
resonance (which was identified as an S state on
the basis of the present systematics before it was
verified as such experimentally&. Figure 17 shows
strange and nonstrange forms of the caber 3—3,
3, 8, S. Figure 1|I illustrates the nonstrange ex-
citation cluster 44 "and also the three resonances
mentioned above, N44, A44, and Z44, which are
dominant baryon and hyperon 8 states.

Meson resonances form the same kind of non-
strange excitations as baryons, but with two dif-
ferences: (1) The ground state for the meson ex-
citations is the very difficult to observe SS non-
strange spinor pair (which is related to the even
more difficult to observe J~ =2' SFSS spinor quar-
tet that causes the interference effects in the A,
meson); (2} nonstrange meson excitation quanta
include, in addition to the nonstrange cabers 3 and
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TABLE VII. Reconstruction of the metastable baryon and hyperon resonances and the pn and EP bound states ac-
cording to the rules of Tables I-III. The configurations shown here reproduce masses, spina, charge splittings,
strangeness quantum numbers, and magnetic moments. The average calculated absolute mass accuracy is +0.12%, or
+1.6 MeV.

Name
Resonance
cluster ~

Intrinsic
mass

Binding energies

Hadronic Magnetic Coulomb Calc.

Final mass values

Exper. Error S b p c

S)S)S)

StS)S)

S)S)S)40

S)S)S)4

S)S)S)3 3o

S)S)Sj3 3

S &S&S~3-4'4'

S&S&S)S~StS~

991.8

998.1

1206.4

1271.8

1276.4

1281.0

1416.4

1422.7

1772.7

1989.9

1486.4

-54.6
-54.6
-84.6
-84.6
-84.6
-84 6

-99.6
-99.6
-99.6

-191.1
-84 6

+3.4
—1 7

-1.7
+ 5.1

+ 5.1

+ 5.1

-1.7
-1.7
—1.7
+ 1.7
+ 5.1

2 Q2

-2.1
3y2

-1 4

3g2

3g3

3 +2

3+3

3%3

-5.6
-3.2

938.4

939.7

938.3 + 0.01%

939.6 + 0.01/g

1116.9 1115.6 + 0.12%

1190.9 1189.4 + 0.13%I

1193.7 1192.5 + 0,10%

1198,2 1197.3 + 0,08%

1311.9 1314.9 -0.23%

1318.1 1321.3 —0.24%

1668.1 1672.2 -0.2 5%

1794.9 1794.5 + 0.02%

0 +3

0 -2
-1 -1
-1 +3

1 +3

0 -5
1403.7 1402.4 + 0.09% -1 +3

Charge splittings

Calculated 1.3 MeV 2.8 MeV
Experimental 1.3 MeV 3.1 MeV

4.5 MeV 6.2 MeV
4.8 MeV 6.4 MeV

See Figs. 10—15. b Strangeness quantum number. 'Approximate magnetic moment (see Tables I and VID).

4 observed in the baryon excitations, the non-
strange excitation unit n =1'1', which does not
play a role in the baryon resonances. %ith these
three types of excitation —m, 3, 4—intermediate-
width S-state meson resonances can and do occur
essentially every 70 MeV, as is shown in Fig. 19.
An excitation symmetry scheme for mapping these
resonances was given in paper I.

Strange and nonstrange forms of the spinor
S—S, S, 8, 8—are shown in Fig. 20. As was ex-
explained in the caption to Fig. 2, the strange
spinors S and S occur only in nucleon spinor trip-
lets SS'S and antitriplets SSS, which are invariants
in associated-production reactions. Thus these
"strange" spinors do not contribute to the conven-
tional strangeness quantum numbers. The non-
strange spinors S and S occur only pairwise and
only in meson and kaon resonances. Although the
SS pair by itself is very difficult to observe as an
S-state resonance, it appears prominently in ro-
tational levels as the bandhead of the broad-width
p('P, ) and c('P,) meson resonances. '-

Figures 16 and 19 contain a total of 34 inter-
mediate-width S-state resonances, including the
A(1402) resonance of Table VII. Theoretical cal-

culations for the masses of these resonances con-
sist simply of the mass values given by the 70-
MeV mass grids erected on the St, N, A, Z, and
:- "ground states. " Table IX summarizes the
mass accuracies that are obtained for these reso-
nances. It is also shown in Table Ix that the
probabilities for random spacings rather than '70-

MeV spacings in Figs. 16 and 19 are vanishingly
small. As with Tables VI and VII, we stress the
completeness of the resonance mappings in Figs.
16 and 19—all of the observed S-state and inter-
mediate-width resonances are included. The lin-
ear systematics of Figs. 16 and 19 have led to a
number of predictive successes. These are sum-
marized in paper I. Figure 21 shows hyperon
resonances from Fig. 16 plotted against the p(938)
"ground state. " It illustrates the -4% binding
energies for strange excitations as compared to
the -0% binding energies for nonstrange excitations.

IV. EXPERIMENTAL, PHENOMENOLOGICAL, AND

THEORETICAL DETERMINATIONS OF THE LIGHT-
QUARK PARAMETER VALUES

In the present section we summarize information
that can be used to determine parameter values
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TABLE VIH. A summary of hadron particle properties that are accounted for- by the ten-
parameter light-quark model of Tables I-III. Twenty absolute masses and strangeness quan-
tum numbers, nineteen spina, five magnetic moments, and four charge splittings are accu-
rately reproduced. The only difficulty is with a recent measurement of the Z magnetic mo-
ment (Ref. 11). As discussed in the text, SU{6) gives only two of these absolute masses as
calculated values: one baryon mass (+1%) and one meson mass (+6%).

Absolute mass accuracy Magnetic moment

Particle Percent MeV Spin Strangeness Ca].c. Measured
Where

described

Xi,Xs0 0

o.oo%

o.oo%

O.18%

0.16%

0.15%

0.00%

0.01%

0.05%

o.o5%

O.O1%

0.01%

O.12%

0.13%

0.10%

O.O8%

O.23%

0.24%

O.25%

O.O2%

O.O9%

0.0

0.0

0.9

0.8

0.8

0.0

0.1

0.5

0.1

0.1

1.3
1.5

0.9

3.0

0,4

1.3

i d
2

mixed

0" a

«yt 8

+2.79 +2.793

-1.86

-0.93

-1.913

-0,67 + 0.6

-0.93

-1.86'

-1.86

-4.65

+ 2.73

-1.93 + 0.75

+ 2.79 + 2.59+ 0.46

+ 2.79

2 79a 148~0 37b

Fig. 6

Fig. 6

Fig. 9

Fig. 9

Fig. 7

Fig. 8

Fig. 8

Appendix A

Fig. 8

Fig. 10

Fig. 10

Fig. 12

Fig. 13

Fig. 13

Fig. 13

Fig. 14

Fig. 14

Fig. 15

Fig. 11

Table VII

Average +0.09% ~1.0 MeV

'See Table II and Fig. 2.
" The calculated value is in disagreement with a recent experiment (Ref. 11).

The calculated value is in agreement with experiment and in disagreement with SU(6).
This spin is not known experimentally.

for the ten-parameter light-quark basis set that
is listed in the abstract and described in Table I.

A. The mass quantum N0 =70.0 MeU

Since the mass quantum M has not been observed
experimentally, indirect methods must be used to
ascertain its mass values. Table X lists eight
determinations of the M' mass, based on prop-
erties of meson, kaon, hyperon, and lepton res-
onances. The first determination, Mo(1033.6}

—g'(963.5), is the energy difference between two

narrow meson peaks noted by the same experimen-
tal group' in the same type of experiment —m p
-X n, with the g' peak available as a reference
mass in both experiments. The second through
fourth determinations are based on mass differ-
ences between vrell-established hyperon reso-
nances. The fifth determination is based on the
meson energy levels of Fig. 19, and it involves
the S8 ground-state mass, which is discussed in
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Exc i ta t ion
Mechanism

- - ~ 1?09

—N(1684) S r116
1639 1816- ~( 1827)5 T 68 1893 v(]900)5

—2(1618)5 1 147

f333 1

——:-(2019) r 33
2021

—=- (1952) r98

1499- N{ 1508)S 1"55 1676
x(1673)5 30 (1756)S r65

I341 —'(1682) r25
1683 1811 - (1814)

33 —
t N(1359) I

1359 1536
—.~(1518)0 r16

—' (1 620 )5 T 40

4 —
t N(1219)1 ——'V )402)5 1"38 — (1472) T 30 ——=(1606) i"2112) 9 1396 1473 1601

3 —[~(1149) i ——.%(1327) T'25)1326,. 1403
—~{1385)P i'36

——:-(1535)p r13

Ground
state 939 1116 1193 1321

N(939}5rQ:g 1 1 16)5 [ Q ——'{1 193)5 T 0 —=(1321 )5 rQ
Nucleon Lambda Sigma Cascade

FIG. 16. Intermediate-mdth S-state baryon and hyperon resonances, arranged as "excitation towers" above the
metastable N, A, Z, and " "ground states" {the three bracketed nucleon excitations are unseen bandheads that are
identified by overlying rotational levels). As indicated in the column at the left, these excitations are formed as com-
binations of uncharged nonstrange cabers 3 and 4, which cluster with essentially zero binding energy. The mixed exci-
tation 34 is weak, and the excitation 553 is inhibited because of competition with the transition 333-N' {see Appendix

C). Figure 21 shows hyperon resonances from the present figure plotted against a nucleon "ground state. " The "{1952)
and "{2019)resonances are from Rossi 73 in RPP74 {Ref. 25).

Table XI.
The sixth determination, the absolute mass of

the K', is of considerable phenomenological in-
terest in that it gives a direct evaluation of the
assumption that the quanta M' occur in linear
cabers (in this case the caber I') with essentially
zero hadronic binding energy. From the value
M' = 69.9 MeV obtained from the K' in Table X,
we can set an upper limit on the intracaber bind-
ing energy of 0.1 MeV (in the present paper we

neglect this binding energy).
The seventh and eighth determinations of the

mass M', the values obtained from the muon and
from the electron, are shown mainly for their
heuristic significance. The muon result is ob-
tained from Appendix E. The electron result, a
scaling of masses as a power of a =e'/hc, is
phenomenologically of interest when it is corn-
bined with the fact (Appendix A) that the lifetimes
of the metastable particles also show a scaling
in o (over a span of nine decades in u).

Since the attempt in the present paper is to ob-
tain the simplest possible representation of the

hadronic basis set, the value M'=70. 0 MeV was
selected as the consensus value from Table X
and used as parameter (1) in Table I. If we break
down the eight M' determinations of Table X into

types, we obtain

CADE. R

STRANGENESS
HADRON)C 8 F

3
+1

4 /ct -4'"v

FIG. 17. Strange and nonstrange forms of the caber 3.
Phenomenologically, the relationship between strange-
ness quantum numbers and binding energies that is es-
tablished here is one of the most important results of the
present systematics: strange quanta have HBE -4/p, and
nonstrange quanta have HBE- 0/p. These caber proper-
ties are summarized in Table II. In Sec. IV it is demon-
strated experimentally that strange and nonstrange basis
states have the same intrinsic masses.
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EXCITATION 44
CAI.C. I@ASS (INeV) Sx70=560
OBS, RESONANCE oft(560)DIP

N44
939+560=1499

N(1508)S

&44

1 1 16+560=1676
'i ( 1673}S ' (1756)S

I'IG. 18. The nonstrange caber pair 44, which appears with zero hadronic binding energy. Evidence for direct 44
=560 MeV resonance effects in meson amplitudes is weak {Ref. 16), but the %44, A44, and Z44 resonances are dominant
and easily observed baryon and hyperon S states. The mass values shown here indicate that the zero-binding-energy
approximation for these excitations is accurate.

(1}and (5} = mesons —70.1 MeV and 69.8 MeV - 69.95 MeV,

(2)-(4) = hyperons 70.0, 70.2, and 69.7 MeV - VO. 0MeV,

(6) = the kaon - 69.9 MeV,

(7) and (8} = leptons —70.4 MeV and VO. O MeV —70.2 MeV.

Thus the quantum M' appears with essentially the
same mass value in all types of resonant structure.
Se have not quoted experimental uncertainties in
these determinations, because our goal is not to
obtain a "best value" for M0, but rather a repre-
sentative value that is applicable to all types of
particle.

8. The mass quantum N* =74.6 Me Y

The mass difference M'-M' is set equal to the
mass difference g'- g'. At present we have no
way of calculating this Coulomb self-energy, but
the fact that it is almost exactly equal to nine
electron masses is probably not accidental, and
it suggests that a simple (geometric) explanation
may exist.

C. The mass quantum S' =330.6 Me Y

Mass values for the spinning quark state S' can
be obtained from single quark phenomenology;
from quark-pair, '7 quark-triplet, and quark-quar-
tet" "experimental data, and from the special-
relativistic equations of Appendix B. These deter-
minations are summarized in Table XI. Single
spinors (guarks) 8' have not been observed, but
we can deduce a spinor mass from the assumed"
quark magnetic moments and quark interaction
ranges (ft -}fjmc). These arguments were given
in Table VIII of paper I, and they indicate an av-
erage nucleon quark mass of about 330 MeV.

The spinor-pair mass determination is based
on the 65S-MeV S'S ground state of the meson
excitation tower of Fig. 19 (the mass value of
about 658 MeV is obtained from Fig. 8 of Ref. 17).
Since this spinor pair is seen only in I=O ampli-

tudes, it has spin J = 1 (from the I, J rule quoted
in Fig. 20). Hence it has a magnetic binding en-
ergy of —1.7 MeV and a Coulomb binding energy
of -1.4 MeV. Thus the corrected mass of the
S'S pair is about 661 MeV, which gives an S'
spinor mass of about 330.5 MeV.

The spinor-triplet determination is shown in
Table XI, where the proton and Pn, masses, with
small Coulomb corrections applied, are used to
deduce the SE binding energy, and then to unbind
the proton. The value obtained from this deter-
mination, S'=330.6 MeV, was used as parameter
(8) in Table I.

The spinor-quartet mass determination is ob-
tained by studying the position of the A, dip, which
(from the present viewpoint) is an interference
effect caused by the J~ =2'StS~S~S~ state. Al-
though a deeply split A, meson seems to be ruled
out experimentally, a small interference effect
still persists in a number of uncontroverted ex-
periments, and always at the same location. "
Table XI gives a summary of these experiments, " "
and it shows estimated electromagnetic correc-
tions applied to the spinor-quartet masses. The
average S' spinor mass obtained from the A., ex-
periments is 329.3 MeV. The close agreement
of all of these mass determinations of the spinor
S' is, in the author's opinion, a strong argument
for the reality of the A, interference effect.

An interesting determination of the mass S'
comes from the equations of special relativity as
applied to rotating systems (Appendix B). Equa-
tion (Bl) in Appendix B establishes the mass rela-
tionship Ms~=Mzs(Ms„, A,„,A,„).Thus only three
of these four parameters are independent. In
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ISOTOPIC SPIN

1568

1498

1428

7 = 0
Z

—E(1416) I-60

I
Z

—Fl(1543) "' 16

—KK(1425} i & 20

Nf'I ~.:()Ii
'i l f&Afvi IENESS
Ht~(PHONIC 8 E

AN(.')ULAR MOM.

S
"+1"

-4.

1358

1288

1218

1148

1078

1008

938

868

—O( 1 283) .'1O A ( 1 28g) r - 40

—A (1207) l 391.5

—)4 (1148) (']5 X (1153) I 16

X (1079) &"13

4, ( 1009 )
„ 20

—
, N( 1 316) I'- 25

—M'(941) t' 10 —~~~(926) . 25

xn(870) !'~ 15

FIG. 20. Strange and nonstrange forms of the spinor S.
Figures 17 and 20 show analogous characteristics for
the spinless caber 3 and the spinor S. The fundamental
spinor-pair production and decay transition 333 SS
is discussed in Appendix C. This transition gives an
explanantion for the quantization of spin angular momen-
tum, and it leads. to a fundamental spin and isotopic-spin
selection rule; SS spinor pairs occur either as J=1,
I =0 or as J=0, I =1 configurations. Spinors S occur
in hadron resonances in a very distinctive manner,
namely as SSS and SSS spinor triplets in baryon reso-
nances and as N and SSSS pairs and quartets in meson
resonances. From their 4% hadronic binding energies,
the spinors S and S are "strange, "but from the invariant
nature of SSS triplets, this strangeness is an invariant
(and therefore ignorable) in associated-production re-
actions. Thus we formally assign to the spinors S and S
a strangeness S =0. As is shown in Sec. IV, strange
and nonstrange spinors have the same intrinsic masses,
and as is shown in Appendix 8, the spin angular mo-
mentum J =28 is a calculated quantity.

798

784) rlo

728
~(725) .'«15
(I = ly2)

nn(658) V~15

FIG. 19. A meson excitation tower based on the SS{658)
nonstrange spinor pair "ground state. " Unlike the spin-
less meson resonances of Fig. 5, many of these reso-
nances are known to be spin-1 resonances. Dominant
excitations are ~ =~S~, Q =SS87I, D =3NS33, and E
=3SS44. The p meson is shown here in its ~7(~ decay
mode. The isotopic-spin headings are discussed in
Ref. 6. The obscure I =2 ~(725) kaon resonance fits
naturally into this excitation tower (the excitation ~~1
is strange, since the quantum 1=—A2 is strange). A
number of predictive successes have emerged from this
meson excita6on tower, which was first published in
1970. These predictive successes are summarized in
paper I. The P resonance shown here is discussed in
Appendix C.

from Table XI, M, ~ is determined from the phe-
nomenology of the spinless mass quanta (Tables
I and X), Jt,

„

is accurately determined by the
spin angular momentum and probably also by the
magnetic moment (Appendix B), and 8,

„

is de-
termined from both the K'-K' mass-splitting cal-
culation of Fig. 9 and the nucleon volume as ob-
tained from optical-model calculations (Appendix
B). The fact that one set of values for these four
parameters satisfies Eq. (Bl) and also all of these
other phenomenological requirements is one of the
most important tests of the present geometric
light-quark model.

As in the case of Table X, our purpose in Table
XI has been to demonstrate the universality of the
spinor S rather than to obtain a "best value" for
the mass of the spinor S'. In particular, we can
see from the results of Table XI that the spinors
S, S and S, 8 have the same intrinsic masses once
the binding-energy effects have been disentangled.

Table I we have selected 8 as the dependent
variable. With respect to Eq. (Bl), it is impor-
tant to note that all four of the parameters Ms~,
M, ~, A,„,and 8 have several independent de-
terminations for their values: M» is determined

D. The mass quantum S'- '-=336.9 MeV

Special relativity (Appendix B) shows that a
spherical mass quantum which is initially at rest
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TABI.E IX. Summary of intermediate-width baryon and meson 8-state resonances that contain nonstrange excitation
quanta. These states are formed in accordance with rules (5) and (6) of Table III, and they are plotted in Figs. 16 and
19.

Excitation rule. Intermediate-width S-state baryon resonances are formed by adding nonstrange quanta 3 and 4 to the
basic "ground states" N(939), A(1116), Z(1193), and =(1321); intermediate-width S-state meson resonances are formed
by adding non-strange quanta 7r, 3, and 4 to the basic "ground state" SS(658).

Observed resonances.

Baryon —19 resonances (shown in Fig. 16);
Meson —16 resonances (shown in Fig, 19).

Average calculated mass accuracy (comparison of experimental masses with the 70-MeV mass grids shown in Figs.
16 and 19).

Baryon —19 resonances, ~7.5 MeV or +0.47%,.
Meson —16 resonances, +6.5 MeV or +0.57%.

Over-alL calculated S-state mass accuracy {the 54 resonances listed in Tables VI, VII, and IX}: +0.38%.
Probabilities for ~andom sPacings {the probabilities that the resonance levels of Figs. 16 and 19 actually represent

random spacings instead of 70-MeV interval spacings).

Baryon —(7.5/17. 5)~~ = 1 x 10 7;

Meson —(6.5/17. 5)' =1x 10

becomes half again as massive when it is set into
relativistic rotation (with its equator near the
velocity of light). If this same mass ratio holds
for Coulomb self-energies, then. we would expect
the 4.6-MeV charge splitting of spinless quanta to
become a 6.9-MeV charge splitting for spinors S
(at least as an order-of-magnitude estimate).
However, in the doubly charged spinor 8"the
induced magnetic field from the two rotating cur-
rents will lower this value somewhat. Empirically,
an S''-8' charge splitting of 6.3 MeV reproduces
both the n-p mass difference and the = -=' mass
difference (see Table VII).

E. The binding energy NN =-5.0 MeV

This binding energy was selected to be used in

conjunction with the mass values M = 70.0 MeV
and M'=74. 6 MeV in reproducing the pion
masses of Fig. 6. Experimental evidence for this
5-MeV MM binding energy is provided by the
M(953), q'(958), 5'(963) fine structure shown in

Figs. 5 and 8 and in Table V.

pg bound state includes three extranucleon SS pairs
(Fig. 11), then each SS pair has a hadronic binding
energy (HBE) of —27.3 MeV, and each M, M, sub-
pair has HBE = —9.1 MeV.

H. The magnetic binding energy 5'-5'- =+ l.7 MeV

This spinor-pair binding energy is deduced from
the reaction 5'-A+y, as is described in Fig. 22.
If we estimate magnetic binding energies on the
basis of the observed magnetic moments, they are
an order of magnitude smaller than the value of
~1.7 MeV deduced in Fig. 22. Thus this large
phenomenological value must arise from the sin-
gular nature of adjacent current loops. Hence
we have the result that only adjacent (singly
charged) spinors will bind with a magnetic binding

energy of +1.7 MeV; magnetic binding energies
for nonadjacent spinors can be disregarded at; the
level of accuracy in the present calculations.

I. The magnetic moment p =+0.93 nuclear magneton (itf~, )

F. The binding energy Nhf, =-5.0 MeV

We would expect the MM, binding energy to be
intermediate between the MM= —5.0 MeV and

M, 3f, = —9.1 MeV values. Empirically, MM, =MM,
= —5.0 MeV gives accurate mass values (Table
VII).

G. The binding energy N,N, =-9.1 MeV

The Pn binding energy is —83.3 +0.14 MeV. Qf
this amount, —1.3 MeV is attributable to magnetic
and Coulomb effects. Thus —82.0 MeV represents
hadronic binding energy. If we assume that the

Magnetic-moment calculations in the present
paper lead to a difficulty, but it is an intriguing
difficulty. In the conventional quark model, '4 the
quark is assumed to have an "intrinsic" magnetic
moment (per unit charge) of 2.79 nuclear mag-
netons. In the present model, if the spinor S con-
tains a charge that is free to move, it will be
forced to the equator by the action of the magnetic
field. At the equator, which is the radius A, „

= —,
' &3 F, this rotating charge produces a calcu-

lated magnetic moment p = mA,„'i =2.79 nuclear
magnetons (Appendix 8)—the same value that is
assumed for (integrally charged) quarks. However,
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this value for p gives magnetic moments for the

P, n, A, Z', and =, as calculated here, that are
all too large by a factor of three. Since an equa-
torial charge distribution represents the largest
possible magnetic moment, it is easy to modify
this charge distribution so as to obtain smaller
magnetic moments. But with no phenomenolog-
ically significant basis for making the required
alteration in the charge distribution, this difficulty
has been handled by introducing an intrinsic spinor
magnetic moment y =2.79/3 =0.93ir„asparameter
(9) of the model, which suppresses the unwanted
factor of three. It is not clear whether the dif-
ficulty with the magneti. c-moment calculation
arises from the values for the individual spinor
magnetic moments or from the manner in which
quark projection operators should be handled. This
problem is left here as an unresolved difficulty
with the present model. In the Coulomb calcula-
tions described below, spinning charged quanta
are assumed to have equatorial current loops,
for the reasons suggested here.

j. The radius R „=—,~ F

D

C0

o.
0

0

P4
u

0

C

C

~h

e
C

0

1708

35

, 1638

'32

0

A(1673) -1

i
Z(1620) -1
-=(1606) -2

9 1568

36

1498

$2a

:"(1532)-2

Z(1472) -1

1358
0

& g 1327) -1

~
-=(1315) -2

12

1218

1148

32
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12
I 1778 0

122 —Z(1756) -1

0

&{1672)-3

30
A(1402) -1

K p
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a
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I

hsC

9

1708

1432

The radius A,„ofthe qua, ntum M is determined
from the two requirements of reproducing the spin
angular momentum J =-,'5 and the magnetic mo-
ment p = 2.79'„[seethe comments in Sec.1V 1 above]
of the spinor S. These two indePendent require-
ments both lead (if the factor-of-three difficulty
with the magnetic moment is suppressed) to es-
sentially the same value for A,„,8,„=—,

' vI3 F,
as is calculated in detail in Appendix B.

The dependent radius Am,„=—,
'- F. The value of

A = —,
' F of the quantum M is obtained (see Ap-

pendix B) by inserting the values Ms~=330. 6 NeV,
M, +=214.6 MeV, and R,„=—,

'
v 3 F into Eq. (Bl)

and carrying out a numerical (computer) inte-
gration of this equation. The value for A can
also be determined both from the K'-K' mass
difference (Fig. 9), and from optical-model de-
terminations of the volume of the nucleon (Ap-
pendix B).

Coulomb self-ener gies. In spinless mass quanta„
the self-energy of a unit electric charge is taken
to be +4.6 Mev, the ~'--~' mass difference; in
spinning mass quanta, this value is roughly half
again as large. The number of electric charges
contained in a spinor 8 can in many cases be de-
duced by the total charge, spin, and magnetic
moment of the resonance in which it is contained
(as, for example, in the case of the nucleons of
Fig. 10). The assignment of internal charges to
spinless quanta is somewhat more arbitrary, but
the simple caber charge rule stated in the para-
graph on Coulomb self-energies in Table I gives

A n empirical correlation
between strangeness quantum
numbers and binding energies

938
0 p(938) 0

„

938

accurately calculated mass values.
Coulomb binding energies. Coulomb binding en-

ergies are calculated classically, using the caber
dimensions and configurations described in Figs.
1-15. For definiteness in assigning charge dis-

FIG. 21. An experimental relationship between
strangeness quantum numbers and binding energies. The
narrow-width and S-state hyperon resonances are shown
p1otted against a 70-MeV mass grid based on the funda-
mental nonstrange p (938) proton ground state. As can be
seen in Fig. 21, the strangeness —1 levels are shifted
downward by - 30 MeV and the strangeness -2 and
strangeness —3 levels are shifted downward by -40 MeU
with respect to the 70-MeV mass grid. These results
are in contrast to Fig. 16, in which excitations that are
plotted against 70-MeV mass grids based on ground
states of the same strangeness as the excited levels
show no downward shifts. Figures 16 and 21 illustrate
the binding-energy rule of Table II in the text: Non-
strange excitations (Fig. 16) have HBE= 0%, strange
excitations (Fig. 21) have HBE= 4%. We also note in
Fig. 21 that the A(1402) resonance appears as a simple
K p bound state.
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TABLE X. Experimental and phenomenological determinations of the fundamental mass
value M = 70.0 MeV. Eight determinations are shown: two meson, one kaon, three hyperon,
and two lepton; these all yield essentially the same mass value.

(1) M'(1033.6) —a'(963.5) =M'

(2) A (1402,4) —Z (1192.5) = 3MO

(3) & (1672.2) —" (1321.3) = 5M

(4) A (1673)—A (1115.6) =8M

(5) Do(1286) —SS(658) = 9MO

(6) &'(493.7) =6M'+M' M. =M'

(7) muon: M& (105.66) = 2 Mo

(8) electron: M, (0.5110)/Q =M

-M'=-70. 4 MeV

M =70.0 MeV

Appendix E

e =e""/Sc

M =70. l MeV Appendix A

M =70.0 MeV See Fig. 15
MO =70.2 MeV See Fig. 15

M =69.7 MeV Fig. 16

M =69.8 MeV Fig. 19

+4.6 MeV MD=69. 9 MeV Fig. 9

TABLE XI. Determinations of the mass of the spinor S'. Mass values are obtained from (1) single spinors (electro-
magnetic properties of quarks), (2) SS spinor pairs [the spin-1 7t.vr(658} dip), (3}SSS spinor triplets (the nucleon and the
pn bound state), (4) SSSS spinor quartets (the spin-2 A2 dip}. All of these determinations give essentially the same
mass value for the spinors S~ and S~ (as discussed in the text). In addition, special relativity (5} gives the spinor mass
as a calculated quantity.

(2) Single spinor S (quark). A number of quark-model arguments which are summarized in Table VIII of paper I indi-
cate that the average mass of a nucleon quark is just about 330 MeV.

(2) Spinor pair SS.
7tn. (658) dip'+3 e.m. corr. =661 MeV/2-S' =330.5 MeV.

(3) Spinor triplet SSS.

(a) pn binding energy=-83. 3 MeV+1.3 e.m. corr. HBE = —82.0 MeV,

(b) HBE = —82.0 MeV/3 HBE =-27.3 MeV per SS pair (Fig. 3),
(c) S'S S' =—p (938.3) +2@27.3 —1.2 e.m. corr. —991.7 MeV (unbound proton),
(d) S' +S +S' = 991.7 MeV —991.7/3 = 330.6 MeV per spinor S*,

~ ~

(4) Spinor quartet SSSS (location of the "A& effect"}.
(a} Location of the A& dip:

Experiment Location Electromagnetic corr. Corrected location

Kienzle ~

BCS '&
BDNPT
Barnham ~

Bloodworth ~

1310+2 MeV
1307 MeV

-1310 MeV
-1310 MeV

1305 MeV

(SSSS) + 7 MeV
(SSSS) +10 MeV
(SSSS)'—+ 7 MeV
(SSSS)' + 7 MeV
(SSSS)' + 7 MeV

1317+2 MeV
1317 MeV

-1317 MeV
-1317 MeV
-1312 MeV

(b} Location of anA2 peak:

C rennell " 1311+2 MeV (SSSS) +10 MeV

(c) Average location of the "A2 effect" =1317 MeV:

1317 MeV/4-S' =329.3 MeV.

1321 2 MeV

(5) Special relativity. Equation (Bl}in Appendix B gives the mass S as a function of the rest mass 3 and the eccen-
tricity e=(RI~ &~,.„}/R~~.Choosing the values 3' =214,6 MeV, Rm~ =A@3 F, and Rm;„=3F and carrying out a
numerical (computer) integration of Eq. (81}gives a mass S~ =330 MeV.

Summary of S' mass determinations.

(1) S (quark) S
(2) SS
(3) SSS S*

(4) SSSS S
(5) Special relativity S'

—330 MeV;
=330.5 MeV;
=330.6 MeV tused as parameter {3}in Table I];
=329.3 MeV;
=330 MeV.

See Fig. 8 in Ref. 17.
b See text.' Reference 18.

Reference 19„

e Peference 20„
~ Reference 21.
~ Reference 22.
"Reference 23.
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REACTION

STRUCTURE
MAG. MOMENT

ENERGY (MeV)

»» &ppr»:.~;»» «y ~". i .~
': »" »»

«i»i

x !»i . . ..", , 4Q ''. , pp»'. '';; '''" &' ...',:",i'.:,,:i «i ! '!'!.-' '' i!'.' '.': '%" ',.»'»»% .: 4'.i'. ' I ~: s ~. » '.»»'„l!.

Q'INOR FLIP

«

t

»

!'

)'»

&:W»i,

iF»

7
RAY

78.9

FIG. 22. An empirical determination of the SS spinor-pair magnetic interaction energy from the decay Z —A+y. The

Z and A hyperons shown in the figure have identical Coulomb energies. Hence the electromagnetic energy difference of
6.9 MeV indicated in the figure is due to magnetic effects. The &~ has +3 magnetic pairs {t+& &'), and the A has -1
magnetic pair {t+k &+), where +1 pair denotes a repulsive interaction that contributes positively to the potential energy.
Thus the 6.9 Me& of magnetic energy is attributed to the difference {+3)-{-1)=+4 magnetic pairs, which gives a mag-
netic pairing energy of 1.7 MeV per pair.

tributions within a quantum M, an equatorial charge
distribution is assumed for spinning quanta and a
centered point charge for spinless quanta. The
difference between these two charge distributions
is not large for Coulomb corrections as carried
out in the present paper. For example, if we con-
sider adjacent charged quanta M* or 3I,', the

point point Coulomb -interaction is e'/2ft, „=1.2
MeV for 8,„=—,

' &3 F; the polit-loop interaction
is 1.3 MeV, and the loop-loop interaction is taken
to be 1.4 MeV (the point-loop correction is dou-

bled).
SPin angular' momenhim. As shown in Appendix

B, the spin angular momentum J = —,'5 of the spinor
S is a directly calculated quantity. The equations
of special relativity as applied to rotating systems
are used to calculate a relativistic moment of
inertia I, and hence an angular momentum J= I(d,
for the spinor S.

Parity. The parity rules of the present light-
quark model are not the same as those of the con-
ventional quark models. ' ' From the negative-
parity configurations 11=m, 44= q, '7'| =g', 7 =A. ,
and 7 =K, we see that hadronically bound caber-
anticaber pairs and single strange cabers have

negative parities. If we assign positive parities
to nonstrange SS spinor pairs and to nonstrange
excitation quanta 3 and 4, and negative parity to
the excitation quantum m, then the parities of the

resonances u =SS1I, p = 3SSq~, D =33SS3, E =44SS3,
and A, dip =SSSS are all correctly reproduced. In

the case of rotational resonances, the rotating
bandheads appear with effectively positive parities
(see paper 1), which accounts for the predominance
of broad-width J = 1 and J =2' experimental
resonances. In the case of the c and S~ reso-
nances, ' the parity follows from the J quantum
number and not from the I. quantum number.

V. SUMMARY

At the beginning of this paper, it was stated that
it is possible to devise a light-quark model for
hadrons in which all quark-quark binding energies
are less than 5/o. It was further asserted that a
formulation of this light-quark model can be de-
fined which contains approximately ten numerical
parameter values, which yields calculated mass
values accurate to about one part in a thousand
for all of the observed pseudoscalar meson reso-
nances and metastable baryon resonances, and

which reproduces the principal quantum numbers
of these resonances. The aim of the present paper
has been to demonstrate the following: (a) These
claims are mathematically correct; (b) this light-
quark model, although somewhat unconventional,
is simple and straightforward in its phenomeno-
logical properties; (c) many of the numerical
parameter values of the model can in fact be de-
termined from the experimental data; (d) most
of the parameters of the model have multiple con-
straints which exceed the available degrees of
freedom, and the parameters are able to simul-
taneously satisfy these constraints; (e) the model
seems capable of handling all of the different as-
pects of hadron spectroscopy.

In the present paper we have considered only
the S-state meson and baryon resonances —the
very-narrow-width S states of Sec. II, which are
formed from strange cabers and anticabers, and

the intermediate-width S states of Sec. III, which

contain nonstrange cabers. As was described in

paper I, many of the intermediate-width S-state
resonances have associated rotational bands, and

these rotational bands complete the mapping of the

hadron resonance spectrum.
Although we have provided few references to the
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experimental data, paper I contains a complete
documentation of all of the data, including in par-
ticular discussions of resonances for which the
author has different interpretations than those
given in the Review of Particle Properties,
BPP73."

The author would like to end this paper with the
following friendly challenge to the reader: (1) Re-
produce some of the mass calculations of Tables
VI and VII to see that they really do work as ad-
vertised; (2) try changing any of the essential
features of Tables I-III and see if the mass accur-
acy that is summarized in Table VGI can still be
maintained. %'hen these changes are attempted,
it is soon discovered that at the accuracy level of
one part in a thousand the experimental data are
remarkably restrictive, especially when the con-
straints imposed by the requirements of repro-
ducing spins, magnetic moments, charge splittings,
and strangeness quantum numbers are also taken
into consideration.

NOTE ADDED LN PROOF

Subsequent to the publication of paper I (Hef. I),
a new Review of Particle Properties, HPP74 (Hef.
25), has appeared. Thus it is of some interest to
summarize new experimental information from
BPP74 which bears on the systematic results dis-
cussed in paper I.

In the N and ~ resonances, a new comprehensive
phase-shift analysis, Ayed 74, is included. Some
preliminary results from this analysis were con-
tained in paper I as Bef. 78. From Ayed 74 in
BPP74, we have the following pertinent results:
(I) The split Hoper resonance is shown and dis-
cussed; (2) a narrow width is indicated for the
1V(1520)S resonance, as expected from the sys-
tematics of paper I; (3) evidence for the N(2133)G»
resonance, listed in Table XX of paper I with a
C rating, is described as "quite good" in BPP74;
(4) some confirmation is given for the A(2174)G»
resonance, first reported by Von Schlippe 72,
which fills out the dominant b, rotational band of
Table XIX in paper I. Bey et al."also give evi-
dence for a negative-parity (G-wave P) resonance
A(2196). Higher-energy S, P, and D levels con-
tinue to appear in the N and 0 amplitudes, showing
that the systematics of Tables XVIII-XX in paper
I extend to higher energies than are included there.

In the A and Z resonances, Hart 73 report
A(1672)S» I'19 +2, which gives the narrow width
expected for this S-state resonance, and they also
report A(1684)D~ I"86 +9, which gives the broad
width expected for this rotational level (compare
these widths to the values shown in Table XVII o.
paper I). Cline 73 furnish additional evidence

for the narrow Z(1472) resonance observed by
Pan 70. Jones 74 report Z(1760)S» I'92, which has
the mass expected from the results of paper I
(Table XVI), but which has a broader width than
we would expect for this S state.

In the = resonances, Hossi 73 report:-(1821)I'12,
which furnished much-needed confirmation for a
narrow = resonance at this energy (see Footnote
c of Table VII in paper I). Hossi 73 also report
-(1952)I'38 and =(2019)I'33, which are included in
the present paper in Fig. 16, and which accurately
match the 70-MeV level spacings marked in Fig.
16.

In Table XXX of paper I, rotational systematics
were given for some observed energy levels in
very light nuclei. Included in Table XXX was some
rather uncertain evidence for a rotational level
in He' at an energy of about 23 MeV. A recent
phase-shift analysis by Arvieux, " indicates a
broad He' P-wave phase shift resonance at the
somewhat lower energy of 14 MeV. This value
corresponds to E„,=7 MeV for He' ln Table XXX,
and it shifts the He' points shown in Figs. 11 and
12 of paper I so that they are actually in some-
what better agreement with the rotational system-
atics of the other resonances. %'ith respect to the
He' and Li' levels listed in Table XXX of paper I,
recent studies (see below) indicate that the ground
states for these resonances are rotational levels,
so that the excited state energies shown in Table
XXX cannot be identified directly as rotational
energies; hence He' and Li' should be deleted from
the systematics of Table XXX and Figs. 11 and 12
in paper I.

The present mode1 can be readily extended to
encompass atomic nuclei. If the strong (4')
hadronic force does not operate in collections of
nucleons, then the nuclear force must be electro-
magnetic, and its attractive component is neces-
sarily magnetic. From this result, from the nu-
cleon quark geometries shown in Figs. 10 and 11,
and from the observed pairing interactions in

atomic nuclei, it seems clear that nucleons cluster
side by side in atomic nuclei, in the form of two-
dimensional "Ising" layers, with each layer having
a thickness of 2 F (the height of the nucleons shown
in Figs. 10 and 11). This leads to a "laminar
cluster model'* for nuclei, with a large nucleus
containing a number of Ising layers, and with each
Ising layer composed of o.-particle "clusters"
and other light-nucleus "clusters. " As one con-
sequence of this formalism, the prolate U"' nu-
cleus, which has an experimentally determined
length of 18 F, contains nine Ising layers, and the
assumption of low-energy fission at a central
Ising interface (where Coulomb repulsion is the
strongest) gives an immediate quantitative ex-



LIGHT-QUARK HADRON SPECTROSCOPY: A GEOMETRIC 873

planation for the observed asymmetry in low-
energy U"' fission, with the large and small fis-
sion fragments containing five and four Ising
layers, respectively.

The author would like to take this opportunity
to make the following corrections to paper I:
Page 1275, bottom of first column: "isotropic
spin I = 0" should read "isotopic spin J = 0", page
1281: "AYED (Ref. 46)" should read "AYED (Ref.
78};"page 1289, Table XXII, (4): "[see Eqs. (2'?)
and (28)]" should read "[see Eq. (35} and the ac-
companying discussion];" page 1309, Table XXXV,
F: "SSS=Ã' should read "SM =¹"page 1313,
caption to Fig. 21: "The experimental lifetimes
are from Ref. 1" should read "The experimental
lifetimes are from Ref. 25;" page 1326, Ref. 127:
"(see Fig. 19)"should read "(see Fig. 18)."
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APPENDIX A: SOME PROPERTIES OF THE

PSEUDOSCALAR MESONS

Properties of the pseudoscalar mesons were
discussed in Sec. II, shown in Figs. 5-9, and cal-
culated in Table VI. In the present section, we
expand briefly on some of the special features of
these resonances.

The appearance of the neutral-meson fine struc-
ture M(953), q'(958), 5O(963) is very important
because of its theoretical implications: This fine
structure is perhaps the most direct evidence we
have for the existence of an underlying light-quark
substructure in these hadron resonances. Thus
it is important to review the experimental evidence
for this splitting of the pseudoscalar meson masses.
In the 5 experiment, ' both the q' and 5 peaks
were observed, and the 5 -q' mass difference was
established as 5.4 ~1.4 MeV. The q'-~ mass dif-
ference is more difficult to determine, because
the symmetric experiments which show the M
cannot show the q', and the asymmetric experi-
ments which show the g' do not show the M (Table
V). However, there are, nevertheless, two fairly
accurate measurements of the M that give us this
mass difference. In one M experiment, '

p + d -He'
+M, the m', q, and (d peaks were available as en-
ergy calibration points. Thus the position of the
M peak could be accurately pinpointed and was
found to be 953.4',', Me V. The mass of the q'
is known from a number of recent experiments"
to be 958.1 ~0.4 MeV. Thus the masses of these
two resonances are clearly separated. In a second
M experiment, both the K +p-K +p+M and K

+p -A+q' channels were measured, thus per-
mitting a common calibration for the experimental
energies. The q' and M masses measured in this
experiment were as follows.

Final states containing
All final states a pray

q' 955.7 +2.0 MeV

951+4 MeV

956 +2 MeV

953 ~2 MeV

While these results do not establish the g'-M
interval spacing as being precisely 5 MeV, they
do indicate, when they are combined with the
experiment of Maglich et al. ' and with the many
q' experiments, "a, definite mass displacement
between the g' and M resonances.

In addition to the mass differences just discussed,
the q' and M mesons can be differentiated both on
the basis of their different production modes and
on the basis of their different decay modes, as is
summarized in Table V. It is instructive to write
down equations for these reactions. In writing
these equations, it is useful, especially with re-
spect to strangeness properties, to represent the
interaction quanta as combinations of the symmet-
ric excitation m=—MM (Fig. 6) and the asymmet-
ric excitation 3 =-3 or 3 or 3 or 3 (Fig. 17); the ka-
ons, for example, then appear as K= 3m@ andK= 3m',
and the q as q =44 = 33w (this caber substructure is
suggested in Figs. 2 and 3). As additional notation,
the basic spinor core configurations are p =S~S~S~,
f1 =S&S&S&, and A =StS~S~, and the square [ ] and
curly {j brackets represent destruction and crea-
tion operators, respectively. With these conven-
tions, Eqs. (b) and (c) in Table V become

(b) K +p-K {33v33jp

-K + 77+p

-K +M+P, 33p33 = 77 =M

(c) E +p-Svv{3v 3vjg

-A3 + nv3n3m

—A+q', vz3v3m=77 =q'

The symmetry of the reaction (b) requires per-
fectly matched internal particle-antiparticle sym-
metry for the newly created M meson, whereas
the scrambled excitation that forms the q' meson
evidently contains one unmatched internal pair
(these results are illustrated schematically in
Fig. 8).

The symmetry characteristics of the M and q'
mesons also carry over to the decay modes. The
M has the direct one-step annihilation process
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(from Table V}

(e) M=7'T -[sw][3v] vs+a,
whereas the g' has the sequential two-step decay
(also from Table V)

(I) n =7'I-[»]333-SS+I =p+r,
SS-333- [3v] + vm

~ 0

where SS in a rotational mode is the p meson"
(see paper I), and where the transition 333—SS
is discussed in Appendix C. In analogy to the
decay modes (e) and (f), we note that the ~ meson
has the decay mode

~ 0

(u=SSw-sssm-[sv]33-wow .

The 5 (962) meson has been a difficult level to
pin down experimentally. From its production
mode, m +P-5 +p, it is an g'-type resonance,
and we expect to see it appearing 4.5 MeV above
the g' (Fig. 6 and Table VI), or possibly above the
50 peak. Although subsequent missing-mass ex-
periments have not repeated the original CERN"
observation of this peak, Defoix eI; al."have ob-
served it in the decay modes D0-5'z and D'-5 n',
with a mass that is 320 MeV below the mass of the
D' meson (see Fig. 19), and with a width I' = 30
MeV that is consistent with their resolution of
30 MeV and hence, when unfolded, is much nar-
rower than 30 MeV. Also, Atherton et al.'0 have
observed this narrow peak and have identified its
spin-parity as J~ =0 .

One other resonance that is of interest here is
the M'(1033.6) peak shown in Table X. This peak

and the 5'(963.5) peak were measured by the same
group'" in the same type of experiment, p +p
-X'+n, with a time-of-flight neutron energy de-
termination, and with the q' peak available as a
reference mass in each case (the M' and 6' mass
values quoted here are adjusted to match the mass
used here for the g'). The difference in mass
between theM and 5 peaks, as noted in Table X,
is 70.1 MeV, which suggests the structure
M (1033.6}=7'8

As one final topic in connection with the pseudo-
scalar meson resonances, it is interesting to
observe that the particle configurations shown
in Figs. 6 and 9 also have phenomenological sig-
nificance with respect to the lifetimes of these
particles. " The metastable mesons and hyperons
(T-10 "to 10 ' sec) show accurate 2:1 and 4:2:1
ratios in the lifetimes, and also an over-all scal-
ing as powers of o. = e'/Kc (see paper I). Figure
23 shows the manner in which these factor-of-two
lifetime ratios can be accounted for in terms of
the caber structures of Figs. 6 and 9, which were
deduced originally on the basis of the masses,
strangeness character istic s, and decay modes of
these resonances.

APPENDIX 8: THE GEOMETRY OF THE SPINOR S

In this appendix we summarize the phenomeno-
logical considerations which serve to fix the geom-
etry of the spinor S. In Fig. 2 the light-quark
cabers, including the spinor S, are all shown as
linear arrays of quanta M or M, . The two reasons

R F SONANCE K MESON
LIFETIME ISEC) 1.24x 10 8

L I FETIME RATIO 1.0
DECAY TRIGGERS 4

II MESON
2.60x 10

2.1

2

K Lo IVIESON

5.17x10 8

4.2

Kf MESON

0.86 x 10
1.0xn

FIG. 23. Lifetime systematics of the E, ~+, EI., and Kz mesons. As shown in this figure, the E', 1(', K& lifetimes
form an accurate 1:2:4lifetime triplet, and the E& can be grouped into a similar triplet shifted by one power of &= e /Sc.
Statistically, these accurate 1:2:4lifetime ratios can be explained by a,ssuming that 4:2:1 subquanta M are available to
independently ~F1&&ilate and trigger the decays {the author is aware of no other explanation for these lifetime ratios).
Possible sets of decay triggers are indicated by the arrows. The anomalously long lifetimes of the resonances are re-
lated to the fact that the decays are triggered by the annihilation of single quanta M or M, since resonances that contain
matching internal MN pairs have much shorter lifetimes.
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for assigning this configuration to the spinor S
are that it systematizes spinor binding energies
in an apparently unique manner (see Figs. 3 and 4),
and it leads to a formalism for Coulomb correc-
tions which also seems to be unique (see Table
rv).

The spinor S and the spinless quantum 3 are
related mathematically by the equations of special
relativity as applied to rotating systems. For an
individual mass quantum M, or for three quanta
M in an aligned array {the caber 3), the relativis-
tic mass increase m/m, and the relativistic mo-
ment of inertia I about the spin axis are given
by the following equations, which were derived
and discussed in Appendix B of paper I:

m=3m, d8
(I + e sin8)' (I+2& sin8} sin8 cos'8
[1-sin'8 (1+e sin8)'/(1+ e)']' '

8=Ild=Ic/It, „, (89)

I=
& Amax

The value chosen for A,
„

is

II,„~5/mc=-',v 3 F,

(810)

(811)

where ~ =M~~ =330u6 MeV, so that A,„reflects
the Compton wavelength of the spinor S. If we
specialize these results to a spherical geometry,
Eqs. (83), (87), (89), and (811) give

the angular momentum J of the spinor S can be
obtained as a directly calculated quantity. Also,
for a unit equatorial charge distribution, the cal-
culated magnetic moment of the spinor S is

JL{,
= wA, „'i
= wII,„'(e/c) ((u/2v)

J =I(u= &mAc=&S (812)

(u = c/sly,„,
and where the radii of the spinning quanta are

= ax1al radlusy

(83)

(1 + e sin8)4(l + 2e sin8} sins 8 cos'8
dg [1-sin'8(1 + e sin8)'/(1+ e}']"'

(82)

where nq is the rest mass of the spinning quanta,
where the rotation is at or near the full relativistic
limit

as the calculated spin angular momentum. In the
more general case of an oblate spheroidal geom-
etry, we must use Eq. (89) together with a numer-
ical integration of Eq. (82}. Inserting Eq. (Bll}
into Eq. (810) gives

(813)

as a calculated magnetic moment.
The functions V(e), g(e), I(e), and m(m, e) that

were used to fix the geometry of the spinor S are
shown in Fig. 24, plotted as functions of ~. The
volume V(e} relates to the volume of a nucleon,
which is obtained from the optical-model radius
for heavy nuclei:

It =It„(I+ e sin 8),

Re=It =equatorial radius =It„(1+e),
with

& =(&e —It~)/&~ .

(84)

(85)

A„„„,„,=1,25 A" F,
Vnucleon =

Vnucleus /+

=(~3 w) (1.25)'

m =m(m„e), (89)

a result that was used to classify the parameter
as a dependent variable in Table I. From the

equation

~ is a deformation parameter that characterizes
the oblateness of the spinning spheroid, and 8 is
the angle of the radius vector with respect to the
axis of symmetry (which is also the spin axis).
For a spherical geometry (e =0), Eqs. (81) and

(82) become simply

(86)

and

(87)

From (81}, it can be seen that

=8.2 F'.
g(e), the calculated magnetic moment, should be
matched to the intrinsic quark magnetic moment

p =2.79 il,„.'c I(e), the moment of inertia, is
used in the calculation of the spin angular mo-
mentum; in adjusting the parameters of the spinor
S, the values for the spinning mass and for A,

„

and A . were constrained so as to maintain J =-,'5
exactly for all values of e. The spinning mass
m(r&P, e) should match the mass of a spinor as
given in Table XI. For the case where e =0 (a
spherical geometry), the volume V is too large,
the magnetic moment p. is also too large, and the
spinning mass is too small. As the value for ~

is increased in the positive direction, the volume
V decreases, the magnetic moment p. also de-
creases, and the spinning mass increases. Hence
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the deformation of the quantum M away from a
spherical geometry and into an oblate spheroidal
geometry changes all of these quantities in the
right direction. The values of e for mhich each
of the quantities V, g, and m reaches its proper
value are somewhat different from one another;
these values are summarized in Table XII. How-
ever, the essential point here is that the use of
an oblate spheroidal geometry for the quantum
M is phenomenologically justified. Guided by the
values for e shomn in Table XII, me have chosen
the value at the bottom of the table, a value which
gives 8-,„/A =&3. The functional dependence
of the quantities V, p, , and m on c is slowly vary-
ing (note the restricted ranges of the ordinates
in Fig. 24}, and the present simplified discussion
should not be expected to yield precisely the same
value of ~ for each of these quantities.

APPENDIX C: THE FUNDAMENTAL TRANSITION
333~ SS

Equation (B6} tn append~ 8 suggests that the
transition 333—SS is essentially isoergic. This
transition actually seems to occur, in both direc-
tions, in hadron interactions, and it is in fact a
cornerstone of the present light-quark phenomeno-
logy. The experimental indications for this transi-
tion were discussed in paper I, where an excitation
symmetry scheme for generating meson reso-
nances was presented. The main reason for dis-
cussing this transition here is to shorn hom the
caber geometries of the present model furnish a
mechanical description of the transition process
from spinless quanta to spinning quanta and back
again.

Clear-cut evidence for the transition

12

2. 82
2. 80
2. 78
2. 76
2. 74—
Q. 52

Q. 51

0.50

1 .53
Retottvistic mass increose

1.52

1, 51

1.50 I

0 0. 1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Deformation parameter e = ( RE

-
R& ) /R&

FIG. 24. Calculated quantities for relativistically
spinning spheroid as a function of the deformation param-
eter & =(RE-RQ/Rz, where Rz and R„arethe equa-
torial and axial radii, respectively, of the spheriod. The
quantities M/Mo and I/hIRz are obtained by numerical
integration of Eqs. (Bl} and (B2} in the text. The calcu-
lated variation of the magnetic moment p is obtained by
shrinking RE slightly as I/MR~2 increases with in-
creasing & in order to maintain J=2 exactly (an equa-
torial charge distribution is assumed). The volume
calculation is based on the assumption that the volume
occupied by a nucleon (N =SSS) is V=9x2Rz&2Rz&& 2R&
=72Rz2R„;this volume should match the average nucleon
volume &= 8 F~, which is obtained from optical-model
calculations for heavy nuclei (see the text).

TABI,K XII. Summary of determinations of the deformation parameter e for the mass quan-
tum M, as it appears in the spinor S Ie=(Rz-R~}/R„,where Rz and R„arethe equatorial
and axial radii of the oblate spheroids shown in Fig. 2]. Each value quoted for e in the table
is the value which gives the correct calculation for the quantity in question {see Fig. 24). Al-
though the magnetic-moment calculation, volume calculation, and mass calculation all indicate
somewhat different choices for e, a phenomenologically significant improvement is obtained
in each case by using an oblate spheroidal geometry instead of a spherical geometry. The val-
ue selected for e in the present paper is the average of the three determinations shown here.

Quantity to be calculated Sphere Oblate spheroid

Calculated value
Required

value for e

Angular momentum {held fixed)
Magnetic moment '
Volume of the nucleon b

Spinning relativistic mass '
Consensus value for e: ~ = v 3 —1

{J=2A)
p =2.84pg
V =16 F3

M = 321.S MeV

{g=-,'h)
p =2.79pp
V=8 F
M =330.6 MeV

e- 0.4
0
1

Based on a singly charged spinor S vrith an equatorial charge distribution.
The experimental volume is from optical-model calculations.
Based on Eq. (B1) with a rest mass of 214.6 MeV.
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333-3,[3J 3, =SS (C 1)

y = 3SS~-3333m-77 =KK

is mandated. This transition is illustrated in Fig.
26.

There is an interesting point to bring out in con-
nection with the Q-KK decay mode shown in Fig.
26. From the systematics of the meson resonances
shown in Fig. 19, we would expect the fII) meson

is furnished by the q' decay mode of Eq. (f) in

Appendix A. The q' is composed entirely of spin-
less quanta (Fig. 8), whereas the p meson, as
outlined in considerable detail in Bef. 25 and in

paper I, is the SS spinor pair in a ' s' 'I~
= 'P, ro-

tational mode. Figure 25 illustrates the transition
(Cl), and it shows how the details of the transition
ca,n be used to deduce the (J, I) spin and isotopic-
spin rule given at the bottom of the figure. In the
transition 333 -SS, conservation of energy leads
directly to the quantization of spin angular mo-
mentum: in order to absorb all of the annihilation
energy, the spinors S must spin at the full rela-
tivistic limit of Eq. (B3), with their equators at or
near the velocity of light.

Clear-cut evidence for the inverse transition

S~-3(3)3

is provided by the decay p -KK. The narrow-
width (I'=4 MeV) spin-1 p meson must contain
an SS spinor pair, whereas the final-state kaons
do not contain spinors. Furthermore, since the

Q value for the reaction is only about 30 MeV, no

quanta M can be annihilated in the decay process.
Thus the transition

rEE:=2 3 F y (C5)

a result that is independent of any assumptions
about light-quark structure. Since the spinor S
has a diameter D=2A = 1.2 F, the separation
distance A«—- 2.3 F indicates that the kaons are
emitted from the periphery of the SS pair. The
result of folding this (I) -KK kinematic constraint
in with the natural resonance parameters of the

p meson is to shift a natural p(-1008)1 -15 reso-
nance (as suggested by Fig. 19) upwards in energy
by an amount hE -~ 1" and to narrow the width of
the resonance.

If the above hypothesis is correct, then the P
meson as observed in its p- n'm m' decay mode

to appear at a mass of about 100S MeV and with
a width l"-15 MeV. However, the P meson is
quoted in RPP'ls (Ref. 24) with a mass and width
P(1019.6)I'4.2. An examination of the P-meson
experiments" reveals that these (I) parameters
are obtained only from the P -KK decay mode.
In P -KK decay, we have the unusual situation
of a spin-1 resonance that decays with a very
small Q value into two spinless final-state par-
ticles. In order to carry off the spin angular mo-
mentum of the p, the two kaons must be noncol-
linearly emitted, with a separation distance r«
given by the angular momentum equation

[1(I+2)]'~'S=r„~xP . (C4)

From the Q value of about 30 MeV in the P-KK
decay, each kaon has a kinetic energy of about
15 MeV, and hence a linear momentum p of about
123 MeV/c. Inserting this value for p into Eq.
(C4) gives

t

C

! XC)I AT/ON 333 ss ss
SPINGR FL)P

SPiN

(SOTOPiC SPiN

SEQUENCE

S =0

)=0, 1!'2,OR 1

STEP 1

Sp-0
)=0 ONLY

STEP 2

FIG. 25. The fundamental spinor production process 333-S~. This reaction arises from the special relativistic re-
sult (Appendix 8) that relativistically spinning spheres, with their equators near the velocity of light, are half again as
massive as they were at rest. In this figure, we start with the basic excitation cluster 333. One 3 annihilates, and the

tangential forces from the annihilation set the other two 3's spinning in opposite directions. In order to conserve energy,
they must spin at the full relativistic limit, which leads automatically to the quantization of spin angular momentum, with

each spinning 3 having spin angular momentum J=28. The spinning 3's constitute the nonstrange spinor pair SS(658)
(Fig. 19), with total angular momentum J=S&=0. This is step 1 of Fig. 25. If the ~~ spinor pair is in the charge-
symmetric isotopic-spin mode I =0 (~+4 ), it can and does couple to external angular momenta via a photon exchange so
as to have a spinor-flip transition and appear with J=S& =1. This is step 2 of Fig. 25. This two-step process leads to

~ ~

the important spin-isotopic-spin rule for hS spinor pairs: SS spinor pairs appear either as J =1, I =0 or as J=O, I =1
configurations. (Note that the SS pairs described here are actually SS pairs; this distinction between the spinors S and

S is usually ignored in the text. )
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3333tt

33337t + I7

FIG. 26. The decay process (I() -KX. The Q is the narrow-width spin-1 resonance p =3SS7( (its spin of 1 and its narrow
width show that it must contain a spinor pair SS). The kaon is the spinless caber 7 (see Figs. 7 and 9). Since the Q con-
tains five quanta M (~3= 5M) plus a spinor pair SS, and the EE final state contains fourteen quanta M (E =7M), the de-
cay process SS-333 =nine quanta M is unequivocally required. The isotopic spin I =0 and spin angular momentum 4 =1
of the (II meson constitute an example of the I = 0, O'=S& =1 rule of Fig. 25 for SS spinor pairs.

should appear at a lower energy and with a broader
width, since the large Q value in this latter reac-
tion removes most of the angular momentum
limitation on the final-state phase space. At the
time this analysis was first published, "no direct
measurements of the (II)

- n'z m' decay mode existed
from which one could determine the mass and
width of the P. However, several months later
a Brookhaven experiment' appeared which gave
the P —s's w' decay with a mass P(1009+8}and
with a width of roughly 20 MeV, in agreement
with present expectations. These are the (II) values
that are shown in Fig. 19. The p-m'm m' decay
seems identifiable with the elusive H- n'm m'

meson, which has been seen weakly in a number
of experiments, "and which has isotopic spin
I= 0, a mass of about 1000 MeV, and is probably a
spin-1 resonance. "

APPENDIX D: ASSOCIATED-PRODUCTION EQUATIONS

In the present light-quark model for hadron res-
onances, all of the basis states are formed from
the single mass quantum M-70 MeV. By writing
down equations for production and decay reactions
in terms of the quantum', it is possible to trace
these reactions through in some detail. In this
section we discuss a number of associated-pro-
duction reactions —not from the viewpoint of pro-
viding a comprehensive treatment, but rather in
the sense of sketching the manner in which the
systematics of these reactions might be worked
out.

1. Basis states and rules for associated production

Definition of strangeness S, =first-class.
strangeness —carried by spinless cabers —relevant
for both binding energies (Table II} and strange-
ness quantum numbers.

3-=3 333
4=—4, 4, 4

K =—3@71', E =3@m

333 =333

338 -=33'

S, =O

S, =+1, 0, 0, —1

SI + 1~ 0~ 1

S, =+1, -1
S, =+1 —1=0

S, =+1 —1=0

(Fig. 8)

(Fig. 17)

(Figs. 13 and 18)

(Figs. 7 and 27)

Basic 3-triplet

Bas lc

3-antitriplet

SPinor core configurations.

(p) =S~S~S)- strangeness S, = + 1,
(n) =S)SjS~- strangeness S, =+1,
(tI) =S'iS~S'i —strangeness S, =+1 .

Spinless mass operators. {}= creation oper-
ator creati—on of quanta M. [ j = annihilation
operator —annihilation of quanta M. ( ) =trans-
formation operator —transformation of quanta M
or tlf into their antistates: (M) -M, (M) -M

Rz~les for the mechanism of associated Produc-
tion,

Rule (1) Strangeness S, =+1 (- 1) spinor cores
combine with strangeness S, = —1 (+1) spinless
cabers to form F* resonances; strangeness S,
=+1 (-1) spinor cores do not combine with
strangeness S, =+1 (- 1) spinless cabers to form
Z* resonances.

Hule (2) The conventional strangeness quantum
number of a resonance is the sum of the strange-
ness quantum numbers S, carried by the spinless
cabers in the resonance cluster.

Rule (3) The dominant excitations produced by

S, = second-class strangeness —carried by spinor
triplets —relevant only for binding energies (see
Table II and Figs. 2 and 20).

Exci tation basis states.
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the creation operator {} in associated production
are the same excitations which are dominant in
the meson production reactions shown in paper I.
These excitations, which are the straight con-
version of kinetic energy into hadronic matter,
are necessarily nonstrange.

Rule (4) The transformation operator ( ) occurs
in conjunction with the annihilation operator [ ];
the annihilation process can be associated with a
geometrical rearrangement of the resonance struc-
ture. The transformation operator ( ) also seems
to be responsible for the K~ regeneration process
(Kl', =33M-3S(M) =33M=34=Kz'), and it suggests
that the physical K~ secondary collision which
causes the regeneration process leads to the re-
orientation of the odd quantum M in the linear E~
structure (see Fig. 9). These results both suggest
that the distinction between the particle state M'
and the antiparticle state M' is the spatial orien-
tation with respect to the resonance structure.

Rule (5) The asymmetric collision process w+N,
in which a strangeness S, =+ 1 spinor core is in-
volved, leads to the production of the excitation
sequence [333'), {333333},[333~ 333~ 333'},
etc., but not to the production of excitations such
as [333},{333'333},etc

2. A hyperon production

An associated production reaction for the A is

w+P-w{33w}(P)-(A)3+3ww=A+K . (Dl)

This reaction is shown pictorially in Fig. 27. The
excitation 33w =44 shown in (Dl) is the q meson.
The spinor-flip transition (P}- (A) is character-
istically associated with an I= 0 excitation channel,
which may account for the isotopic spin I=0 of the
A. From rule (1) the (fi) spinor core will combine
with a 3 to form a Y* resonance (the A), but it
will not combine with a 3 to form a Z* resonance.
Typical decay processes for the final states of (1)
are

A =(fi)3 =(A)MMM-(P) [M](M)M=(j)+MM=P+w

-(n) [M](M)M=(n) +MM=n+ w,

K =3ww =MMMww-[M](M)Mww =MM+w+ w = w+ w+w

-[3]ww=w+w .

3. Z-hyperon production

An associated production reaction for the Z is

w+P —w(333](P) =w333(P) —(P)4+3ww=X+K .

(D2)

The excitation 3 33 is the excitation which appears
in meson resonances as the p meson (333-SS).
Since no core spinor-flip is involved in reaction
(D2), the Z is produced with isotopic spin I = l.
Typical decay processes of the Z are

Z = (P)4= (I )MMMM-(P}(M) M(M&M- (I )[MM]MM
=p+ w

-(A)[M]MMM+y =A+y.
The y-producing decay, which occurs only in the
I=O mode, is shown in Fig. 22.

Since A =SSS3 and Z =SSS4, the only other pos-
sible strangeness S, = —1 configuration is SSSV.
This configuration actually occurs, in the form of
the A(1402} resonance (see Fig. 21 and Table VII}:

K +P - (P)3 ww = (P) 7 = A(1402}S .

The A(1402) has a single decay mode:

A(1402) = (P)7 = (P)3MMMM- (P)3M[M ]MM

=(P)4+MM=Z+ w .

4. "-hyperon production

%e have seen above that the strangeness S, = —1

resonances occur in all possible combinations:

SSS3 = A, SSS4 = Z, SSSV = A(1402) .

The main question with regard to mapping the

+, ,W~..,...~4,,&@...,ta~, ,+,, L.~ .. .. ., ...,...,,f...,... ,., g, ,W
«-MESON + PROTON = «-INES)N+qMESON+ PROTON = Ko MESON + A HYPERON

SPINOR FLIP

FIG. 27. A graphical display of the production process 7r +p —Ko+A. When the x strikes the proton, kinetic energy
is transformed into hadronic matter in the form of an p meson. The q breaks apart asymmetrically, with one part
combining with the x and the other part combining with the proton, so as to form a pair of resonances with strangeness
+1 and —1, respectively (which is the mechanism of associated production). This production process can be written as
the sequence w+p =—w+SSS- w{33w}SSS-SSS3+3ww=—A+K, where {} is a creation operator.
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strangeness S, = -2 = resonances is to explain
why they occur only in the combination

SSS$3 ==,

and not in the combinations

SSS34= =' or SSS44 = =" . (D3t)

As we show below, the =' and =" resonance forms

can be ruled out on the basis of the unnatural ex-
citation processes that would be required. The
resonance configuration SSS37 has a calculated
mass =o(1315)+280 = =0(1595), and hence seems
identifiable with the ="(1606) resonance shown in
Fig. 16.

Two associated production reactions for the =
are

w+p- w(333 ~ 333}(p)= w 33 3333'(p) -(A)3 3 +Sww+Sww = =+K+K,

Z+p -3ww(33}(p) - (fi)3 3+3ww = =+K .

In order to produce the =' and ™'/hyperons, which are not observed experimentally, we would have to
have associated-production reactions of the types shown below:

w+p- w(3 33w 3 Sw}(p) =w333wS Sw(p}-(fi)3 4+Sww+Sww = ='+Z+Z .

w+ p- (w33 3w 3 3 3}(p)= w3 33w3 3 3'(p) - (A)4 4 + 3 ww + 3 ww = ="+E +K

Z+p -3ww(33w}(p) -(fi)44 +Sww = ="+A+A .

(D4)

(D5)

(D6)

(DV}

(D8)

The excitations (33'3w" 33'w} and (333w 333}in

(D6) and (DV), respectively, are both mixed ex-
citations, and the experience with meson reso-
nances (see the discussion in paper 1) suggests
that these mixed excitations occur with very small
cross sections. Also, the excitation (333w 333}
in (DV), which contains two 3 3 3 combinations, is
not allowed by rule (5). The excitation (33wj in
(D8) has nonzero strangeness, and hence is not
allowed by rule (3}. Thus we can see that the non-
observance of the cascade resonances - ' and ="
of Eq. (DSb) is simply explained in terms of the
requisite excitation mechanisms.

The dominant = decay mode is

„==SSS33=SSS3i9%%-SZS3(if) (ES}Xi=ScS3+MQ
=A+@ .

The decay mode

= =sBs3iifMSi-sss3M(Q )m=SSS4+Mivi=z+w

is not allowed, because the transformation (M)
-M can only take place in cases where an anni-
hilation has occurred (e.g. , IM] or t 3]), or where
a secondary particle scattering has occurred
(Kz regeneration).

5. Q -hyperon production

One puzzle about the Q hyperon is to understand
why it appears as the configuration 0 =SSSS44,
but not as the configuration Q' =SSS3SS. The Q'

seemingly should be produced in the reaction

Z+p-3ww{33w 33w}(P) —(?)333+Sww+3ww = a'+Z+Z .

A possible reaction for producing the Q (but see the discussion below) is

F7+p-3ww(3SS 333}(p)=Sww333333(p)-(?)344+Sww+Sww=f1+A+A .

(D9)

(Dlo)

Since only 41 Q particles have been observed, "
the occurrence of (D10) but not (D9) might be ex-
plainable in terms of cross sections. In meson
resonances, the 3 3 3 3 3 3 excitation leads to the
dominant D meson, which has been observed in

pP experiments and as a prominent peak in several
missing-mass experiments. The 33m 33m excita-
tion, on the other hand, leads only to the very
weak X'(1148) and X (1153) meson resonances of
Fig. 19 (plus some stronger overlying rotational

levels, as shown in paper 1). However, reaction
(D10) has a difficulty. The excitation shown in
(D10) is 3 3 3 ~ 3 3 3 and not 3 3 3 3 3 3. Hule (5)
states that this form of asymmetric excitation is
not allowed. The way out of this difficulty relates
to an interesting experimental observation. Al-
though the exc itation 3 3 3 ~ 3 3 3 is not allowed,
rule (5) states that the excitation 3 33 3 3 3 3 33
is allowed. Suppose that instead of (D10), we have
the following two-step process for the production
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of the 0:
K+p-K(333 333 333) -K+NNN, (Dlla)

where ANN is a strangeness S = —2 nucleon-trip-
let type of excitation which has the decay mode

(Dl lb}

There are two different experimental results which,
when taken together, suggest that the reaction
sequence (Dlla}-(Dllb) may actually occur: (1)
The excitation 333 ~ 333 ~ 333 leads via the transition
333 ~ 333 333 —SSSSSS to the Syracuse" NN bound
state (Fig. 11), with a mass of about 1800 MeV,
so that a nucleon triplet NNÃ would have a mass
of about 2700 MeV; (2) in one 0 experiment, "
the experimenters noted that five of the K P-Q K'K' events were of the type

K p-K'+ - (-2700 MeV),

= (- 2t00) n+-K',
which is just the sequence we have shown in (Dlla)
and (Dllb).

As we have outlined hyperon-excitation mecha-
nisms thus far in the present paper, the first-
class strangeness S, has been attributed solely
to spinless quanta, and hyperon excitations are
assumed to occur via the binding of strange sPin-
less excitation quanta to the invariant SSS hyperon
spinor core. However, if a strange excitation

unit 333 can make the transition 333-SS (Ap-
pendix C} and then bind to the spinor core SFS,
we can have a case where the hyperon excitation
is via the binding of strange spinous to the SSS
spinor core. There are three examples which
suggest that excitation spinors with first-class
strangeness may exist: (1) The 0 production mode
(Dlla) and (Dllb) just discussed; (2) the A(1518)D
resonance, whose anomalously low mass can be
reproduced by a strangeness S, = —1 SS spinor
pair bound to the SFS spinor core (5); (3) the
K*(892) kaon resonance, which is the configura-
tion SSm in an l. = 1 rotational mode (paper 1), and
in which the first-class strangeness of the reso-
nance may be carried by the SS spinor pair. How-
ever, with only three such widely spaced examples
as these, it is difficult to incorporate these re-
sults into the general systematics of the theory,
at least in its present state of development.

APPENDIX E: A MODEL FOR THE MUON

In the present paper we have defined a light-
quark geometric model which reproduces the
strongly interacting hadron resonances, and in

which absolute masses, spin angular momenta,
and magnetic moments occur as calculated quan-
tities. By a straightforward extension of these
results, we can produce a similar model for the
muon. This model is illustrated in Fig. 28.

OUANTUlVl HADRONIC M MUON

RFST lVlASS -70 MeV -70 MeV

SPINNING VIASS -110 NIeV 105.7 IVleV

RADIUS y 3/'3 x 10 c(11 3 x 10 13cm

FIG. 28. The mass quantum id = 70 MeV as it appears in hadronic states (see Fig. 1) and as it appears in the muon

(Appendix E). The stripe in each case represents an equatorial charge distribution, where the equatorial radii are the

values quoted in the figure. The model shown here for the muon gives all of its first-order properties correctly as
calculated quantities —namely, the mass, the spin angular momentum J, and the magnetic moment p. The angle of in-
clination with respect to the vertical z direction shown for the muon is the angle that projects J= I (&+ 1)j h= (-,'v'3)k
onto J, = 218 and p. = v'3e@'2mc onto p,, = ek/2mc, as is required quantum-mechanically, where z is the axis of quantiza-
tion. Although the equatorial charge distribution of the muon gives rise to an intrinsic electric quadrupole moment;, this

angle of inclination causes the quadrupole moment to vanish identically along the z (vertical) axis, and the precessional
motion about the z axis causes the quadrupole moment to average out to zero along the x and y axes over one cycle of
precession. This result is important, since quantum mechanics does not allow an observable quadrupole moment for
the muon (but see Ref. 36).
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From Eg. (86) in Appendix 8, a relativistically
spinning sphere, with its equator moving at or
near the velocity of light, becomes half again as
massive as it was at rest. Thus a spherical 70-
MeV rest mass will become a 105-MeV spinning
sphere as observed in the laboratory frame of
reference. If the radius of the sphere is set equal
to its Compton wavelength, 8 =I/mc, then from
Eq. (812) the calculated spin angular momentum
is J=-,'g, and from Eg. (810) the calculated mag-
netic moment is p, =eh/2mc, where we assume
an equatorial charge distribution.

The one difficulty with this model for the muon
is that the equatorial charge distribution gives
rise to an electric quadrupole moment, which
quantum-mechanically is not allowed for a spin-~
particle. However, if the spinning muon is tipped
on its axis and given a precessional motion, there
is one angle between the spin axis and the axis of
precession for which this difficulty vanishes, and
this angle happens to be the same as the angle
that is assumed in the usual quantum-mechanical
formulation of the muon. This is the angle
e=cos '(1/v 3). At that angle, the s component
of the electric quadrupole moment, which is pro-
portional to P,(cosa), vanishes identically; also,
the x and y components, which are proportional
to P(co gs), where cosg=sin8cosf, with Q the

angle of precession, average out to zero over one
cycle of p rotation (if the sphere is stationary").
At this tipped angle for the spinning sphere, the
radius of the sphere must be increased by a factor
of W3 so as to obtain the projected quantities
7 = ~ g and g, = eg/2m c, as required experimen-
tally. The total calculated angular momentum is
then J =[-,'(-,'+1)] '~'g=(-,' v 3)5, and the total cal-
culated magnetic moment is p. = v 3 ea/2m c. Thus
we have obtained the quantum-mechanical value
[Z(7+1)] ' 'h' for the total spin of the muon by re-
quiring that the electric quadrupole moment of
the muon must vanish.

In Fig. 28, the 70-MeV hadronic mass quantumI of Fig. 1 and the 70-MeV mass M„whose spin-
ning configuration represents the muon are shown
with their correct relative sizes. As can be seen,
although M and 3f„areboth 70-MeV quanta, M„
appears in a considerably expanded geometry.
Thus, although M and M„seem undeniably related,
as for example in the dominant decay mode

v —p, +v, MM-M[M]+ v=M&+ v,

they are geometrically quite different forms of the
basis 70-MeV mass quantum. Hence in this ha-
dronic light-quark model, we are not simply "col-
oring the quark muon. ""
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the de Broglie wavelength of the muon to this type of
longitudinal precession. The paradox arises in con-
nection with the neutron, which is a composite particle
and yet which satisfies the same de Broglie equation,
and hence has the same type of longitudinal precession
as the spherical muon. A conceptual solution to this
paradox is to say that each quark in the neutron sepa-
rately precesses in a spherical manner when the neutron
has a translational velocity. However, this solution
raises another difficulty, because it introduces an
extraneous factor of three into the equation for the
neutron de Broglie wavelength {by using the quark
mass instead of the neutron mass}. But if the muon
has a total spin J= (-I- ~3)&&, and if a neutron quark has
a total spin J=~@, then the extraneous factor of three
in the neutron de Broglie equation is removed, and we
have resolved the paradox. The interesting point about
this paradox in connection with the present paper is
that from the considerations described in Fig. 28, the
muon must have a tota, l spin J= (~~~'3)Ii, and from the
size of a nucleon quark as determined in Appendix B,
the quark has a total spin J=.&. Hence the resolution
of this paradox about de Broglie wavelengths is a
natural concomitant of the present light-quark system-
atics.

~~6. R. Kalbfleisch and E. C. Fowler, Nuovo Cimento
19A, 173 (1974).
















































