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Quark-model systematics and experimental hadron systematics both indicate that quarks
are light, with small binding energies. The assumption of small binding energies leads to
two types of quark: (1) a 330-MeV spin-} quark, the spinor S, which is required to repro-
duce the nucleon; (2) a 70-MeV spinless quark, the quantum M, which is required to re-
produce the pion. It is shown that S and M, in suitable combinations, constitute a complete
set of hadronic basis states, with quark and antiquark binding energies accurately mirror-
ing nucleon and antinucleon binding energies. An extension of the equations of special rel-
ativity to include spinning masses establishes a phenomenological mass relationship between
M and S, and it also relates M to the 4 meson. With the aid of this light-quark basis set,
the total angular momentum J of a hadron resonance can be separated into spin S and or-
bital L components. This separation is facilitated by the phenomenology of resonance
widths: Rotationless resonances (L =0) have narrow widths (' <<50 MeV), and rotational
levels (L >0) have broad widths (I'~ 100 MeV). An experimental compilation of about 130
low-mass hadron resonances is presented and documented. These resonances can be
grouped into rotational bands, as in nuclear physics, but the rotational bands are severely
limited by the requirements of special relativity. The rotational bands give a reasonably
complete and accurate mapping of the experimental resonances. Predictive successes of
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this light-quark model are summarized.

I. INTRODUCTION AND SUMMARY

It is well known that the linear phenomenology
of the conventional quark model suggests a system
of light quarks held together with small binding
energies. It does not seem to be as well known
that this same conclusion follows directly from an
examination'~2* of the spectrum of narrow-width
hadron resonances.?*~!!” Evidence which indicates
that quarks are light is summarized in Sec. IV of
the present paper. Although faced with the con-
tradictions described in Sec. IV, many particle
theorists have tended to regard quarks, from their
‘nonobservability, as being very massive objects,
with large and consequently unknown binding ener-
gies. However, recent CERN ISR experiments'!®
have pushed the lower limit on the quark mass up
to a value, 25 GeV/c?, where this position is no
longer tenable, and some theorists''® and experi-
mentalists'?° have now begun to reconsider seri-
ously the possibility that quarks are light.

The present work (see Refs. 23 and 24) is an
exploration of the consequences which follow from
the assumption that quarks are light and therefore
quark binding energies are small (a few percent).
Once this decisive assumption is made,! the exper-
imental data?>~!'” become remarkably restrictive
in delimiting the possible light-quark basis states,
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and the quest®~2* becomes one of obtaining the
simplest possible set of light quarks that will re-
produce the observed spectrum of hadron reso-
nances. The conclusion reached from these studies
is that the spinless quantum M =70 MeV and the
spin-3 quantum S=330 MeV constitute a sufficient
basis set of light quarks. Furthermore, the equa-
tions of special relativity as applied to rotating
masses reveal that S is itself composed of three
quanta M in a relativistically spinning configura-
tion, so that M/ emerges as the ultimate hadronic
building block. From the special-relativistic re-
sult (Sec. VI) that a spinning sphere, with its
equator at the velocity of light (or infinitesimally
below that value), is half again as massive as it
was at rest, a direct mass relationship is estab-
lished between the spinless 70-MeV quantum M
and the spinning 105-MeV u meson.

The binding energies of the light quarks M and S
follow in direct analogy to the known binding ener-
gies of nucleons and antinucleons, a result which
adds considerably to the plausibility of this light-
quark phenomenology. The spinor S has the same
electromagnetic properties as the nucleon quark
of Gell-Mann and Zweig,'?! but it has the particle-
antiparticle properties of the nucleon quark of
Fermi and Yang,'?® namely, N=SSS (F-Y) rather
than N=SSS (G-Z). The spinless quantum A, which
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was discussed many years ago by Nambu,'?® has
no counterpart in either the Gell-Mann-Zweig or
the Fermi-Yang quark model.

In Ref. 24, which we denote here for simplicity
as paper II, quark binding energies, electromag-
netic effects, geometries, particle-antiparticle
states, and strangeness quantum numbers are ex-
plored in detail. It is shown in paper II that with
a total of ten physically identifiable parameters,
and with small arbitrary adjustments of some of
these parameters, the absolute masses of the
metastable baryon resonances p,n, A, =, =, 2, pn
and the very-narrow-width meson resonances 7,K,
1, n’ can be reproduced by the light-quark basis
set M and S to an average over-all accuracy of
about +0.1%, or about +1 MeV, with charge split-
tings, spins, magnetic-moment ratios, and
strangeness quantum numbers accounted for. In
the present paper, we concentrate on the angular
momentum characteristics of the hadron reso-
nances, and in particular on the decomposition of
the total angular momentum 7 into spin angular
momentum S and orbital angular momentum L
components. From the special-relativistic equa-
tions discussed in Sec. VI and Appendix B, the spin
angular momentum S appears as a directly calcu-
lated quantity. The orbital angular momentum L
is also a calculable quantity in the sense that rota-
tional energies can be obtained by estimating had-
ron moments of inertia I and inserting them into
the standard nuclear-physics equation for rota-
tional excitations. Phenomenologically, the dis-
tinction between rotationless resonances (L =0)
and rotational resonances (L >0) can be made di -
rectly on the basis of resonance widths; rotation-
less excitations have much narrower widths than
do rotational excitations, as in outlined in detail
in Secs. VII and VIII. The present use of nuclear
physics concepts to treat hadron resonances is re-
inforced by noting that the systematics of the (non-
adiabatic) hadron rotational bands appears to ex-
trapolate smoothly into the systematics of non-
adiabatic rotational bands in very light nuclei, as
is shown in Sec. IX.

One quantum-mechanical implication of the pres-
ent light-quark phenomenology, namely the ne-
cessity for associating the observed spread in or-
bital rotational energies with a corresponding
spread in orbital angular momentum values, is dis-
cussed in Sec. X, with the p meson serving as an
example.

Section XI summarizes predictive successes of
the present light-quark model. In the years sub-
sequent to the first publication®~® of this model,
quite a few experimental hadron resonances have
been identified.?*~%" Hence it is a straightforward
matter to ascertain whether or not these new reso-

nances are in agreement with the present system-
atics. As is shown in Sec. XI, these new reso-
nances not only fit the light-quark excitation and
rotational systematics, but they have filled in the
missing states in this model in rather complete
detail. Of particular importance is the recent
Syracuse pz bound-state experiment,*® which has
revealed that nucleons and antinucleons exhibit
the same binding-energy systematics as the bind-
ing-energy systematics which had previously been
deduced for light quarks'?* directly from the phe-
nomenology of the experimental resonances.
Section XII gives a brief description of lifetime
systematics for the long-lived (7>1071" sec) ele-
mentary particles. The lifetime systematics indi-
cate that these metastable elementary particles
possess a common substructure. This result,
which is of course in agreement with the light-
quark results described in Secs. I-XI, appears to
stand independently of any other considerations in
the present paper.
The sections of the paper are the following.
II. The experimental data
III. The spectroscopy of the nucleon
IV. Evidence for light quarks and small binding
energies
V. A light-quark basis set
VI. Spin angular momentum and orbital angular
momentum
A. Spin angular momentum
B. Orbital angular momentum
VII. Mapping the baryon and hyperon resonances
A. Incompleteness of the experimental data
B. Mapping the narrow-width and S-state reso-
nances
C. Mapping the A and ¥ rotational bands
D. Mapping the N and A rotational bands
E. Discussion of the over-all mapping effi-
ciency
VIII. Mapping the meson and kaon resonances
A. A theory for meson excitations
B. Mapping the narrow-width meson reso-
nances
C. Mapping the meson rotational bands
D. Mapping the kaon resonances
E. Intercomparison of the meson and kaon
resonances
IX. Hadron rotational summary and an extension
to light nuclei
X. Energy and angular momentum distributions
in the p meson
XI. Predictions and fulfillments
A. Predictions and verifications
B. Accuracy of mass calculations for rotational
resonances
C. Resonances that are predicted but not ob-
served
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D. Observed resonances that are not mapped
E. Statistical evidence for the mass quantum
M =10 MeV
XII. Lifetime systematics
A. Lifetime ratios as factors of 2
B. Lifetime ratios as factors of a =e?/7ic
Appendix A: Symmetry characteristics of 3-type
and 4-type excitations
Appendix B: Special-relativistic equations for
rotating systems
Appendix C: Rules for hadron rotational bands
Appendix D: KN and nN scattering amplitudes
1. Hyperon partial-wave amplitudes
2. Baryon partial-wave amplitudes

II. THE EXPERIMENTAL DATA

Perhaps the most important step in formulating
theories for elementary particles is to establish
an agreed-upon set of experimental data. This data
base serves two main purposes: (1) By direct in-
spection of the data, we can obtain information as
to the nature of the theoretical structures of these
particles; (2) the data serve as the testing ground
for theories once they have been formulated. It is
of course necessary that a comprehensive theory
be directed at the entire set of data, and not just
at a particular subset which seems amenable to
treatment. And it is highly desirable that a theory
should accurately account for the most fundamental
properties of these particles—masses, angular
momenta, magnetic moments, widths, and strange-
ness values. It should also correctly handle the
mapping problem; that is, it should, broadly
speaking, predict all of the resonances and only
the resonances in the agreed-upon data set.

In the past two decades, the field of experimen-
tal high-energy physics has been one of almost un-
paralleled achievement. The first high-energy
physics colloquium attended by the present author,
more than 20 years ago, centered on the statistical
analysis of an eaperiment in which a total of two V
particles (as they were then called) were observed.
From this kind of a modest beginning, high-energy
physics experiments have now progressed to the
point where a collection of data can include several
hundred thousand carefully reconstructed events.
The experimental data have revealed the existence
of a large number of hadron resonances. The pres-
ent section contains a compilation of these reso-
nances, listed in a series of tables: meson, kaon,
N, A, A, =, =, and Q. The 130 or so resonances
contained in these tables include all of the low-
mass resonances, and also some higher-mass
resonances for which spin identification is possi-
ble. References®*~!'” are given for resonances
which require special discussion.
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In order to properly judge the significance of
each of these resonances, they have been assigned
ratings in accordance with the following notation:

A =listed at the front of RPP73 (Ref. 25) as well-
established resonances;

B =reasonably well established in the opinion of
the author;

C =reported only in one experiment or weakly in
several, and with no associated experimental con-
troversies;

D =reported in the literature as a resonance, but
lacking either (1) statistical significance, or (2)
apparent reproducibility;

E =small fluctuations noted by the author at en-
ergies of current theoretical interest.

The data tables I-VII, which summarize the exper-
imental information about these hadron reso-
nances, contain the following numbers of reso-
nances for each confidence-level rating.

Table I: Meson resonances—42*=~20A, 3B, 18C,

3D, and 3E.
Table II: Kaon resonances—16=6A, 2B, 7C, and
1D.

Table III: N* resonances—20=11A, 6B, and 3C.
Table IV: A resonances—11="TA and 4C.
Table V: A resonances—17=9A, 5B, 2C, and

1D.

Table VI: T resonances—21=10A, 5B, 5C, and
1D.

Table VII: Narrow-width = and  resonances—

T=5A and 2C.

Total resonances in compilation:
134+=68A, 21B, 41C, 6D, and 3E.

The six D-rated resonances and three E-rated
resonances that are included here are essentially
meaningless from the standpoint of furnishing any
tests of spectroscopic models. The reason for the
inclusion of these low-rated “resonances” is that
they all fit naturally into the systematics of the
present light-quark model. If it eventually turns
out that few of these low-rated levels actually ex-
ist, this does not mean that the present system-
atics is necessarily incorrect; a theoretical model
that can accurately reproduce all of the A, B, and
C resonances is on fairly firm ground. And, in
fact, selection rules are given in Tables XXI and
XXII which indicate that these D-rated and E-rated
levels should be weakly produced. However, it is
the author’s opinion that at least some of the D
and E levels will turn out to be reproducibly pres-
ent in certain kinds of experiments.?*> In fact,
this circumstance has already happened. The
pp(1925) resonance of Table I, which until Septem-
ber 1973 was listed in Table I with a D rating, has
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TABLE I. An experimental compilation of meson resonances. The compilation is essen-
tially complete below 1600 MeV; above 1600 MeV, however, only a few resonances are includ-
ed, since spin information is lacking. The resonances are ordered according to width: (1)
very narrow width (I'< 5 MeV), (2) narrow width ('~ 10-20 MeV), and (3) broad width (I'=50
MeV). They are also ordered according to their experimental status: (A) listed at the front of
RPP73; (B) experimentally well established in the opinion of the author; (C) reported in only
one experiment, or weakly in several; (D) reported as resonances, but lacking either statisti-
cal significance or reproducibility; (E) fluctuations noted at energies of interest in the present
model. Finally, they are grouped into what appear to be alternate I, =0 and I, =1 forms of the
same basic resonance structure (see Ref. 149). The 1’ multiplet of very-narrow-width reso-
nances is listed at the end of the table.

No. Status Resonance Width I, P Reference
Very-narrow-width resonances
1a A 70(135.0) L'=~0 0 0 RPP73%
1b A 7 (139.6) =9 1 0" RPP73
2 A 1n(548.8) I'=0.9 0 0 RPP73
3 A n’ (958.1) I'<0.8 0 0~ RPP73, pp
Narrow-width resonances
4 A w(784) 9.8 0 1 RPP73
5a A ¢ (1019)—KK T4 0 1~ RPP73,b
5b C H,$(1009) — ww 0 1 c
6 C S$*(1019) 24 0 o* d
7 C my(1016) Ir~25 1 o+ RPP71°
8 A D(1286) ra21 0 1+ RPP73,f
9 C A (1289) I'=40 1 1~ g
10 A E (1416) T'60 0 0" or1* RPP73
11 C KK(1425) =20 1 RPP73,f
12 A F{(1543) T'16 1 1* or 2° RPP73
13a c M°(941) r=10.4 0 RPP73,h
13b D 7w (926) I'<25 1 i
14a C M°1148) T15 0 RPP73,j
14b C X~ (1153) T'1l6 1 k
15 c A, 5(1207) 39 1 RPP73,1
16 C pn (1794.5) I'=s8 1 m
17 D T (660) r~15 0 1 n
18a D A,dip(1310) r~10 2+ o
18b D K gK §(1311) rai o
19 D KK 5(1439) I'43 RPP73,f
20a B Dp(1925) I8 p
20b D 57 (1930) 30 1 q
21 E 7T (870) r~15 0 1 r
22 E X~ (1079) 13 1 1+ s
Broad-width resonances
23 A p (770) T'146 1 1~ RPP73
24 A €(~800) I'~150 0 ot t
25 A Ty (975) r'60 1 (4h) u
26 A S$*(980) Ir'~50 0 ot v
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TABLE 1. (continued)

27a

27b
28a
28b

29
30

31
32

33

34
35

36
37
38

39a
39b

40
41
42

Q

H Qoo o QW » e > 2> Qk

A, (1115)
A{(1070+ 20)
€’ (1096)
$*(1070+ 30)

B (1237)
€” (1250)

A,(1310)
f (1270)

f’ (1516)

A4(1645)
w (1648)

£(1680)
ny(1076)
DEF (~ 450)

K gK 5(1412)
p%°(1410)

/p (1490)
A,(1829)
7w (520)
ABC (300)

I'98
r~125
T80
r~225

T'120
300

T'100
I'163

T40

r129
r139

I'160
r9s
r~100

100
r'9o

85
ria7
70

1 1*
0 o+
1 1*
0 o*

1 2*
0 2*
0 2*
1 2"
0

1 3"
0 2*

0 1)
0

1

1

1)

The n’ multiplet of resonances

M(953+2)

7’ (958.1+0.4)
6°(963.5+1.7)
M°(1033.6+2.3)
67 (962 5)

6% (966 8)

I'<1o0
<2
r<s.9
I'16.2
r<s
r'=10

O OO OO

@*?)

w
RPP71,x

y
RPP71,x

RPP73
z

RPP73
RPP73,aa

RPPT73

RPP73,bb
ce

RPP73
dd

ee
RPP73,f
RPP73, ff
gg

hh

ii

ii

kk,11
RPP73,11
mm, 11
RPP73,nn, 11
0o, 11

oo, 11

2Reference 25.
bReference 28.
°Reference 29.
dReference 30.
®Reference 27.
fReference 31.
8Reference 32.
f‘Reference 33.
! Reference 34.
) Reference 35.
kReference 36.

1 Reference 37.
MReference 38.

"Reference 39.

°Reference 40.
PReference 42.
9Reference 43.
T Reference 44.
* Reference 45.
* Reference 47.
UReference 49.

now received unambiguous experimental confirma-
tion.*? Also, the C-rated X~(1153) I'16 reso-
nance in Table I, which was first identified as a
resonance by the present author,'?® and which ini-
tially carried no more than a D confidence level,
now appears to be confirmed by the /°(1148) T'15
resonance of Jacobel et al.>®* The most famous (or
notorious) of the D-rated levels is, of course, the
celebrated dip in the A, meson. In the present
systematics, the location of this dip is of consid-
erable phenomenological interest.!?’

in a system, and dynamics is the study of the

VReference 50.
YReference 51.
X*Reference 52.
YReference 53.
ZReference 54.
23Reference 55.
bbReference 56.
¢CReference 57.
ddReference 58.
€€Reference 59.

11I. THE SPECTROSCOPY OF THE NUCLEON

ff Reference 60.
88Reference 61.
hhpeference 62.
i1 Reference 63.
J Reference 64.
kkReference 65.
11 Reference 69.
mm Reference 66.
NMReference 67.
%%Reference 68.
PPReference 182.
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Elementary particle theories have two general
aspects—spectroscopy and dynamics. Spectros-
copy is the study of the stable or metastable states

transitions between these states. A theory must
eventually embrace both of these aspects. The
difficulty in concentrating on dynamics at the ex-
pense of spectroscopy, as is sometimes the case,
is that an infinite number of parametrizations are
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TABLE II. An experimental compilation of kaon reso-
nances. The compilation includes all reported reso-
nances below 2000 MeV. The resonances are grouped
according to (1) width, (2) experimental status, and (3)
related I-spin resonance structures, in the manner de-
fined in the heading for Table I.

No.  Status  Resonance Width I JP Reference
Very-narrow-width resonances
la A K* (493.7) r=0 1 o, RPPT
1b K°K%497.7) T=0 2 RPP73
Narrow-width resonances
2 A K 4(1160) r~90 3z 0" a
3 c K ,(1175) r~25 2 RPP73,b
4 C Q (1272) ris 3 c
5 C K 4(1368) ri9 3 o d
6 D K (725) T15 i e
Broad-width resonances
7 A K *(892) r's50 ${ 17 RPPW3
8 A C (1242) ri27 ¥ 1* RPP73
9 c K ,(1265) r's50 2 (1) RPP73,f
10 B Q (1344) r=60 3 1t g
11 B Q (1417) rs9 1 1* n
12 A K y(1421) 100 3 2* RPP73
13 c K 4(1660) 60 i RPP73
14 C K 4(1753) re0 41 3 RPPT3
15 A L (1765) r140 i 27 RPP3
16 C K 4(~1850) r~300 % 3 RPP73

¢ Reference 74.
f Reference 75.
& Reference 76.
h Reference 77.

2 Reference 70.
b Reference 71.
© Reference 72.
d Reference 73.

possible for describing dynamical processes. It
seems intuitively correct that the theory which
gives the best spectroscopic results will probably
also give the most meaningful dynamics.

The present status of elementary-particle spec-
troscopy is perhaps best illustrated by the nucleon.
Nucleons—protons and neutrons—are the stable
particles upon which all of nuclear physics and
ultimately all of hadron physics is based. A spec-
troscopic theory for the nucleon must include the
calculation of several fundamental quantitative
properties: mass, spin angular momentum, mag-
netic moment, and charge and magnetic-moment
radii. As a way of arriving at a spectroscopic the-
ory for the nucleon, it has often been assumed that
the nucleon is a field-theoretic object—a core re-
gion surrounded by a virtual pion cloud. However,
neither this approach nor any other of which the
author is aware has led to the direct calculation of
any of these fundamental properties of nucleons.

|©

It would seem that elementary-particle theorists
should be directing their main research efforts at
the most fundamental unsolved spectroscopic ques-
tions, such as, for example, the calculation of the
mass of the nucleon.

If we examine the known properties of the nucle-
on,?*® it does not appear to be a particularly mys-
terious object. In particular, the nucleon is the
only subatomic particle for which a size has been
measured, and this size is consistent with the
other known properties of the nucleon, as we now
demonstrate. If the nucleon were a single Dirac
particle, it would logically have a radius R=7%/mc
=~0.2 fermi, where m =939 MeV/c%. Since the-
measured rms charge and magnetic-moment radii
of the nucleon are about 0.8 fermi, it is apparent
that the nucleon is not a single Dirac particle, a
fact that is also demonstrated by the anomalous
magnetic moments of the proton and neutron. The
nucleon must be a composite structure. Once we
reach this conclusion, there are a number of phe-
nomenological arguments which suggest that the
nucleon is in fact composed of three subunits of
approximately equal mass. As a simple and very
general model for a nucleon subunit, we can take
a spherical quantum with a mass roughly equal to
3 the nucleon mass, or 313 MeV. If we assume
that these nucleon subunits are Dirac-like quark
states, then each subunit will have a radius R
=#/mc=~0.6 fermi. A cluster of three such sub-
units, each with radius R =0.6 fermi, gives a nu-
cleon with a total rms radius that is about equal to
the measured value of 0.8 fermi. Furthermore, if
we set a 313-MeV spherical subunit spinning with
its equator at the velocity of light, and if we as-
sume that its moment of inertia is about %mR’, the
classical value, then its calculated angular mo -
mentum is roughly J =37 (in Sec. VI we use a rela-
tivistic moment of inertia and make this result
precise). Electromagnetically, if an electric
charge e is placed on the spinning subunit and allowed
tomovefreely, it will be forced to the equator of the
spinning sphereby the action of the electromagnetic
forces. An equatorial current loop with a radius
R =0.6 fermi has a calculated magnetic moment
(for a unit charge e moving at the velocity of light)
equal to 2.8 nuclear magnetons, which is the same
magnetic moment that is conventionally associated
with a singly charged quark.’?® Thus, this simple
model for a nucleon subunit has the angular mo-
mentum and magnetic-moment properties that are
conventionally attributed to a (singly charged)
quark, and three of these subunits form a nucleon
that has the proper mass and “size.” In addition,
an equatorial current distribution on a quark has a
number of other interesting properties, as follows.
(1) The charge and magnetic-moment radii are
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TABLE III. An experimental compilation of N baryon resonances. All resonances up to
2250 MeV are included. The resonances are grouped according to experimental status:
A =*%*%x or *** rating in RPP73; B=** or * rating in RPP73; C=* or no rating in RPP73; D=
doubtful status. TheL,; ,; notation denotes orbital angular momentum (L), isotopic spin (I),
and total angular momentum (J).

No. Status Resonance Width Ly or Reference

la A rrkx »(938.3) ro Sy RPP73%

1b A Fxxk 7 (939.6) =0 S11 RPP73

2 A FHEx N (1419) r148 Py, AYED, c

3 A FHkk N (1508) r's5 Si AL, %AYED, e

4 A rrxx N (1520) ri21 Dy B-Gf

5 A Hrrx N (1672) 143 Dys B-G

6 A HHrx N(1687) rizs Fis B-G

7 A FHxk N (1684) riie Sit g

8 A *H* N (1738) 172 Py, AL,AYED

9 A *xx N(~1770) T ~200 Py AL,AYED,h

10 A Hxx N (2204) 247 Gy i

11 A *H* N (2241) r289 Hy AYED

12 B ** N (1730) 130 Dy, AYED, j

13 B ** N (2024) ris1 Fy AL, AYED

14 B ** N (2075) I'150 Dy AL

15 B * N (2078) T'160 Dy AL,AYED

16 B * N (~2088) rio3 Fy AL,AYED, k

17 B* N (2148) 240 Sy AL,AYED

18 C N (~1300) Py 1

19 c N (1530) 65 Py AYED,m

20 C N (2130) 250 Gy AYED
*Ref. 25. ®Ref. 81. "Ref. 85. X Ref. 88.
PRef. 78. fRef. 82. !Ref. 87. I Ref. 89.
°Ref. 79. 8Ref. 83. ¥ Also see Ref. 86. MRef. 90.
dRef. 80.

TABLE IV. An experimental compilation of A baryon resonances. All resonances up to
2500 MeV are includéd. The resonances are grouped according to experimental status, as
described in the heading for Table 1II.

No. Status Resonance Width Lor,or Reference
1 A xHkx A(1233) T115 Py B-G*

2 A xxkx A(1618) 147 Sy b

3 A kkk A(1694) I'216 D b

4 A **x A(~1850) rais Py, AL,°AYED, ‘e
5 A *kx A(1877) r2ss Fy AL,AYED
6 A xHkk A(1923) ra1s Fy AL,AYED
7 A x¥x A(2390) r292 Hyyy AYED

8 C* A(1680) 220 Py, AL,f

9 C* A(1824) r13s Dys g

10 C* A(2160) r230 Py, RPP73

11 c A(2160) Gy h

2Reference 82.

bAn average value from AL, AYED, and Davies 70 (Ref. 25).

°Reference 80.

dReference 78.

€AL and AYED do not agree on the position of this resonance. ThePj and P33 AL and AYED
phases appear to constitute a P-wave criss-cross (see Table XI).

fSee footnote e. The AL value fits the present systematics. AL also report a resonance at
2150 MeV, which is too high to classify accurately.

8The value quoted here is from Mehtani (Ref. 91). AYED see this resonance about 50 MeV
higher in energy.

hyon Schlippe 72 (Ref. 25).
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TABLE V. An experimental compilation of A hyperon resonances. All resonances up to
2500 MeV are included. The resonances are grouped according to experimental status (see
Table III). The standard L, ,; notation is used, as in Table III; however, since we interpret
L as an actual orbital angular momentum in the present paper, the A(1115.6) resonance is
denoted as Sy, and not as the Py assignment of RPP73. The A(1518) Dy resonance is discus-

sed in Appendix A, Eq. (48).

No. Status Resonance Width Lor,og Reference
1 A FHRK A(1115.6) r=0 Sot RPP73?
2 A RERxx A (1402) 38 Sot RPPT73

3 A Frokk A(1518) T'16 D RPP73

4 A xRk A(1673) r'3o Soy B-GP

5 A HREK A(1688) r's3 Dy B-G

6 A KERk A(1819) 8o F s B-G

7 A **x A(1827) rs9 D B-G

8 A worxx A(2100) riz1 Gy RPP73,c
9 A Fxokx A(2350) 177 Hy RPP73,d
10 B ** A(~1737) r~11s Py RPP73,e
11 B ** A(~1827) I'~68 Sot RPP73,f
12 B ** A(1870) rs1 Py RPP73,g
13 B ** A (1990) T'155 Dy, RPP73,h
14 B ** A(2020) I'160 Fy RPPT73
15 C* A(2110) I'185 F o RPP73,i
16 c A(1570) r'50 Py, RPP73,j
17 D “dead” A(1327) I'<25 RPP73,k

dReference 93.
®Reference 94.
fReference 96.

2Reference 25.
bReference 82.
°Reference 92.

equal; (2) low-energy electron scattering off a cur-
rent loop, where the wavelength is large as com-
pared to the dimensions of the loop, appears as a
dipole interaction; (3) high-energy electron scat-
tering off a current loop, where the wavelength is
small as compared to the dimensions of the loop,
appears as a pointlike (parton) interaction. All
three of these properties have been verified exper-
imentally for the nucleon.

In summary, straightforward estimates show
that the known first-order properties of the nucleon
seem to be expressible in terms of very simple,
self-consistent, and in fact almost classical con-
cepts. Thus, the nucleon has none of the mystery
of the (assumed) point electron, which continues
to defy all attempts at providing a calculable spec-
troscopic explanation.’?® The fact that the nucleon
admits an essentially classical explanation sug-
gests that nucleon subunits (quarks) have well-de-
fined geometries, and that these subunits keep
their essential integrity when bound together in
the nucleon. Hence nucleon quark binding energies
must be small in comparison to nucleon quark
masses, which is the crucial point we seek to
establish here with respect to the present light-
quark systematics.

The present work?3:?* is centered on one main
idea: to produce a simple and yet accurate model
for spectroscopically reproducing the resonances

J Reference 101.
KReference 103.

8Reference 98.
hReference 100.
! Reference 102.

listed in Tables I-VII. In particular, we show by
direct calculation that such a model is possible.

1V. EVIDENCE FOR LIGHT QUARKS AND
SMALL BINDING ENERGIES

Evidence from five facets of hadron phenomeno-
logy is cited to establish the conclusion that had-
rons must be composed of a set of light quarks
held together with small (a few percent) binding
energies:

(1) The spectroscopy of the nucleon indicates, as
discussed in Sec. III, that the nucleon admits an
essentially classical explanation for all of its first-
order properties.

(2) The narrow-width experimental hadron reso-
nances, both meson and baryon, show very ac-
curate linear mass spacings, which are indicative
of a fundamental set of hadronic mass quanta held
together with small binding energies.

(3) The phenomenological successes of the con-
ventional quark model of Gell-Mann and Zweig'?!
have always suggested that quarks must be light.

(4) The masses of the nucleon?® and the pn bound
state®® can be accurately reproduced by a straight-
forward extension of the Fermi-Yang model of the
nucleon,’?? ysing the known (small) binding ener-
gies of nucleons and antinucleons to serve also as
the binding energies of nucleon quarks and anti-
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TABLE VI. An experimental compilation of Z hyperon resonances. All resonances up to
2500 MeV are included. The resonances are grouped and labeled in the same manner as the
A resonances of Table V. The Z (1385) resonance is discussed in Appendix A, Eq. 48).

No. Status Resonance Width Loyt or Reference
la A xoxkx =+(1189.4) r'=~0 Sy RPP73%
1b A *Hkx £9(1192.5) r=0 Sy RPP73
1c A HHEx =7(1197.3) r=0 Sy RPP73

2 A xHrx = (1385) r'3ss Py RPP73

3 A wxxk =(1669) I'50 Dy B-GP

4 A *kx 2 (1756) r'es5 Sy B-G

5 A FHEE = (1765) r108 Dys B-G,c

6 A FHkx 2 (1910) r'70 Fys RPP73,d
7 A FHEk = (2030) risi Fy RPP73,e
8 A FHEx = (2250) r'165 Gy RPP73,T
9 A rHk Z (2455) r120 H? RPP73,g
10 A rHk = (~1900) '~ 200 Dy, RPP73,h
11 B ** = (1620) r'40 Si RPP73,i
12 B ** = (1669) T'140 P, RPP73,j
13 B ** = (1926) r'185 Py RPP73
14 B ** = (2080) T'170 Py RPP73
15 B ** = (2090) r103 Gy RPP73
16 C* =(1472) r'30 RPP73,k
17 C* 2 (~1840) r120 Py, 1

18 C* 2 (~1900) Sy m

19 C* =(2070) r'140 Fys RPP73,n
20 C = (1682) 25 Sy o

21 D 2 (~1550) r's0 Py p

€Reference 106.
fReference 107.
gReference 108.
hReference 109.

2Reference 25.
bReference 82.
CReference 104.
dReference 105.

quarks.

(5) The lifetimes of supposedly dissimilar and
independent metastable elementary particles ex-
hibit numerical relationships!® which suggest that
these particles must possess a common substruc-
ture.

Facet (1), the spectroscopy of the nucleon, has
already been summarized in Sec. III. Facet (2),
the linear hadronic mass intervals, can be directly
illustrated in a series of three figures. Figure 1
shows very-narrvow-width meson resonances
(taken from Table I) plotted against a mass scale
that is in units of 137 MeV. As can be seen in Fig.
1, the mass intervals are very accurate. Figure
2 shows a series of narrow-width meson reso-
nances (also taken from Table I) plotted against
this same 137-MeV mass scale. Again the inter-
vals are very accurate. The linear mass spacings
observed in Figs. 1 and 2 suggest two conclusions:
(a) Binding energies are weak; (b) a basic reso-
nance structure 7 ~137 MeV is a constituent of
these resonances. Since the resonances of Figs.

1 and 2 are nonstrange, that is, have balanced
particle-antiparticle symmetry, we can draw a
further tentative conclusion that = MM, where M

"Reference 115.
"Reference 116.
°Reference 113.
PReference 117.

fReference 110.
) Reference 111.
KReference 112.
1 Reference 114.

and M are ~70-MeV light-quark mass quanta. This
last conclusion is reinforced by noting that the one
very-navvow-width boson resonance not included
in Fig. 1, namely the K meson of Table II, can be
constructed from seven 70-MeV quanta M. Since
the kaon is spinless, the quantum M must also be
spinless.

The results of Figs. 1 and 2 can be carried over
directly to the narrow-width and S-state baryon
and hyperon resonances. Figure 3 shows the nar-
row-width and S-state resonances of Tables III-
VII plotted against 70-MeV mass grids that are
erected above the basic “ground states” N(939),
A(1116), =(1193), and =(1321). From the observed
level spacings in Fig. 3, it appears that these ex-
citations also occur in units of M =70 MeV, as was
the case for the levels of Figs. 1 and 2. However,
whereas the meson excitations of Figs. 1 and 2 oc-
curred in quantum steps of 7 ~137 MeV, the baryon
excitations of Fig. 3 occur in quantum steps of 3
=3M =210 MeV and 4 =40 =280 MeV, as is indi-
cated in the far left column in Fig. 3. Thus we
should consider the mass groupings 3 and 4 as in
some manner constituting a part of the hadronic
basis set of light quarks.



1268 MALCOLM H. Mac GREGOR

TABLE VII. An experimental compilation of narrow-
width = and @ resonances. Although several broad-
width E resonances have been reported, they have no
spin identification, and they are not included in the pre-
sent compilation. The narrow widths of the resonances
listed here serve to identify them as S-state excitations.
The = (1535) resonance is discussed in Appendix A, Eq.
48).

No. Status Resonance Width Reference
la A £9(1314.9) r=0 RPP73%
1b A =7 (1321.3) r=0 RPPT73

2a A £9(1531.6) r9 RPP73

2b A =7 (1535.0) ris RPP73

3 C 2%(1606) rai RPP73,b
4 A =(1814) ri2 RPP73,c
5 A = (1956) rss RPP73,d
6 o] £ (2295) <30 RPP73,e
7 A Q7 (1672.5) =0 RPP73

2Reference 25.

bThis is Ross 72 in-RPP73, who do not observe a
broader = (1635) peak.

®This is Badier 65 in RPP73, which may be confirmed
by Smith 65, but which is otherwise unconfirmed; hence
the A rating denotes the existence of a resonance, but
not necessarily with the width quoted here.

dSeveral experiments report = resonances at about
1955 MeV; the one quoted here is Badier 72, the one with
the narrowest width.

€This is Goldwasser 70 in RPP73.

The over-all conclusion to be drawn from Figs.
1-3 is that all of these resonance intervals sug-
gest excitations which occur in quantum units of
about 70 MeV, and which thus indicate collections
of 70-MeV basis states held together with small
binding energies. The reason for specifying nar-
row-width and S-state resonances in Figs. 1-3 is
that these are all rotationless (L =0) excitations,
so that the very large hadron rotational energies
do not add to the S-state energies to obscure the
mass quantization of the levels. The excitation
bands shown in Figs. 1-3 are roughly analogous to
vibrational excitations in nuclear physics. In as-
sessing the phenomenological significance of Figs.
1-3, the completeness of the mapping is as im-
portant as the accuracy of the mass intervals.
This completeness is discussed in detail in Secs.
VII-IX.

Facet (3), the phenomenological quark-model
arguments that favor light quarks, is well known.
For example, quark magnetic moments are as-
sumed to be additive. This additivity implies that
anomalous magnetic moments must be small. But
according to conventional notions, small anomalous
magnetic moments are associated with small vir-
tual-pion fields and hence with small quark binding
energies. For strongly-interacting quarks that

9
]Z =0 XZ =1
959  8°(963.5 £1.7) 1'<5.9 67(962)r- 5
n'(958.1+0.4) 1<0.8
M(953 + 2)r<10
- .
o~
N
E’ 548 n(548.8)r<0.9 |
1
137 7°(135.0)r0 = (139.6)ro

Low=-mass mesons plotted against 137 MeV mass intervals

FIG. 1. Low-mass very-narrow-width meson reso-
nances plotted against a mass grid M =137 MeV/c?.
The accurate mass interval spacings suggest a linear
system of weakly bound mass quanta. Data on these
resonances are summarized in Table I. These reso-
nances are probably all spinless excitations, and they
all appear to have widths I' <<5 MeV. The observed
5-MeV fine-structure spacing of the triplet (M, 77, 6%
is accounted for in paper II. The isospin headings are
discussed in Ref. 149.

have large binding energies, anomalous magnetic
moments are expected to be large. It can be
argued that quark charges retain accurate ratios
under strong interactions because the charge is
related to a conserved vector current, but this
mechanism is not available for the magnetic mo-
ments.’® Thus the assumption of additivity for
quark magnetic moments can only be interpreted
as meaning that quarks have small binding ener-
gies and therefore small quark masses.

The same logical connection between additivity
and small binding energies occurs with respect to
high-energy quark scattering amplitudes, as was
noted by Feld'®!: “The success of the factorizabil-
ity model (of quarks) seems to imply that, at least
for scatterings involving appreciable momentum
transfer, the individual quark-rearrangement
probabilities (amplitudes) may be thought of as be-
ing statistically independent, so that a given reac-
tion requires the coincidence of independent quark
deflections through the appropriate angle for all of
the quarks involved. In a very crude sense, this
model would seem to imply relatively weak quark
binding energies and, correspondingly, relatively
small quark masses.”
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1. =0 I =1
z

KK(1425)T <20
1424 £(1416) 160 e

1287 D(1286)r21 A(1289)r < 40

MeV/c:2

nso__MOMTIS _ XT(IS)rie

$(1019)r4 - KK rN(10]6)I‘~25

¢ (1009)r20 = x7m

Intermediate-mass mesons plotted against 137 MeV mass intervals

FIG. 2. Intermediate-mass narrow-width meson
resonances plotted against a 137-MeV/c? mass grid.
The accurate interval spacings that were observed in
Fig. 1 are also seen here. Data on these resonances are
summarized in Table I. In contrast to the spinless reso-
nances of Fig. 1, some of the resonances of this figure
are known to be spin-1 excitations. In Fig. 6 these reso-
nances are shown as part of a “meson excitation tower”
based on a 658-MeV spin-1 “ground state.” The natural
widths for these spin-1 resonances are I'~ 10-20 MeV,
in contrast to the widths I"' <<5 MeV for the spinless
excitations of Fig. 1.

In recent work, both Vinciarelli’®? and Drell and
Johnson!!® have been led to the concept of light
nucleon quarks [M <500 MeV (Ref. 132) and M~300
MeV (Ref. 119)] to explain the early onset of the
electromagnetic scaling laws (“precocious scal-
ing”).

Franklin has summarized the implications of the
quark model with respect to quark masses and
quark binding energies in a very succinct man- -
ner!%: “The agreement of quark predictions with
experiment could be described as spectacular,
and yet virtually every prediction really makes
sense only if quarks are not too heavy or if the
binding is not too strong.”

The only real argument for believing that quarks
are very massive has been one based on their non-
observability. However, now that the CERN ISR
experiments''® have pushed the lower limit on the
quark mass, from this line of reasoning, up to 25
GeV/¢?, it is apparent that this argument is no
longer tenable in view of the linear systematics
that are known to obtain for the quark model. A
review of recent ideas about light quarks is con-
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tained in an article by Jones,'*° who comments:

“... it is my understanding that theorists now
favor quarks of rest mass of about 0.3 GeV/c?
(about a third of a nucleon mass or twice a pion
mass), and in fact they would be somewhat embar-
rassed if 10-GeV/c? quarks were now discovered
and had to be built into their models.”

Facet (4), the fourth argument presented here in
favor of light quarks, is one that is obtained by
phenomenologically reproducing the observed mas-
ses of the nucleon, N=939 MeV (Ref. 25), and the
pn bound state, NN =1795 MeV (Ref. 38). This
argument proceeds as follows. Many phenomeno-
logical results (see Sec. III) indicate that the nu-
cleon is composed of three subunits of approxi-
mately equal mass. In particular, detailed elec-
tromagnetic properties of nucleon quarks, which
are summarized in Table VIII (see Refs. 132, 134-
136, 38, 12, 119), pinpoint the average mass of
the nucleon quark at just about 330 MeV. If we de-
note this 330-MeV nucleon quark, for generality,
as the spinor S, then there are two ways in which
the nucleon can be constructed:

(F-Y): N=SS5and N=5SS, Fermi and Yang'?;
(1a)

Gell-Mann and
Zweig.1! (1b)

(G-Z): N=SSS and N=SSS,

The G-Z formulation is the conventional quark
model that has been widely discussed in the litera-
ture for the past decade. The F-Y formulation is
an earlier model that appeared prior to the intro-
duction of the name “quark.” Both the G-Z and
F-Y models reproduce the quantum numbers of the
nucleon. In the F-Y model, the quark states S are
assigned the same quantum numbers as the nucleon
states N. Thus the F-Y model has an advantage
over the G-Z model in that unobserved'?° fractional
quantum numbers are avoided. We can use a
straightforward extension of the F-Y model to re-
produce the N and NN masses by attributing to the
spinor S not only the same quantum numbers as
the nucleon N but also the same binding energies
(B.E.). Experimentally, the nucleon (N= p, n) has
the following binding energies:

pp=nn=0, pn=0.1%, pn=4.4%.°° )

These binding energies can be extrapolated to nu-
cleon states N as follows:

NN=NN=~0, NN=~4%. (3)

If we extend these same binding energies to the
330-MeV spinor S, we obtain

SS=55~0, SS=~4% =26 MeV. (4)

Since this 4% (hadronic) binding energy is much
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Excitation
Mechanism
344 79 — — -
—N(1684)ST116
334 1639 .1816-A(1827)S 68 [1893— (1900)s -
—A(1618)S 147
[333) —— - L 1951 _=(1956) '35
1499— 1676 1753_
44 1499—N(1508)S 55 [L676 —A(1673)s T30 =—Z(1756)ST65 L —
[34] 4— — w__zuéaz)r?s M—E(ISM) ri2
33_@_ [N(1359)] 1536 w—E(I&O)S T40 |—
—A(1518)D T'16
1 -
4122 (Nn(1219)) 139 _n(1402)5 138 {422 _5(1472)ra0 ok — E(1606) 121
3 _(agia9))  [B2-n(1327) reps  [403 1331 —=(1535)P 113
—3(1385)P I'36
4 - L —
Ground
i
—state P _Neesgysro M amesro ME_smiesys o B2 _zhznsro
Nucleon Lambda Sigma Cascade

FIG. 3. The narrow-width baryon and hyperon resonances plotted against 70-MeV mass grids based on the “ground
states” N(939), A(1116), Z(1193), and E(1321). The accurate level spacings suggest that these levels are formed by
adding M =170 MeV “excitation quanta, ” with essentially zero binding energy, to these fundamental ground states. The
observed gaps in the level spacings can be accounted for by assuming that the excitations occur as the combinations
3=3M =210 MeV and 4=4M = 280 MeV [see Eq. (29)]. Data on these resonances are summarized in Tables III-VII.

TABLE VII. Calculations that point to the existence of a fundamental 330-MeV spin-3
hadronic mass quantum, which is denoted here as the spinor S. S has the same mechanical
and electromagnetic properties as the conventional nucleon quark, but it has different parti-
cle-antiparticle properties; as discussed in the text, S resembles the Fermi-Yang nucleon
quark rather than that of Gell-Mann and Zweig.

Type of calculation Mass indicated Footnote
Inelastic scattering (“precocious scaling”) M~ 500 MeV a
Range of quark, magnetic mass splitting M =322 MeV b
Intrinsic quark magnetic moment M=336 MeV c
Dirac moments for quarks: proton M, =339 MeV d
neutron M, =323 MeV d
Given the pn binding energy of 4.4%, suppose e

the nucleon is N =QQQ with B. E.=4.4%;

then Mg = (939x1.044)/3=327 MeV. M=327 MeV

Dynamical quark model M~ 300 MeV

Average value for this mass quantum M= 330 MeV
3vinciarelli (1972), Ref.132. €Gray (1971), Ref. 38.
YFeld (1969), Ref. 134. fMac Gregor (1972), Ref. 12.
CFeld (1969), Ref. 135. €Drell (1972), Ref. 119.

dFranklin (1968), Ref. 136.
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larger than nuclear binding energies, which are
always less than 1%, the hadronic SS force is more
short-ranged than nuclear forces, and only adjacent
SS spinor pairs in a cluster of spinors will bind
together hadronically. The nucleon appears as the
spinor cluster

N=S5S or 5‘3 ,
with a calculated mass of 3x330 - 2x26 =938 MeV,
as compared to _the experimental nucleon mass of
939 MeV. The pn bound state appears as the spinor
cluster

(5)

~ =Sz SSS

with a calculated mass of 6x330 - 7x26=1798 MeV,
as compared to the experimental pn mass of 1795
MeV.*® Furthermore, it is shown in paper II that
the addition of electromagnetic effects does not
destroy this accurate agreement between the
Fermi-Yang nucleon quark model and experiment.
Of course, the Gell-Mann-Zweig quark model for
the nucleon, Eq. (1b), can also be made to repro-
duce the N and NN masses, since there are two
masses to reproduce and two adjustable binding
energies available (B and Bgs). However, in the
G-Z formulation the interesting binding-energy
analogy given by Eqgs. (3) and (4) is lost, so that
we have a model with two arbitrary parameters.
The decisive point to be made in favor of the F-Y
formulation of the nucleon, though, is the follow-
ing: The F-Y formulation of the nucleon can be
extended, as shown in the present studies,?3'?* to
include all of the hadron resonances in a consistent
weak-binding-energy formalism, whereas this ex-
tension does not appear to be possible if the G-Z
formulation is used. From the standpoint of the
present section, the significant results of the above
calculations are that nucleon quarks appear to be
light (Table VII), and that quark binding energies
appear to be small [ Eq. (4)]. As one additional
result, we note that in both the F-Y and G-Z quark
models the pion is constructed as

=855, (7

with the nucleon quark states S and S used also for
the pion. Since we cannot reproduce the 140-MeV
pion as a pair of 330-MeV spinors bound together
with 4% binding energies, it is clear that in this
weak-binding-energy context both the F-Y and
G-Z quark models are incomplete: The spinless
quantum M =70 MeV, deduced from Figs. 1-3,
must be added to the spinor S=330 MeV in order
to complete the light-quark basis set. This gives
the 7 meson as

m=MM, (8)

with, as will be shown in detail in paper II, a 4%
binding energy, the same binding energy as for the
nucleon.

It should be noted here that the coplanarity of the
six spinors in the NN clusters of Eq. (6) results
from the essentially cylindrical configuration of
the spinor S with respect to binding energies (paper
II). From this coplanarity, the N and NN spinor
clusters of Eqs. (5) and (6) uniquely have two and
seven SS bonds, respectively.

Facet (5), the lifetime systematics of the meta-
stable (7>107'" sec) elementary particles, is pre-
sented in Sec. XII, since it is a result that is phe-
nomenologically independent of the rest of the
paper. A key point in this lifetime systematics is
that the K *, 7*, and K { mesons, which are sup-
posedly independent particles, and which have
completely different decay modes,*® have lifetimes
that occur in the ratios 1:2:4 (see Fig. 20). An
examination of the other metastable particles'®
indicates that this result is not accidental. Statis-
tically, the 1:2:4 lifetime ratios suggest the ex-
istence of 4:2:1 independent decay triggers (70-
MeV mass quanta), whose spontaneous annihila-
tions trigger the particle decay process. The life-
time systematics of Fig. 21 reveals a second scal-
ing of lifetimes, as powers of a =e?/7c, and this
scaling in « establishes a common link between
the weakly interacting u meson and the strongly
interacting metastable hadron resonances. The
evidence for a well-defined particle substructure,
which is indicated by the lifetime systematics of
Sec. XII, carries with it the implication that bind-
ing energies must be small, since strong binding
energies would tend to obscure this substructure.

The main conclusion to be drawn from the argu-
ments of facets (1)-(5) in the present section is
that both the experimental hadron data and the phe-
nomenological hadron analyses point to the facts
that quarks are light and quark binding energies
are small. In order to establish the validity of
this light-quark approach to hadron structure, it
must be demonstrated that a light-quark model can
be devised which accurately reproduces the spec-
trum of hadron resonances listed in Tables I-VII.
This is the problem that is treated in the remainder
of the present paper and in paper II.

V. A LIGHT-QUARK BASIS SET

In the present paper, we do not consider binding-
energy systematics, electromagnetic effects, par-
ticle-antiparticle states, strangeness quantum
numbers, or quark-state geometries in any detail;
these topics are dealt with in paper II. However,
in order to provide a background for the system-
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atic results mentioned in the present paper, we
outline here the salient features of the light-quark
hadronic basis set obtained from the present phe-
nomenology.

The phenomenological arguments which delineate
the fundamental light-quark basis states were
presented in Sec. IV: (a) Evidence summarized
in Table VIII points to the existence of a J=3#%
nucleon quark, the spinor S, with a mass of about
330 MeV. It was shown in Eqs. (2)-(6) of Sec. IV
that the spinor S correctly reproduces the masses
of the nucleon and the NN bound state. (b) From
the observed 137-MeV level spacings of Figs. 1and
2, the’'existence of a spinless 70-MeV mass quan-
tum M was deduced (7=MM ~137 MeV). (c) Figure
3 demonstrated that a series of S-state baryon
excitations are produced by adding the spinless
excitation groups 3 =3M=210 MeV and 4 =4M/=280
MeV to the fundamental “ground states” N, A, Z,
and E. (d) If we add the kaon, K =TM =", to this
set of states, and if we define 1 =M, then the set

1,3,4,7,S
"’IEM, 3E3M, 4E4M, 7E7M SE(sM)s-plnning
9

is obtained as a sufficient set of light-quark basis
states for reproducing the observed spectrum of
hadron resonances. In addition to the basis set
1,3,4,17,S, the (r meson) excitation

n=11=MM (8")

appears as a prominent structural component of
meson excitations (but not baryon excitations).

In detailed calculations of binding energies and
electromagnetic effects, the basis states 3, 4, 7,
and S interact phenomenologically as if they are
constructed in the form of linear arrays of sub-
quanta M (literally, aligned arrays of 70-MeV
oblate spheroids). These linear arrays of quanta
M are denoted here as “cabers.” From the special-
relativistic equations of Appendix B, it can be
concluded, as is indicated in Eq. (9) (and is shown
in detail in paper II), that the spinor S is a rela-
tivistically spinning form of the spinless caber 3.
Thus the quantum M emerges as the fundamental
building block for the light-quark set of basis
states listed in (9). The masses of the basis states
3, 4, and 7 are obtained as the simple sums of the
masses of the constituent subquanta M, with small
Coulomb corrections required in cases where
multiple charges are present.

The mass quantum M appears to have the same
quantum numbers as the K meson. In particular,
corresponding to its isotopic spin I=3, M occurs
in the forms

+_ o_
M* =74.6 MeV, M°=170.0 MeV, (10)

#1°=70.0 MeV, M~ =74.6 MeV,

with (M*,M°) =particle states and (M ~,M°) = anti-
particle states. The cabers 3, 4, and S have more
complicated particle-antiparticle configurations
than the quantum M. Phenomenologically, they
occur in resonances in three general forms:

3, 4, S = strange (ST) all quanta M
- strangeness S=+1,

3,4, S = antistrange (ST) all quanta i (11)
—strangeness S=-1;

3, :1, S =nonstrange (NS) mixed quanta M and /7
- strangeness S=0.

The strangeness quantum numbers shown in (11)
for the spinless cabers 3,3 and 4, 4 are the con-
ventional strangeness quantum numbers of Gell-
Mann and Nishijima. The strange spinors S,§

are different in that they occur only in the form of
invariant spinor triplets SSS and SSS [see Eq. (15)
below], and the conservation of baryon number is
precisely equivalent to the conservation of these
triplets. Thus the strangeness quantum numbers
carried by the triplets SSS and SSS are invariants
with respect to associated production processes,
so that the strangeness of the spinor S does not
enter into the conventional strangeness formalism.
However, from the binding energy systematics
cited just below, the spinors S and S are “strange,”
and this “invariant strangeness” has observable
consequences with respect to the production of

Y* resonances and the nonproduction of Z* res-
onances (Y* and Z* production is summarized in
Ref. 25).

A striking aspect of the particle-antiparticle
configurations shown in (11), and the reason that
the cabers 3, 4 and S are all denoted as “strange,”
is the phenomenological connection that occurs
between strangeness quantum numbers and ha-
dronic binding energies (H.B.E.). This connection
is as follows:

ST-ST adjacent caber pairs have H.B.E. = 4%;
NS-ST, NS-ST, and NS-NS caber pairs

have H.B.E. ~ 0%;

(12)

ST-ST and ST-ST caber pairs do not
bind hadronically.

The binding-energy systematics given in Eq. (4)
for the spinor S is thus a part of the general bind-
ing-energy systematics of Eq. (12).

The long-lived, very-narrow-width hadron res-
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onances are composed entirely of strange and antistrange cabers.

follows.
Resonance: 7=11, n=44, n’'=T7, K=7, K=1T
strangeness: 0 0 0 +1 -1

and

.:sl
Itl
1]

[
%)
(]

resonance: N=SSS, A= SSS3, = = SSS

strangeness: 0 -1 -1 -2

From the strangeness quantum numbers of these
configurations, it is clear that the strangeness
is carried by the spinless cabers 3, 4, and 7. Em-
pirically, the antistrange cabers 3 and 4 will bind
to the spinor core SSS to produce Y* resonances,
but the strange cabers 3 and 4 will not bind to this
same spinor core to produce Z* resonances. Thus
the particle-antiparticle asymmetry of the spinor
core SSS does have observable consequences, even
though we formally assign a strangeness value of
zero to S to be in agreement with standard ter-
minology.

The spinor S occurs in meson and baryon res-
onances in a very characteristic manner:

S appears pairwise as 3S in meson resonances,
(15)

S appears tripletwise as SSS or 5SS
in baryon resonances.

To illustrate Eq. (15), we give some examples of
meson and baryon resonances In meson reso-
38544 correspond to the rotationless resonances,
w, ¢, D, and E, respectively. The spinor pair
S8 by itself is the bandhead (see Fig. 4) for the
dominant p(770) I'146 and €(~800) I" ~150 rotational
resonances, which are ?$*'L,='P, and °P, spectro-
scopic states, respectively. Spinors pairs SS
that are produced with no accompanying spinless
quanta attached are very difficult to observe as
S states: The spinor pair SS is the ground state
of the meson excitation tower of Fig. 6, and a
slight experimental indication for its appearance
as an S state is shown in Fig. 18 (also see Ref.
39); the spinor quartet SSSS has a mass of about
1310 MeV and a spin-parity J© =2*, so that it
matches the elusive dip in the A, meson.*
Examples of SSS spinor .. "_lots were given in
the baryon excitations of Eq. (14). Other prominent
S-state baryon excitations are (SSS)44 N(1508)sS,
(S§S3)44 A(1673)S, and (SSs3)a4=x(1 756)S, in
which these dominant S states appear at intervals

Examples of these resonances are as

(13)

(14)

of 560 MeV above the corresponding ground states
(see Fig. 3). The A(1518) D,,I'16 resonance, which
from its very narrow width cannet be a rotational
level, is the excitation $45,54333, with the angular
momentum J = 3% arising from the alignment of the
three J = 3% spins in the SSS spinor core (note that
no narrow-width J=3,%Z ... resonances have ever
been observed). The famous A(1233) P, I'115 res-
onance is the excitation S553 in a 25*!L,=2P_,,
rotational mode (see Refs. 82 and 137). The
A(1518)D is a *S,,, excitation.

The distinction between rotationless and rota-
tional hadron resonances can be made directly on
the basis of resonance widths, as follows.

Meson resonances:

S states (L =0) have widths I' <20 MeV,
rotational levels (L >0) have widths I' = 50 MeV;

(16)

R=0.6F Y R=0.6F

M =330 MeV

M =330 MeV

R =i /Mc, I~ 2 x[2/5MRZ + MR?)

FIG. 4. A model forthe p meson. Table VIII suggests
the existence of a fundamental spinning mass quantum
S=330 MeV. If we give the spinor S a radius R= #/mc
equal to its Compton wavelength, and if we place an SS
spinor pair into an L = 1 rotational mode as shown, then
the classical estimate for the moment of inertia I shown
in this figure results ina rotational energy which com-
bines with the 660-MeV bandhead energy to give the
correct total energy for the peak of the p resonance
(see the discussion in the text).
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baryon resonances:

S states (L =0) have widths I' <50 MeV,
rotational levels (L >0) have widths
I'~100 MeV. (17)

For the meson resonances, this distinction is
particularly clear-cut. Sections VII and VIII con-
tain detailed compilations of these resonance
widths.

As one immediate result of this light-quark phe-
nomenology, we note that the excitations 3, 3, 3,
which contain an odd number of subquanta M, can
have different symmetry properties from excita-
tions 4, 4, 4, which contain an even number of sub-
quanta M. These differences in symmetry prop-
erties do seem to occur, and they can be identified
in the characteristics of the experimental res-
onances. A summary of these symmetry differ-
ences is given in Appendix A.

VI. SPIN ANGULAR MOMENTUM AND
ORBITAL ANGULAR MOMENTUM

A. Spin angular momentum

We know empirically that the spin angular mo-
mentum S of a particle is a true angular momen-
tum in the same sense that the orbital angular
momentum L is a true angular momentum, be-
cause L and § couple together in a very direct
manner. From the spectroscopy of the nucleon
discussed in Sec. III, it seems natural to attribute
the spin angular momentum of the nucleon sub-
state (the spinor S) to the rotation of an extended
mass. In order to attain the required angular
momentum value J = 3% for this substate, the rota-
tion must be rapid, so that special-relativistic
effects will be important. We ordinarily think of
special relativity as applying to linear velocities,
but a perusal of the textbooks and papers on spe-
cial relativity makes it clear that special relativity
is equally relevant for angular velocities (see the
references in Appendix B).

The equations of special relativity as applied to
rotating masses are derived and discussed in
Appendix B. The special-relativistic results that
are important for the present phenomenology, and
which in fact led to the investigation of these rela-
tivistic equations,® are the following:

(a) If a uniform sphere of matter is rotated
until the equation reaches the velocity of light (or
remains infinitesimally below that value), the
relativistically-spinning sphere becomes Zalf again
as massive as it was at rest.

(b) If the radius of the spinning sphere is set

equal to its Compton wavelength, R=7%/mc, where
m is the spinning mass, then the calculated angular
momentum of the sphere about the spin axis is
J=3h.

(¢) If a unit charge e is placed on the spinning
sphere and allowed to move freely, it will be
forced to the equator of the sphere, where it will
give rise to a calculated magnetic moment u =e#/
2mec.

(d) Changing from a spherical geometry to a
spheroidal geometry produces only small changes
in the above calculated quantities.

As a first application of results (a)—-(d), we can
denote the spinless 70-MeV quark state of the
present model as the (spherical or spheroidal)
quantum M, and a relativistically spinning form
of this same quark state as the quantum M. Then
result (a) leads to the result that

M =70 MeV - M,=3M=105 MeV, (18)

and the phenomenological association between the
spinning quantum M, and the 105-MeV . meson
seems unmistakable.!*® However, in the present
hadron phenomenology, the utility of the special-
relativistic results (a)-(d) lies not in their applica-
tion to single quanta M, but rather in their applica-
tion to combinations of three quanta M as they
occur in the spinless caber 3 = 3M and in the spinor
S =3M, [see Eq. (9)]. The mass of a caber 3* is
214.6 MeV [see Eq. (10) and the accompanying
discussion], and the mass of a spinor S* is about
330 MeV (Table VIII), so that the ratio of these
masses is 330/214.6=1.54, or just slightly larger
than the ratio of 1.50 given in result (a) and Eq.
(18). Thus the spinor S appears as a relativis-
tically spinning form of the caber 3, and the mass
increase of 1.54 instead of 1.50 can be attributed
to the need for using an oblate spheroidal geometry
[result (d)] rather than a spherical geometry (a
spherical geometry would give to the nucleon too
large a volume to be consistent with optical-model
calculations, as is discussed in paper II). In detail,
the spinor S is constructed as an aligned array of
three oblate spheroids M, each having radii R,

~ 3V 3 fermi and R,;,~ 5 fermi. Since the value
for Rm.x quoted here is R, ~#k/mc, with m=330
MeV, the radius R,, for each subquantum M; in
the spinor S reflects the total mass of the spinor S.
With this construction for the spinor S, result (b)
gives J =3k as the calculated spin angular momen-
tum, and result (c) gives u=2.8 nuclear magnetons
as the calculated magnetic moment for a unit equa-
torial charge distribution. Thus the spinor S has
calculated spin angular momentum and magnetic
moment values that are the same as the assumed
spin and (intrinsic) magnetic moment values for
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the conventional nucleon quark.'?® If the spinor S
is given the geometry described here, then the
known first-order properties of the nucleon, which
is constructed as N=SSS, are reproduced.!3®

The special-relativistic result (a) leads to an-
other important phenomenological result, namely,
the mechanism for producing spinor pairs SS.
From the structures of meson resonances (in which
spinors always appear in pairs), and from the con-
servation of baryon number (which requires spinor
triplets to be produced in pairs), it seems that
spinors are always created (and destroyed) in a
pairwise manner. The mechanism for producing
spinor pairs appears to be the isoergic transition

333-SS. (19)

In the mapping of the meson resonances, which is
described in Sec. VIII, this transition is seen to be
of central importance. From the observed meson
decay mode ¢ —KK, which from the present view-
point is the transition 38S7—~33337=T7=KK, we
can unequivocally establish that the inverse tran-
sition also occurs:

SS - 333 . (20)

The transition 333 =SS, in addition to forming an
integral part of the meson excitation scheme of
Sec. VIII, has two other consequences that are im-
portant in the present light-quark hadron spec-
troscopy. (1) By its isoergic nature, Eq. (19)
furnished an immediate explanation for the quan-
tization of spin angular momentum, in which the
spinors S always spin at the full relativistic limit
(with their equators at the velocity of light); spin
angular momentum quantization emerges as a con-
sequence of energy conservation. (2) The pro-
duction transition 333 =SS leads to a fundamental
spin and isotopic-spin selection rule for meson
resonances:

spin-1 spinor pairs SS have isotopic spin I=0,
(21)
spin-0 spinor pairs SS have isotopic spin /=1,

The workings of rule (21) can be clearly observed
in the experimental meson resonances of Sec. VIII.
Rule (21) can be “derived” by thinking of the tran-
sition 333 ~SS as a two- -step process: (1) One of
the 3’s in the cluster 333 annihilates, and the
tangential forces set the other two 3’s spinning in
opposite directions, so that the total angular mo-
mentum is J =0 for the spinor pair SS that is pro-
duced, and angular momentum is conserved lo-
cally; (2) ifandonly if the spinor pair is in an
isotropic spin /=0 charge mode, SS=S*S~, the
spinor pair couples externally via a virtual spin-1

photon process to produce a J=0 to J=1 spinor-
flip transition.

In Sec. VIB, we extend the present consider-
ations to include hadron orbital angular momenta.

B. Orbital angular momentum

In the standard classification of meson res-
onances,?s each resonance is assigned a total
angular momentum J , and no distinction is made
as to whether this angular momentum reflects an
intrinsic spin or an orbital rotation or both. The
heavy-quark models of Fermi and Yang'?? and
Gell-Mann and Zweig'?* both picture mesons as
being constructed from a pair of nucleon quarks,

meson=SS , (7

and the J =1 mesons p and w are assumed to have
intrinsic spins S=1 and orbital angular momenta
L=0. However, we have already seen that in the
present light-quark context, Eq. (7) cannot be
used for the 7 meson and must be replaced by

Eq. (8). Similarly, if S and S are 330-MeV light
quarks, as indicated in Table VIII, then it is clear
that Eq. (7) cannot be used to reproduce the
masses p(770) and w(784) if no energy is to be
attributed to orbital rotations, since the spin en-
ergy is already included in the masses of the
spinors S and S. Moreover, as another complica-
tion for the p and w mesons, these appear experi-
mentally to be quite different types of resonance,
as is illustrated in Table IX. Table IX shows
three narrow-width J=1 meson resonances—

w, ¢, D—and three broad-width J=1 meson res-
onances which occur with roughly the same mass
values—p, A,, B. In addition to the striking dif-
ferences in the widths, these resonances also
differ characteristically in their isotopic spins.
As was mentioned in Sec. V and is shown in detail
in Sec. VIII, the w, ¢, and D resonances in a
light-quark model are the rvofationless excitations
SSw, 3SSw, and 3SS33, respectively, and their
S=1, I=0 spin, isotopic spin modes are examples
of rule (21) as applied to the $s spinor pair con-
tained in each of these resonances; these res-
onances are 25*1L =35, configurations. If we also
apply rule (21) to the p, A,, and B resonances,
then the isotopic spins /=1 of these resonances
indicate that they must have spins S =0 and hence
must be L =J =1 rotational resonances; as shown
in Sec. VIII, these resonances are zs”L 3P,
configurations, with the rotational bandheads SS
3SS11 and 3SS4 respectively. The p bandhead SS
is shown in Fig. 4. Later on in the present section
it is shown that the calculated rotational energy
of the p adds to the 660-MeV SS bandhead energy
to accurately reproduce the peak energy of the p.
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TABLE IX. A comparison of three narrow-width I =0, J =1 meson resonances with three
broad-width I =1, J =1 meson resonances in the same general mass region. The angular mo-
mentum J =1 of the narrow-width resonances (I' =10 MeV) appears to arise from the intrinsic
spin § of the resonance structure, whereas the angular momentum J =1 of the broad-width
resonances (I' =100 MeV) appears to arise from a less prec1sely quantized orbltal angular
momentum L (see Sec. X). The spin—isotopic-spin relationship S =1, I=0or g =0, I=1
illustrated by these resonances is a very general result for all meson resonances [see Eq.

@n].

Resonance Energy (MeV) Width (MeV) Ang. mom. I spin Spect. state ©
w 784 T'= 9.8+05?2 J=1 I=0 3So1
@ 1019 I'= 4.2:022b J=1 I=0 3501
D 1283 =10 x10°¢ J=1 I1=0 3So1
p 770 I'=146 +102 J=1 I=1 Py
A, 1115 r= 98 =459 J=1 I=1 P,
B 1237 =120 =202 J=1 I=1 Py

2 RPP73, Ref. 25.

b This width is anomalously narrow (see Refs. 28 and 29).
¢ This narrow width for the D is from Boesebeck 71 in Ref. 25.
d This is the nondiffractive measurement 6f Anderson 69 in Ref. 25.

€ Rule (7) of Table XII.

The heavy-quark meson configurations typified
by Eq. (7) illustrate one version of the quark mod-
el. This model can of course have both spin angu-
lar momenta § and orbital angular momenta L
although the T and § assignments,'*° as we have
just seen, are not the same as the ones obtained
in the light-quark model. As another approach
to this problem, studies have been carried out to
investigate the use of the group SL(3, R) as a gen-
erator of orbital excitations in nucleons.!® The
noncompact group SL(3, R) is the special linear
group of rotations and deformations at constant
volume in three-dimensional space, and this group
has been successfully applied to E, transitions in
nuclear physies.!¥ Although the introduction of
orbital angular momentum raises problems with
respect to relativistic (Lorentz) invariance,!*
recent investigations suggest!** that rotational ex-
citations are in fact quite consistent with the re-
quirement of relativity.

The concept of light quarks and small binding
energies indicates that quarks have well-defined
geometries, andthat clusters of quarks will also have
well-defined and in general nonspherical geometries.
Since nonspherical geometries are associatedwith
rotational excitations in all other branches of molec -
ular and submolecular physics, it is to be expected
that nonspherical hadron resonances will show
similar characteristics. As we have indicated
above, this is in fact the case, and we outline
here the systematics of hadron rotational excita-
tions.

If we assume that the theory of hadron rotational
bands is similar to the theory of nuclear physics

rotational bands, as is suggested for example by
the SL(3, R) applications mentioned above, then
there is one overriding consequence for hadron
rotational levels that emerges from nuclear phys-
ics theory: The energies of hadron votational
levels depend on the orbital angular momentum i
and not on the total angular momentum :f, hadron
rotational energies are given by the equation

Emm = EO +E(L)
=E,+(B?/2I)L(L +1) , (22)

where L is the orbital angular momentum, I is the
moment of inertia, and E, is the bandhead (S-state)
energy. The reason for this L dependence of had-
ron rotational energies is that in hadrons the mo-
ment of inertia I is very small, so that rotational
energies are very large, and in fact comparable
to the rest-mass energy E,. Hence hadron rota-
tions are, by nuclear physics standards, highly
nonadiabatic,” and this nonadiabaticity effectively
decouples spins and orbital angular momenta, at
least as far as rotational energies E(L) are con-
cerned. In nuclear physics, if the bandhead has
spin § we can set T2=(F-8)2=F2 -2F7.5+82. The
“Coriolis” cross-product term J+§ vanishes” if
three conditions are satisfied: (1) The system

is markedly unspherical, so that rotational axes
are clearly defined; (2) the rotational velocity is
“slow” (the adiabatic approximation), so that the
rotation does not appreciably affect the intrinsic
spin §; (3) the intrinsic spin § does not have the
value 3. If the Coriolis term vanishes, then a
J(J +1) interval rule is obtained for the rotational
energies. However, in the meson resonances,



9 LIGHT-QUARK HADRON SPECTROSCOPY... 1277

rotational excitations are highly nonadiabatic; and
in baryon and hyperon rotations, all three of these
conditions are violated. Hence we have no theo-
retical reason to expect hadron rotational bands to
follow the J(J +1) energy interval rule that occurs
for some rotational bands in nuclear physics.
Instead, rotational energies will follow Eq. (22),
which is a very general equation that applies in
all cases where the more specialized conditions
just described do not apply.

Phenomenologically, it is quite clear from the
results of the present paper that an L(L +1) energy
interval rule, and not a J(J+1) energy interval
rule, governs the rotational levels in the baryon
and hyperon resonances. For example, it is
shown in Table X (discussed below) that some
rotational bands contain both J=L —3 and J=L +3
resonances, and these mixed rotational bands
occur with L(L +1) energy intervals.

Although baryon and hyperon rotational energies
follow an E(L) energy dependence [Eq. (22)], this
does not necessarily mean that the amplitudes
J=L -% and J=L +3 in 7N and KN phase-shift
analyses will both resonate at the same energy.

In fact, from observed 7N and KN polarizations,
it is clear that they do not. Let us define L_=J

TABLE X. L_=J=L -3 and L ,=J =L +% partial-
wave resonant amplitudes for the hyperon and baryon
rotational bands of Tables XV-XX., The A-D labels are
the confidence values assigned to these resonances in
Tables III-VI. The D and F waves, which have high
confidence values, show a clear ordering of the reso-
nances with increasing energy: L_,L,,L_. The P
waves, which have generally lower confidence values
than D and F waves, have resonances that appear mainly
in the L _ amplitude, as do the G waves. An illustration
of a P-wave L _,L , ambiguity in the amplitudes—a P-
wave ‘“‘criss-cross”—is shown in Table XI.

Bandhead? g P D F G H
N4 L_C
N33 e+ L_A L_A L_A -+ L_A
N44 LA L_CL,A - L,C
N344 L A {L_A L_B {L+B L_A

L,A L_B

A3 L, A
Ad4 «++ L_A L_A
A33¢ LA L,CL,C L,AL,CL,A
A33 L A L_C L_A L_A L_A L_A
A44 L A L_B L,A L, B
A334 L B L,B L_B L_C
Z4 L C L_D L_A
z33 L B L_B L, A L_A L_B
Z44 L A L,C L_A L,A L_A L,A
2334 L C L_B

2 See Fig. 3 and Table XIV.

=L-3and L,=J=L +3. If we assume that the in-
trinsic spin S=37% of a baryon or hyperon res-
onance arises from the rotations of spinors whose
equators are already moving at the velocity of

light (Sec. VIA), then J=L -3 amplitudes will

be relativistically favored, and we expect L_
resonances to appear in phase-shift analyses

at lower energies that L, resonances. That this

is actually the case is demonstrated in Table

X. Table X is a compilation of the L_ and L,
resonant amplitudes as obtained from the rotational
systematics of Sec. VII and from the data com-
pilation of Tables III-VI. In 7N and KNphase-
shift analyses, the most clearly defined phase
shifts seem to be the D waves and F waves, and
Table X shows that these resonate as a function of
increasing energy in a very clear pattern: L_, L.,
L_ (how much this reflects the actual physics of
the scattering and how much it reflects the con-
tinuity contraints imposed on the energy-depen-
dent amplitudes is an interesting point to consider).
As is shown in Table X, the lowest-lying rotational
bands (except for the A resonances) are composed
entirely of L_ amplitudes. At the high energies,
and in phase-shift analyses in which very weak
resonances are identified, these is some tendency
for L_ and L, amplitudes to show resonances at
the same energy.

In baryon and hyperon phase-shift analyses,
P-wave resonances seem characteristically dif-
ficult to pin down. Most of the C-rated resonances
in Table X are P waves. As an example of a P-
wave ambiguity that has appeared recently in 7N
phase-shift analyses, we show in Table XI two
sets of (P,,, P,,) and (P,,, P,,) resonances in the

TABLE XI. Examples of P-wave “criss-cross” am-
plitude ambiguities. The recent phase shift analyses of
AYED (Ref. 78) and AL (Ref. 80) point to the need for
both L _=J=L -4 and L ,=J =L +} P-wave resonances
in the 1=} (P, Py;) and I =% (P3, P33) baryon ampli-
tudes in the energy region from about 1700 MeV to 1900
MeV, but they differ in the L _, L , ordering of the reso-
nances. In particular, the AYED solution, which fea-
tures two P ; resonances below 1700 MeV (a split Roper
resonance), selects the P ; resonance at 1700 MeV,
whereas the AL solution, which features an unsplit
Roper resonance, selects the P, resonance at 1700
MeV.

AYED AL

N(1691) Py L,
N@1755) Py, L_

N(1720) Py, L_
N(1850) Py L,

A(1795) Py L
A(1890) Py, L,

A(1680) Py L,
A(1900) Py, L _




1278 MALCOLM H. Mac GREGOR 9

1700-1900 MeV energy region, taken from the
phase-shift analyses of AYED (Ref. 78) and of

AL (Ref. 80) (P,, and P, =L_ and L, for Nres-
onances; P, and P,;=L_ and L, for A resonances).
As can be seen in Table XI, the two sets AYED
and AL show a “P-wave criss-cross”: Where one
solution selects the L_ amplitude to resonate, the
other solution selects the L, amplitude, Both
AYED and AL agree on the need for two P-wave
resonances in each isospin state in this energy
region, one L. and one L,, and they agree approx-
imately on the positions of these resonances, but
they reverse the order of the L_ and L, assign-
ments. These ambiguities in the amplitudes arise
at least in part from the incomplete nature of the
N experimental data, a circumstance that is dis-
cussed at the beginning of Sec. VII.

By estimating the moment of inertia I of a had-
ron resonance structure, we can deduce the mag-
nitude of the rotational energies to be expected
in hadron orbital rotations. As a typical example,
consider a rigid body with a rest mass of 1500
MeV and a radius R~1 fermi. A rough estimate
for the moment of inertia is I ~2MR? ~600 MeV
fermi?, Defining

E.=h*/2I (23)

as auseful rotational energy parameter, and insert-
ing =600 MeV fermi?, we obtain E,,, ~32 MeV.
Hence P, D, and F rotational levels (L=1, 2, and
3) for this case will have rotational energies,

E(L)=E. L(L +1), (24)

of about 65 MeV, 200 MeV, and 400 MeV, respec-
tively. As we show in Sec. VII, these are about

the energies that are observed experimentally for
a bandhead mass in theneighborhood of 1500 MeV.
An example of a rotational resonance at a lower
energy is provided by the p, meson. The p-meson
bandhead is the 660-MeV SS spinor pair. A rep-
resentation for this SS spinor pair is shown in Fig.
4. The classical estimate for the moment of inertia I
shown in Fig. 4 gives the value I=333 MeV fermi?, In-
serting this value into Eqgs. (23) and (24) and set-
ting L =1 yields a rotational energy E(L)=117 MeV.
Adding this to the 660-MeV bandhead energy gives
777 MeV as the calculated energy for the peak of
the p resonance, which compares to the experi-
mental value?®s of 770 MeV.

A feature that is unique to hadron rotational
bands is the cutoff L, ,, imposed by special rela-
tivity. As postulated at the beginning of this sec-
tion, resonance structures have well-defined
geometries. Hence in rotational excitations, the
periphery of the resonance cannot exceed the
velocity of light; the limiting angular velocity
Wmax 1S given by the equation

Wmax =C/R , (25)

where R is the peripheral radius of the rotating
structure. In estimating a moment of inertia /
for Eq. (23), we used the example of a 1500-MeV
bandhead with a radius R ~1 fermi, which gave a
moment of inertia /~600 MeV fermi®. Inserting
R ~1 fermi into Eq. (25) gives wpax ~1 fermi™,
which leads to [ L, (Lmax+1)]2/ 27 =1 wpax~600 MeV
xfermi, and Lm.x ~2.5, as an order-of-magnitude
estimate. Empirically, the following special-rela-
tivistic limits seem to apply to meson and baryon
rotational bands.

Bandhead energy L. Observed

< 1700 MeV 1
<1100 MeV 2 (26)
<1300 MeV 3

Although the geometries of hadron resonances
about their rotational axes are not clearly defined
in the present work, the relativistic limits shown
in (26) and the experimental values for E:t [Eq.
(23)] obtained in Sec. VII both suggest that there is
a tendency for over-all hadron geometries to scale
inversely with the masses of the resonance struc-
tures (see Fig. 12).

Rules for meson and baryon rotational bands
are summarized in Table XII. The phenomeno-
logical arguments which were used to obtain these
rules are given in Appendix C. In Secs. VII and
VIII, we use the rules of Table XII to sort the
experimental resonances of Tables I-VI into ro-
tational bands.

As one final task in this section, we write down
a suitable spectroscopic notation to describe meson
and baryon resonances whose total angular mo-
mentum J has been decomposed into spin § and
orbital angular momentum L components. The
standard elementary-particle spectroscopic nota-
tion for baryons and hyperons is?®

L(I.zl) (5,27) » (27)

where L, 1, and J are the.orbital angular momen-
tum, isotopic spin, and total angular momentum,
respectively; where the choices (Z, 27) and (J, 2J)
are made so as to give integral values; and where
S, P, D, F, G, H indicate L=0,1,2, 3,4,5. Al-
though both L and J labels appear in (27), the L
value is conventionally used, for example, to in-
dicate the parity of a resonance, and it is not gen-
erally interpreted as specifying an actual rotational
excitation. From the present results, it appears
meaningful to give a literal interpretation to the
quantum number L, and to extend the notation of
(27) by appending the usual 2S +1 superscript of
nuclear physics, so that
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2L tany (4,20 (28)

becomes a complete spectroscopic labeling sys-
tem for spins and isotopic spins. Comparing
spectroscopic assignments in the notations of Eq.
(27) and (28), we find the following illustrative
examples,

Old notation [Eq. (27)] New notation [Eq. (28)]

>(1385) P,,I'36
A(1518) D,,T'16
%(1535) P,,I'13
A(1688) D,,I'53
A(1116) P, T~0

5(1385) *S,,
A(1518) %S,
E(1535) %S,
A(1688) 2D,
A(1116) %S,

As is shown by these examples, the notation (28)
and the distinction between rotationless and rota-
tional levels changes the L assignments of the
narrow-width J = 5 resonances. It does not change
the L assignment for a true rotational level such
as A(1688), but it changes the L assignment for a
level such as A(1116). The A(1116) is clearly not
a rotational excitation, and the P label was con-
ventionally attached in order to indicate the posi-
tive parity of the A. Thus in going over from the
notation of (27) to that of (28), we are in fact doing
much more than just attaching a 2S5 +1 spin super-
script. We are now using the L quantum number
to represent the actual orbital angular momentum
of the resonance structure. In the older notation,
the L quantum number was somewhat ambiguous,
and the L value and the parity of a resonance
sometimes represented redundant information. In
Table XIII the experimental resonances of Tables
I-VII are shown catalogued in terms of the nota-
tion of Eq. (28).

VII. MAPPING THE BARYON AND HYPERON
RESONANCES

A. Incompleteness of the experimental data

In this section we map first the hyperon res-
onances and then the baryon resonances. This is
because the observed hyperon resonances, from
a phenomenological point of view, appear to be
more complete than the observed baryon res-
onances. One fact that needs to be considered at
the outset is that the experimental data for both
KN and 7N interactions are manifestly incomplete.
In spin-0-spin-3 scattering processes, four dif-
ferent types of experiment are required in order
to define the scattering matrix—o, P, R, and A.
However, the KN and 7N phase-shift analyses
whose results are discussed here have been
based only on ¢ and P data, and the addition of
R and A data is just now becoming a possibility.'*®

Analyses of nucleon-nucleon scattering, which
bear some relationship to analyses of pion-nucleon
and kaon-nucleon scattering, furnish a useful
example of the effect of data incompleteness. In
elastic N-N scattering analyses, it was found'®
that energy-independent solutions are ambiguous
unless a complete set of measurements is includ-
ed—in this case 0, P, D, R, and A. Furthermore,
any ambiguities that are present in energy-inde-
pendent analyses carry over more or less directly
to the corresponding energy-dependent analyses.*®
In the case of 7N and KN scattering, single-energy
analyses based only on ¢ and P data give ambigu-
ous results.’” Hence in analogy to N-N scatter-
ing, some of this ambiguity in the single-energy
analyses must carry over into the corresponding
energy-dependent analyses. In particular, if a the-
oretical model is invoked in order to obtain ener-
gy-dependent forms for the amplitudes, any am-
biguities due to the incompleteness of the experi-
mental data will have the effect in phase-shift
searches of yielding solutions which remain near
their starting points and hence favor the theoreti-
cal model; in this event the procedure reduces to
a tautology. However, there is one major differ-
ence between the elastic NN analyses and the 7N
and KN analyses: Whereas elastic NN amplitudes
exhibit no resonant structure, 7N and’KN ampli-
tudes do contain resonances, and these resonances
influence the scattering over a considerable span
of energies. Hence the continuity constraints on
the amplitudes have a physical significance in 7N
and KN scattering that they do not have in elastic
NN scattering. But if the 7N and KN experimental
data are not complete, the benefits of continuity
may be obtained at a price: The dominant reso-
nances may obscure the presence of other nearby,
but much weaker, resonances. Thus, given the
incompleteness of the existing experimental data,
the 7N and KN resonances which have been iden-
tified to date (Tables III-VII) should be considered
as a minimum set of resonances.

From the systematics of the present paper,
S-wave resonances are expected to have narrow
widths, I' <50 MeV, and rotational levels are ex-
pected to have moderately broad widths, I'~100
MeV. When resonances are observed with very
broad widths, I'>200 MeV, as is the case par-
ticularly in the A resonances, these very broad
widths seem to reflect either a lack of flexibility
in the amplitudes (which is necessary in order to
obtain unique solutions with an incomplete data
set) or else averages over more than one res-
onance. An interesting case in point in the N res-
onances is the split Roper P,, resonance. The
splitting in the Roper resonance was predicted
several years ago on the basis of the present sys-
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TABLE XII. Summary of rules for meson and baryon rotational bands. These rules are discussed in detail in
Appendix C.

1.
@).

3).
).

(5).
6).

M.

(8).

9).

(10).
(11a).
(11b).
(11c).
(12).
(13).

(14).

(15).

Meson and baryon resonances

The narrow-width S-state resonances form the bandheads for the broad-width rotational levels.

Rotational levels follow an L (L +1) energy interval rule because of the nonadiabatic nature of the rotations:
E o= Ey+ (B%/2I)L (L +1), where L is the orbital angular momentum quantum number, E, is the bandhead
energy, and I is the moment of inertia.

Moments of inertia I are well approximated by rigid-body estimates.

The experiment values for the moments of inertia from meson, kaon, baryon, and hyperon rotational bands
show a uniform functional dependence on the rest mass of the bandhead, and this dependence extrapolates
smoothly to match moments of inertia from what appear to be nonadiabatic rotational levels in very light nuclei
(see Figs. 10-12 and Table XXX).

All levels in a rotational band have the same isotopic spin.

Special relativity—the requirement that the periphery of the rotating resonance not exceed the velocity of light—
limits meson and baryon rotational levels roughly as follows.

Mass of bandhead L

<700 MeV 1
<1100 MeV 2
<1300 MeV 3

The angular momentum states and isotopic spins of hadron resonances can be specified by using the spectro-
scopic notation 25*IL ;y;.2/), Where S is the intrinsic spin angular momentum, L is the orbital angular
momentum, (I,2I) is the isotopic spin, and (J, 2J) is the total angular momentum, and where the labels for I
and J are chosen so as to yield integral subscripts. In order to denote spinless resonances which have no in-
trinsic spins (r,K,7n,7n’), the S and J labels are omitted (see Table XII); and to complete the spectroscopic
labeling of the states, a right superscript can be added to specify the strangeness quantum number (see Table
XXI).

Baryon resonances

The narrow-width S-state resonances are created by adding spinless excitation quanta 8=210 MeV and 4 =280
MeV to basic N, A, Z, and & “ground states,” as shown in Fig. 3 and Table XIV.

The J=L —3=L_and J=L +3 =L, resonant amplitudes for D through H waves occur in a fairly regular pat-
tern with increasing energy: L _,L,,L .. However, P waves, except in the A amplitudes, tend to show a pre-
dominance of low-mass L _ resonances.

Meson resonances

The narrow-width S-state resonances are formed from spinless quanta 1, 3,4, 7 and spinor pairs S$ in accor-
dance with the symmetry scheme of Tables XXII and XXIII.

Isotopic-spin I =0 boson resonances have spin-(S =1) bandheads, and isotopic-spin I =3 and I =1 boson reso-
nances have spin-(S =0) bandheads [Eq. (21)].

I=4 and I =1 boson bandheads, which from (11a) have spins S =0, occur in rotational bands with all successive
L values up to the relativistic limit of rule (6): 'Syy, 'Py;, Dy, 'F 3, using the notation of rule (7).

I =0 boson bandheads, which from (11a) have spins S =1, occur in rotational bands with only the following
states: Sy, ®Py, Dy, using the notation of rule (7) (see the discussion of this result in Appendix C).

All rotational levels in a meson rotational band have the same G parity, but negative-parity rotationless band-
heads have the opposite G parity (see Appendix C).

The spinless meson and kaon resonances m,K, 7, n’ have no associated rotational levels (see Appendix C).

Boson resonances which are formed from excitations that contain an odd number of (@symmetric) 3’s are not
allowed to appear as 1510 states (see Appendix C); hence the p and K * bandheads cannot be observed directly
(the 660-MeV effect of Fig. 18 and Ref. 39 is observed only in the I =0 channel).

If we attribute the large spread in energies of the broad-width rotational resonances to a spread in rotational
energies (as opposed to a spread in bandhead energies), then this implies a corresponding spread in orbital
angular momentum L values [see Eqs. (40) and (41), and the examples shown in Figs. 14—17 in Sec. X].
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TABLE XIII. Angular momentum classification of meson and baryon resonances in terms of
the spectroscopic notation of Eq. (28) in the text, 5*!L(; /(s 55y, Where (S,L,1,J) denote (spin
angular momentum, orbital angular momentum, isotopic spin, total angular momentum), and
where the choices (I, 2I)(J,2J) are made so as to give integral subscripts. Resonances with
the S and J labels omitted are states that contain no spinors S. A meson and kaon selection
rule, Eq. (21), requires S +(I,2I)=1 for I=0, 3, and 1 resonances which contain spinor pairs

Ss.
Notation Meson resonances Kaon resonances
Sy T,6" K
s(] 77,(M,7l',‘50)
P, DEF , 1m(520)
Sy Ty(1016), X(1153), A(1289) ?, KK (1425)  «(725), K y(1160), Q (1272), K ,(1368)
1S40 K ,(1175)?
3So1 T (660), w, Tr(870), ¢, M°(1148), D, E
Py p,Ty(975), Ay, B, m/p(1490) K *(892), C(1242), Q(1344), Q(1417)
P, K 4(1265)?
3Py, €,S%, ¢, e
Dy Ay, K gK ¢(1412)?, A, K y(1421), L (1765)
Dy 1 x(1076), £, p%°(1410) ?, f*, w(1648)
Fi g K 4(1753), K y(1850)
5S 4y A,dip, K gK 5(1439)
Notation Baryon resonances Notation Hyperon resonances

%5, N (939), N (1508), N (1684), N (2148) %S, A(1116), A(1402), A(1673), A(1827)
25, A(1618) 25, 2(1193), £(1472), £(1620), Z(1682),
Z(1756), E(1315), E(1606), =(1814),
£(1956), =(2295)
S43 A(1327)?, A(1518), Q(1672)?
Sy Z(1385), £(1532)
Py, N(1300), N(1419), N(1530), N(1738)  2P,;  A(1570), A(1737)

Py, A(1850) P, Z(1669), Z(1926)
P, N (1770) Py A(1870)
2P, A(1233), A(1680), A(2160) p.  Z(2080)
Dy N (1520), N (1730), N (2075) Dy A(1688), A(1990)
Dys A(1694) D, Z(1669), Z(1900)
D s N (1672), N (2078) Dy A(1827)
Das A(1824) Dy Z(1765)
oF s N (1687), N (2088) F o A(1819), A(2110)
s A(1877) F s 2(1910), =(2070)
F N (2024) °F A(2020)
g, A(1923) F, Z(2030)
Gy N (2204) %Gy A(2100)
Gy A(2160) %Gy Z(2090), Z(2250)
H N (2241) ‘Hyy  A(2350)
Hyy  A(2390) ’H,  ZT(2455)?
tematics,® but in 7N phase-shift analyses the both the S-state classifications of phase-shift
splitting has appeared only recently, in the latest analyses and, in some cases, the narrow widths
AYED (Ref. 46) analysis (see Table XXXII). in order to identify all of the rotationless levels.
The rotationless baryon and hyperon resonances
B. Mapping the narrow -width and S-state resonances were catalogued graphically in Fig. 3. As indi-
cated in the column at the far left in Fig. 3, these
The narrow-width and S-state resonances con- excitations are formed by adding combinations of
stitute the rotationless (L =0) baryon and hyperon the spinless cabers 3 and 4 to the basic metastable
levels. On the basis of the present systematics, ground states N=S5S, A =S5S3, £ =S5584, and =
we expect that all S states should have narrow =58533 of Eq. (14). Of the resonances shown in
widths (I' <50 MeV). However, probably for rea- Fig. 3, the identified S states clearly correspond
sons stated in Sec. VIIA, some of the S-states are to rotationless excitations. In addition, the three

reported with broad widths. Hence we require narvow-width J =3 resonances A(1518)D,
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TABLE XIV. The narrow-width and S-state N, A, A, and Z resonances. States marked
with an asterisk (*) have identifiable overlying rotational levels; these states constitute an
essentially complete mapping of all of the observed baryon and hyperon rotational bands.
States enclosed in brackets have not been observed directly. The channel numbers refer to
the 70-MeV mass intervals that are shown graphically in Fig. 3.

Channel no. Excitation N, A A z
0 N (939)ST0 A(1116)ST ~0 Z(1193)ST =0
1
2 .
3 3 [A(1149)]”‘3'b A(1327)T'<25 Z(1385)PI'36
4 4 [N(1219)]*° A(1402)ST38 2(1472)T30*
5
6 33 [N (1359)]*P A(1518)DT16* 2(1620)S T40%
7 34 Z(1682)ST'25
8 44 N (1508)SI'55% A(1673)ST30* =~ Z(1756)ST'65*
9 333 (ruled out by competition with the 333 —SS transition) ©
10 334 A(1618)ST'147* A(~1827)ST ~ 68%* Z(~1900)S*
11 344 N (1684)ST116% .
12 3333 (ruled out by competition with the 333 —SS transition) ¢

2 See Ref. 137.
b See Eq. (43).
¢ See Eq. (29) and the rules of Sec. VIIIA.

>(1385)P, and =(1535)P are also classified as ro-
tationless levels [see the examples after Eq. (28)].
Similarly, the A(1327), £(1472), £(1682), =(1606),
=(1814), and =(1956) resonances have no spin
identification, but their narrow widths single them
out as rotationless excitations. The A(1149),
N(1219), and N(1359) levels in Fig. 3, which are
enclosed in brackets, have not been observed di-
rectly (but see Ref. 137), and their existence is
deduced from the presence of overlying rotational
levels [see Eq. (43)].

The rotationless N, A, A, and T resonances
from Fig. 3 are shown in Table XIV. From the
systematics of Table XIV, we can write down a
set of rules for generating these rotationless bar-
yon and hyperon excitations:

Rotationless baryon and hyperon excitations
are formed by attaching combinations of the
nonstrange spinless cabers 3=210 MeV and
4=280 MeV to the “ground states” N(939),
A(1116), £(1193), and =(1321), with essential-
ly zero binding energy [Eq. (12)]. (29a)

The mixed excitation 34 is weak. (29b)

The excitations 333 and 3333 are v_vggk because
of competition with the transition 333 - SS (Eq.

20). (29¢)

The presence in Tables III-VI of high-energy

(>2000 MeV) S-D resonances shows that the

systematics of Table XIV must extend up be-

yond the eleven 70-MeV excitation channels in-
i le.

cluded in the table (29d)

As can be seen in Table XIV, rule (292a) together
with the qualifying remarks of (29b) and (29¢)
gives an accurate mapping of the observed spec-
trum of S-state baryon and hyperon resonances.
As discussed in Sec. XI, Fig. 3 and Table XIV have
led to some predictive successes; for example, in
the identification of the £(1620) peak as an S-state
resonance, and also in the recent appearance of
the narrow-width Z(1606) resonance. From the
experimental incompleteness discussed in Sec.
VIIA and from (29d), it is apparent that in Fig. 3
and Table XIV we have plotted only the low-ener-

TABLE XV. A rotational bands. The seventeen A res-
onances of Table V are shown grouped into rotational
bands. Table XVII gives a quantitative evaluation of
these rotational bands, and also a comparison to the =
rotational bands. Section IX contains a summary of all
of the hadron rotational bands.

Excitation E S P D F G H
A (1116) 1116
Sot
A3 1326 1327
A4 1396 1402
Sot
A33 1536 1518 1570 1688 1819 2100 2350
Dyg Py Dy3 Fo5 Gy Hy
Ad4 1676 1673 ~1737 1827 2020

Sot Py Dy Fy

A334 1816 ~1827 1870 1990 2110
So1 Pog3 Dy Fos
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gy portion of the baryon and hyperon S-state spec-
trum. The levels in Table XIV that are labeled
with asterisks are the levels for which overlying
rotational bands have been identified. These rota-
tional bands are discussed in Sec. VIIC.

C. Mapping the A and X rotational bands

The mapping of the baryon and hyperon rotation-
al bands follows from a straightforward application
of the rules summarized in Table XII. In particu-
lar, the phenomenology proceeds according to the
following steps:

Rotational bandheads are selected from the
levels listed in Table XIV. (30a)

The rotational levels follow an L(L +1) energy
interval rule [Eq. (22)]. (30b)

Rotational energies correspond to E,, =% 2/2I
~30 MeV [Eq. (23)]. (30c)

The number of levels in each rotational band
is limited by the requirements of special rel-
ativity [Eq. (26)]. (30d)

The L, and L_ ordering of the levels follows
the systematics of Table X. (30e)

TABLE XVI. Z rotational bands. Nineteen of the
twenty-one Z resonances of Table VI are shown grouped
into rotational bands [the Z(2080)P ; resonance of Table
VI is at too high an energy to classify accurately, and
the C-rated Z(2070)F ;; resonance appears at almost the
same energy as the A-rated Z(2030)F {; resonance].
Table XVII gives a quantitative evaluation of these ro-
tational bands, and also a comparison to the A rotational
bands.

Excitation Ecac S P D F G H
z (1193) 1193
S1
zZ3 1403 1385
Py
Z4 1473 1472 ~1550 1669
Py Dy

Z33 1613 1620 1669 1765 1910 2090
Sy Py Dy Fys Gy

234 1683 1682
Syt

Z44 1753 1756 ~1840 ~1900 2030 2250 2455
S14 Py Dy Fy Gy H?

Z334 1893 ~1900 1926
S Py

TABLE XVII. Quantitative values for the A and Z rotational bands. The confidence-level ratings A-D, the widths T,
and the values for E,,=#%/2I in MeV [Eq. (23)] are shown. An average width I' is given at the bottom of each partial-
wave column (S, P,D,F, G, H); as can be seen from these average widths, S states have much narrower widths than
rotational P-H states. The values for E,, are shown graphically in Fig. 10, where they are compared to values for
E,; obtained from all of the other hadron rotational bands. Rotational bands are shown in Fig. 5.

Excitation S P D F G
A resonances

H S P D F G H

Z resonances

3 1327
Rating D
Width T'<25
4 1402
Rating A
Width I38
Eot
33 1518 1570 1688 1819 2100
Rating A C A A A
Width T'16 I's0 I's3 T80 Ir121
E 26 28 25 29
44 1673  ~1737 1827 2020
Rating A B A B
Width T30 I'~115 TI'89 T'160
E o ~32 26 29
334 ~1827 1870 1990 2110
Rating B B B C
Width I'~68 I8l I'155 TI'185
E o 22 27 24

Tave I'35 82 T99 r142 TIi121

1385
A
T36
1472  ~1550 1669
C D A
T30 T'50 50
~39 33
2350 1620 1669 1765 1910 2090
A B B A A B
T177 T40 T140 T108 170 r103
28 25 24 24 24
1756 ~1840 ~1900 2030 2250 2455
A c A A A A
65 120 I'~200 TIi151 T165 T120
~42 ~24 23 25 23
~1900 1926
C B
185
T177 T43 ri24 119 T111 T13¢ T120
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When the procedure outlined in (30a)—(30e) is ap-
plied to the A resonances of Table V, three well-
defined rotational bands appear. These A rotation-
al bands are shown in Table XV. The Z reso-
nances of Table VI similarly fall into clear-cut ro-
tational bands. The T rotational bands are shown
in Table XVI.

The quantitative aspects of the A and T rotation-
al bands are summarized in Table XVII. These in-
clude the measured widths of the resonances, the
confidence-level ratings of the resonances, and
the experimental values of the rotational energy
parameter E,, [Eq. (23)] that are obtained by fit-
ting the experimental levels to Eq. (22). The aver-
age widths I for resonances of each L value are
shown at the bottom of Table XVII for both the A
and T resonances. From these average widths,
we see that the rotationless S states have widths
I'<50 MeV, whereas the rotational P-H states
have widths I'~100 MeV, in agreement with our
phenomenological expectations [Eq. 17)]. In Ta-
ble XVII, most of the A-rated rotational levels
correspond to the bandheads A33 A44 233 and
»44. The values for E ot shown in Table XVII are
in general agreement with the estimate E, ~30
MeV [Eq. (30c)]. Figure 10 shows a comparison
of the experimental values of E,,; from Table XVII,
with the values of E,, obtained from the N and A
rotational bands and from meson and kaon rota-
tional bands. All of these different resonances
obey the same rotational systematics, in which the
values for E,; (or for the moment of inertia I')
vary in a smooth and continuous manner as a func-
tion of the mass of the bandhead. In Sec. IX these
results are extended to encompass nonadiabatic
rotational levels in very light nuclei.

Since the A and T partial-wave amplitudes, as
determined in various phase-shift analyses, still
contain ambiguities, each worker who attempts to
fit these amplitudes to theory is faced with a num-
ber of rather arbitrary decisions. In order to as-
certain how these decisions were reached in the
present case, it is useful to discuss the available
experimental information as it applies directly to
each individual partial-wave amplitude. This dis-
cussion is given in Appendix D.

D. Mapping the N and A rotational bands

The observed N and A resonances do not appear
to be as complete as the A and Z resonances dis-
cussed above. However, if we use the A and T ro-
tational bands of Tables XV-XVII as a guide, it
seems clear that the N and A resonances occur
with the same basic rotational systematics. Table
XVIII lists the N rotational bands, and Table XIX
lists the A rotational bands. Table XX gives the

|©

measured widths, confidence-level ratings, and
experimental values of E,, for these N and A ro-
tational bands.

A comparison of Tables XVII and XX reveals
many similarities. This is shown in more detail
in Sec. IX. The average widths for the N and A
S-state resonances are narrower than the widths
for the P-H resonances, as is shown at the bot-
tom of Table XX, although the difference in widths
between rotationless and rotational levels is not as
pronounced in Table XX as it was in Table XVII.
In general, all of the resonance widths of Table XX
are broader than the corresponding resonance
widths of Table XVII. Phenomenologically, reso-
nance formation in the A and T resonances, which
is accompanied by a 4% hadronic binding energy
[see Eq. (12)], seems to be more distinctive than
resonance formation in the N and A resonances,
which is accomplished via ~0% hadronic binding.
Table XI illustrated one ambiguity, the P-wave
criss-cross, that occurs in the N and A ampli-
tudes. The addition of R and A data'® to the 7N
and KN data sets should considerably improve all
of these analyses. The individual N and A partial-
wave amplitudes are discussed in Appendix D.

E. Discussion of the over-all mapping efficiency

It is difficult to judge the completeness of the N,
A, A, and ¥ data compilation shown in Tables III-
VI. There are probably some low-energy reso-
nances (E <1500 MeV) that have not yet been iden-
tified, and there appear to be many high-energy
resonances (E >2000 MeV) that are still awaiting
discovery. However, if we confine our remarks
to the region of intermediate energies spanned by
Tables III-VI, we can make some general remarks
as to the efficiency of the present mapping proce-
dure.

Examination of Fig. 3 and Table XIV shows that
the narrow-width and S-state resonances form a
reasonably complete pattern, although some of the
N and A S states are missing. Tables III-VI in-
clude a total of 69 experimentally identified N, A,
A, and T resonances. Of these, 60 are mapped in
the rotational bands of Tables XV-XX and the S-
state levels of Table XIV, 8 are too high in energy
to map accurately, and one [Z(2070)F,,] does not
fit the rotational assignments. The A-rated reso-
nances, in general, fit accurately into the L(L +1)
splitting of the rotational bands. As another way
of looking at the mapping efficiency, Tables XIV
and XV-XX show that 60 resonances are mapped,
and that (at least) 7 levels are missing, as evi-
denced by holes in the identified rotational bands.
A further discussion of the mapping problem is
given in Sec. XI.
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TABLE XVII. N rotational bands. Fifteen of the twenty N resonances of Table III are
shown grouped into rotational bands [the N (2075) D3, N(2078) D5, N(~2088) F 5, and
N(2148) Sy, resonances are at too high an energy to classify accurately, and the N(~1770) P
resonance is part of a P;-P 3 ‘“‘criss-cross” ambiguity shown in Table XI]. Table XX gives a
quantitative evaluation of these rotational bands, and also a comparison to the A rotational
bands. Levels enclosed in brackets are unobserved S states.

Excitation E ca1c S P D F G H
N (939) 939
Siy
N4 1219 [1219] ~1300
Py
N33 1359 [1359] 1419 1520 1687 see 2241
Py Dy, Fys Hyy
N44 1499 1508 1530 1672 L] 2130
S11 Py Dy Gy
N344 1709 1684 1738 1730? 2024 2204
Sy Pyy Dy Fy Gyq

When we examine the rotational bands of Tables
XV-XX, it is not immediately clear why some
bands extend to H waves and others only to D
waves or F waves. In particular, the broad widths
of the higher levels in the N and A resonances in-
dicate that they are probably averages over more
than one level. Thus numerical estimates of the
mapping efficiency are not very meaningful. How-
ever, the important point to notice is that there is
a reasonable correspondence between the number
of observed resonances (Tables III-VI) and the
number of available rotational levels (Tables XV-—
XX). We are not faced with order-of-magnitude
discrepancies between theory and experiment, as
is the case for example with SU(6). Furthermore,
the present rotational baryon systematics has al-

TABLE XIX. A rotational bands. Nine of the eleven
A resonances of Table IV are shown grouped into rota-
tional bands [the A(~1850) Pj; resonance is part of a
P3y-P3y “criss-cross” ambiguity shown in Table XI,
and the A(2160) P, resonance is too high in energy to
be. included here]. Table XX gives a quantitative evalua-
tion of these rotational bands, and also a comparison to
the N rotational bands. Levels enclosed in brackets are
unobserved S states.

Excitation E, S P D F G H

A (939)
A3 1149 [1149] 1233
Py
Ad4 1499 [1508] ~--+ 1694 1877
D33 Fy

A334 1639 1618 1680 1824 1923 2160 2390
S3y Py D35 Fgp Gyy Hyyy

ready exhibited some predictive power in dealing
with phase-shift ambiguities (see Table XXXII); as
the phase-shift analyses have been extended and
refined, the results have tended to agree more
closely with the present rotational systematics.

A comparison of calculated rotational mass values
with experiment is given in Table XXXIV.

Figure 5 gives a graphical display of the hyperon
and baryon rotational levels, which are shown in
the form of an energy-level diagram, and it illus-
trates both the observed L(L +1) energy intervals
of the rotational bands and the completeness of the
mapping of the rotational bands. From Fig. 5, it
is clear that strange (A, Z) and nonstrange (N, A)
rotational bands both follow the same rotational
systematics. Thus strangeness is an internal par-
ticle-antiparticle symmetry property which does
not directly affect the over-all geometric config-
uration of a resonance.

It should be stressed here that the theory of had-
ron rotational bands set forth in this paper was not
invented just to fit the resonances of Tables I-VII.
The rules for these rotational bands [Table XII and
Eq. (30)] follow, insofar as the author has been
able to determine, the results we should logically
expect by extending the known systematics of ro-
tational bands in nuclear physics. The order-of-
magnitude estimates given in this section show
that the relationships between masses, moments
of inertia, angular momenta, and rotational ener-
gies are reasonable and self-consistent. The fea-
tures that appear uniquely in the hadron rotational
bands, such as the E( L) energy dependence for
spin-3 bandheads and the special relativistic cutoff
L max, are natural consequences of limiting condi-
tions that do not occur in nuclear rotations, except
possibly in very light nuclei.
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TABLE XX. Quantitative values for the N and A rotational bands. The confidence-level ratings (A, B, C), the widths
T, and the values for E,,;=#%2/2I in MeV [Eq. (23)] are shown. An average width I is given at the bottom of each
partial-wave column (S, P, D,F, G, H); as can be seen from these average widths, S states have narrower widths than
rotational P—H states. The values for E . are shown graphically in Fig. 10, where they are compared to values for
E, obtained from all of the other hadron rotational bands. Rotational bands are shown in Fig. 5.

N resonances

A resonances

Excitation S P D F G H S P D F G H
4,3 [1219] ~1300 [1149] 1233
Rating C A
Width I'115
E rot ~41 42
33 [1359] 1419 1520 1687 20 2241
Rating A A A A
Width I'148 T121 T128 I'289
E,o 30 27 27 29
44 1508 1530 1672 e 2130 [1508] sse 1694 1877
Rating A C A C A A
Width I's5 I'65 T'143 I'250 I216 I255
Eo coe 27 31 31 31
334 1618 1680 1824 1923 2160 2390
Rating A C C A C A
Width I'147 I'220 TI138 215 292
Eio 31 34 25 27 26
344 1684 1738 17307? 2024 2204
Rating A A B B A
Width T'116 172 T'130 I'191 247
Erot 27 oo 28 26
Tove I'86 I'128 I'131 T'160 I'249 I'289 T147 T'168 177 I'235 292

As a final comment in this section, we note that
there appears to be nothing in the present results
to indicate that the squares of resonance masses
have any particular phenomenological significance.

VIII. MAPPING THE MESON AND KAON RESONANCES
A. A theory for meson excitations

The baryon and hyperon resonances studied above
have a simple excitation structure: Combinations
of the spinless excitation quanta 3 and 4 cluster
with an existing SSS spinor core and appear either
as narrow-width S-state excitations or else as
broad-width rotational levels. Meson resonances,
on the other hand, are formed as-independent
structures, and they have a more involved excita-
tion pattern in that both spinless and spinning
quanta can be simultaneously produced. Since me-
son resonances represent the direct conversion of
kinetic energy into hadronic matter without the
constraints imposed by the existing SSS spinor
core, they provide the best examples for studying
the basic symmetries of the hadron production
process.

In the baryon and hyperon resonances, we have

already seen that one basic excitation (bandhead)
can appear in a number of different modes. If it is
the bandheads which carry the excitation symme-
tries, then this suggests that we must look at a
deeper level than the observed resonances in order
to ascertain the symmetries. Or, we must at least
sort out all of the rotationless S-state levels from
among the totality of observed resonances. In the
meson resonances this procedure is even more
important. One basic meson excitation can give
rise to as many as thirteen observed meson and
kaon resonances, as is shown in Table XXI. Since
it is the basic excitation structures which appear
to exhibit the fundamental symmetries, we cannot
use the observed meson resonances per se to ob-
tain meaningful symmetry relationships. It is first
necessary to combine the observed meson reso-
nances into excitation-related groupings. At that
point, the underlying excitation patterns which lead
to these groupings can then be ascertained. To ex-
press the situation metaphorically, the observed
meson resonances are just the tips of the prover-
bial icebergs, with each iceberg having several
exposed tips; in order to obtain the proper sym-
metry relationships, we must study the spectrum
of icebergs and not the spectrum of tips of ice-
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FIG. 5. An energy-level diagram for the N, A, A, and Z rotational bands of Tables XV—-XX. The levels labeled
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bottom of each rotational band, together with the number of rotational levels used to determine E,,, experimentally,
The L (L + 1) splitting of the rotational bands is apparent in the diagram. S states enclosed in parentheses are unob-
served levels, and rotational levels enclosed in brackets have been shifted graphically to match the E,,, values for their

rotational bands.

bergs.

In Figs. 1 and 2 we saw that 137-MeV mass in-
tervals play an important role in meson excita-
tions. This suggests that the symmetric mass
quantum

T=MM (8)

is an important excitation unit for meson reso-
nances (this quantum was not of importance for the
baryon and hyperon excitations discussed above,
although it may be implicitly contained in some of
the excitation structures of Fig. 3). Similarly,
from the existence of narrow-width spin-1 meson
resonances, which contain SS spinor pairs pro-
duced in the transition 333~ SS (Sec. VI), we know
that the asymmetric mass quantum

3=MMM or MMM or MMM or MMM (31)

is another important excitation unit for meson res-
onances. At the deepest interaction level, where
kinetic energy is converted directly into hadronic
matter, it seems phenomenologically useful to con-
sider excitations as consisting entirely of symmet-

ric quanta 7 and asymmetric quanta 3, which are
created in six basic excitation units:

E,=m, E, =3m,
E,=33, E, =33m, (32)
E;=333, E; =333m.

The 3’s are the “gluons” which hold the excitations
together, and it is the 3’s which determine the ex-
citation symmetries. The basic excitation sym-
metry is obtained by separating the excitation
units E,, E,+, E,, E,», Eg, and Eg: into three
groups:

S =singlet group—combinations of E, and E,-,
excitations containing zero or one 3;

D =doublet group—combinations of E, and E, -,
excitations containing 3’s produced in pairs;

T =triplet group—combinations of E; and Eg/,
excitations containing 3’s produced in triplets.

(33)
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TABLE XXI. Examples showing that one basic boson excitation structure can give rise to several (as many as thir-
teen) different resonances. This suggests that we must look at a deeper level than the observed resonances in order to

ascertain the fundamental boson symmetries.

Excitation 2 Geometric formP Observed resonances ° Spectroscopic states ©
333 Ss T(660), p(770), €(800) 3801, P11, %Py
(three observed resonances)
333m SSw w(784), K *(892), ny(1076) 3015 'P11,%Dyy
(three observed resonances)
33337 77 M(953), 1’ (958), 6°(963), 67(962) 89550550551
3SSw ¢ (1019), €’ (1096), f(1270) 3S015°Pgs°Dgp
3SSm Ty(1016), A;(1115), A,(1310) 1S10» P11, Dy
(ten observed resonances)
337 - 337 3554 X%(1148), €”(1250), pp(1410) 3801, %P o> D2

3554 X" (1153), B (1237), K gK 5(1412), g(1680) 1S10s P11, Dy, Fyg
SSK K y(1160), C(1242), K y(1421), K 4(1660) sh, Pl D, P,
SSK K ,(1175), K 4(1265) 154, 1P

(thirteen observed resonances)

2 See Table XXII,
b See Tables XXM, XXIV, and XXVII.

¢ The spectroscopic notation of rule (7) in Table XII is used, and a right superscript has been added for strange res-
onances to indicate the absolute value of the strangeness quantum number.

With the notation that E,,»=E, E,, etc., the actual
combinations which are required in these groups
in order to reproduce the observed spectrum of
meson resonances are the following.

S: El, E;+;
D: EjEpryEgpy Egpr s Epryr (34)
T: Eg,EqryEgqy Egqry Egrgry Egsgy Egag?y « -

The singlet group S has only the two first-rank
members E, and E,-. The doublet group D in-
cludes the first-rank members E, and E,: and the
second-rank members E,,, E,,:, and E,r+. Since
the excitation 333 - 333 seems dominant over the
excitation 33 -33-33, the doublet group D termi-
nates at the second rank. The triplet group 7 has
identified members up to at least the third rank.

To complete the specification of the excitation
groupings, we need one additional result. The
quanta 3 and 7 are spinless. However, whenever
an excitation contains three or more 3’s, the
transition 333 - SS can occur [Eq. (19)]. The rule
governing this transition is the following.

In an excitation cluster containing three or more
3’s, the transition 333 - SS always occurs, with
two exceptions: (a) If the excitation quanta appear
in the form of a linear array, the transition does
not occur. Examples are

E,;+=33+3371~ T7=79' spinless

- 3SST=¢ spin 1.

(b) If the excitation contains six or more 3’s, the
first transition usually blocks the second transi-
tion. Examples are

E43=333 333~ 335S3 =D spin 1 (dominant)
- SSSS=A, dip spin 2 (weak).

To denote the number of 333 - SS transitions that
have occurred, excitations are assigned left super-
scripts:

Egpr=T1, 'E,=33SS3,
'E,,1=3SSm, 2E,=SSSS, (35)
'E,=SS, 3E.3,=SSSSSS.

Table XXII summarizes the systematics of the
meson excitation symmetries.

B. Mapping the narrow -width meson resonances

The mapping of the rotationless meson reso-
nances is accomplished by first writing down the
basic excitation states from Table XXII, and then
matching them to the observed narrow-width and
very-narrow-width meson resonances of Table I
(see Figs. 6and 1). The results of this mapping are
shown in Table XXIII. As can be seen, there is a
reasonable approximation to a 1:1 correspondence
between the theoretical excitation states and the
observed meson resonances. The very-narrow-
width meson resonances of Table I are formed en-
tirely from spinless excitation quanta (these reso-
nances are described in detail in-paper II), and
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TABLE XXII. The basic meson-excitation symmetry groups. These symmetry groups give
an essentially 1:1 mapping of the 22* very-narrow-width and narrow-width meson resonances
of Table I, as is shown in Table XXIII.

(1). Fundamental excitation quanta:

T=MM (symmetric), _
3=MMM or MM M or MMMor MMM (antisymmetric),

where M is the 70-MeV hadronic mass quantum of Secs. IV and V.

(2). Fundamental excitation units:

E,=m, E, =3m,
E,=33,  E, =33,
E,=333, E, =3337.

(3). Origin of the excitation symmetries:

(@) The 3’s are the “gluons’” which hold resonances together, and it is the 3’s which
determine the symmetry characteristics of the groups.

(b1) S = singlet group—the 3’s occur singly in the excitation units E, and E;..
(b2) D = doublet group—the 3’s occur pairwise in the excitation units E, and E,..
(b3) T = triplet group—the 3’s occur in triplets in the excitation units E; and Ej..

(c) The dominant excitations occur with no mixing of the S, D, and T excitation
units.

(d1) The meson S group has only single excitation units.

(d2) The meson D group has linear (first-rank) and quadratic (second-rank) pairings
of the excitation units. Since the excitation 333+ 333 is dominant over 33+33- 33,
the D group terminates at the second rank.

(d3) The meson T group has observed resonances up to at least the third rank.

(4). Notation:

(@) A multiple subscript denotes the product of several excitations: E,=33, E,,=33m,
Ey=33+33, E,:=33+33m, Ej333=333-333-333, etc.

(b) A left superscript denotes the number of 333—SS transitions which have occurred:

E;;=333+333, 'E;;=335S3, %E,;;=SSSS, etc. Whenever three or more 3’s are
present in an excitation, at least one 333—SS transition usually occurs [see Eqgs.
(27) and (28)].

(5) Basic excitation groups:

Group Member Primary excitation Final excitation Geometry 2
S, E, ™ ™ 11
S, Ey, 3T 3m 3T
D, E, 33 33 33
D, Ey 337 33m 44
D, o 3333 35S 35S
D, Eoggr 33-33rm 33337 77
Dy P 33337 3SSm 3SSw
Dg 1Eyrg: 33m- 33w 3SSwm 3554
T, 'E, 333 SsS SS
T, PN 3337 SSm SSw
T, o 333333 33553 33553
T, 2Eq 333-333 SSSS SSSS
Ts o 3333337 335837 44SS3
T, 2Faqs 333 - 333m SSSSw SSSSw
T, 1Eq1ss 333m+333m 33SS3mm 335534
Ty 3Ey33 333-333- 333 SSSSSS S5SSSS
T, 3Eq3qs 333-333- 3337 SSSSSSt SSSSSST

2 The basic states 1, 3, 4,

7, S, and 7 are illustrated in paper IL24

1289
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the narrow-width meson resonances of Table I are
formed from spinor pairs SS combined with spin-
less excitation quanta. As Table XXIII shows, the
calculated masses of the excitation states accu-
rately match the masses of the observed meson
resonances. Also, as is discussed in more detail
in paper II, spins and isotopic spins are correctly
accounted for [Eq. (21)], and some parity rules
can be deduced (paper II).

The “Yes” labels in the right-hand column of Ta-
ble XXIII indicate the resonances which serve as
bandheads for overlying rotational levels. The
spinless mesons do not have observed rotational
bands, nor do the very weak mixed excitations
listed at the bottom of Table XXIII.

The D-rated resonances K ¢K¢(1311) and
K K4(1439) that are shown in Table XXIII are spec-
ulative entries, both because of their low statisti-
cal significance or apparent lack of reproducibility,
and because spin information is lacking. Since all
the low-rated resonances of Table I fit naturally
into Table XXIII, it will be interesting to see if
future experiments confirm or deny the existence
of these resonances. However, whether or not
these low-rated resonances really exist, the main
points to keep in mind with respect to Table XXIII
are the following: (1) All of the well-established
narrow-width and very-narrow-width meson reso-
nances are accurately accounted for; (2) the map-
ping between theory and experiment is reasonably
complete.

The rules for meson rotational levels, which are
somewhat more complex than the rules for baryon
rotational levels, are summarized in Table XII.
These rules are discussed in detail in Appendix C.
In Sec. VIIIC, we use the rotational systematics
of Table XII and the excitation systematics of Ta-
ble XXIII to carry out the mapping of the meson
rotational bands.

C. Mapping the meson rotational bands

Table XXIII gave a mapping of the narrow-width
meson resonances, and it also indicated which of
these resonances serve as bandheads for rotation-
al bands by the “Yes” labels in the right-hand col-
umn. Using the meson rotational rules of Table
XII, we give in Table XXIV the mapping of the
broad-width meson resonances. A comparison be-
tween the experimental meson data of Table I and
the resonances mapped in Tables XXIII and XXIV
(see rules of Table XII; also Ref. 148) shows that
all of the resonances of Table I are accounted for
(the n’ multiplet is treated in detail in paper II).

In order to assess the physical content of Table
XXIV, we show in Table XXV the measured widths
for the resonances of Table XXIV, and also the ex-
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FIG. 6. An energy-level diagram for the narrow-width
(spin-1) meson resonances of Table I. These resonances
appear at 70-MeV intervals above the basic 3S “ground
state” mm(658) (see Fig. 8 in Ref. 14). This diagram
illustrates the predictive power of the present system-
atics. Levels marked with a double asterisk have ap-
peared since the first publication of this “meson excita-
tion tower” (Ref. 5, Table I). Levels marked with a
single asterisk correspond to new experimental results
that are along the lines suggested by the excitation
tower, as follows: *a is the measurement of Boesebeck
71 in RPP73 (Ref. 25), which gives the narrow width
expected for this S-state resonance; *b is a new 4y 5
measurement by Morse 72 of this very weak level; *c
is the first determination of the ¢ parameters from the
mnm decay mode (see Refs. 28 and 29), and it suggests
relating the ¢ —mnm decay mode to the H meson of
RPP73; *d refers to the 660-MeV anomaly shown in
Fig. 18 [it should be noted here that the existence of this
fundamental 658-MeV $S ground state was predicted in
Ref. 2(d) prior to the experiment reported in Ref. 39].
The «(725) is a D-rated I = 1 level that fits naturally into
the meson excitation tower. Of the 17 levels shown in
this figure, six have appeared subsequent to the original
publication of this diagram, and four others have ap-
peared with significant additions to the experimental
data.
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TABLE XXIII., Mapping the narrow-width meson resonances. The excitation groups of Table XXII accurately map
the very-narrow-width and narrow-width meson resonances of Table I. The excitations indicated as “Yes” in the right-
hand column serve as the bandheads for the meson rotational levels of Table XXIV. The very weak mixed excitations
shown at the bottom of the table do not have observed rotational bands.

Group Geometry Approx. Spinless Single spinor pair 2 spinor 3 spinor
element of res.? mass? mesons I=0 I=1 pairs pairs Bandhead
Sy 11 140 € m(140) No
S, 3T 350 see Yes
D, 33 420 see Yes
D, 44 548 ¢ 7(549) No
D, 77 958 ¢ 7’ (958) No
Dy 3SS 870 Tm(870) Yes
D 3SSw 1010 ¢ (1009) Ty(1016) Yes
D, 3554 1150 MO0(1148) X~ (1153) Yes
T, SS 660 Tm(660) Yes
T, SSw 800 w(784) Yes
Tq 33883 1290 D (1286) A(1289) Yes
T 44SS3 1430 E(1416) KK (1425) Yes
T, 335534 1570 F ((1543) (Yes)
T, SSSS 1320 K gKg(1311)
T SSSSw 1460 K gK 5(1439)
Tg SSSSSS 1795 ¢ pn(1795)
T, SSSSSST d bp (1925)
Resonances formed as mixed combinations of the excitations Sy, S,, Dy, Dy, Ty, and T,.

ST, S$S4 940 M (941) No

DT, 3883 1080 X7(1079) No

DT, 4554 1220 A45(1207) No

The combinations SyD, and D, T, are not observed; all other combinations are redundant.

2 See Table XXII.

b These values are from SS =660, =140, 3=210, 4=280, B.E.=0.

¢ See paper II.
dSee Fig. 8 and Ref. 42.

perimental values for the rotational energy param-
eter E,, [Eq. (23)] obtained by fitting to Eq. (22).
As can be seen in Table XXV, the width distinction
between rotationless and rotational levels in the
meson resonances is very clear-cut: The S states
have widths I'~ 20 MeV, and the rotational levels
have widths I'~100 MeV. This is the same trend
that was noted for hyperon resonances in Table
XVII and for baryon resonances in Table XX. The
experimental values for E,,; shown in Table XXV
are of the same order of magnitude as the values
for E,, shown in Tables XVII and XX. In Fig. 10
a graphical comparison is made between the E
values for the meson resonances and the E, val-
ues for the baryon resonances.

Table XXVI summarizes the spin values that have
been determined experimentally for the meson res-
onances of Table XXIV, and it also shows the prin-
cipal decay modes. Although not all meson spins
have been determined, the ones that have been de-
termined fit the present rotational assignments.

In Table XXIX we show how spin values measured
for the kaon resonances can be used to augment

the spin values given in Table XXVI.

The G-parity rule for meson rotational bands
[rule (12) of Table XII] is illustrated by the decay
modes shown in Table XXVI. As can be seen in
Table XXVI, the negative-spatial-parity bandheads
have G parities that are opposite in sign to those
of the overlying rotational levels.

D. Mapping the kaon resonances

If we did not have the systematics of the meson
resonances as a guide, it would be very difficult
to sort out the kaon resonances. By comparison
with the meson resonances, the kaon resonances
appear fragmentary, and a complete excitation
mapping of the kaon resonances along the lines
shown for the meson resonances in Table XXII is
not possible. However, the kaon resonances which
have been observed clearly fit into the framework
that was erected for the mson resonances. Table
XXVII shows the mapping of the kaon resonances
listed in Table II.

The best way to evaluate the mapping of the kaon
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TABLE XXIV. Mapping the broad-width meson resonances into rotational bands. All of the
broad-width resonances of Table I are included here. Narrow-width resonances from Table
XXIII serve as bandheads for the rotational bands. The only rotational levels included are

those allowed by the rules of Table XII.

Group Spinless bandheads
element S P
S, Hokx 2 DEF (450)
D, o m(520)
Bandheads which contain SS spinor pairs
I=0 I=1
Group
element %01 Py Dy 'S1o Py Dy F
Dy 7m(870) 5%(980)P  wxxcC e T (975) Hokok © Kohk ©
Dy H,¢ (1009) €’(1096) £(1270) Ty(1016) A,;(1115) A,(1310) *okok C
Dy M0(1148) €”(1250) pp(1410) X~(1153) B (1237) KK g(1412) g(1680)
T, 7 (660) €(800) Hokok C p(770) *okk Kok
T, w(784) cend 7,(1076)
T,  D(1286) cee b £1(1516)
Ty E(1416) «e. b w(1648) KK (1425) w/p(1490) Aj(1645) A,(1829)

F,(1543)

p'(~1600) 92

2 Not allowed by rule (14) of Table XII.

b The 7w S-wave phase shift stays near 90° in this whole energy region.

¢ Not allowed by rule (6) of Table XII.
dSee Ref. 148,

resonances is to compare this mapping with the
mapping of the meson resonances. This is the
subject of Sec. VIIIE.

E. Intercomparison of the meson and kaon resonances

Although the kaon resonances as shown in Table
XXVII seem rather incomplete, a comparison be-
tween the meson resonances of Table XXIV and
the kaon resonances of Table XXVII shows a very
orderly structure. This comparison is given in
Table XXVIII. As shown in Table XXVIII, both the
dominant K(494) meson and the mysterious D-rated
k('725) meson fit in naturally with the low-mass
meson excitations. The spin-1 K*(892) resonance,
whose bandhead cannot be observed directly be-
cause of rule (14) in Table XII, fits in accurately
as a P-state counterpart of the w rotational band.
At a higher mass value, the related bandheads
3554 and SSK (Ref. 149) (K = 34) give rise to rota-
tional bands in four isotopic spin states: =0, 3,
1, and 3. The observed kaon complexity in the
spin-1 @ region®® seems attributable to P-wave
contributions from three rotational bands in this
energy region.

As a further illustration of the usefulness of the
meson-kaon intercomf)arison, we show in Table
XXIX the measured spin values for the meson and
kaon rotational bands of Table XXVIII. As can be
seen, measured kaon spin values are complemen-

tary to the measured meson spin values. Experi-
mental values for E_, are also given in Table
XXIX, and it can be seen that the values of Eot
for the meson and kaon resonances are compara-
ble, although the experimental kaon uncertainties,
especially in the P waves, are rather large.
Tables XXVIII and XXIX are useful for more
than just showing how the kaon data augment the
meson data. They are useful in a deeper sense by
illustrating that kaon resonances are of the same
general types as meson resonances. Although me-
son and kaon resonances differ in their particle-
antiparticle symmetries (and hence in their
strangeness values), these internal particle-anti-
particle differences evidently do not affect the
over-all geometrical features of the resonances.
This same conclusion was reached with respect to
the baryon and hyperon resonances in Sec. VII. An
intercomparison of the meson and kaon resonances
is illustrated graphically in Fig. 7, which is an
energy-level diagram for the meson and kaon ro-
tational bands. A corresponding baryon and hyper-
on energy level diagram was given in Fig. 5. In
both Figs. 5 and 7, the strange and nonstrange ro-
tational bands show a uniform and slowly varying
dependence of the energy levels on the mass of the
bandhead. Below, Figs. 5 and 7 are combined to-
gether as Fig. 9 to give one over-all hadron rota-
tional energy-level diagram.
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TABLE XXV. Quantitative values for the meson rotational bands. The observed widths T’
and the experimental values of the rotational energy parameter E;=#% 2/21 are given for the
meson rotational bands of Table XXIV. As can be seen, S states have much narrower widths
on the average (I'=~21 MeV) than do P—F states (I'~115 MeV). The experimental values for
Erot shown here are compared graphically in Fig. 10 with values for E,, obtained from baryon

and hyperon rotational bands.

Group Meson rotational levels (see Table XXVI)
element S p 3851 3Py D 1S4 Py, Dy Fis
. Observed resonance widths
S, . T'~100
D, 70
D, r~15 TI~50 ... T60
Dy I'~20 T80 rie3 TI'~25 TI98 T100
D T15 I'300 90 T'16 120 TI100 T160
T, r~15 TI'~150 T146
T, 10 cee 98
T, rsi T40
Ty T60 riz9 I'=20 TI85 129 TI127
Rotational state S P S P D S P D F
Average width 85 I22 T'145 106 TI20 r102 T110 T144
Experimental values in MeV for E,,=#%2/21
S, ~50
D, ~50
D, ~55 53
Dy 44 44 50 49
Dy ~51 44 42 43 44
T, ~70 53
T, 49
T, 38
T, 39 33 37 34

IX. HADRON ROTATIONAL SUMMARY AND AN
EXTENSION TO LIGHT NUCLEI

Although the above discussion of the mapping of
meson and baryon resonances was rather lengthy,
we can combine these results in a very succinct
manner. The mapping problem reduces to two as-
pects: (1) mapping the narrow-width S-state reso-
nances, and (2) waapping the overlying rotational
levels. Graphical displays of these two aspects
portray the systematics much more clearly than
verbal or tabular descriptions. Figure 8 shows an
energy-level diagram for the narrow-width and S-
state resonances of Tables I-VII, using a 70-MeV
mass grid superimposed on the fundamental vac-
uum, SS, SSSS, SSSSSS, SSS=N, SSS3=A, SSS4
=3, and SSS33 == “ground states.” The mass
quantization of these levels is evident from the ob-
served interval spacings. The levels labeled with
a letter R serve as bandheads for identified over-
lying rotational levels. In the meson resonances
based on the SS spinor-pair ground state, an alter-
nation of dominant (R) and weak (no R) levels can
be noted. This alternation, which appears here as

a phenomenological result, follows from the me-
son excitation systematics of Table XXIII.

The rotational levels which correspond to the
bandheads (R) of Fig. 8 are shown in Fig. 9. The
L(L+ 1) interval rule of Eq. (22) is evident in the
level spacings of Fig. 9. The fact that all types of
hadron resonances appear in Fig. 9 with uniform
rotational characteristics indicates that these res-
onances have a common geometrical structure
which is independent of isotopic spins or strange-
ness quantum numbers. It should be stressed that
the energy spacings observed in Fig. 9 are in ac-
cord with first-order estimates for the moments
of inertia of these resonances, where we use the
known rotational systematics of nuclear physics
to provide a mathematical framework [Eq. (22)]
for describing these resonances.

Figures 8 and 9, when taken together, provide an
essentially complete mapping of the 130 or so had-
ron resonances of Tables I-VII.

One remaining task in this section is to make a
quantitative comparison of the experimental mo-
ments of inertia of these resonances as deduced
from the experimental rotational mass intervals,
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TABLE XXVI. Measured spin values and principal decay modes for the meson rotational
bands of Table XXIV. The spins, where measured, are in agreement with the present assign-
ments; measurements of kaon spins, shown in Table XXIX, complement the values shown here.
The decay modes show that P—F levels in a rotational band have the same G parities, but
negative-parity S-state bandheads have opposite G parities (see the discussion of this point in

Appendix C).
Meson rotational levels (see Table XXVI)
Group
element S P 381 Py Dy 1S5 P Dy, Fi
Measured spin values
sz ) 1 ?)a
D, ces @ ?)b
Dy e 0 ees 1) d
Dy 1 0 2 0 1 2
Dg ? 0 2?)¢ ? 1 ? 3
T, f 0
T2 1 cee 2
T, 1 eeo 2
T, 0,1 e ? ? ? 2 ?
Principal decay modes
52 e T
D, see T
Dy ™ ™ e nm
Dy T T T KK Loed T
Dg ? Lo T ? T Ly T
T, ™ Lt T
T, mrw seo Fed
T, T see ™
Ty T s T KK KKm T T
2See Ref. 59. dSee Ref. 49.
bSee Ref. 63. €See Ref. 60.
°See Ref. 44. fSee Ref. 39.

and to see what conclusions can be drawn as to the
over-all geometries of these resonances. Experi-
mental values of the rotational energy parameter
E,.=%2/2I [Eq. (23)] for the meson (M), kaon (K),
baryon (N, A), and hyperon (A, £) resonances are
listed at the bottom of Fig. 9, and are shown
graphically in Fig. 10. As can be seen in Fig. 10,
these values for E,, exhibit a smooth dependence
on the rest mass of the bandhead, and they seem
to be independent of isotopic spins and strangeness
quantum numbers.

The bandhead masses shown in Fig. 10 extend up
almost to the range of very light nuclei. Hence it
is of interest to ascertain if evidence for nonadia-
batic rotations of the type considered here can be
found in these light nuclei. Table XXX gives a
summary of identified rotational levels in very
light nuclei extending from Be® to Si®. Also in-
cluded in Table XXX are some levels in He®, He®,
and Li° that, at least from the present viewpoint,
can possibly be considered to be nonadiabatic ro-
tational levels. Experimental values of E,, for
these levels are given in Table XXX, together with

some theoretical estimates of E,,, based on the
configurations indicated in the right-hand column
of Table XXX.!%0-153 Ags can be seen in Table XXX,
the rigid-body estimates of E,,, agree reasonably
well with the experimental values, as was the case
for the hadron resonances discussed above.

We can use the experimental values of E,,, in
Fig. 10 and Table XXX to extract the correspond-
ing moments of inertia of the rotational bandheads.
The resulting moments of inertia I are plotted to-
gether in Fig. 11. As can be seen in Fig. 11, the
moments of inertia I for hadrons and for very light
nuclei extrapolate smoothly into one another,
which suggests that the present use of nuclear-
physics concepts to treat nonadiabatic rotations in
hadrons is a valid procedure.

As one final result, we define an effective radius
R« for these resonances by means of the equation

(36)

where I is the experimental moment of inertia and
M is the mass of the bandhead. The values for I
in Fig. 11 give the values for R shown in Fig. 12,

I=3MR 2,
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TABLE XXVII. Mapping the kaon resonances. The kaon rotational bands shown here include all of the experimental
kaon resonances listed in Table II. Although the mapping of the kaon resonances is somewhat fragmentary as compared
to the mapping of the meson resonances, the kaon resonances clearly fit into the same framework that was erected to
account for the meson resonances. Tables XXVIII and XXIX give a quantitative evaluation of these kaon rotational bands,
and also a comparison to the corresponding meson rotational bands.

Spinless Bandheads which contain SS spinor pairs
Group bandhead I=3 1=%
element Geometry S, 1S40 Py, Dy, Fis 1S40 Py,
5,5, 7=34 K (494)
5,5, ss1 K (725)
Dg SSK Ky(1160) C(1242) Ky(1421) K y(1660) K 4,(1175) K 4(1265)
T, 1S8S1 *onxd K*(892) ces *oxxb
T, TSSK Q(1272)  Q(1344) .o K y(1753)
Ts 4SSK K y(1368) Q(1417) v K (1850)
T, 33SSK <+« L(1765)

3 Not allowed by rule (14) of Table XII.
b Not allowed by rule (6) of Table XII.

TABLE XXVII, Intercomparison of meson and kaon rotational bands. Masses and widths
for meson resonances of Tables XXIII and XXIV and kaon resonances of Table XXVII are
shown. These interrelated meson and kaon resonances form characteristic patterns with re-
spect to geometries and widths. The meson and kaon rotational bands are shown in Fig. 7,
and also in Fig. 9 where they are combined with the baryon and hyperon rotational bands.
From the average widths shown at the bottom of the table the distinction between rotationless
S states and rotational P-F states is phenomenologically clean cut: I'g ~23 MeV and

Tp.p =119 MeV.

Geometry Isospin S P D F
Low-mass excitations
33 ? [420] 2 7m(520) 70
331 1 K(494)T~0
337 0 7(549)T<1
ss 1 [660] 2P p(770)T'146
SS1 1 k(725)T'15 oo
SSw ) w(784)T10 e
Higher-mass excitations

SST ] w(784)T10 ces 1 4(1076)I'98
1851 1 Aok b K *(892)T'50 e
3554 0 M°(1148)T'15 € (1250)T300  pp(1410)T'90 .o
SSK by K,(1160)T~ 90  C(1242)T'127 K y(1421)F100 K 4(1660)T'60
3554 1 X~(1153)T'16 B(1237)T120 K K g(1410)T100 g(1680)T'160
SSK 3 K ,(1175)T~25 K 4(1265)T50 o e
33553 0 D(1286)I'21 e f'(1516)T40 cen
1SSK 1 Q(1272)T18 Q(1344)T60 e K 4(1753)T'60
44SS3 0 E(1416)T'60 oo w (1648)T'139 r
4SSK 3 K 5(1368)T'19 Q(1417)I'89 e K 4(1850)T ~ 300
44883 1 KK (1425)T=20 7/p(1490)T'85 A,(1645)I'129 A (1829)T127
33SSK 1 [1543] 2 e L (1765)T140
335534 1 F (1543)T16 p’(~1600)

Average width T T=23 MeV T=110 MeV  T=105 MeV T'=141 MeV

2 Unobserved S state.
b Not allowed by rule (14) of Table XII.
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TABLE XXIX. Measured spin values and values of the rotational energy parameter Erot
=r?/21 for the higher-mass meson and kaon resonances of Table XXVIII. The spin values of
the meson and kaon levels are complementary, and they give supportive evidence for the ro-
tational assignments shown in Table XXVIII. Experimental E;o: values for the P-wave levels
characteristically show some scatter, since the rotational energy interval is small as com-
pared to the uncertainties in the positions of the resonance peaks; the E,y values for the D
and F levels, on the other hand, show a rather clear and consistent pattern. Figure 10 shows
the average value of E;o: for each of these meson and kaon rotational bands, together with
corresponding values of E;,; for the baryon and hyperon rotational bands.

Measured spin values Experimental values for Eo
Geometry Isospin S P D F S P D F
SSt 0 1 coe 2 oo cos 49
1SS1 % s 1 cee ceo 54 coe
3554 0 ? 0 ? e ~51 44
SSK 3 0 1 2 ? ces 41 44 42
3554 1 ? 1 ? 3 see 42 43 44
SSK 3 ? ? e 45
33853 0 soe 2 Ry eoo oo e 38 coo
TSSK 3 ? 1 3 36 40
44SS3 0 0,1 Voo ? oo X cee 39 oo
4SSK % (0) 1 eeo 3 oo 25 cos 40
44SS3 1 ? ? 2 ? oo 33 37 34
33SSK % cee o 2 cee cso 37
335534 1 1,2 1 cen cee ? ceo
Starting with the lightest masses in Fig. 12, we ron masses from 1 to 2 GeV, and then in the re-
see that as the mass of the bandhead increases, gion of very light nuclei, R goes over into some-
the effective radius decreases. At about the mass thing like the A'/® dependence expected on the basis
of the nucleon, 1 GeV, a minimum value for R of optical-model considerations. In paper II we
is reached, R.s~1 fermi, which is roughly the establish a geometrical shape for the spinor S,
experimental radius of a nucleon. The effective guided in part by the known properties of the nucle-
radius stays fairly constant over the range of had- on. The results of Fig. 12 suggest that hadron
700
g’ 600 — _
£ ok,
% 500 P e - .
@ : 10
H AL
'g‘ 400 — L —
8
3 | A
& 300|- 106 B _
° STt SR S
— 1516 1od8 ) L
e 1645 1765
2001~ o i
DEF o 4;;; ;; ;';}s ¢ ) A I X,
100~ » P A v F 196 s = 1297 1242 1265 ! S / B
= L oA g wA R
. v - H6 N M X Kn Ka Q [ Kn € KK
oL s (420) 860 7% (784) 870 1009 1016 1148 1153 160 uzs 1272 1286 1368 1416 1425 (s |
o ) % 5 o 5 5 “ 5 “ G & P oo 5 FR 5
""r‘tm m m (1) ()] () ) (2 (2) m 3) (3) m (2) (n ??) m ?;) ?{)

FIG. 7. An energy-level diagram for the meson and kaon rotational bands of Tables XXIV—XXIX. ' This boson diagram
corresponds to the fermion diagram of Fig. 5. S states enclosed in parentheses are unobserved levels, and the P state
enclosed in brackets has been shifted graphically to match the E,,, value for that rotational band. States labeled N.A.
are not allowed by rule (11c) of Table XII except as difficult-to-identify e-type excitations.
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FIG. 8. A plot of the narrow-width and S-state resonances of Tables I-VII. The experimental levels are compared to
70-MeV mass grids erected on the basic “ground states” Vacuum (0), $3(660) (meson and kaon), $$$$(1311), NN (1795),
N(939) (N and A), A (1116), Z(1193), and =(1321). This figure is essentially a complete mapping of all of the reported
low-mass, narrow-width, and S-state boson and fermion resonances. The observed interval spacings and the complete-
ness of the mapping reveal the fundamental 70-MeV mass quantization of these levels, irrespective of any theory of
elementary particles. Levels that are labeled with an R serve as bandheads for identified overlying rotational levels,
which are shown in Fig. 9. Levels whose mass values are enclosed in parentheses have not been observed directly, but
are indicated only by the observed overlying rotational levels. Where levels occur in groups, the mass value of the
best known level is quoted. See Ref. 181 for the level A(2097)I'24, which is not included in Table V.

resonances may in fact have an over-all geometri-
cal scaling that tends to vary inversely with the
mass of the resonance. However, for the purposes
of the present work we ignore this over-all scal-
ing, and we implicitly assume that the dimensions
of the spinor S are the same in all resonances in
which it appears.

X. ENERGY AND ANGULAR MOMENTUM
DISTRIBUTIONS IN THE p MESON

Possibly the strongest motivation for the ele-
mentary-particle research of the past two decades
has been the hope that the details of elementary-
particle structure will reveal the workings of
quantum theory on a deeper level than can be
reached by studying atomic systems. If we accept

the present light-quark results as having physical

content, then it appears that this hope has been at

least partially realized. With respect to the quan-
tization of elementary-particle masses, the pres-

ent light-quark model has led to the strongest pos-
sible quantization condition:

All particles more massive than the electron
can be constructed from a single mass quantum
M =70 MeV.

(37)

This light-quark model has also furnished an ex-
planation for the quantization of spin angular mo-
mentum by showing that it follows as a conse-
quence of energy conservation [see results (a)-(d)
of Sec. VIA]:
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FIG. 9. A plot of the rotational bands for the meson (M), kaon (K), baryon (N and A), and hyperon (A and Z) reso-
nances. This energy-level diagram is an intercomparison of the fermion rotational bands of Fig. 5 with the boson
rotational bands of Fig. 7. These hadronic rotational bands show a clear L(L + 1) interval spacing. The experimentally
determined values for E,, = %#2/2I shown at the bottom of each rotational band are plotted in Fig. 10. When mass values
for these rotational levels (before any graphical shifting) are compared to mass values calculated from a “universal”
E,, curve (the dashed line in Fig. 10), the average mass accuracy for the 74 rotational levels shown is +1.4% (see
Table XXXIV). A visual inspection of Fig. 8 and this figure, which contain essentially all of the experimental resonances
listed in Tables I-VII, indicates that the mapping of these resonances is reasonably complete (see Fig. 19).

60
I I I I T I I I I
K m Experimental values for the
_——Me— _ * e M rotational energy parameter
50— Me ~éh N e 2 —
- oM N O - K Eror =h“/21
M
o Mgk
K
sk, 5 K
40} KRSMEM —
N L]
> N .
g Type of rotational band: Mo
LN
£ 30k M = Meson N N:A\e ]
] K = Kaon ® o\ NegN
w S eA
N,A = Baryon ; LN
20— A,Z = Hyperon Z o~ —
E(L) =Eg+h%/21x L(L+1)
10f— —
0 | | 1 1 | | | ] |
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Bandhead energy E, in MeV

0
FIG. 10. A graphical plot of experimental values for the rotational energy parameter E = k%/2I as obtained from
the rotational bands of Fig. 9. All types of resonance show the same systematic behavior for E,,, (and hence for the

moment of inertia I) as a function of the bandhead energy. The dashed curve was used to calculate the mass values that
are summarized in Table XXXIV.
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TABLE XXX. Experimental values of E.o, = #2/21 for energy levels in very light nuclei.
A few estimates for E,o: based on rigid rotors are also shown.

Observed rota- E,,, MeV E,: (MeV) Basis for
Nucleus tional levels experimental estimated estimate Footnote
si% 0*2*4* 0.26
Mg 0*2*4* 0.22
Ne? 0*2+4* 0.24
ot? 0*2*4* 0.34
oté 0*2+4*6"* 0.22 0.27 1=EMR?, with
1737577" 0.22 0.27 R =3.5 fermis a

ct2 0+2+4* 0.72 ~0.7 30 at 135° b
Bet 0+2+4* 0.53 0.7 a-o dumbbell c
Li%, He® 1- 2.5 2.3 a-N dumbbell c
He? 1~ ~11.5 ~11 3N at 135° d

2See Ref. 150. °See Ref. 152.

bSee Ref. 151. dSee Ref. 153.

M =70 MeV- M, =105 MeV, (187) spin at the full relativistic limit (with their equa-

MMM =210 MeV ~ M[M]M -~ M M =210 MeV,
(187)

where [M] denotes the annihilation of a quantum
M, with the annihilation energy appearing as rota-
tional energy of the two spinning quanta M, which
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- . 8
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p
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|- from rotational bands in mesons, 4
baryons, and light nuclei
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FIG. 11. Experimental values for the bandhead mo-
ments of inertia I of hadrons and very light nuclei. These
I values were determined from the equation I = #2/2E 4;
the hadronic values of E,,, were obtained from Fig. 9,
and the light-nucleus values of E,,, were obtained from
Table XXX.

tors at the velocity of light). In the present sec-
tion, we show how the light-quark model illumi-
nates a third aspect of quantization, the quantiza-
tion of ovbital angular momentum.

In the preceding sections of the paper, the idea
was developed that hadron resonances occur in
both rotationless (L =0) and rotational (L>0) orbi-
tal angular momentum modes. From the small

4.5
I 17T I 11 I
4.0 L The effective radius R ¢ for hadrons and light ]
* nuclei| 8
Ry is defined with respect fo the experimental B.e
3.5 " \alue for the moment of inertia, as follows: 1
_ 2
1= (2/5)x MR “.
3.0  The experimental moment of inertia I is —
- obtained from the experimental value for
K _.2
g 2.5 Eor' Erop = 77721 —
2 The minimum value for R ¢ occurs ot about the He5 Li5 12
£ 2.0f— o of the nucleon, and it cormesponds - c |
& . closely to the known radius of the nucleon.
o 3
1.5 He —
[ ]
1.0 ]
Hadronic domain
0.5 -
0 1 L1 1 | 1 1 ]
0.2 0.4 0.60.81 2 3 45 10

Rest mass of rotor in GeV

FIG. 12. Experimental values for the effective radii
R of hadrons and very light nuclei. Rey is defined
from the equation I = %MReffz, and the values for I and
M are taken from Fig. 11. The nucleon occurs at about
the minimum point in the Reg curve, and this minimum
value for Ry corresponds approximately to the known
radius of the nucleon. In light nuclei, the almost tri-
linear C!? nucleus has a smaller value for Ry than does
the dumbbell-shaped Be® nucleus (see Table XXX).
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moments of inertia possessed by hadron reso-
nances, hadron rotational energies are large [Egs.
(22)-(24)]. With the p meson as a specific exam-
ple of a rotational excitation, a geometric configu-
ration for the SS bandhead of the p was shown in
Fig. 4, and Eq. (24) was used to calculate the ro-
tational energy of the p as E(L)=177 MeV. This
energy, when added to the SS bandhead energy of
the p, E,=660 MeV, gives a calculated peak ener-
gy for the p of 777 MeV:

E,=E,+E(L)
=E,+(#2/2I)L(L +1)
=660 +177="T77 MeV. (38)

The world average for the peak energy of the p is
770 MeV.?*® The significance of this result with
respect to orbital angular momentum quantization
lies in the following sequence of observations:

The p meson is observed experimentally with
energies ranging all the way from about 650
MeV to 900 MeV (Ref. 25).

(39a)

The 660-MeV SS p-meson bandhead belongs to
a class of meson excitations (Table XXIII)
which have natural widths I'~ 10 MeV.

(39b)

From (39b), the 250-MeV spread in p-meson

energies described in (39a) must be attributed
primarily to a spread in rotational energies

E (L) and not to a spread in bandhead energies
E, [Eq. (38)].

(39¢c)
From (39¢) and Eq. (38), we have
E,=E,+E (L) and AE =~ AE(L)=E(AL),

so that a spread in orbital rotational energies
implies a corresponding spread in orbital an-
gular momentum values.

(39d)

Thus from (39a);(39d), we are led unequivocally
to the following result:

The spin-1 p meson is a pure L =1 resonance
only at the peak energy Es of the resonance;
for E>E.s, the p has L>1, and for E <Es,
the p has L<1.

(40)

This result of course applies to the other hadron
rotational resonances as well:

We denote a broad-width hadron rotational
resonance by its L value, Lrs, which it has at
the peak energy of the resonance, E.; then
for E>E. (E<E,,), the resonance has L> Ly,
(L< Lies).

(41)

From these results, we can conclude that the
broad widths of rotational hadron resonances as
compared to the narrow widths of rotationless
hadron resonances [Eqs. (16) and (17)] are due to
the circumstance that orbital angular momenta for
these resonances are less sharply quantized than
are spin angular momenta [which are mediated by
the transition of Eq. (19)].

In the remainder of the present section, some
consequences of Eqs. (40) and (41) are explored,
and a number of experimental results are cited
which appear to substantiate the rotational sys-
tematics of this light-quark model.

As one consequence of Eq. (40), it is possible to
use the probability interpretation of the quantum-
mechanical p-meson scattering amplitudes to de-
termine the mass of the p-meson bandhead directly
from experiment, without assuming any knowl-
edge of the present light-quark set of basis states.
This is accomplished by studying the P-wave
phase shifts which have been determined experi-
mentally for the p. Since the p is a spin-1 reso-
nance, its behavior is characterized by the be-
havior of the P-wave phase shift 5}, where the
notation 6% is used (I =isotopic spin and L =angu-
lar momentum). In a recent Berkeley experi-
ment,'*15% the p meson was observed in the reac-
tion 7*p - a**1t7r~ =A**p°% and a phase-shift anal-
ysis was carried out on these data to extract the
scattering amplitudes.!®®* The invariant-mass
spectrum from the Berkeley experiment,'** which
is dominated by the p resonance, is shown in Fig.
13. The 6! energy-dependent P-wave phase shifts
from the Berkeley analysis !*® are also shown in
Fig. 13, with the phases larger than 90° reflected
about 90° to illustrate the resonant nature of the
P wave. As can be seen, the shape of the energy-
dependent P-wave spectrum accurately follows
the shape of the p-meson invariant-mass spec-
trum. In particular, the P waves accurately mir-
ror both the position and the width [full width at
half-maximum (FWHM)] of the p.

The quantum-mechanical implication of this re-
sult is the following. We can relate the energy of
the p to the angular momentum of the p by the
equation

E,=E,(L)=E,+(#/2I)L(L +1). (42)

As discussed above, this implies that the ob-
served spread in energies of the p, AE,, is re-
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FIG. 13. Comparison of a p meson 77 invariant-mass
spectrum (Ref. 154) with the corresponding 61 energy-
dependent P-wave phase shifts (Ref. 155; note that the
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axis). The close agreement shows that the behavior of
the spin-1 p resonance is characterized by the behavior
of the P waves, a result which indicates ithat the p is in
fact an L = 1 orbital excitation, and not an S= 1 spinor-
pair excitation.

lated to a corresponding spread in angular momen-
tum values, AL. At the peak energy of the p,

E p(l ), the L value is L =1 and the relative P-wave
amplitude is unity, corresponding to 6} =90°. At
the energies where the P-wave phase shifts are
61=45° and 6} =135°, the P-wave amplitude has
fallen to 0.707, and the P-wave probability has
fallen to 50%. For 6] =45° [E,(L)<E,(1)], a P-
wave probability of 50% can be thought of as half
P wave and half S wave, or an L value of 3. Cor-
respondingly, for 6]=135° [E,(L)>E,(1)], a P-
wave probability of 50% can be thought of as half
P wave and half D wave, or an L value of 5. In
the Berkeley nm phase-shift analysis,!® precise
values were obtained for the energies at which the
45°, 90°, and 135° 6} phase shifts occur. These
values are shown in Table XXXI. By inserting the
45° and 135° L values, 3 and 3, and the corre-
sponding energies E, ) and E ,(3), into Eq. (42),
we can determine %2/21 experimentally:

E,(3) -E,) =163 MeV
=@/2D[D3) - @)@,

650 700 750 800 850 900 950 1000

77 energy i MeV

T I | | 1 1 B
0 0.4 0.8 1.0 1.2 1.4 1.6 1.8 2.0

Orbital angular momentum L

FIG. 14. The 6} P-wave phase shifts of Fig. 13 and
Ref. 155 shown plotted against the conventional energy
axis and also against an orbital angular momentum (L)
axis. The orbital angular momentum axis was obtained
from Eq. (42), with the angular momentum and energy
pairs (L=0, E=660 MeV) and (L=1, E= 772 MeV)
chosen so as to reproduce the bandhead energy of the p
(Fig. 4) and the peak energy of the p (Table XXXI),
respectively. The value for the moment of inertia I of
the p in this representation is I = 348 MeV fermi?, inter-
mediate between the two values for I calculated in the
text.

which gives I =358 MeV fermi?, in reasonable
agreement with the value I =333 MeV fermi? cal-
culated from the geometry of Fig. 4. Inserting

E ,(1)=T172 MeV (Table XXXI) and I =358 MeV
fermi? into Eq. (42) gives E,=663 MeV as the cal-
culated rest mass of the p, a result that is inde-
pendent of any assumptions about the basis set.
This is in good agreement with the value E =660
MeV obtained from Fig. 4. Thus, by invoking the
probability interpretation of the experimental p-
meson scattering amplitudes, we have been able
to determine the moment of inertia of the p, and
hence its bandhead mass, directly from experi-
ment, and this experimental p-meson bandhead
mass is the same as the bandhead mass that we
have previously deduced from light-quark S-state
systematics which have nothing to do with the p
meson.

By using Eq. (42) to relate energies and orbital
angular momenta, we can plot the p meson on an
orbital angular momentum axis as well as on an
energy axis. If we set L =0 at 660 MeV to match
Fig. 4, and L =1 at 772 MeV to match the Berkeley
value for the peak (Table XXXI), the value for I
thus obtained is I =348 MeV fermi? intermediate
between the two values for I quoted above. Figure
14 shows the P-wave phase shifts of Fig. 13 plotted
against both energy and angular momentum abscis-
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FIG. 15. The P~wave phase shifts of Fig. 14 plotted
against the (linearized) orbital angular momentum axis
of Fig. 14. In this representation, both the energy-
dependent P-wave phase shifts of Fig. 14 and the 77
invariant-mass spectrum of Fig. 13 appear as symmetric
bell-shaped distributions.

sas. If Fig. 14 is altered by linearizing the angu-
lar momentum abscissa, then the P-wave phase
shift curve appears as a symmetric bell-shaped
distribution. This plot is shown in Fig. 15.

One of the theoretical puzzles about 77 phase-
shift analyses at low energies (below 1 GeV) has
been the appearance of a D-wave component in the
mn amplitudes. However, from the present sys-
tematics we expect D waves to appear as soon as
L becomes greater than 1. Figure 16 shows the D -
wave phase shifts 683 of the Berkeley analysis %
plotted against the angular momentum abscissa of
Fig. 15, with the corresponding energy axis indi-
cated below. As can be seen, the D wave starts to
rise at just the energy where L becomes greater
than 1. This result tends to substantiate the inter-
pretation given above, in which a p-meson L value
greater than 1 represents a mixture of P-wave and
D -wave components. It also explains the puzzle
cited above, namely, the appearance of 7m D waves
in an energy region that contains no spin-2 7w
resonances. In a plot® similar to that of Fig. 16,
the Berkeley 6; F-wave phase shift!® starts to
rise at just the energy for which L becomes great-
er than 2.

There are two more experimental puzzles that
can be cleared up by the present systematics.
These puzzles are: (1) The spin-2, I=0 7,(1076)
m7m resonance of Table I is observed to be super-
imposed on a strong P-wave background *® of un-
known origin; (2) the nm D-wave phase shifts

50
T T T I
1
40+ 0
&
4 L
o
30}
o
£
.ﬁ- }
e 20+ —
2
- 1
104 § -
5 ]
ols 53 §§§§§§§§6§§§
J 1 | |
0 0.5 1.0 1.5 2.0 2.5
Orbital angular momentum L
L | 1 | | 1 1 | |
700 800 900 1000 1100

nn Energy in MeV

FIG. 16. The 63 D-wave phase shifts of Ref. 155
plotted against the orbital angular momentum axis of
Fig. 14. As can be seen, the D wave starts to rise at
just the energy where L >1 for the p resonance. The
existence of this D-wave component in low-energy mn
scattering has constituted somewhat of a theoretical
puzzle, since there are no spin-2 meson resonances in
this energy region. The very large D-wave phase-shift
values above 1000 MeV are an indication of the presence
of the I = 0 spin-2 7 4(1076) 7m meson resonance, which
is shown in Fig. 17.

shown in Fig. 16 have very large values above 1
GeV —values that are too large, according to the
Berkeley workers,!®® to be accounted for as com-
ing from the tail of the spin-2, I=0 f(1270) =7
resonance. It turns out that these two puzzles
have related explanations, which are as follows.
The broad f(1270)I'163 meson, like the broad
p(770)I'146 meson, is a rotational excitation (see
Table XXIV). Hence it must have a range of angu-
lar momentum values [Eq. (41)]. Similar results
obtain for the broad 7,(1076)I'98 meson. The
bandheads for these two resonances are given in
Table XXIV. Thus we can use Eq. (42) to calculate
angular momentum abscissas for these spin-2
resonances, just as for the spin-1 p resonance.
Figure 17 shows the 7,(1076) and f(1270) reso-
nances plotted schematically on a common energy
axis, with their respective angular momentum ab-
scissas shown underneath. As can be seen, the 7,
sits right on top of the low-energy spin-1 tail of
the f, thus explaining the origin of this mysterious
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background. This solves puzzle (1). With respect
to puzzle (2), we can see in Fig. 17 that the f me-
son has no L =2 component left at an energy as low
as 1 GeV; hence the observation of the Berkeley
workers '°° that the D waves above 1 GeV in Fig.
16 are too large to be accounted for by the tail of
the f takes on added significance. However, the
7y has a substantial L>1 component at 1 GeV, and
it seems clear that the large D waves above 1 GeV
arise from the 7, and not from the f, which solves
puzzle (2). We can turn this argument around and
assert that the large D -wave values above 1 GeV
in Fig. 16 are direct evidence for the existence of
the n, resonance.

The task of establishing the 1,(1076) as a bora
fide resonance®® is of considerable theoretical
importance. This is because the 7, overfills the
2* nonet,?s just as the M (953) overfills the 0~
nonet #+2° and the 7,(975) probably also overfills
the 1~ nonet?*25 The other SU(3) nonets are under-
filled,'*® and experiments have stabilized to the
point where it seems probable that they will con-
tinue to remain underfilled. An explanation for
the overfilling of the 0=, 1-, and 2* nonets and the
underfilling of the 0*, 1*, and 2~ nonets can be
given in terms of the systematics of the present
light-quark model.!%’

Two different calculations in the present paper
have indicated that the bandhead mass of the p is
about 660 MeV: (1) The SS pair in Fig. 4 has a
mass of 660 MeV; (2) the P-wave calculation de-
scribed in connection with Table XXXI gave a band-
head mass of 663 MeV. This raises the question
as to whether any experimental evidence exists
for a 77 anomaly at 660 MeV. When the 77 in-
variant-mass spectrum from the Berkeley experi-
ment ' is inspected, a small peak can be observed
near 660 MeV.!%® After a background subtraction
is made,?® the position of this peak is about 665
MeV, and the width is roughly 15 MeV. Evidence
for this peak can also be seen when the data are
separated into momentum-transfer components,
as is shown in Fig. 18.15° The anomaly that occurs
near 660 MeV in Fig. 18 seems to depend on [¢’|,

T ' T I T I T T
2 £(1270) D
£
)
3
@
g (1076)D
n
g N
¢
> T =98 MeV
g
5
<
T | 1 | 1 | 1 | L
1000 1100 1200 1300 1400 1500
77 energy in MeV
O I Y RN | . | 1 J
00.40.8 1.2 1.6 2.0 2.4 2.8

Orbital angular momentum L of the f resonance

L ] 1 | _
1.6 1.8 2.0 2.2 2.4

Orbital angular momentum
L of the My resonance

FIG. 17. The spin-2, I =0, 77 resonances 7 ,(1076)I'98
and f (1270)I'163, shown schematically on a common
energy abscissa. In analogy to Fig. 14, the orbital
angular momentum abscissas are also shown for these
spin-2 rotational resonances (see text). As can be ob-
served, the low-energy spin-1 tail of the f accounts for
the strong P-wave background (Ref. 58) which occurs
under the 7, (and which has not otherwise been ex-
plained). The D-wave component of the 7 accounts in
turn for the very large values of the 63 D-wave phase
shift above 1 GeV noted in Fig. 16.

the momentum transfer. As is shown in the caption
to Fig. 18, this |t’| dependence is what one might
expect from impact-parameter arguments. Other
experimental evidence for a 77 anomaly at 660

MeV is given by Gutay and coworkers,*® who ob-
served a dip in the I =0 7m S-wave amplitude at 660
MeV, with a width that is commensurate with the
Berkeley results.

XI. PREDICTIONS AND FULFILLMENTS

One way to ascertain the physical content of a
spectroscopic model is to study the completeness
and accuracy of the mapping. Another way is by
examining its predictive successes or lack of suc

TABLE XXXI. p-meson P-wave shifts as obtained from the Berkeley mm phase-shift analysis
of Ref. 155. By inserting these phase shifts and the associated L values into Eq. (42), as de-
scribed in the text, we can calculate the bandhead mass of the p directly from experiment. The
value thus obtained, 663 MeV, agrees well with the value of 660 MeV obtained from Fig. 4
and Table VIII. An experimental indication of the bandhead of the p can be observed in Fig.

18. The observed asymmetry shown below for the 45°-90° and 90°-135° interval spacings is
characteristic of all measurements of the p meson.

P-wave phase shift 45°
o invariant mass 703 MeV
Lvalue (see text) %

Mass interval spacing

69 MeV

90° 135°
772 MeV 866 MeV
1 2
94 MeV




1304 MALCOLM H. Mac GREGOR 9

cesses. The present formalism was outlined in
some detail several years ago,2~® and a number of
new resonances have appeared since that time.
Thus it is a straightforward matter to determine
whether or not these new resonances are in agree-
ment with present expectations. The summary
given in Sec. IX has already provided an affirma-
tive answer to this question. However, in order
to evaluate the physical content of this light-quark
model in more detail, further investigation is
warranted. Thus in the present section we discuss
the following topics: (a) predictions and verifica-
tions, (b) accuracy of mass calculations for ro-
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FIG. 18. The 77 cross-section data of Ref. 155 (see
Ref. 159) broken down into components of the momentum
transfer |t’|. As can be seen, an anomaly occurs at
660 MeV which shows a dependence on momentum trans-
fer. From the relationship |Fxp|= [L{L + 1)P"%7,
where 7= impact parameter ~1 fermi, p= linear mo-
mentum transfer, and % = 197 MeV/c fermi, the value
L ~1 corresponds to |p|~0.3 GeV/c. Hence |t'|~ |p[®
~0.1 (GeV/c)? sets the scale for the magnitude of |¢’|
values over which changes in the production of the (spin-
1) 660-MeV enhancement should be expected to occur.

In the present model, this 660-MeV 77 enhancement is
identified with the 660-MeV bandhead shown in Fig. 4.

tational resonances, (c) resonances that are pre-
dicted but not observed, (d) observed resonances
that are not mapped, (e) statistical evidence for
the mass quantum M =70 MeV.

A. Predictions and verifications

One of the most convincing aspects a theoretical
model can possess is a demonstrated ability to
predict the results that are obtained by extending
and clarifying the experimental data. Two facets
of the present light-quark phenomenology that lend
themselves to clear-cut spectroscopic predictions
are the systematics of the S-state resonances and
the systematics of the rotational bands. We sum-
marize here some predictive successes that have
been obtained during the past few years from both
of these facets.

A number of verified predictions have emerged
from the systematics of the meson excitation tower
of Fig. 6 and the baryon excitation towers of Fig.
3. The predictions themselves are straight-
forward: Narrow-width S-state resonances appear
at accurate 70-MeV intervals (with some gaps)
above the fundamental “ground states” $$(658),
N(939), A(1116), £(1193), and =(1321).

Perhaps the most striking predictive successes
have occurred in the meson excitation tower of
Fig. 6—which is a compilation of narrow-width
levels that appear at 70-MeV intervals above the
$5(658) ground state (this ground-state energy is
determined experimentally from Fig. 8 in Ref. 14).
This meson excitation tower was first published
in Table I of Ref. 5. At that time, it contained
only eleven of the seventeen levels shown here;
the six levels in Fig. 6 which are labeled with
double asterisks have appeared subsequent to the
publication of Ref. 5. Also, four other levels in
Fig. 6 labeled with single asterisks (*a-*d) have
had significant additions to the data, as are dis-
cussed in the caption to Fig. 6. In fact, the sys-
tematics of the meson tower excitations led to the
prediction of the existence of the $$ ground state
itself!% prior to the first reliable experimental
evidence *° for such a state, and attention was di-
rected '® to the relationship between the elusive
658-MeV, spin-1 SS state and the even more elu-
sive 1310-MeV, spin-2 SSSS$ A, dip (for which at
least some experimental evidence still persists?*°),
In summary, of the seventeen levels shown in Fig.
6, ten levels have either appeared initially or have
had significant experimental clarifications subse-
quent to the time when this meson tower was first
published. In assessing the predictive powers of
Fig. 6, the nonappearance of any notable counter-
examples!® is as significant as the appearance of
the six new double asterisk levels.
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TABLE XXXII. Dominant baryon and hyperon rotational bands. A comparison of early (1969-1970) and recent (1974)
observed resonances and level assignments. This comparison illustrates a number of predictive successes.

Observed rotational levels

Rotat. Calc.
band Year mass S P D F G H
N33 19692 1350 N@1470)P 4 N (1520)D N (1690)F
1974 1359 N(1419)P 4 N (1520)D N (1687)F N (2241)H
N4 19692 1487 L..e N@470)P ¢  N(1680)D
19740 1499 N(1508)S N(@1530)P 4 N(1672)D N (2130)G
A33 1970°¢ 1530 A(1518)D A(1690)D A(1865)F A(2080)G A@2351)H
1974° 1536 A(1518)D A(1570)P A(1688)D A(1819)F A(2100)G A(2350)H
Add 1970°¢ 1672 A(1673)S A(~1750)P A(1835)D A(2020)F
1974 1676 A(1673)S A(~1737T)P A(1827)D A(2020)F
=33 1970°¢ 1601 z@619)f Z(1670) 8 =(1766)D Z(1909)F =(2120)G
1974 1613 2(1620)S Z(1669)P Z(1765)D Z(1910)F =(2090)G
Td4 1970°¢ 1743 Z(1750)S =(~1880)P Z(1910)D Z(2041)F Z(2253)G Z(2455)H
19740 1753 Z(1756)S Z(~1840)P Z(~1900)D Z(2030)F z(2250)G Z(2455)H

2 Reference 162,
b Present paper.
¢ Reference 163.

d For a discussion of the prediction of this split Roper resonance, see Ref. 90.

¢ The existence of an S state was predicted on the basis of an inelastic dip.

f This state appeared as a production peak with no spin identification.

g This state was predicted to be a P state from the experiment of Aguilar 70, but prior to the confirmation by Kim 71

and Vanhorn 72; see Ref. 111,

In the baryon and hyperon excitation towers of
Fig. 3, recent experimental refinements have also
been in agreement with the systematics suggested
in the figure. Although the A (1149), N(1219), and
N(1359) levels that are indicated in brackets in
Fig. 3 are unobserved levels, a possible direct in-
dication of the A (1149) level has been reported,'3”
an N(~1300)P resonance, which clearly corre-
sponds to the unseen N(1219) bandhead, has been
identified by several groups,®® and the lower half
of the split Roper resonance, N(1419)P (Ref. 79;
see Table XXXII and Refs. 162, 163, 90, and 111),
which has been clarified recently as a resonance,’®
corresponds to both the unseen N(1359) bandhead
and the peak observed in the dozen production ex-
periments listed in Ref. 79. The systematics of
the unobserved S-state baryon bandheads of Fig.

3 and the observed overlying P-state rotational
levels is illustrated in the following compilation:

A(1149)S— A (1233)P,
N(1219)S— N(1300)P, (43)
N(1359)S—N(1419)P .

In addition to these baryon S-state resonances,
the observed N(1508)S resonance, which has been
reported with a wide range of both energies and
widths,?® has recently been clarified in several

phase-shift analyses (see Table III) as a rather
narrow-width resonance centered at about the ex-
pected energy from Fig. 3—1499 MeV. Although
the predicted A (1327) resonance shown in Fig. 3
has officially been proclaimed as a “dead” reso-
nance in RPP73 (Ref. 25)because it does not appear
in a number of expected channels, the author is
nevertheless of the opinion that the original mea-
surements of this resonance ?® will turn out to be
reproducible experiments (see Refs. 8, 103, 125);
an explanation for the difficulty in observing this
resonance is given in Appendix A. Another reso-
nance which has officially been declared “dead” in
RPP73, namely, Z(1440), is a resonance that
does not fit into the systematics of Fig. 3, whereas
a neighboring resonance, Z(1472), which does fit
Fig. 3 has survived. The Z(1620) resonance,
which appeared in the original publication of this
hyperon excitation tower (Table II of Ref. 4) with
no spin identification (see Table III of Ref. 4), has
now been identified 2 as an S-state resonance. The
suggested Z (1682) resonance of Fig. 3 has received
some support as an S state by a recent analysis of
Van Horn?® (see the discussion in Appendix D).
The resonances A (1827)S and Z (~1900)S have ap-
peared recently (Refs. 96 and 115, respectively),
although their positions are experimentally very
uncertain, and the values for the masses shown
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in Fig. 3 are more in the nature of predictions
than of verifications (see Appendix D). Finally,

the narrow-width = (1606) resonance has appeared
quite recently (see Table VII) with the proper mass
to complete the 4 excitation row of Fig. 3. In
summary, of the 21 excitation levels shown in Fig.
3, nine have appeared or have been experimentally
clarified since the first publication® of this baryon
excitation scheme [although two of these nine
levels, A(1827) and Z (1900), do not as yet add any-
thing of statistical significance to the 70-MeV
level spacings of Fig. 3]. As in the case of the
meson levels of Fig. 6, no counterexamples to the
systematics of Fig. 3 have appeared among the re-
cently identified experimental baryon and hyperon
S-state resonances, whose compilation gives us
the systematics of Fig. 3.

One of the earliest light-quark predictions [Ref.
2(@a)], that of the split Roper resonance,® is con-
tained in the systematics of the baryon rotational
levels. Table XXXII is a compilation of the domi-
nant N33, N44, A33, Ad4, =33, and =44 rotation-
al bands, shown as they appeared in the years
1969 (W33 and N44, Ref. 162) and 1970 (A33, Ad4,
233, and =44, Ref. 163), and as they appear in
1974 (the present paper). As can be seen in Table
XXXII, the predicted split Roper resonance has
now materialized. Also, the states N(1508)S,
N(2130)G, N(2241)H, A(1570)P, =(1620)S, and
2 (1669)P, all of which are required in order to
fill out the rotational levels, have subsequently
been identified in phase-shift analyses. In addi-
tion to the baryon rotational levels shown in Table
XXXII, a A(2160)G,, resonance has recently been
reported % which accurately fills out the princi-
pal A rotational band of Table XIX, and, as men-
tioned above, the N(~1300)P rotational state has
appeared as evidence for the unseen N4(1219)S
ground state. In the meson rotational bands, the
€(~800) I'~150 resonance has now been reported ¢’
with a mass and width that match those of the
p(770) T'146 resonance, which suggests that the €
meson is a *P, counterpart of the 'P, p meson
(see Table XXIV). Also, the identification of the
£(1680) meson as a spin-3 resonance fits in na-
turally with the rotational assignments of Table
XXIV.

As one final predictive area for the present
light-quark systematics, we cite the pn (1795)
and pp (1925) resonances of Table XXIII. Although
we have made heuristic use of the existence of the
pn bound state to “derive” (or at least rationalize)
the light-quark binding energies of Secs. IV and V,
these binding energies were in fact deduced di-
rectly from the systematics of the hadron reso-
nances (see Ref. 14, page 255) prior to the appear-
ance of the pn results. Thus the pn bound state

serves as a confirmation of the present system-
atics rather than as a necessary cornerstone for
the formulation of the systematics; it is in a mod-
est sense the Q- state of this light-binding-energy
quark model. As Table XXIII shows, the
pn(1795)I'8 and pp (1925)I'8 resonances appear to
be related phenomena. The pp(1925) resonance
was originally reported in RPP71 (Ref. 27) as a
narrow-width resonance. After this interpretation
was challenged (see the discussion in Ref. 42), the
data were rebinned into wider bins in RPP72 (Ref.
26). However, recent experimental results*? have
confirmed the original interpretation of the
pp(1925) enhancement as a narrow-width S-chan-
nel resonance, a result that is in agreement with
present expectations.

As an example of a “theoretical” prediction, the
spinor mass value S =325 MeV was published (in
Ref. 4) prior to the working out of the systematics
of Table VIII, and well before the appearance of
the pn bound-state experiment.

The predictions and verifications discussed
above are summarixed in Table XXXIII, along
with some predictions that have not yet been veri-
fied and some predictions from paper II. As can
be seen in Table XXXIII, almost § of the experi-
mental resonances of Tables I-VII serve in.one
way or another as recent predictive examples of
the present light-quark hadron spectroscopy. It
should be noted that this new experimental infor-
mation does not seem to add significantly to the
successes of either the SU(3) or SU(6) formalisms
in accounting for the observed spectrum of hadron
resonances.

B. Accuracy of mass calculations for
rotational resonances

A uniform set of calculated rotational energies
for the meson and baryon rotational resonances
can be obtained by the following procedure. The
universal E;,; curve in Fig. 10 (the dashed line) is
used as the definition of the function Elsi’ (E,),
where E is the bandhead energy. Then the (S-
state) bandhead energies E, for the rotational bands
are taken from Tables XV, XVI, XVIII, XIX,
XXIV, and XXVII and are inserted together with
the Eot (E,) values and the resonance L values into
the equation

E@CE,, L)=E,+EM¥E)L(L +1). (44)

These values for Ef3 are then compared to the ex-
perimental resonance energies. The results of
this calculation for all of the rotational levels in-
cluded in the present paper are summarized in
Table XXXIV. As can be seen in Table XXXIV,
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TABLE XXXIII. Predictions and fulfillments. Subsequent to the publication of Refs. 3—6, almost } of the 130-odd
resonances of Tables I-VII have emerged in one form or another as predictive examples of the present light-quark
phenomenology. Here we first summarize these predictive achievements (which are discussed in detail in Sec. XIA),
and then we list a number of other results that are predicted from the systematics of the present paper and which still
await definitive experimental verification.

1).

2).

@).
4).
(5).
6).
(7).
(8).
9).

(10).

(11).
(12).
(13).
(14).

(15).

Fulfillments

10 of 17 S-state meson resonances shown in Fig. 6

9 of 21 S-state baryon resonances shown in Fig. 3.

6 of 24 baryon rotational levels shown in Table XXXII.
The N (~1300)P and A(2160)G baryon rotational levels shown in Table XX,
The €(~800)°P,, and g(1680)F meson rotational levels shown in Table XXIV.
The pn(1795) and pp (1925) resonances shown in Table XXIII.
Total: 31 resonances.

Predictions

Narrow-width 77 ((660) spin-1 and A,(1310) spin-2 interference effects (dips or peaks) exist as reproducible
effects in certain experiments.

The m4(975)T'60 meson exists as a broad-width JP=1" resonance; the DEF, if it has a width I'>50 MeV, is a
spin-1 resonance; and the 67(962) possibly exists as a narrow-width (I'<5 MeV) J® =0~ resonance.

The 7,(1076)T98, p%°(1410)T'90, and K gK ¢(1412)T'100 are spin-2 resonances.
The E(1416) resonance “frill be observed with a narrow width (I'~ 20 MeV).
The f’(1516) has a broad width (I'~ 100 MeV).

The A(1327) resonance is not “dead.”

The Z(1472) is an S-state resonance.

The I =1 ~-sonances my(1016)I'~ 25 and X~ (1153)I'16 both exist.

The ¢ meson as observed in its 77 decay mode is about 10 MeV lower in energy and has a broader width than
the ¢ as observed in its KK decay mode; the nmm decay mode corresponds to the H meson.

The M meson (from its symmetric production mode) is the fundamental ground state of the 1’ multiplet, and
the M (953), 7’(958), and 6°(963) members of the multiplet have accurate 5-MeV energy spacings.

Narrow-width peaks A(1149) and N(1219) will be observable in certain experiments.
The missing levels in the rotational bands of Table XX will appear.
The Roper resonance is split.

The p meson has identifiable L < 1 and L >1 angular momentum components for energies E <770 MeV and
E>T70 MeV.

From the calculations of hyperon mass splittings in Paper I, two magnetic-moment conclusions are obtained:
(1) The £~-E° mass splitting suggests that the =~ and the neutron have similar magnetic moments 2; (2) the
z~-2%and Z°%-Z* mass splittings suggest that these particles all have similar magnetic moments.?

2 This conclusion seems to be in accord with the measurement of Cool e al .!®

PIn the present model, the most straightforward way to reproduce the Z%-Z* and Z~ -2" mass splittings is to assume
that the =+, =0, and =~ resonances are the configurations S}S7514°, S§S7S14~, and S}S7S14°, respectively [see Eq. (49);
also see Ref. 24]. This leads to the prediction that the Z%, 2% and =~ all have comparable magnetic moments: 4 5 U,
= 2.8 jy. Although the Z* fulfills this expectation, the Z~ has recently been reported [J. Fox ef al., Phys. Rev. Lett. 31,
1084 (1973)] with magnetic moment that is in the range —~1.6<u<0.8 iy, and hence is in disagreement with this pre-
diction. However, in the Fox experiment, the use of 34 degrees of freedom to fit one peak gives a x? value of 50, which
is statistically unacceptable and obscures the interpretation of their result.

the energies of 74 rotational resonances are cal- perimentally correct. They also indicate that all
culated in this manner to an average absolute ac- types of resonance—meson, kaon, baryon, and
curacy of +1.4%, which is within the range of ex- hyperon—have the same geometrical features,
perimental accuracies to which most of these reso- since we use one universal moment-of-inertia
nances are known. The mass accuracies shown in function EM(E,) to fit all of these resonances.
Table XXXIV indicate that the assumed L(L +1) This is another argument in favor of the universal-

energy splitting for hadron rotational levels is ex- ity of the light-quark hadron basis set 1, 3,4, 7, S.
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TABLE XXXIV. Summary of mass calculations for the meson (Fig. 6) and baryon (Fig. 3)
S-state excitation towers, and for the meson (Table XXIV), kaon (Table XXVII), baryon (Ta-
bles XVII and XIX), and the hyperon (Tables XV and XVI) rotational levels. The calculated
mass values for the excitation towers are simply the 70-MeV mass grids that are erected on
the identified SS, N, A, £, and & “ground states.” The calculated mass values for the rota-
tional levels are obtained from the rotational energy equation, Eq. (44), using experimental
S-state energies, and using the dashed-line curve in Fig. 10 for the theoretical moments of
inertia. As can be seen, the 34 S-state excitations have average calculated mass accuracies
of about 0.5%, and the 74 rotational levels have accuracies of about 1.4%. The last column
shows that the observed experimental levels in Figs. 3 and 6 have vanishingly small proba-
bilities of representing random mass distributions (see the calculations in the text). Precision
(+0.1%) absolute mass values for the tightly bound hadronic resonances (m, n, 7’ multiplet,

N, A, Z,E,Q) are calculated in paper II.

Experimental resonances Mass accuracy

Where Basis for mass Random
Number Type described calculation Absolute Percent probab.
Narrow-width S-state resonances
18 N-W baryons Fig. 3 70-MeV levels +8.2 MeV £0.51% 1x1078
16 N-W mesons Fig. 6 70-MeV levels 6.5 MeV £0.57% 1x1077
Broad-width rotational resonances
21 Mesons Table XXIV Eq. (44) +10.0 MeV +0.95%
10 Kaons Table XXVII Eq. (44) +15.6 MeV +0.95%
12 N* baryons Table XVII  Eq. (44) +51.6 MeV  22.82%
8 A baryons Table XIX Eq. (44) +25.6 MeV  21.26%
11 A hyperons Table XV Eq. 44) +31.7 MeV  £1.57%
12 Z hyperons Table XVI Eq. (44) +23.6 MeV  +1.19%

Summary: 34 S states =+0.54%;

74 rotational levels =+1.42%.

C. Resonances that are predicted but not observed

The main properties of the hadronic basis set
1,3,4,7, S are summarized in Table XXXV, points
A-C; the combinations of these basis states that
are actually observed experimentally, and also the
combinations that are not observed, are listed in
Table XXXV, points D-M. As can be seen in
D-M, many, but by no means all, of the possible
basis-state combinations are identifiable in the
experimental data. The task thus becomes one of
formulating selection rules to account for the
basis-state combinations that are not observed.

A set of selection rules for reproducing the ob-
served spectrum of S-state meson resonances is
given in Table XXII, and selection rules for map-
ping the S-state baryon and hyperon resonances
are given in Eq. (29). Meson and baryon rotation-
al-level selection rules are listed in Table XII.

A production-mechanism selection rule which
eliminates the unobserved SSS34 and S5544 = -
type metastable hyperon excitations is discussed
in paper II. Since these basis-state selection
rules are in general deduced a posteriori, it is not
an easy task to accurately evaluate their physical
content. However, the two main features to be ob-

served in connection with Table XXXV are the fol-
lowing: (1) A common set of basis states—1, 3,
4,7, S—is relevant for all types of hadron reso-
nance structure; (2) although not all combinations
of these basis states actually occur, the phe-
nomenological patterns for those combinations
which do occur and for those which do not occur
seem to be simple and straightforward.

D. Observed resonances that are not mapped

The experimental resonances that have been ac-
cepted by the Particle Data Group for inclusion in
RPP73 (Ref. 25) are summarized in Fig. 19, which
is reproduced from Ref. 25. Of these resonances,
the ones which are not included in the present
mapping formalism are shown enclosed in boxes.
As is summarized in the caption to Fig. 19, 63
out of the 85 baryon resonances in Fig. 19 are
mapped in the present paper, and 44 out of the 55
meson resonances in Fig. 19 are mapped. How-
ever, of the 22 baryon resonances and 11 meson
resonances that are not mapped, only one baryon
resonance, Z(2070)F,;, and one meson resonance,
B,(1040), are excluded on the basis that they do
not fit the present systematics. Essentially all of
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TABLE XXXV. Combinations of the basis states 1,3,4,7,S which are, and which are not, observed as resonances.
A brief definition and summary of the basis states 1,3,4,7,S is given. This is followed by a systematic classification
of the possible combinations of these states, with statements as to which combinations seem to occur experimentally
and which combinations do not seem to occur.

A. The fundamental hadronic basis set
M, M°=70.0 MeV; M* =74.6 MeV; S* =330.6 MeV [Eq. (10) and paper II];

1=M, 3=3M, 4=4M, T=TM S= (3M )spinning -

B. Particle-antiparticle states [Eq. (11)]
ST =strange—all quanta M : —1,3,4,S—strangeness =+1;
ST =antistrange—all quanta M : —1,3,4,S—strangeness =-1;
NS =nonstrange—mixed quanta M and M: -’é,i,s"—strangeness =0;
kaon="7=34 or 34, antikaon=7=34 or 34,

(The invariant “strangeness” of the spinors S and S is discussed in Sec. V.

C. Hadronic binding energy rules [Eq. (12) and paper II]
ST+ ST =8T- 8T = 0—no hadronic binding;
ST - ST =dominant—~4% hadronic binding;

NS-all =subdominant—~0% hadronic binding.

D. Basis states observed singly

(1)spinning (expanded geometry) =y meson; 7 =kaon;
3,4,S(quark) not observed singly.

E. Basis states observed in pairs
11=m, 44=7, T7=7' multiplet [Fig. 1 and Eq. (13)].
$$ =7m(660), SS+SS =4, dip (Tables T and XXII).
33, SS, 11, 33, 44, 77 not observed.

F. Basis states observed in triplets
S5S=N, 555=N, S55-555 =pn [Egs. (5) and (6)]. SSS not observed.

G. Strange baryon excitations
Rule: excitations =SSS plus spinless states 3 and 4,
$583=A, SSS4=3, SSS33==, S55344=9 [Eq. (14) and paper II].
SSS34, SSS44, S55333, SSS334 not observed.

H. Meson excitation tower
Rule: excitations =SS plus spinless 70-MeV quanta (Fig. 6, Table XXIII).
Figure 16 shows narrow levels for SS+Nx 70, N=1-13.

Levels at N =10 and 12 missing; levels at N =1,3,4,6, 8 are weak.

I. Baryon and hyperon excitation towers
Rule: excitations =N, A, Z, and = plus spinless states 3 and 4 [Eq. (29)].
Observed levels (Figs. 3 and 8, Table XIV):
N3], [N4], [N33], N4d, N334, N344;
A3, Ad, A33, Add, A334, A334d; 23, 24, 233, 234, zdd, £334; =3, md, =34, =333, E334d.
Levels not observed: Néfi, Aéti, Né?;:i, Aééé, Z‘ééé, =33, 544; [N?;], [N‘i], [N:i:«i] are identified only via overlying
rotational levels [Fig. 5 and Eq. (43)].
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TABLE XXXV (Continued)

J. Meson rotational levels

Figure 7 and Tables XXIV-XXIX.

K. Baryon rotational levels

Figure 5 and Tables XV-XX.

L. Mapping the boson resonances

D, E, and H map the observed S-state resonances; missing levels are as noted above.

J maps the observed rotational resonances; missing levels are the following: 7m(350)S, mm(420)S, €(~900)P, €(1400)P,

€(~1500)P, Q(~1510)D, @(~1610)D, K(~1550)S, K (~1625)P.

M. Mapping the fermion resonances

F, G, and I map the observed S-state resonances; missing levels are as noted above.

K maps the observed rotational resonances; missing levels are the following: N(1219)S, N(1359)S, N(1919)G,

N (1856)F, A(1149)S (but see Ref. 137), A(1508)S, A(1570)P.

L, M. Two general rules for mapping boson and fermion resonances

Rule I. The stablest hadron resonances (with the possible exception of the linear kaons) are formed entirely from
strange and antistrange basis states; they do not contain nonstrange basis states.

Rule II. Hadron rotational bands are formed only from bandheads which contain nonstrange basis states; the stable
resonances of rule I, which do not contain nonstrange basis states, do not have associated rotational levels.

the remaining unmapped resonances are high-
energy levels, and most of them lack spin identi-
fication. The existence of these high-energy levels
is an indication that the S-state excitations and
associated rotational levels of Figs. 8 and 9 extend
up to higher energies than we have included here.
However, the high-energy data are too fragmen-
tary at the present time to permit them to be
mapped accurately. In particular, spin identifica-
tion is essential before any sorting into rotational
levels can be carried out. It is this same lack of
spin identification that precluded any attempts at
sorting the lower-energy = resonances into rota-
tional bands; thus Table VII contains only the
narrow-width and therefore rotationless = exci-
tations.

E.. Statistical evidence for the mass quantum M =70 MeV

Perhaps the principal conclusion from the pres-
ent paper is that the mass quantum M =70 MeV is
the fundamental building block for all of the ha-
dronic resonances. Since such a quantum has
never been observed directly, it is of some inter-
est to summarize the statistical evidence from the
present studies which points to the existence of
this mass quantum. Phenomenological compila-
tions of experimental data which can be used to
pinpoint the M° mass right at 70 MeV are sum-
marized in paper II.

Figure 8 is a plot of all of the narrow-width and
S-state resonances of Tables I-VII. A visual com-
parison of the experimental resonance spacings
with the 70-MeV tick marks shown in Fig. 8 indi-
cates that these resonances do obey 70-MeV inter-
val spacings. To put this result on a quantitative
basis, we can study in detail a portion of Fig. 8,
namely the baryon excitation towers shown in Fig.
3 and the meson excitation tower shown in Fig. 6.
If the 70-MeV mass intervals are not physically
significant, then these resonances should be
randomly spaced with respect to the 70-MeV mass
grids erected onthe N, A, =, =, and 77 (658)
“ground states.” A random spacing will give
resonances that are, on the average, displaced
17.5 MeV from the 70-MeV grid values. In Fig. 3
the 18 experimental baryon excitation levels have
an average displacement of +8.2 MeV, and in Fig.
6 the 16 experimental meson excitation levels have
an average displacement of +6.5 MeV, as is sum-
marized in Table XXXIV. The probabilities for
these being random distributions are (8.2/17.5)!®
=1x10"% and (6.5/17.5)'*=1x10"", respectively.
Thus, there is no way that the observed level
spacings of Figs. 3 and 6 can be regarded as ran-
dom, especially when the completeness as well
as the accuracy of these resonance mappings is
taken into consideration.

It might be argued that we have included in Figs.
3 and 6 a number of resonances which are not
well established experimentally. However, to
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N(940) P44 wxkk  A(4236) P33 ®#xx A(1445)
N(4470) P44 #xxx A(4650) S34 wawk A(4330)
N(1520) D43 k#3x  A(4670) D33 sk A(1405)
N(1535) S14 wss%  A(41690) P33 * A(1520)
N(1670) D45 wud A4800) F35 &% A(1670)
N(1688) F45 #xsx  [A[4940 A(1690)
N(1700) S41 *wxx "A(1950) F37 w#sk A(4750)
N(4700) D43 ** L3 A(1815)
(47 Sk A(1830)
N 43 wwe] 2420) H344 %%% A(1860)
N 417 %% [} TR A(4870)
N(2040) D43 “%* 3230 b A{2010)
N(2400) S11 * A(2020)
N(2100) D15 * A(2100)
N(247 F * A(2110)

%% Needs confirmation. Weak.

Baryon Table

April 1973
POq *3x%  F(1190) P4q wbkx S(1320) P4q *ese
Dead  Z(41385) P43 snuk Z(1530) P43 ksux
S04 s Z(4440) PE Dead = **
D03 #a#sk £(1480) PE * Loed
S04 Z(1620) S14 ** hbad
D03 *kxk £(1620) P44 ** **
P04 %k T(4620) = *
FO5 #u#¥ Z(1670) D43 **xx *x
DO5 #wx S(1670) PE »*
P03 »* Z(1690) PE #**
S04 ** Z(41750) S44 x**
D03 ** T(1765) D45 ik 2(1670) P03 *##
FO7 *# T(1840) P13 *
GO7 s Z(1880) P14 **
* Z(4945) F15 *%s%
fd T(1940) D13 ##*
£(2000) S11 *
T(2030) F47 *wks

#%%% Good, clear, and unmistakable. #*##% Good, but in need of clarification or not absolutely certain.

2080
Z(2400) G147 **
(2250) Ak
Z(2455 il

4
B

Meson Table

Non-strange (Y = 0) Strange (|Y| = 1)
ety 1%3P)c, entry 1530, entry  180P)c, entry 1D
T (140) 17(00)+ +ny (1080) o' (N )+ & Ay (1640) 17(27)+ K (494) 1/2(0)
0o (549) 0°(0)+ A 100) 170N Zf o @675 0T(N)- K" (892) 1/2(17)
e (600) o'(0%)+ -M 0 (1150) 2l g (eso) 1°(30)- -< 1/2(0%)
o (770) 1°(17)- - A;,s(1170) 17 “ + Ky (1175)  3/2
« (788) 0°(17)- B (23) 1°(01h)- ~X (1795) 1 ~ K, (1265) 3/2

-~ M (940) F (1270) 0°(2")+ + n/p(1830) Q 172(1%)
+M (953) * D (1285) 0%(A)+ + w/(1830) Ky(1420)  1/2(2")
n’ (958) 0°(07)+ A (1310) 172N + S (1930) - Ky(1660) 142
& (970) 17(0%)+ E  (1420) 0%(A)+ ~p (2100) 1] - Ky(1760) 1/2
+H (990) 0T(A)- +X (1430) 0 - +T (22000 1 L (1770) 1/2(A)

s*(1non) o (0*)+ + X (1440) 1 -p (2275) 1° + K,(1850)
¢ (1019) 0°(17)- £s514) o' (2N U (230) 1 ~ X' (2200)
+ 3 (1033 F, (1540) 1 (A - NN (2375) 0 + K’ (2800)
o' _(1600) 1°(1)- + X(2500-3600)

FIG. 19. A mapping summary of the hadron resonances listed in RPP73 (Ref. 25). The baryon and meson tables
are reproduced from Ref. 25, and the resonances enclosed in boxes are not included in the present mapping tables.
However, only two resonances are excluded on the basis of a poor fit. A summary of the resonances is as follows.

Total resonances
Total mapped
Total not mapped

Breakdown of the resonances that are not mapped

High energy, no spin values

S—F levels, but too high to map accurately
“Dead” resonances

Ambiguous resonances (very broad width)
Resonances that do not fit the present levels

take an extreme example, if we were to arbitrarily
delete half of the levels from each of these figures,
the statistical odds in favor of random spacings
would still be no more than 10~2 for each of these
figures, and the completeness argument would be
just as compelling. Moreover, most of the ob-
served deviations from the 70-MeV mass inter-
vals, especially for the higher-mass resonances,
are in the downward direction, and thus are indic-
ative of small binding-energy effects. If a correc-

Baryon Meson
85 55
63 44
22 11
12 9
8
1 2(1440)

1 p’(1600)I' 350

1 Z(2070)Fy5 1 B,(1040)

tion for these effects were to be inserted, the sta-
tistical evidence against random spacings would
be even stronger than is shown here.

XII. LIFETIME SYSTEMATICS

The lifetimes of the long-lived (r>10"1" sec)
elementary particles are of interest here because
this totally different aspect of hadron spectroscopy
points to the same type of light-quark hadron sub-
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structure that we have already deduced from the
systematics of Secs. II-XI. The phenomenological
characteristics of metastable particle lifetimes
were analyzed in detail in Ref. 19, and we sum-
marize here only the salient features of that analy-
sis.

A. Lifetime ratios as factors of 2

Figure 20 shows a logarithmic plot of the life-
times of the hadron resonances which are in the
range 7~1078 to 10-1° sec, with the shortest life-
time, that of the Z*, set equal to unity. As can be
seen in Fig. 20, the K* #*, and K} resonances
occur with the accurate lifetime ratios 1:2:4.
Guided by this result, we have similarly arranged
the K§, A, Z, =, and Q resonances of Fig. 20,
and they also exhibit accurate 1:2 and 1:2:4 lifetime
ratios. i

From the standpoint of elementary-particle the-
ories, the significant aspect of Fig. 20 is that the
K*, m*, and K? resonances are grouped together
into a single lifetime multiplet. These are sup-
posed to be independent particles, and they have
radically different decay modes.!® Hence the ob-
served lifetime ratios of 1:2:4 for these resonances
cannot be attributed to factors such as final-state
phase-space effects. From a statistical point of
view, the occurrence of accurate 1:2:4 lifetime
ratios for a set of resonances suggests the exis-

B T T T T T T
QA
[ ] [ ]
=t oz
[ [ °
K = =° Kt K
S & T . . °
137 B
[ T R L | |
1 2 4 10 100 200 400 1000

Relative experimental lifetimes

FIG. 20. Relative lifetimes of metastable meson and
baryon resonances. The Z* lifetime is set equal to unity.
As is evident in this logarithmic representation, these
lifetimes occur in accurate ratios of two, with supposedly
dissimilar and independent particles grouped together.
As discussed in the text, the occurrence of these experi-
mental regularities indicates that the lifetime of a par-
ticle is an intrinsic property, and it does not depend,
for example, on final-state phase space. It is important
to note that there are no experimental counterexamples
to the systematics shown here: This figure contains all
of the metastable elementary particles that have lifetimes
in the range 7~ 1078 to 1071 second. As can be seen in
the figure, the median values of the two groups of life-
times are separated by about a factor of o' = 137, where
a=e?/kc.

tence of 4:2:1 independent decay triggers, or 4:2:1
individual subquanta M which can spontaneously
annihilate and initiate the decay process. Thus
the lifetime relationships of Fig. 20 lead to the
conclusion that these sets of particles possess
common substructures. This is a conclusion that
is in agreement with the systematics of the pres-
ent paper, and it is a conclusion that stands inde-
pendently of any results in the present paper. A
suggested identification of specific subquanta M as
plausible decay triggers for the K*, n*, K7, and
K% mesons is shown in Ref. 19.

B. Lifetimes ratios as factors of a=e?/fic

In Fig. 20 we have indicated that the two groups
of particle lifetimes [7~10"% sec (K*, n*,K?) and
T~10"1 sec K3,A,Z%, 27, E% E", Q)] are sepa-
rated by roughly the factor ¢~'=~137. In order to
investigate whether or not this result is accident-
al, we can do two things: (1) Since the observed
lifetime ratios of 1:2:4 shown in Fig. 20 are prob-
ably extraneous to any over-all scaling in powers
of o, we can “medianize” these lifetimes!® by ap-
plying the ad hoc correction factors

K*X2, K}+2, K${X2, T*X2,

45
A+2, E°+2; “)

(2) we can add the neutron, muon, Z° and 7°
resonances to the resonances of Fig. 20. With the
addition of these resonances, we have included all
metastable particles with lifetimes 7>10-!7 sec.
Also, in going from the 7° lifetime to the neutron
lifetime, we are spanning a range of lifetimes
equal to Tneutron /T 0= @~°~10'°—a span of nine
decades in @ or 19 orders of magnitude. If we
now set the neutron lifetime equal to unity, 7,=7,
=1, and express the lifetime ratios 7, /7, in powers
of aas

T, =T, (46)

then an accurate scaling of lifetimes 7, in powers
of a is indicated by the occurrence of integral val-
ues for the exponents x; in Eq. (46). Figure 21
shows the values for x,; that are obtained from Eq.
(46) by using both (1) the experimental lifetimes
7, of these resonances, and (2) the lifetimes as
“medianized” in Eq. (45). As can be seen in Fig.
21, the x, take on almost integral values over the
entire span of lifetimes for both the experimental
and the medianized data, with the medianization
of the lifetimes improving the results only slightly.
Since Fig. 21 includes all of the known metastable
elementary particles, it is evident that there are
no counterexamples to this scaling of lifetimes as
powers of «, although thereare gaps in the spacings.
The lifetime systematics of Figs. 20 and 21, in
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which lifetime “multiplets” include supposedly dis-
similar and independent particles grouped to-
gether, is a direct'indication that these particles
are in fact not independent of one another. The
obvious way of linking these particles together is
via a common substructure of quark states. Fig-
ure 21, the scaling of lifetimes as powers of a
=e?/7ic, contains two other features that are of in-
terest here. (1) The u meson appears to fit in
with the hadron resonances as a bora fide member
of the group; (2) in analogy to the scaling of life-
times as powers of a, we note the following scaling
of particle masses as powers of a:

M,/a=10.0 MeV =M, 47)

where M, is the mass of the electron and M is the
70-MeV mass quantum that can be used to con-
struct all elementary particles more massive than
the electron.
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APPENDIX A: SYMMETRY CHARACTERISTICS OF 3-TYPE
AND 4-TYPE EXCITATIONS

In the baryon excitation towers of Fig. 3, the
excitation basis states 3= 3M and 4= 4M were
postulated in order to explain the observed gaps
in the level spacings (see the far-left column in
Fig. 3). However, these basis states possess a
phenomenological significance that goes well be-
yond the task of just reproducing the levels of
Fig. 3. The basis state 3= 3M differs from the
basis state 4= 4M in that 3’s necessarily have
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particle-antiparticle asymmetry, whereas 4’s can
occur symmetrically. When we examine excita-
tions in Fig. 3 which contain 3’s—N3, N33,A3,A33,
Z3, £33, Z3—we find that they have quite different
characteristics from excitations which contain
4’s—N4, N44,A4,\44, Z4, 44, 4. Excitations
which contain (asymmetric) 3’s tend to have one
or more of the following characteristics:

(@) They are difficult to observed directly as
S states;

(b) they are associated with y-ray production
and/or decay processes;

(c) they are associated with spinor-flip process-
es (e.g., they appear as narrow-width J =3 reso-
nances).

Excitations which contain 4’s usually do not have
these characteristics. For example, the excita-
tions N44 A44 and Z44 constitute the dominant
and easily observed S-state resonances N(1508)S,
A(1673)S, and 2(1756)5 Bywa.yofcontrast the ex-
citations N33 A33 and 33 constitute the unseen
N(1359) bandhead of Table XVIII, the narrow-width
J =3 resonance A(1518), and the controversial
Z(1620)S resonance. Similarly, the A4 excitationis
the dominant A {1402)S resonance, whereas the A3
excitation is the very weak A(1327) resonance,
whichhasbeen observed only asa Ay final state. The
Ay decay mode of the A3(1327) is in agreement
with the systematics of characteristics (a)-(c),

as is the decay of the A§§(1518), which has decays
into both Ay and Z%. The difficulty in observing
the A3(1327)S resonance is paralleled by the dif-
ficulty in observing the N3(1149)S resonance, which
is the unseen'¥” bandhead of the A(1233)P reso-
nance; the A(1233)P resonance has both a y-ray

[ )
Experimental lifetimes 0 Ae)
Kle e="
Neutron Muon or* z"e L 20 -« 9
K*e 2
kJp
2
—0¢
Medianized lifetimes = oA
KLOI =" e
Neutron Muon @ o oz o0 J,o
Kt Qe
¢
+
e
0 1 2 3 4 5 6 7 8 9

Values of the exponent X in the lifetime equation TSt @ ', where t =
o

T
neutron

Scaling of particle lifetimes in powers of a = ez/hc

FIG. 21. Values of the exponent x; for lifetimes expressed as 7; = 1,0,

is the fine-structure constant.

where 7, is the neutron lifetime and a = e?/%c

Integral values for the x; indicate that a is a relevant scaling factor for these lifetimes.

The experimental lifetimes are from Ref. 1, and the ‘“medianized lifetimes’” are obtained by applying factor-of-two
“corrections” to the lifetimes of Fig. 20 so as to obtain the median value for each group of lifetimes [see Eq. (45) in the

textl.
of magnitude in the lifetime ratios.

As can be seen, the lifetimes do bccur with integral values for the x;, over a span of 9 decades in @, or 19 orders
While there are gaps in the spacings shown, there are no counterexamples:

This

figure includes all of the reported metastable elementary particles with lifetimes greater than 107!7 second.
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decay mode and a J = rotational configuration.
The A(1327) has been declared “dead” in RPP73
(Ref. 25) because it was not observed in several
expected channels. However, from the above sys-
tematics, the difficulty in observing this A3 ex-
citation in all reaction channels is not surprising,
and, unless the several experiments in which the
A3 was observed?® turn out to be irreproducible, 125
the burial of the A(1327) resonance in RPP73 may
have been premature.

The three narrow-width J =% hyperon resonances
which have been identified experimentally?® have
the following configurations:

A(1518)=5,5;5;4333,
Z(1535) =555 333,
2(1385)=5,5,5423 or 545:5,34.

(48)
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Thus the A(1518) and E(1535) excitations are both
of the general type SSS333, and the Z(1385) reso-
nance, whose identification is not phenomenolog-
ically as straightforward as that of the other two,
contains a single 3 and a single 4. The A(1518)
has a decay mode into Z(1385), and the Z(1385)
has a decay mode into Ay. The E(1535) has the
sequential decay modes =(1535)~ =+ 7 and E—~A
+, which in the present notation is the sequence
$35333 ~ 55533 + 1, S3533~S353 + 7.

The symmetry characteristics of the 3-type
and 4-type excitations can also be observed in
the metastable baryon resonances. If we construct
resonances whose magnetic moments have been
determined, we obtain states with the following
configurations.

State Excitation structure Strangeness Spin-charge structure Magnetic moment'®® Spinor configuration

b SSS S= iry
S3S S=0 i

A S5S3 S=-1 e

=t SS5s4 S=-1 iride

= S3S33 S==2 1713730

From the measured magnetic moments shown in
(49), and also from the detailed calculations of
masses and charge splittings in paper II, we can
see that the excitations A and =, which contain
3’s, correspond to spinor-flipped configurations,
whereas the Z excitation, which contains a 4, does
not. With respect to the decay properties of the
resonances shown in (49), we note that the = de-
cays are into A resonances and not into Z reso-
nances.

From the symmetry characteristics of the reso-
nances of Fig. 3, Eq. (48), and Eq. (49), it seems
clear that the symmetry differences between 3-
type excitations and 4-type excitations extend
to both the strange (3, 3, 4, ) and nonstrange (3, 4)
forms eof these quanta. This indicates that these
symmetry differences must involve quantum num-
bers such as parities in addition to the obvious
particle-antiparticle differences.

APPENDIX B: SPECIAL-RELATIVISTIC EQUATIONS
FOR ROTATING SYSTEMS

One of the challenges to elementary-particle
spectroscopists is to account for the spin angular
momentum of a particle. Conventionally, spin

w~+3 Normal
ho~=2 Spinor-flipped
p~-1 Spinor-flipped
b~+3 Normal
h~=2 Spinor-flipped

(49)

angular momentum is not thought of as arising
from the (classical) rotation of an extended mass.
However, if we rule out this concept of spin angu-
lar momentum, we are left with no quantitative
spectroscopic explanation for the spin of a parti-
cle. Although the spin of the electron arises nat-
urally as a component in the Dirac equations,
these equations give no clue as to the geometry of
the rotating electron.

In connection with the above discussion, the fol-
lowing observations about the nucleon and about
theories of rotating systems seem relevant.

(@) The only elementary particle for which a
size has been determined is the nucleon, which
has a measured radius Rm =~ 0.8 fermi;

(b) many arguments (for example, those of the
quark model) suggest that the nucleon is composed
of three nucleon subunits of approximately equal
mass;

(¢) in order to obtain an over-all nucleon rms
radius of 0.8 fermi, spherical nucleon subunits
must have radii R, ~ 0.6 fermi;

(d) from their assumed radii R, =0.6 fermi and
from the equation R ,s =% /mc, nucleon subunits
have masses m =~ 330 MeV (also see Table VIII);

(e) if we attribute classical moments of inertia,



9 LIGHT-QUARK HADRON SPECTROSCOPY... 1315

1 =%mRz, to these nucleon subunits, and then spin
each subunit until its equator reaches the velocity
of light, the calculated angular momenta for these
subunits are somewhat less than the assumed an-
gular momentum J =37 of a nucleon quark;

(f) textbooks on special relativity indicate that
special relativity applies to rotating systems as
well as to linearly moving systems;

(g) for the rapidly-rotating nucleon subunits of
(e), special-relativistic effects will constitute an
important correction;

(h) by inserting a special-relativistic correction
into (e), we obtain J =37 as a precisely-calculated
quantity for these nucleon subunits;

(i) stresses and general-relativistic effects
should in principle also be considered, but there
are suggestions that these corrections may be of
minor importance.

From the spectroscopy of the nucleon and the
theory of spinning masses, as summarized in
(a)=(i), it seems plausible that the spin angular
momentum of a nucleon subunit is in fact associ-
ated in a straightforward manner with the rotation
of an extended mass. By adding a freely-moving
localized electric charge to a spinning nucleon
subunit, we obtain an important extension of the
above phenomenology:

(i) A unit electric charge e placed on a spinning
spherical nucleon subunit of radius R ,, =0.6 fermi
will be forced to the equator of the sphere by the
action of the electromagnetic forces, where it will
produce a magnetic moment p =2.8 nuclear mag-
netons, which is the same magnetic moment as
the (intrinsic) magnetic moment that is conven-
tionally assumed for a nucleon quark,!2®

Thus a spherical nucleon subunit that is spinning
with its equator at the velocity of light, that has
a radius R =0.6 fermi and a spinning mass 7 =330
MeV, and that contains an equatorial (unit) charge
distribution, is identical to the conventional nucle-
on quark with respect to its mechanical and elec~
tromagnetic properties—mass, radius (range of
force), angular momentum, magnetic moment.%

Our present interest in special relativity is in
connection with the calculation of relativistic
masses and relativistic moments of inertia. Be-
fore applying special relativity to rofating sys-
tems, it is of some importance to clarify the con-
cept of the special-relativistic mass increase of
a particle as observed in linearly moving systems.
Although derivations of the relativistic mass equa-
tion

m=my/(1 - v?/c?)/? (50)

are usually obtained by invoking the Lorentz trans-
formation equations, the relativistic mass of a

particle is in fact a straightforward consequence
of the proportionality between the total energy E
of a particle and its inertial mass m,

E=mc?, (51)

and Eq. (50) can be derived directly from Eq. (51),
as we now demonstrate.'™ Choosing the electron
as a typical massive particle, let v be the linear
velocity of the electron as observed in the labora-
tory frame of reference, and let m(v) be the ob-
served mass!® of the electron, which depends
functionally on the velocity v. Applying a linear
impulse Fdx to the electron changes its velocity

v, its energy E, and its observed mass m(v):

dE =Fdx
=d/dt(mv)dx
=vd/dx(mv)dx
=v%dm +mvdv
=c%dm (52)
which leads to
Inm (v) = =3 In(c? - v?), (53)
and, setting m(0)=m,, to the final result'®®
m=my/(1 -v2/c?)V2, (50)

The important point to note here is that Eq. (50)
depends only on the energy content of a particle
[Eq. (53)] as observed in a particular frame of
reference. Although the Lorentz-transformation
equations happen to be the correct equations to
preserve the form of Eq. (50) in all frames of
reference, the essential physical content of Eq.
(50) is best understood by working in a single
frame of reference.

Now since an increase in linear velocity leads
to an increase in kinetic energy, and hence to an
increase in the observed mass, it seems apparent
that an increase in angular velocity, which also
increases the kinetic energy, will lead to an in-
crease in the observed mass. This conclusion has
been verified macroscopically in the sense that
an electron obeys the same mass equation, Eq.
(50), if it is given a linear acceleration (electron
linear accelerator) or if it is given a circular ac-
celeration (betatron or electron synchrotron).
This conclusion should also follow microscopically
if we associate the spin angular momentum of a
particle with the rotation of a mass. Thus it
seems incorrect to state, as is sometimes as-
serted, '"° that no energy is associated with the
spin angular momentum of a particle,

The starting point in applying special relativity
to rotating masses is the equation for the mass
increase of a rotating ring of matter. The general
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problem of a ring of matter which initially has
rest mass m, and radius 7, and which is then
given an angular velocity w about the axis of the
ring, has been well studied, and relativists are
generally agreed!” 172 that it will have a relativis-
tic mass increase given by the equation

m= m%?ws, (54)

which is the rotational analog of Eq. (50). Also,
since the motion is at right angles to the radial
coordinate 7, the coordinate 7 is relativistically
unaffected by the rotation.!'”® This result is cru-
cial, for it means that spinning rings can be lin-
early superimposed to form a spinning disk or
cylinder or sphere. Although the spinning disk and
spinning cylinder have been extensively discussed
in the literature, !™ '™ the spinning sphere sur-
prisingly does not seem to have been considered.
And it is the spinning sphere which yields phenom-
enologically significant relativistic equations, 3
which we now summarize.

Consider a uniform sphere of matter having
radius R and rest mass m,. Rotate the sphere
until the equator attains the velocity of light (or
remains infinitesimally below that value). If 7 is
the radial coordinate at right angles to the axis of
rotation, the cylindrical mass element dm (7)
lying between 7 and d» (which is a relativistic in-
variant) will have a special-relativistic mass in-
crease, as viewed in the stationary frame of ref-
erence, given by the equation

dm(r): (—l_—‘fg:—’e;%m. (55)

The integral of (55) over the volume of the sphere
is

m = (m,/41R?)

x f ) {22 - 22217 /(1 = w2 /c?)2]tar

(56)
where m, is the rest mass of the sphere. The
limiting angular velocity is

w= C/R ’ (57)

where c is the velocity of light. Inserting (57) into
(56), we obtain

R
m=3m°/R2f rdr

0
=%mo; (58)

the spinning spheve is relativistically half again as
massive as it was at vest, This is a result that is
of utmoést importance for the present light-quark

phenomenology, and in fact the search for a suit-
able set of light-quark basis states furnished the
motivation for the author to investigate® this ex-
tension of the usual equations of special relativity.
Equation (58) establishes an immediate and very
direct mass relationship between the unobserved
spinless 70-MeV mass quantum M and the readily
observed spinning 105-MeV p meson. While it is
true that the quantum M has strong hadronic inter-
actions and the 1 meson does not, it is equally
true that the p meson does in fact exist and must
somehow be accounted for in the over-all scheme
of things. The dominant decay mode - +V in-
dicates that the pion and the muon are in some
sense closely related particles.

In the derivation of Eq. (58), three considera-
tions come immediately to mind: (1) Suppose the
equator of the spinning sphere does not actually
reach the velocity v=wR =¢, but instead remains
infinitesimally below that value (as it must). (2)
What about problems such as rigidity and stresses?
(3) Are general-relativistic considerations impor-
tant? The answer to (1) is that if the velocity
v=wR in Eq. (57) is lowered infinitesimally, the
change in the integral in Eq. (58) is also infinites-
imal; Eq. (58) and the other special-relativistic
equations given below do not have divergence dif-
ficulties. Question (2), the problem of rigidity
and stresses, is one that has been debated in the
literature!™ and about which no consensus has been
reached. It is important to note, as stated by
Arzelies, ' that no one really knows the environ-
ment experienced under rotational motion by a
mass poit}t embedded in a matrix of mass points.
For example, the non-Euclidean geometry ex-
perienced by this mass point may minimize cen-
trifugal effects.!™ By neglecting stresses, we
obtain phenomenologically useful results, which
is an a posteriori indication that, at least for the
spherical geometry considered here, stresses
are not of crucial importance. Question (3), the
importance of general-relativistic effects, can be
assessed by examining the components of the
Riemann- Christoffel curvature tensor. For the
rotating sphere, these components have small
values!™ except right at the equator, where v=wR
=~ ¢, Since the contribution of the equatorial region
to the integrals in Eqs. (56) and (58) is relatively
unimportant, it seems reasonable to neglect gen-
eral-relativistic effects. A uniform sphere of
matter which is rotated at the relativistic limit of
Eq. (57) has a rather unique relativistic geometry
in the sense that all of the calculational difficulties
occur right at the equator, and (fortunately) the
contribution of this equatorial region to integrals
such as those shown in Eqs. (56) and (58) is mini-
mal.
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The moment of inertia / of the relativistically
spinning sphere about the axis of rotation is ob-
tained by weighting the mass distribution of Eq.
(55) by 72 and repeating the integration over the
volume of the sphere. This gives

R
1=3m,/R? f r3dr

0
= %moRz
1

3mR?, (59)

The angular momentum of the spinning sphere is,
from (57) and (59),

J=Iw=%mRC. (60)

If we specify the ratio between R and m in Eq.

(60), we can obtain the spin angular momentum J
as a directly calculated quantity. The natural ratio
to use is that given by the Compton wavelength,

R =ﬁ/mC . (61)
Inserting (61) into (60) gives
J =3 (62)

as the relativistically calculated spin angular mo-
mentum of the spinning sphere.

When we apply these relativistic results to had-
ronic mass quanta (the spinor S), we are led to
the consideration of oblate spheroidal geometries.
Hence Eqgs. (58) and (59) should be generalized to
apply to nonspherical (but axially symmetric) ge-
ometries. This can be done by defining the radius
R as

R 4 =axial radius,

R =R /(1 +€sinb), (63)
Rg =equatorial radius
=R ,(1+€),
where
€=(Rg—-R,)/R, (64)

is a deformation parameter, and where 6 is the
angle with respect to the axis of rotation (which is
also the symmetry axis). In terms of (63) and (64),
Egs. (58) and (59) become

m =3m f"’zdo (1 +€ sinB)?*(1 + 2€ sind) sind cos?8
e, [1 - sin?6(1 +€ sinf)?/(1 + €)2 ]2

(65)
and
I= 3m°RA2
xf’”z de (1 + € sin6)*(1 + 2€ sinh)sin®6 cos?6
o [1 - sin?6(1 + € sin6)? /(1 + €2 ]2~
(66)
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Empirically, m in Eq. (65) is a slowly varying
function of the deformation parameter €, and I in
Eq. (66) is also a slowly varying function of € if
Rg in Eq. (63) is held constant. Hence Egs. (58)
and (59) give reasonable approximations for all
spheroidal geometries. The spinor S is construct-
ed as an aligned array of three oblate spheroids
M, each having R, = 3V3 fermi and Ry, =~ 5 fermi
(e~ V3-1), where R ~#/mc, with m =330 MeV,
so that R, for each subquantum M in the spinor
S reflects the tofal mass of the spinor S. Equations
(57) and (66) then give J =3#% as the calculated spin
angular momentum of the spinor S (see paper II).
The relativistically spinning sphere also has
phenomenological significance with respect to
electromagnetic effects. If we place a localized
charge on the spinning sphere and allow it to move
freely, it will be forced to the equator of the
sphere by the action of the induced magnetic field.
An equatorial charge distribution moving at the
velocity ¢ gives rise to a magnetic moment

u =mR% =nR%(e/c)w/2m=3€R . (67)
Inserting (61) into (67) gives
w=ek/2mc (68)

as the calculated magnetic moment, which is the
correct magnetic moment for a Dirac particle.
Thus if we represent a 1 meson as a spherical
quantum with a rest mass of 70 MeV, a radius
given by its (spinning) Compton wavelength, ! and
containing a localized charge e that is free to
move, we obtain the mass, spin angular momen-
tum, and magnetic moment of the muon as directly
calculated quantities. Furthermore, the equatori-
al ring of charge on the spinning muon gives a con-
tribution to the mass which is of order ¢2/R

= (e?/fic)mc? = amc?, which is the same magnitude
as the observed first-order correction to the muon
magnetic moment. Of course, the equatorial ring
of charge also gives rise to an electric quadrupole
moment. However, it is shown in paper I that if
the standard quantum-mechanical spin and mag-
netic-moment projection factors are introduced
into the above calculations, the electric quadrupole
moment vanishes.!®

APPENDIX C: RULES FOR HADRON ROTATIONAL BANDS

Rules for hadron rotational bands are listed in
Table XII. In this section we discuss the manner
in which these rules were obtained. It should be
noted that experiments are just now arriving at
the point where individual resonances are being
analyzed in terms of a complete set of spin-space
amplitudes. The present rules do not include that
complexity of detail, and experiments may well
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show that some of the rules given here are either
incomplete or incorrect. The rules of Table XII
were deduced from the phenomenological require-
ment that they reproduce the observed spectrum
of experimental hadron resonances as given in
Tables I-VII (see Fig. 8 and Ref. 181).

Rule (1) in Table XII, the division of resonances
into narrow-width S-state bandheads and broad-
width rotational levels, is implicit in the phenom-
enology of the entire paper, and is illustrated by
Figs. 8 and 9, by the compilations in Tables XVII,
XX, and XXVIII, and by the p-meson results of
Sec. X.

Rule (2) of Table XII, the L(L +1) interval spac-
ings of the rotational bands, is obtained both from
the known systematics of nuclear physics (Ref. 7)
and from the present phenomenology [a classifica-
tion of baryon rotational bands in terms of J(J +1)
energy intervals does not seem to be possible].
L(L +1) rotational interval spacings, as given in
Eq. (22), constitute a very general result that
obtains whenever the specialized conditions that
are listed after Eq. 22 do not apply. Hadron rota-
tions, from their small moments of inertia, are
highly nonadiabatic, and thus strongly violate
these specialized conditions.

Rule (3) of Table XII, the rigid-body-estimates
for hadron moments of inertia, is illustrated in
Fig. 4 for the p meson and in Egs. (23) and (24)
for baryon resonances. The intent of this rule is
to show that the observed hadron rotational ener-
gies are reasonable. To treat in detail the ro-
tational motion of a quark cluster that includes
spinors whose equators are already moving at or
near the relativistic limit v =c¢ is a complex prob-
lem that is beyond the scope of the present first-
pass phenomenology.

Rule (4) of Table XII, the universality of hadron
moments of inertia as observed in mesons, kaons,
baryons, hyperons, and light nuclei, is a result
that follows theoretically from the use of a com-
mon set of geometric basis states for all of these
resonances and phenomenologically from the re-
sults shown in Figs. 9 through 12 and in Table
XXX,

Rule (5) of Table XII, the classification of rota-
tional bands according to isotopic spin, is in line
with the classification of experimental resonances
given in Tables I-VII.

Rule (6) of Table XII, the limitation on L values
imposed by the special-relativistic requirement
that the periphery of the rotating structure can
not exceed the velocity of light, is a result that is
clearly required both theoretically and phenomeno-
logically. The calculation of this effect shown
in Eq. (26) is intended only as an order-of-magni-
tude estimate for evaluating a situation that, in
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detail, is probably quite complex.

Rule (7) of Table XII, the spectroscopic notation
for hadron resonances, is required as soon as the
decomposition of the total angular momentum b
into T, and § components is made. The compilation
of hadron spectroscopic assignments given in
Table XIII will undoubtedly require some revision
as more detailed experimental data become avail-
able.

Rule (8) of Table XII, the mapping of baryon and
hyperon S states, was obtained from the system-
atics of Fig. 3.

Rule (9) of Table XII, the L_, L,, L_ ordering of
baryon resonances, is a phenomenological result
that emerged from the baryon and hyperon rota-
tional bands of Tables XV, XVI, XVIII, and XIX.

Rule (10) of Table XII, the mapping of meson
S states, was obtained experimentally from Figs.
1 and 6, and is accounted for phenomenologically
by the meson excitation systematics of Tables
XXII and XXIII.

Rule (11a) of Table XII, the (S=0, I=1) and
(§=1, I=0) spin and isotopic-spin rule for meson
S states, is taken from Eq. (21) in the text.

Rule (11b) of Table XII, the occurrence of S =0,
I=1 bandheads in rotational bands that contain all
successive L values, implies that these bandheads
have no symmetry contraints such as rotational
invariance!® that would eliminate every other L
value [ see rule (11c) in this regard].

Rule (11c) of Table XII states that the S=1, I=0
bandheads are observed only in the following spec-
troscopic states [ in the notation of rule (7)]: S,
3Poos Dg. This result is due to a combination of
several factors: (i) Special relativity precludes
J =L +1 meson rotational modes, since these
would result in the equators of the spinor S moving
faster than the velocity of light (if we work en-
tirely in the laboratory frame of reference, ve-
locities add vectorially). (ii) Production mecha-
nisms appear to rule against J =L - 1 rotational
modes, since these involve the creation of reso-
nances with angular momenta in one direction
and spins in the other direction. However, a
notable exception is the J =0 mode, where spins
and orbital angular momenta are logically created
in opposite directions as an “action-reaction”
type of process that does not require the necessity
of coupling to external angular momenta. (iii) In
nuclear physics, if a rotor has axial and inversion
symmetry, and if the projection of the angular
momentum on the axis of symmetry is zero, then
rotation invariance!® eliminates every other L
value. Although rotation invariance in nuclear
physics applies only to spinless rotors, the non-
adiabatic decoupling of spins and orbital angular
momenta in meson rotations (due to the small



moments of inertia) makes it plausible that rota-
tion invariance might apply to spin-1 meson band-
heads. This would affect the L =J rotational lev-
els, and it might explain why the *P,,°F,, ...
levels seem to be missing (from the point of view
of “rotation dynamics,” a spin-1 spinor-pair band-
head, which possesses 180° symmetry about the
bandhead spin axis, may be more symmetric than
a spin-0 spinor-pair bandhead). (iv) With the
bandhead masses considered in the present sec-
tion, the relativistic cutoff L,,, [rule (6)] is
L...=3. When we combine factors (i)-(iv), the
8S01s Py, and Dy, meson rotational levels emerge
as the only surviving /=0 rotational levels. The
8P, rotational level is of special interest, since it
seems to account for the broad I=0 nr e-type
resonances listed in Table L.

Rule (12) of Table XII, the G-parity rule that is
only weakly established from the results shown in
Table XXVI, can be made plausible by the follow-
ing argument: (a) G parities and ordinary (spatial)
parities are usually linked together theoretically.
(b) Meson bandheads can have positive or negative
“intrinsic” (spatial) parities. (¢) Since spatial
parities are tied in with spatial orientations, it
seems plausible that rotating bandheads, which
are not spatially oriented, will appear to have ef-
fectively positive intrinsic parities. (d) From (b)
and (c), meson rotational bands formed from
negative-parity bandheads will have rotational lev-
els whose “intrinsic” parities are opposite in sign
to the intrinsic parity of the (negative parity) band-
head. (e) From (a), the change in sign of the in-
trinsic parity in (d) causes a change in sign of the
corresponding G parity. The parity rule given in
(c) also leads to the prediction that Jf=1" and 2*
meson resonances are plentiful and J=1* and 2~
meson resonances are scarce, as is observed ex-
perimentally (see Ref. 157).

Rule (13) of Table XII, the lack of observed rota-
tional bands corresponding to the spinless 7, K,

1, and ' resonances, is a phenomenological ob-
servation. It can be explained by assuming that
(a) rotation invariance'® eliminates L=1,3,5,...
rotational levels, and (b) special relativity [ rule
(6)] eliminates L=2,3,4,... levels.

Rule (14) of Table XII, the nonobservance of 'S,,
configurations for odd-3 excitations, which ap-
pears to be phenomenologically correct, follows
from the fact that the quark state 3 =3Mis an
asymmetric structure (see Appendix A), so that
excitations which contain an odd number of 3’s
are also asymmetric, and these asymmetric
quark configurations cannot couple to symmetric
spin-zero S-wave initial or final states. Thus the
bandheads of the /=1 p meson and the =% K* me-
son, which are spin-zero configurations [ rule
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(11a)] that contain odd numbers of 3’s (Table
XXVIII), cannot be observed directly.

Rule (15) of Table XII, the relationship between
a spread in hadron rotational energies and a
corresponding spread in hadron orbital angular
momenta, is discussed in detail in Sec. X.

APPENDIX D: KN AND 7N SCATTERING AMPLITUDES

Since the baryon and hyperon partial-wave am-
plitudes, as determined in various phase-shift
analyses, still contain ambiguities, each worker
who attempts to fit these amplitudes to theory is
faced with a number of rather arbitrary decisions.
In order to ascertain how these decisions have
been reached in the present case, it is useful to
discuss the available experimental informat.on as
it applies directly to each individual partial-wave
amplitude. In the present section we discuss first
the hyperon partial wave amplitudes and then the
baryon partial-wave amplitudes.

1. Hyperon partial-wave amplitudes

For the purposes of this discussion we use, in
addition to the references in RPP73 (Ref. 25), the
following abbreviated references: Ch-LBL =Ref.
95, LW =Ref. 97, LOMM =Ref. 99.

Soi- The resonances at 1402 MeV and 1673 MeV
are well established. Three groups see evidence
for a third resonance—Kim 71 at 1780 MeV, LW
at 1830 MeV, and Bricman 70 at 1872 MeV. The
present systematics would place this state at
about 1820 MeV. In Table XIV, the resonance is
shown at 1827 MeV, the average position from
these three analyses. Ch-LBL do not confirm
this state, but LOMM see some evidence for it,

P,,. Kim 71 and LW both see two P, reso-
nances, one around 1750 MeV and one about 170
MeV lower. Several other groups have confirmed
the 1750-MeV resonance. The lower resonance
was predicted on the basis of the present system-
atics prior to the publication of the Kim 71 and
LW results (see Ref, 4, Table III).

Py;. Several groups observe a P, resonance at
about 1870 MeV. The Kim 71 location for this
resonance, 1710 MeV, seems anomalously low.

D,;. The very-narrow-width A(1518)Dy, I'16
resonance appears to be different in nature from
the well-established A(1688)D,, I'53 resonance.
From the present systematics, the A(1518) is a

=3 spinor excitation [ see Eq. (48)], and it forms
the bandhead for the dominant A rotational band
(Table XV). The A(1688) is the D state in this
same rotational band. Two analyses, Galtieri 70
and Brandstetter 72 in Ref. 25, suggest another
Dy, resonance at 1990 MeV, which fits naturally
into the present systematics.
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Dy,. The Dy, amplitude has a well-established
resonance at 1827 MeV, and there is some sug-
gestion (Lichtfield 71) of another resonance at
2110 MeV. This latter state is at too high an en-
ergy to classify accurately in the present system-
atics.

Fy. The F,, amplitude has a well-established
resonance at 1819 MeV. Some experiments suggest
a second resonance at 2110 MeV, which fits natu-
rally into the present rotational systematics as an
example of the L _, L, L_ rule of Table X.

Fy,. A resonance at about 2020 MeV is suggested
in two experiments. This resonance fits naturally
into the present systematics, and it follows the
L_,L,, L_rule of Table X.

Cy. The resonance at 2100 MeV is well estab-
lished.

Go. No evidence for resonant behavior.

H,. The resonance at 2350 MeV is well estab-
lished.

S1;. The 1756 MeV resonance is well established.

The 1620-MeV S,, state is clearly required by the
present systematics, and it was in fact predicted
(Ref. 4, Table III) some time before Kim 71 es-
tablished the quantum number L =0 for this state.
LW also confirm the Kim 71 S-state assignment.
A narrow production peak at 1620 MeV, which has
been seen by several groups, may also correspond
to this state. Blumenfeld 69, who see a narrow
production peak Z(1618) I'30 that corresponds to
the =(1620) ST40 resonance, also see a =(1682)
I'25 peak,''® which suggests another S,, state at
that energy. Vanhorn 72 furnishes a partial con-
firmation of this state by reporting a resonance
%(1697) ST66. LOMM found evidence for a higher
S,, resonance at somewhere around 1900 MeV,
which from the present viewpoint is logically as-
sociated with the rather well-established P,, reso-
nance observed at 1926 MeV. Vanhorn 72 reports
a =(2004) ST'66 resonance, which may or may not
be another manifestation of the LOMM 1900-MeV
S state.

P,,. It has been known for some time that two
T resonances appear at 1670 MeV.?® SU(6) clas-
sifiers tend to identify these as both being D,,
resonances, However, from the present system-
atics we require both a P state and a D state at
1670 MeV, and a prediction to this effect was made
some time ago (Ref. 4, Table III). Aguilar 70
found two experimental £(1670) peaks, both with
the widths we expect for rotational levels (I"'~100
MeV), and they showed that one peak was much
more peripheral than the other (which suggests
different L values for the two peaks). Kim 71
subsequently found both a (1670) P, resonance
and a Z(1670) D,, resonance, and Vanhorn 72 con-
firmed these as £(1668)P,, and £(1659)D,,, re-

sults that are in agreement with the results of
Aguilar 70 and with present expectations, and in
disagreement with the SU(6) expectations. The P,,
state at roughly 1550 MeV observed by Armenteros
70 fits naturally into the present systematics, and
we have included it as a resonance in Table VI,
However, this may just be another manifestation
of the £(1670) P,, resonance just discussed. But
LOMM see a low-energy P,, resonance which they
say agrees with Kim 71 (they constrained the mass
to stay about 1620 MeV), and Baillon ef al.'’” re-
port a P, resonance at 1600 MeV. A P,, reson-
ance at about 1926 MeV has been reported by a
number of groups.

P,,. The £(1385) P,,I'36 resonance, from its
narrow width, appears to be a J =3 spinor excita-
tion [see Eq. (48)]. LW see a P, resonance at
1840 MeV, which fits the present systematics, but
Vanhorn 72 reports a P, resonance at 1925 MeV.
A =(2080) P,, resonance, which is suggested by
two phase-shift analyses, is at too high an energy
to classify accurately in the present systematics.

D,,. In addition to the well-established reso-
nance at 1669 MeV, Ch-LBL suggest a resonance
at around 1750 MeV, which we might phenomeno-
logically relate to the dominant Z(1765) D, level.
Several groups see a higher D,, resonance—
LOMM at 1863 MeV, and several groups in RPP73
at about 1940 MeV. If we place this resonance at
about 1900 MeV, which fits the present rotational
systematics, it then matches two I'~55 MeV
cross-section peaks observed at 1905 MeV by
Bugg 68 and Bricman 70.

D,,. This amplitude has a single dominant reso-
nance at 1765 MeV.

F5. There is a dominant resonance at 1910
MeV plus a possible second resonance at 2070
MeV, which closely resembles the =(2030) F,,
resonance. Vanhorn 72 reports an F,; resonance
at 2250 MeV.

F,. There is a well-established resonance at
2030 MeV.

G,;. There is a well-established resonance at
2250 MeV, plus some evidence (Galtieri 70) for a
resonance at 2070 MeV. Both of these levels fit
naturally into the present rotational systematics.

G,,. No evidence for resonant behavior.

H. The quantum numbers of the well-established
(2455) resonance are not known, but it fits natu-
rally into the present systematics as an L=5 H
level. It has a width I'=120 MeV that indicates a
rotational excitation.

2. Baryon partial-wave amplitudes

For the purposes of this discussion we use, in
addition to the references in RPP73 (Ref. 25),
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the following abbreviated references: AYED =Ref.
78, AL =Ref. 80.

S,;. This amplitude resonates at about 1508 MeV,
1684 MeV, and 2184 MeV, with the measured
widths I'=55 MeV, 116 MeV, and 240 MeV, re-
spectively. There is no statistically significant
evidence for resonances at 1219 MeV or 1359 MeV
which are indicated by overlying rotational levels
(Table XVIII).

P,,. The present rotational systematics have
long indicated®® that the broad 1470-MeV Roper
resonance must actually be two resonances, with
the lower half of the resonance corresponding to
the well-established production peak seen at 1419
MeV.?® Some éarly 7N phase-shift analyses,
Bareyre 68 and Berkeley, showed a double inelas-
tic dip at the position of the Roper resonance,
which indicates two resonances, and the recent
AYED analysis now shows this splitting directly
in the P,, phase shift. Several experiments indi-
cate a low-energy P,, resonance at about 1300
MeV. The P,, amplitude resonates again some-
where above 1700 MeV, where it appears in the
AL and AYED analyses as part of the P, P,
criss-cross shown in Table XI.

P,,. The only resonance reported for this am-
plitude occurs as part of the P,,, P,, P-wave
criss-cross shown in Table XI.

D,,. The D,; amplitude resonates prominently at
1520 MeV, and there are indications for higher
resonances at about 1730 MeV and at 2075 MeV.
The two lower resonances fit naturally into the
present systematics, but the resonance at 2075
MeV is at too high an energy to be included ac-
curately in the classification scheme.

D,;. This amplitude has a dominant resonance
at 1672 MeV, with a higher resonance indicated at
about 2078 MeV. The higher resonance may cor-
respond phenomenologically to the high-energy
D,, resonance cited above.

F,;. This amplitude resonates prominently at
1687 MeV, with indications for a second resonance
at about 2088 MeV, in the same energy region as
an observed F,, resonance.

F;. This amplitude shows a resonance at 2024
MeV which fits naturally into the present system-
atics.

G,;. From the present systematics, we would

expect a G,, resonance to appear at about 1900
MeV (Table XVIII). However, the only observed
G,, resonance occurs at about 2200 MeV. In the
A and T resonances, the lowest G-wave reso-
nance appears at about 2100 MeV.

G,. A resonance at about 2130 MeV is re-
ported by AYED, who see G,, resonating at 2150
MeV in the same analysis.

H,. This amplitude has a prominent resonance
at 2241 MeV.

S;,.- This amplitude resonates clearly at an en-
ergy of about 1618 MeV, and there are very in-
direct indications™’ for a peak at ~1165 MeV,
corresponding to the overlying A(1233) rotational
level. There seems to be no indication of an ex-
pected S state at 1500 MeV (see Table XIX), al-
though we note that the width of the 1618-MeV
resonance, I' =147 MeV, is broader than we ex-
pect for an S state.

P,,. This resonance appears in the AL and
AYED analyses as part of the P;,, P,; P-wave
criss-cross shown in Table XI.

P,,. In addition to the dominant resonance at
1233 MeV, this amplitude appears as a part of the
P,,, P,, P-wave criss-cross shown in Table XI.
The present rotational systematics favors the
lower AL value over the higher AYED value for
the position of this resonance.

D,,. This amplitude resonates prominently at
1694 MeV.

D,,. There is some evidence for a resonance at
1824-1870 MeV. The present systematics favors
the low Mehtani®! value for the position of this
resonance. ]

Fi. This amplitude resonates prominently at
1877 MeV.

F3;. This amplitude resonates prominently at
1923 MeV.

Gs,. No evidence for resonant behavior.

Gae. A recent analysis, Von Schlippe 72 in
RPP73 (Ref. 25), suggests a G,, resonance at
2160 MeV. This resonance accurately completes
the A334 rotational band in Tables XIX and XX,
which is composed entirely of L, excitations (Ta-
ble X).

H.,. No evidence for resonant behavior.

Hy ;,. A dominant resonance appears at 2390
MeV.

*Work performed under the auspices of the U. S. Atomic
Energy Commission.

M. H. Mac Gregor, UCRL Report No. UCRL 71842
(unpublished), Part I; Bull. Am. Phys. Soc. 14, 1178
(1969).

2In addition to the published references 3—25 listed

below, some of this work has been documented in the
following unpublished Lawrence Livermore Laboratory
UCRL reports by M. H. Mac Gregor: (a) UCRL Report
No. UCRL 71842, revised, 1969 (unpublished), Part II
(the first identification of baryon and hyperon rotational
bands, and the prediction of a split Roper resonance);
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see Bull. Am. Phys. Soc. 14, 1206 (1969). (b) Report
No. UCRL 72128, 1969 (unpublished) (the equations for
a relativistically spinning sphere, and the identifica-
tion of the muon mass with the spinless mass quantum
M =70 MeV). (c) Report No. UCRL 72187, 1969 (un-
published). (d) Report No. UCRL 72495, 1970 (unpub-
lished) (prediction of the resonance subsequently re-
ported in Ref. 39, and its relationship to the A, dip).
(e) Report No. UCRL 72736, 1970 (unpublished). (f) Re-
port No. UCRL 73193, 1971 (unpublished). (g) Report
No. UCRL 73583, 1971 (unpublished).

M. H. Mac Gregor, Nuovo Cimento Lett. 4, 211 (1970).
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12M. H. Mac Gregor, Nuovo Cimento Lett. 5 135 (1972).

13M. H. Mac Gregor, in invited papers, Coral Gables
Conference on Fundamental Interactions at High
energy, 1971. )

M. H. Mac Gregor, Nuovo Cimento 8A, 235 (1972).

15M. H. Mac Gregor, Particles and Nuclei 1, 473 (1971).

18M. H. Mac Gregor, Particles and Nuclei 2, 358 (1971).
1M. H. Mac Gregor, Particles and Nuclei 3, 173 (1972).
18M. H. Mac Gregor, Particles and Nuclei 5, 69 (1973).
19\, H. Mac Gregor, to be published in Nuovo Cimento.
20M. H. Mac Gregor, Nuovo Cimento 184, 169 (1973).
%M. H. Mac Gregor, report (unpublished).

22M, H. Mac Gregor, essay submitted to the competition

of the Gravity Research Foundation (unpublished).

23M. H. Mac Gregor, UCRL Report No. UCRL 73328,
1971 (unpublished); the present paper and Ref. 24 con-
stitute a revised version of this paper.

24M. H. Mac Gregor, UCRL Report No. UCRL 73328 (un-
published), revision III.

25@ : Particle Data Group, Rev. Mod. Phys. 45, S1
(1973).

2672. Particle Data Group, Phys. Lett. 39B, 1 (1972).

2T71: Particle Data Group, Rev. Mod. Phys. 43, S1
(1971).

28The ¢ (1019) is the ¢ meson as measured in its KK
decay mode. From its low @ value and spin of 1,
kinematic final-state restrictions will shift the mass of
the ¢ upwards by 3I" and lower its natural width (see
M. H. Mac Gregor, Ref. 14, end of Note Added in
Proof).

23The ¢ — 7" 7~ resonance parameters are from
M. Aguilar-Benitez et al., Phys. Rev. D 6, 29 (1971),
which indicate a width I ~ 20 MeV. The 47 — 1w decay-
mode resonance parameters roughly match the H
— n* 7~ 1% enhancement reported in Ref. 1, which also
appears to be a spin-1 resonance [see G. Goldhaber,
in Proceedings of the Thirteenth International Confer-
ence on High Energy Physics, Berkeley, 1966 (Univ.
of California Press, Berkeley, 1967), for the spin
value of the H].

30This narrow S*—K K¢ enhancement is from J. Duboc
et al., Nucl. Phys. B46, 429 (1972).

$See the detailed compilation of experimental data listed
in RFP 73, Ref. 25.

82D, J. Crennell et al., Phys. Rev. Lett. 22, 1327 (1969).

3D. L. Cheshire et al., Phys. Rev. Lett. 28, 520 (1972),
confirmed by L. Holloway et al., in Experimental
Meson Spectroscopy—1972, edited by Kwan-Wu Lai
and Arthur H. Rosenfeld (Ref. 48), p. 133. There are
suggestions that this resonance has a 777 decay mode
and thus matches the nearby resonance of Ref. 34.

34This is an average of two peaks observed by W. W. M.
Allison et al., Phys. Lett. 25B, 618 (1967).

%R. W. Jacobel et al. , Phys. Rev. Lett. 29, 671 (1972),
who note its simllarlty to the X~(1153) I'16 peak.

36This is a CERNMMS™ peak that can be observed on
p. S88 of RPP71 (Ref. 27). The quoted mass and width
were obtained by fitting a Gaussian curve to the CERN
data. This peak, unlike the nearby X~ (1079) peak,
which is also seen in the CERN data on p. S88, shows
up clearly in various CERN preliminary reports, and
it appears to be confirmed by the M(1148) I'15 peak
reported by Jacobel et al., in Ref. 35.

37A new A ; measurement by R. Morse et al. [Nucl.
Phys. B43, 77 (1972)] was averaged with the unweighted
average of four older measurements by Cason 67,
Ascoli 68, Donald 68, and Junkmann 68, which are
listed in RPP73 (Ref. 25).

%1,. Gray et al., Phys. Rev. Lett. 26, 1491 (1971). The
existence of this state was predicted on experimental
grounds by W. Chinowsky and G. Kojoian [Nuovo Cimen-
to 43A, 684 (1966); see page 697]. Although the Syra-
cuse experiment of Gray et al. has not yet been other-
wise confirmed, no experimental reasons have sub-
sequently appeared for questioning the correctness of
the Syracuse result (T. Kalogeropoulos, private com-
munication). See T. Kalogeropoulos, CERN Report
No. CERN 72-10, 1972 (unpublished), p. 319; also,
invited talk presented at the seminar on Interactions of
High Energy Particles with Nuclei and New Nuclearlike
Systems, Moscow, ITEP, 1973 (unpublished).

3This resonance was first reported by L. J. Gutay et al.
[Nucl. Phys. B27, 486 (1971)], as a dip in the /=0 7w
S-wave amplitude, centered at about 658 MeV (see
M. H. Mac Gregor, Ref. 14, Fig. 8). This dip also
appears in the isotropic component of the 77 amplitude,
which suggests that it arises from the interference of
a spin-1 resonance. This resonance also appears as
a small peak in the 7*p — 7" 1"A** peasurement of
M. Alston-Garnjost et al., Phys. Lett. 36B, 152 (1971),
Fig. 1(c) (see Fig. 15 in this paper). A statistical
analysis of the data for this peak (which were kindly
supplied to the author by S. D. Protopopescu) was
carried out by J. I. Karush and N. Smiriga, NMS
Technical Memorandum No. 73-2 (unpublished), and
it indicated that the peak is centered at about 665 MeV
and with a statistical significance (optimistically) of
four standard deviations. It should be noted that direct
nN— 7N experiments show no trace of a peak near
660 MeV. But a recent yp — 7" 717p experiment of
J. Ballam ef al. [Phys. Rev. D 7, 3150 (1973), Figs.
2(a) and 2(b)] possibly shows weak indications of a
660—680 MeV enhancement for small momentum
transfers. However, a lower-energy experiment by
this same group [Phys. Rev. D 5, 545 (1972), Fig. 10],
with poorer statistics, does not reveal this enhance-
ment. Theoretically, in the present paper we attribute
this 660-MeV anomaly to a pair of 330-MeV spinors
(see Sec. X), just as we attribute the 1310-MeV A 2
anomaly to a quartet of 330-MeV spinors, and the two



anomalies from an experimental point of view are
equally elusive (see Ref. 40).
“"Many recent experiments do not show an 4, dip (see the

summary by R. Diebold in Ref. 41). However, a reanal-

ysis of the original CERN data (Ref. 25) by W. Kienzle,

report (unpublished), indicates that these data still show

a significant dip. Three recent 7*p experiments all
show some structure at about 1310 MeV: I. J. Blood-
worth et al., Nucl. Phys. B37, 203 (1972); K. W. J.
Barnham et al., Phys. Rev. Lett. 26, 1494 (1971);
BDNPT Collaboration, Nucl. Phys. B16, 221 (1969).
Bloodworth ef al. comment as follows: “The appear-
ance of some structure in this and in two other experi-
ments (Barnham et al. and BDNPT) could clearly be due
to statistical fluctuations, although it seems surprising
that the effect occurs in the same few bins.” These
bins are the same bins in which the Kienzle analysis

shows a dip. Also, one experiment, D. J. Crennell et al.,

Phys. Rev. Lett. 20, 1318 (1968), shows a narrow K gKg
peak, KgK 5(1311) I'21, at this same location. In the
Crennell experiment, the angular distribution of the
K K¢ spectrum changed abruptly at 1311 MeV from an
isotropic distribution to a fore-and-aft distribution.
4NAL 72: Proceedings of the XVI International Confer-
ence on High Energy Physics, Chicago-Batavia, Ill.,
1972, edited by J. D. Jackson and A. Roberts (NAL,
Batavia, IIl., 1973), Vols. 1-4.

“The pp(1925) I'8 peak reported by Cline 70 in RPP71
(Ref. 27) and the p=(1795) I'8 peak of Ref. 38 appear in
the present work to be phenomenologically related
resonances. The Cline 70 peak was critically chal-
lenged by R. Bizzarri et al., Phys. Rev. D 6, 160
(1972), and it did not appear in RPP72 and RPP73
(Refs. 26 and 25) due to a rebinning of the data into
wider bins. However, a recent experiment of A. S.
Carroll et al .[Phys. Rev. Lett. 32, 247 (1974)] has con-
firmed unambiguously the existence of this peak; these
workers obtained a p5 (1932+2)I'(9+4) total cross sec-
tion that was also seen in the pd channel, indicating
isotopic spin J=1.

“3The S(1930), which is listed as an A-rated resonance
in RPP72 (Ref. 26), appears here with 2 D rating in
Table I because of its lack of spin information and be-
cause some recent experiments have failed to observe
it. However, it fits naturally into the systematics of
the present paper as related to the pp (1925) peak of
Ref. 42, and it seems to be confirmed by the recent
measurement of Carroll etal . cited in Ref. 42.

“The present theoretical systematics indicate that a
w7 peak might be expected to appear at about 870 MeV.
Some 7*p — A**1*1* experiments show a very slight
peaking here [see G. Goldhaber et al., Phys. Rev. Lett.
23, 1351 (1969), Fig. 2(a); M. Alston-Garnjost et al.,
Phys. Lett. 36B, 152 (1971), Fig. 1(c)l. Also, a pp
— 47 annihilation experiment of R. A, Donald et al.
[Nucl. Phys. B11, 551 (1969), Figs. 18 and 19] shows
a four-standard-deviation spike, in the I =0 channel
only, in opposition to the p meson (which suggests a
spin-1 resonance). However, without theoretical
guidance these small experimental effects would not
be of much significance, and we assign an E rating for
this resonance.

“5This is a peak that can be observed in the CERN MMS~
spectrum on p. S88 of RPP71 (Ref. 27), although it
does not show up clearly in earlier CERN reports.
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The parameters quoted here were obtained by fitting

a Gaussian curve to the peak. A. R. Dzierba et al.
[Phys. Rev. D 2, 2544 (1970)] also show some evidence
for a narrow peak here, and H. W. Atherton et al.
(Ref. 46) report a m* 1™ ot , J¥ =1* peak M(1076) I'36.

46H. W. Atherton et al. Phys Lett. 43B, 249 (1973).

47A. Skuja et al. Phys Rev. Lett. 31, 653 (1973), ob-
tained a J=0 7'r peak with mass and width approxi-
mately as quoted here. As other evidence for the €,
we note that a plot of the isotropic component of the
nm amplitude (Ref. 48, p. 17, Fig. 8) shows a curve
that roughly parallels the shape of the p. Also, studies
by P. J. Davis et al. [Phys. Rev. D 5, 2688 (1972)]
suggest that the differences observed in K* 7~ and
K "7~ 70 decay distributions can be explained in terms
of p(770) and €(~ 700) enhancements. Similarly,

F. Ceradini et al., Phys. Lett. 43B, 341 (1973), discuss
evidence for the decay mode p’(1600)— p(760)I'120
+€(800)I'300. In analogy to the (I ,J)=(1,1), (0,0) pair
p(770), €(800) in Table I, we also note the similar pairs
5 (975), $*(980), Ay(1115), €'(1096) and B(1235),

€” (1250).

BExperimental Meson Spectroscopy—1972, proceedings
of the third international conference on experimental
meson spectroscopy, Philadelphia, 1972, edited by
Kwan-Wu Lai and Arthur H. Rosenfeld (A.I.P., New
York, 1972).

“The my (975) is well defined in the experiments of
Abolins 70, Barnes 69, Miller 69, and Ammar 70
(Ref. 25) as a broad I"' =60 MeV resonance. The
measurements of Abolins 70 and Barnes 69 give no
spin information. Miller 69 state that the my(975) is
produced peripherally, but decays isotropically (75%
confidence level). However, Ammar 70 subsequently
find both peripheral production and an anisotropic
decay (90% confidence level), which rules out the
tentative RPP73 assignment J® =0*. From the present
systematics, the broad width indicates a spin-1 or
possibly spin-2 resonance. A. R. Dzierba et al., Phys.
Rev. D 2, 2544 (1970), show [Fig. 4(a)] the decay mode
Ty(975)—DEF m. From the present systematics, the
DEF is a spin-1 resonance. For a further comment on
the my(975) resonance, see Ref. 68. A recent experi-
ment [G. R. Kalbfleisch et al., BNL Report No. 18189,
1973 (unpublished)] gives additional evidence for a
broad peak at 976 MeV.

50The S*(980) I' ~ 50 mass and width are taken from the
7970 peak shown in Fig. 1(c) of D. M. Binnie ef al.,
Phys. Rev. Lett. 31, 1534 (1973). Also see D. Hyams
et al., Nucl. Phys. B64, 134 (1973). For a distinction
between the S*(980) and €’ (1096) resonances of Table I,
see Ref. 53. Note the pairs p(770), €(800) and my(975),
$*(980) which are J=I =1 and J =1 =0 pairings [for
the spin of the my(975), see Ref. 49].

51The values quoted here are from the ‘“nondiffractive”
measurement of E. W. Anderson et al., Phys. Rev.
Lett. 22, 1390 (1969).

52We quote the values from RPP71 (Ref. 27) to show the
similarity between the A; data and some of the S* data.

530f the six experiments listed in RPP73 (Ref. 25) under
My (1080), two are pp experiments, Clayton 70 and
Diaz 70. Unlike the mp experiments, which show
D-wave mm enhancements, these experiments indicate
an S-wave 7w enhancement, which we denote as
€’(1096)I'80. P. B. Johnson et al., Phys. Rev. 17e,
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1651 (1968), also report weak experimental evidence
for S*(1070) — wm.

54J. T. Carroll et al., Phys. Rev. Lett. 28, 318 (1972);
C. W. Whitehead et al., Nucl. Phys. B48, 365 (1972).

%5Note that C. W. Whitehead et al. (Ref. 54), with two
different kinematic constraints, find two different mass
values for the f meson, f(1262+3) and f(1291+ 7).

The situation is reminiscent of mass shifts observed,
for example, in the A; meson.

%N. Armenise et al. [Nuovo Cimento Lett. 4, 201 (1972))
and B. M. Salzberg et al. [Nucl. Phys. B41, 397 (1972)]
both establish direct 37 decays for this spin-2 reso-
nance.

5TUnweighted average of five experiments in RPP73
(Ref. 25).

58This is a weighted average of Miller 68, Whitehead 68,

Oh 69, and Reynolds 70 in RPP73 (see Refs. 25 and 53),
with the width taken from Oh 69 and Reynolds 70. The
spin of 2 seems well established: Miller 68 conclude
! =2; Whitehead 68 concludes ! >0; Oh consider several
possibilities, but favor a D-state resonance super-
imposed on a P-wave background, and they cite several
reasons for this choice. C. W. Whitehead et al.
(Ref. 54) report another observation of this enhance-
ment. The large D-wave phase shift observed above
1 GeV by S. D. Protopopescu et al., Phys. Rev. D 7,
1279 (1973), is indirect evidence for the existence of
the 7y (see Sec. X of the present paper).

59The DEF is a broad missing-mass-peak at about 450
MeV noted by J. Baniags et al., Nucl. Phys. B28, 509
(1971), and by R. Thun et al., Phys. Rev. Lett. 28,
1215 (1972). N. Cason et al. [Phys. Rev. D 1, 851
(1970), Fig. 36 and the discussion on p. 858], found a
statistically significant peaking in the I =0 7w ampli-
tude at about 400 MeV, which was enhanced when
placed in opposition to the p; this suggests spin 1 for
the DEF. A. Dzierba et al., Phys. Rev. D 2, 2544
(1970), observed the decay my(975)—~ DEFw. J. Baniags
et al., Phys. Lett. 43B, 535 (1973), give, in their last
paragraph, additional evidence for the DEF enhance-
ment. Also see J. Baniags ef al. (unpublished).

80The p%? decay mode possibly suggests spin J =2.

8lThe /0 (1490) is a m*p experiment which appears in
RPP173 (Ref. 25) grouped together with pp (1540) res-
onances. The CERN MMS~ 77p experiment, Ref. 27,
p. S88, also shows some evidence for peaking at about
1490 MeV.

82W. C. Harrison et al., Phys. Rev. Lett. 28, 775 (1972);
B. M. Salzberg et al., Nucl. Phys. B41, 397 (1972).
Also see 71/p(1830) and w /7 (1830) in' RPPT3 (Ref. 25).

63Weak indications for a mm enhancement at about 520
MeV can be noted in N. P. Samios et al., Phys. Rev.
Lett. 9, 139 (1962) (although these data were taken
long a—go, they are still believed to be correct—N. P.
Samios, private communication); G. Goldhaber et al .,
Phys. Rev. Lett. 23, 1351 (1969) [the existence of this
peaking was poin@i out to the author by G. Goldhaber—
see Fig. 2(a)]l; S. D. Protopopescu et al., Phys. Rev.

D 7, 1279 (1973), Fig. 18 (0.03<|t'|<0.1 GeV?). Also,
ABBHHM Collaboration, Phys. Rev. 175, 1669 (1968);
Fig. 4, with E .+ -=Ecy—E,, shows a peak centered
at about 525 MeV. The photoproduction suggests a
spin-1 resonance.

64Several analyses indicate that the ABC may be a
threshold effect rather than a resonance. Recent ex-

perimental results are given in J. Baniags et al., Phys.
Lett. B43, 535 (1973), and in the last paper in Ref. 59.

%The values quoted for the M are from M. Aguilar-

Benitez et al., Phys. Rev. D 6, 29 (1972). Arguments
summarized in Table XIV of that paper appear to
clearly separate the M from the 7. JP =0~ is favored
by the Dalitz plot.

%The 6°(963) is from D. L. Cheshire et al. (Ref. 48,

p- 124), with the mass, which was measured relative
to that of the 7', adjusted here to match the value used
in the present paper for the 17. Cheshire measured
6%—7' =5.4+1.4 MeV. A similar peak was observed by
L. Holloway et al. (Ref. 48, p. 133), who reported its
mass as 968 MeV. Also see D. L. Cheshire et al .,
Phys. Rev. Lett. 28, 520 (1972).

In Phys. Rev. Lett. 28, 520 (1972), D. L. Cheshire

et al . measured the peak 6°(963.5+ 1.7) cited in Ref. 66.
In Phys. Rev. Lett. 29, 1477 (1972), this same group
reported a peak M%(1033.6+ 2.3) (which is adjusted to
match the present value used for the 77 mass). Thus
the M9-§° mass difference from these two experi-
ments is 70.1 MeV, where the 7' was used as a refer-
ence mass in both cases. This can be taken as indirect
evidence for the existence of the fundamental mass
quantum M=70 MeV (see Ref. 24); however, if this is
correct, we would expect the resonance to have a much
narrower width than reported here.

®The 6~(962) has been observed directly only in the

CERN missing-mass experiment of W. Kienzle et al.,
Phys. Lett. 19, 438 (1965). However, indirect confir-
mation of this resonance is supplied by the observation
of the 6 (966) by J. Oostens et al., Phys. Lett. 22,

708 (1966), and also in recent measurements of

C. Defoix et al., Nucl. Phys. B44, 125 (1972), and of
H. W. Atherton et al., Ref. 46. Defoix and coworkers
confirmed the decay modes D%—6*n* — n7* 1~ and
E%—§*7* —nr*1~. They obtained the masses and
widths D%(1292+ 10)I'28+ 5 and 6*(972+10)'30+ 5.
Since Boesebeck 71 in Ref. 25 obtained the values
D"(1283)I'10, we see that Defoix et al. are about 10
MeV higher than Boesebeck 71 for the D mass and

10 MeV higher than CERN for the 6* mass. Thus,
their value for the mass of the 6* is probably consistent
with that of CERN and Oostens. The widths that
Defoix et al. measured for the D% and 6 are consistent
with their experimental resolution, and have not been
corrected for resolution effects. Hence Defoix et al.
find that both the D and 6* resonances have widths

I' <<30 MeV. Thus, Defoix et al. are in agreement
with Boesebeck 71 fe the D width and with CERN

and Oostens for the 6 width. It is important to note
that Defoix ef al. are not observing the broad my(975)
resonance (Ref. 49), which has a width I' =60 MeV.
There is a tendency for SU(3) classifiers to lump the
narrow 6~(962)I" <5 and the broad my(975)I'60 together
(e.g., see Ref. 25; also see the review by R. Diebold
in Ref. 41). Other than the difference in widths, the
Ty (975) belongs to the natural parity series 0%, 17,
2%,..., whereas Atherton et al. (Ref. 46) have now
demonstrated that the 67(962) has J¥ =0~. As a recent
negative result on the 67(962), G. R. Kalbfleisch et al.
(see Ref. 49) see no narrow structure in the X~
spectrum from 900 to 1020 MeV; they also point out
that the experimental result of Oostens is in dis-
agreement with the measurement of Abolins 70 in Ref. 49.
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®The designations 3-0, 3-1, and 3-2 refer to resonance
type No. 3 with 0, 1, and 2 binding-energy defects of
5 MeV, as discussed in Ref. 24. The superscripts
denote charge states, and a charged quantum is ex-
pected to be 4.6 MeV more massive than a neutral
quantum (Ref. 24). The 3-20+ state denotes a 6°(963)-
type resonance with an additional 70-MeV mass quantum
added.

RPP73 (Ref. 25) lists an S-wave resonance somewhere
in this region. The values quoted here are from D. J.
Crennell et al., Phys. Rev. Lett. 22, 487 (1969). See
the following discussions of this resonance region:
RPP70, Phys. Lett. 33B, 1(1970); D. A. Lissauer, UCRL
Report No. UCRL-20644, thesis, 1971 (unpublished),
p. 32; RPP73, p. S100.

"The narrow width of the K(1175) is its primary denti-
fication feature with respect to the spin of the res-
onance (see Wangler 64 and Miller 65 in Ref. 25).

™A narrow K peak at 1250 MeV has been noted by
D. A. Lissauer, Ref. 70, p. 32, consistent with J° =0*
or 17. Also see'W. O. Dodd et al., Phys. Rev. 17,
1991 (1969). However, R. Diebold, ANL Report No.
ANL/HEP 7254, Ref. 41, Vol. I, p. 3, summarizes con-
contrary evidence. The values quoted here are from a
Knm peak observed by P. J. Davis et al., Phys. Rev.

D 5, 2688 (1972), p. 2707, and by J. Davidson et al.,
Phys. Rev. D 9, 77 (1974).

®W. Frati etal., Phys. Rev. D 6, 2361 (1972), suggest
identifying this narrow peak with the J° =0* resonance
K y(1370)I' <150 observed by A. Firestone et al., Phys.
Rev. Lett. 26, 1460 (1971). Also see H. Yuta et al.,
Nucl. Phys. B52, 70 (1973), and see the discussion on
page S100 of RPP73 (Ref. 25).

™The « (725) values quoted here are from the review of
A. R. Erwin et al., Nucl. Phys. B9, 364 (1969). Al-
though no recent experiments have shown this reso-
nance, the earlier experiments which did show a peak
do not appear to have been directly repeated.

The relatively broad width and the decay into K *
suggest a spin-1 resonance.

"8A. F. Garfinkel et al., Phys. Rev. Lett. 26, 1505 (1971);
also see D. J. Crennell et al., Phys. Rev. D 6, 1220
(1972).

"An average of K. J. Anderson et al., Phys. Rev. D 6,
1823 (1972), and P. J. Davis et al., Phys. Rev. D 5?
2688 (1972). -

BR. Ayed, P. Bareyre, and Y. Lemoine, unpublished
paper presented at NAL 72 (Ref. 41).

AYED (Ref. 78) report N(1427)P,;I'236. Twelve pro-
duction experiments in Ref. 25—Anderson 66, Blair 66,
Foley 67, Almeida 67, Bell 68, Lamsa 68, Shapira 68,
Tan 68, Rhode 69, Anderson 70, Ballam 71, and
Rushbrook 71—give an average value N(1419)P,;T'148,
in reasonable agreement with AYED. The average
value from the production experiments is used in
Table III.

80S. Almehed and C. Lovelace, Nucl. Phys. B40, 157
(1972). —

®1This is an average of Davies 70 in Ref. 25 (which has
the narrow width expected for this resonance), AL
(Ref. 80), and AYED (Ref. 78).

824, Barbaro-Galtieri, LBL Report No. LBL-1366, 1972,
a review presented at NAL 72 (Ref. 41), Vol. I, p. 159).

%This is an average of Orito 69, Schorsch 70, and
Wagner 71 in Ref. 25, AL (Ref. 80), and AYED (Ref.

78). See Ref. 84 for a slightly higher average value—
1706 MeV.

84R. M. Edelstein et al., Phys. Rev. D 5, 1073 (1972). -

AL (Ref. 80) and AYED (Ref. 78) disagree on the posi-
tion of this resonance. Herndon et al. (see Ref. 86)
agrees with the intermediate value quoted here. This
appears to be a P-wave criss-cross ambiguity (see
Table XI). )

8D. J. Herndon'et al., Report No. LBL-1065, 1972,
paper presented at NAL 72 (Ref. 41) (unpublished).

87An average of Anderson 70 and Hull 70 in Ref. 25,

AL (Ref. 80), and AYED (Ref. 78).

88AL (Ref. 80) and AYED (Ref. 78) disagree by 174 MeV
on the location of this resonance.

8An I =] resonance at about 1300 MeV has been reported
by T. W. Morris et al., in High Energy Physics, pro-
ceedings of the Fifteenth International Conference on
High Energy Physics, Kiev, 1970, edited by V. Shelest
(Naukova Dumka, Kiev, U.S.S.R., 1972); K. Boesebeck
et al., Nucl. Phys. B40, 39 (1972); V. Kistiakowsky
et al., Bull. Am. Phys. Soc. 18, 536 (1973); E. Colton
and Z. Ma, Nuovo Cimento 11A, 590 (1972); H. Braun
et al., Phys. Rev. D 8, 2765 (1973); and D. Lissauer
etal., ibid. 6, 1852 (1972), who identify it as a Py,
resonance.

9The existence of a split Roper resonance, which now
appears in the AYED (Ref. 78) analysis, was predicted
several years ago [M. H. Mac Gregor, Ref. 2(a);
also Ref. 14, p. 274] on the basis of the systematics in
the present paper, and also from the double inelastic
dip observed in the analyses of Bareyre 68 (Ref. 25)
and others.

%1U. Mehtani et al., Report No. UCR 34 P107 B-146
(unpublished), presented at NAL 72 (see Ref. 41).

%The width is the average of four unbracketed values
in RPP73 (Ref. 25).

%The width is the average of four values in RPP 73
(Ref. 25).

%Unweighted average of Armenteros 68, Bailey 69,
Armenteros 70 (low value), Galtieri 70, and Kim 71
(high value) in Ref. 25, and Ch-LBL (Ref. 95).

%Chicago-LBL Collaboration, paper presented at NAL
72 (Ref. 41) (unpublished).

%Unweighted average of Kim 71, Bricman 70, and
Langbein 72 in RPP 73 (Ref. 25).

Y"W. Langbein and F. Wagner, Nucl. Phys. B47, 477
(1972).

BUnweighted average of Bricman 70, Conforto 71, and
Langbein 72 in RPP 73 (Ref. 25), Ch-LBL (Ref. 95),
and LOMM (Ref. 99).

9A. T. Lea, G. C. Oades, B. R. Martin, and R. G. Moor-
house, unpublished paper presented at NAL 72 (Ref. 41).

10Average of two values in RPP 73 (Ref. 25).

10Myalues from Kim 71 in RPP 73 (Ref. 25); also see
Ref. 97.

12yalues from Berthoni 71 in RPP 73 (Ref. 25); from
the present systematics, we require the F; assign-
ment.

1%[ndirect evidence for the existence of this resonance
is given in M. H. Mac Gregor, Nuovo Cimento Lett.
1, 437 (1971); see B. A. Shahbazian and A. A. Timo-
nina, Nucl. Phys. B53, 19 (1973). The author is not
convinced that this is a “dead” resonance [see RPP 73

(Ref. 25)], even though it does not appear in most pro-
duction channels (see Ref. 125).
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1Mch-LBL (Ref. 95) also see a D;; resonance at about
this same energy (1750 MeV).

106values are as quoted in RPP 72 (Ref. 26).

1%6The width is the average of ten measurements in
RPP 73 (Ref. 25).

107The width is the average of three unbracketed values
in RPP 73 (Ref. 25), and the quantum numbers are
from Bricman 71. Vanhorn 72 claims an Fy; reso-
nance also at this energy, and Lasinski 71 suggests
two resonances here. The present systematics re-
quire a G, resonance.

18The H assignment fits the present systematics.

109This is the approximate average of five values in
RPP 73 (Ref. 25) plus LOMM (Ref. 99).and Ch-LBL
(Ref. 95). While this average value for the position of
the peak has considerable uncertainty, it matches
cross section peaks seen by Bugg 68, Bricman 70,
and Cool 70 in Ref. 25. The very broad width reported
for this resonance (I' ~200 MeV) is another indication
of an uncertainty in the position of the peak.

110yalues from KIM 71 in RPP 73 (Ref. 25); these values
correspond closely to the Z (1619) I'41 production peak
reported in RPP 73.

{1 The values quoted here are an average of Kim 71 and
Vanhorn 72 in RPP 73 (Ref. 25), who both find a P and
a D Z resonance at 1670 MeV, in agreement with
present expectations. This state is also confirmed by
E. L. Hart et al., Bull. Am. Phys. Soc. 18, 536 (1973).
The Vanhorn 72 Z(1659)D,; and Z (1668)P; resonances
closely match two Z (1670) peaks seen by Aguilar 70,

of which one was much more peripheral than the other.

2Average of two values measured by Pan 70 in RPP 73
(Ref. 25).

113The = (1682) I'25 peak reported by Blumenthal 69 has
the narrow width which is indicative of an S-state
resonance, a result that may be confirmed by the
Vanhorn 72 observation of a Z(1697) SI'66 phase-shift
resonance. Since Blumenthal et al. were studying
K] +proton, it.is interesting to note that =* + K add
up to 1687 MeV, or just the mass of this resonance,
so that this peak appears as a Z* +K_ bound state.

H4This resonance is quoted as observed by LW (Ref. 97),
but Vanhorn 72 in RPP 73 (Ref. 25) sees it at 1925
MeV.

U5prom the present systematics and the existence of the
well-established P -state Z(1926), we conclude that
there must be an underlying S-state resonance some-
where just below 1900 MeV. LOMM 99 present evi-
dence for such a resonance. However, since another
P gtate appears at an even higher energy, Z(2080),
there must be another S state above 1900 MeV. Van-
horn 72 shows an S state at 2004 MeV. We quote an
S-state energy of 1900 MeV here with the understand-
ing that it represents a manifestation of one or more
S-state resonances which appear in this poorly
resolved high-energy region.

116Note the similarity between the Z (2030) F';,I'148 and
Z(2070) F,;I'140 levels.

H7Armenteros 70 suggest this peak, as do the present
results. However, it may be another manifestation of
the Z (1670) P,; peak reported by Kim 71 and Vanhorn
72 (see Ref. 111). P. Baillon et al. [CERN Report No.
CERN/D. Ph. II/PHYS 73-38 (unpublished)] report a
Z(1600)P,; I'68 resonance.

U8M. Bott-Bodenhausen et al., Phys. Lett. 40B, 693 (1972).

1133, D. Drell and K. Johnson, Phys. Rev. D 6, 3248
(1973).

120por a recent discussion of the ideas with respect to
light quarks, see L. W. Jones, Phys. Today, May
(1973), p. 30.

121M. Gell-Mann, Phys. Lett. 8, 214 (1964); G. Zweig,
CERN Reports Nos. TH 401 and TH 412, 1964 (unpub-
lished).

12p, Fermi and C. N. Yang, Phys. Rev. 76, 1739 (1949).

1231t should be mentioned that Y. Nambu [Progr. Theor.
Phys. 7, 595 (1952)] long ago pointed out the usefulness
of the mass quantum M=70 MeV. However, without
the special-relativistic equations relating M and S, and
without a theory for binding energies in the A hyperon,
the universality of the quantum M is not experimental-
ly apparent, and this line of approach was not followed

up.

1245ee Ref. 14, page 255.

125The crucial test as to whether or not a reso ance
actually exists is one of reproducibility. If an experi-
ment is repeated exactly and an observed peak does
not appear in the second experiment, the observed
peak in the first experiment may have been a statisti-
cal fluctuation. However, if a somewhat different
experiment is performed and an expected peak is not
seen, this may be merely an indication that the con-
ditions for the formation of the peak do in fact depend
on the experimental factors that were changed. It
seems to be experimentally true that many hadron
resonances depend quite sensitively on conditions such
as momentum transfer. It is also an empirical fact
that few high-energy physics experiments are repeated
exactly.

1285¢e Ref. A22 in Ref. 13.

12%There is a simple theoretical reason for expecting to
find a narrow dip in the A, meson at 1310 MeV. If a
spin-} quark has a mass of 330 MeV, and if these
quarks appear pairwise in meson resonances with very
small binding energies (Sec. V), then a pair of quarks
(F =1*) will produce an effect at 660 MeV (see Fig.
19), and a quartet of quarks ¢F =2*) will produce an
effect at about 1310 MeV. Experimertally, it should
be noted that those experiments which do zot see a
split A, meson also do zot see the nearby narrow
resonance X~ (1153), which has some independent ex-
perimental verification (see Refs. 35 and 36). A deep-
ly split A, meson (the dipole shape) seems very un-
likely, but a small interference dip in the A, continues
to be in evidence in a number of experiments, as
discussed in Ref. 40.

18R T, Feld, Models of Elementary Particles (Blaisdell,
Waltham, 1969, p. 339, Eq. (18a’).

129For a recent discussion of models of the electron,
see F. Rohrlich, invited paper given at the Symposium
on the Development of the Physicist’s Conception of
Nature, Miramare, Trieste, Italy, September, 1972.

1307, Franklin, Phys. Rev. 172, 1807 (1968), pages
1811-1812.

131, T. Feld, Ref. 128, Chap. 17, pages 439—440.

1%p, Vinciarelli, Nuovo Cimento Lett. 4, 905 (1972).

133, Franklin, Ref. 130, p. 1816.

14B. T. Feld, Ref. 128, p. 337, Table 15.8, with p, /i,
=2.79.

135, T. Feld, Ref. 128, p. 340, Eq. (18¢').

1383, Franklin, Ref. 130, Eq. (9).



13%n a recent v +He!— A+ (ppn) experiment [P. E.
Argen et al., Phys. Rev. Lett. 29, 1191 (1972)], the
expected A(1233) curve was obtained together with an
unexpected anomalous peak for high momentum trans-
fers to the (ppr) system. This anomalous peak, with
a mass of 1165 MeV and a width I" <35 MeV, could be
a manifestation of the hitherto unobserved N3 ground
state of the A(1233) rotational band.

138owever, it should be noted that the 70-MeV mass
quantum which appears in the nucleon has a much
more compact geometry than the 70-MeV mass quan-
tum which is required to mathematically reproduce
the 1 meson (see Paper II). Thus whether these
should be thought ofastwo different forms of the
same mass quantum or as two different mass quanta
is, at this point, an open question. The principal de-
cay mode m— u +v, which from the present viewpoint
is MM —M[M] +v, with [M] denoting annihilation of
one of the quanta M, relates the spinning quantum
M; at least phenomenologically to the ¢ meson.

139The nucleon is discussed in detail in paper II. The
one calculational difficulty with this model is that the
calculated magnetic moments, assuming an equatorial
charge distribution, are too large by a factor of 3,
although magnetic moment ratios are given correctly.
Since an equatorial charge distribution gives the larg-
est possible magnetic moment, this deficiency is in
principle easy to correct; however, the author has
not found a phenomenologically significant basis for
altering the assumed charge distribution.

140M. Gell-Mann, Phys. Rev. Lett. 14, 77 (1965); B. T.
Feld, Ref. 128, Ch. 16.

14y, Dothan ef al., Phys. Lett. 17, 148 (1965); L. C.
Biedenharn et al., Phys. Lett. 42B, 257 (1972).

120, L. Weaver and L. C. Biedenharn, Phys. Lett. 32B,
326 (1970); Nucl. Phys. A185, 1 (1972).

14356e Ref. 128, page 362.

1441, C. Biedenharn et al ., Triangle Universities Nuclear

Laboratory Semiannual Report No. 20, 1972 (unpub-
lished); R. Y. Cusson and L. P. Staunton, Nuovo
Cimento 174, 303 (1973). The author would like to
thank R. Cusson for communicating the latest results
of this work (see Ref. 20).

145por recent discussions of R and A results, see
P. Johnson et al., Phys. Rev. Lett. 30, 242 (1973);
R. C. Miller et al., ANL-ITT report (unpublished).
Also see F. A, Berends and S. N. M. Ruijsenaars,
Nucl. Phys. B56, 525 (1973). An early discussion of
this problem is given by L. D. Roper and D. S. Bailey,
Phys. Rev. 155, 1744 (1967). Pion-nucleon R and A
experiments are currently being planned for the Los
Alamos LAMPF accelerator (R. A. Arndt, private
communication).

148\, H. Mac Gregor, R. A. Arndt, and R. M. Wright,
Phys. Rev. 182, 1714 (1969), and other references
cited therein.

14IR, A. Arndt (private communication); Berends and
Ruijsenaars, Ref. 145.

148The sorting out of levels above 1600 MeV becomes
very difficult because of the many reported peaks
(Ref. 25), mostly without spin identification. A 4=
spin-1 I =1 resonance, p(~1600), has been reported
by several groups: G. Barbarino et al., Nuovo Ci-
mento Lett. 3, 689 (1972); A. Bramon and M. Greco,
ibid. 3, 693 (1972); H. H. Bingham et al., Phys. Lett.
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41B, 635 (1972); F. Ceradini et al., Frascati Report
No. LNF-72/90, 1972 (unpublished), with a broad
width, I' ~350 MeV. B. Hyams et al., Nucl. Phys. B64,
134 (1973), report a mm(1590) PI'180 peak that seems
related. K. W. J. Barnham et al. [Phys. Rev. Lett.
24, 1083 (1970)] and R. Holmes et al. [Phys. Rev. D 6,
3336 (1972)] report a p’ (~1630)T ~ 125 peak.

190ne of the results of the present meson and kaon
phenomenology is that the same basic resonance con-
figurations can appear in more than one isotopic-spin
mode, as in the 3554 and SSK bandheads discussed
here. In Figs. 1 and 2, and in Table I, the column
headings I, =0 and I, =1 are used. However, it should
be noted that if two resonances belong to the same
isospin multiplet, such as 7% and 7* in Table I, then
their production modes are expected to be of compar-
able magnitudes, with the ratios expressible in terms
of Clebsch-Gordan coefficients. For resonances such
as 7' and 6~ in Fig. 1, whose production amplitudes
differ by orders of magnitude , the isospin headings are
somewhat misleading. The 7 is an I =0 resonance,
and the 67, if it exists (see Ref. 68), is an I>0 reso-
nance. In general, the I, =0 resonances of Table I
and Figs. 1 and 2 have much larger production cross
sections than the corresponding I, =1 resonances, so
that their relationship is established here because of
their basic underlying quark-state similarities (com-
parable masses and widths), and not because they
are true isotopic-spin multiplets. Several of these
I,=0 and I,=1 pairings appear as examples of the
fundamental spin and isotopic-spin selection rule of
Eq. (21).

150r =3,5 fermis is the “uniform sphere radius” for O!¢
obtained from electron-scattering experiments: H. R.
Collard, L. R. B. Elton, and R. Hofstadter, Nuclear
Radii, Landolt Bornstein: Numerical Data and Func-
tional Relationships in Science and Technology Series
(Springer, Berlin, 1967), Group I, Vol. 2, p. 21.

151 There are arguments which suggest that the C!2 nu-
cleus can be considered as three a particles arrayed
almost in a straight line: H. Friedrich et al., Phys.
Lett. 36B, 189 (1971). Also, see R. C. Fuller, Phys.
Lett. 43B, 445 (1973). If we give the o particle a
radius of 2.11 fermis (Ref. 150), then in order to
reproduce the value for E,,, shown for C!? in Table
XXX, the three a’s must be oriented with centerlines
at an angle of 135°.

152 The calculations are described in Ref. 2(f), and these
resonances are briefly discussed.

!%The experimental situation with respect to a spin-1
level in He® at about 23 MeV is not clear-cut. The
original papers reporting this result—A. van der
Woude et al., Phys. Rev. Lett. 26, 909 (1971); M. L.
Halbert and A. van der Woude ibid. 26, 1124 (1871)—
were later retracted [M. L. Halbert and A. van der
Woude, ibid., 26, 1679 (1971)], because itwasdiscov-
ered that the po—sition of the peak varied from 20 to
26 MeV as the a bombarding energy was varied from
64 to 82 MeV. However, this change in the peak
position as a function of momentum transfer is a
phenomenon that is frequently observed in hadron rota-
tional excitations (see Ref.55 for one example). M. L.
Halbert, A. van der Woude, and N. M. O’Fallon [ORNL
and University of Missouri report (unpublished)] have con-
cluded that at least some of the observed effectisduetoa
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final-state Li® resonance. If we assumethata 23-MeV He®
resonance effect of some kind exists, then vibrational
excitations are ruled out since the binding energy is
only 8.7 MeV. The only possible excitation mechanism
is rotational excitation, and to (1) minimize centri-
fugal forces, and (2) obtain a small enough moment of
inertia to give a 23-MeV rotational energy, the three
nucleons in He® must be almost collinear, just as for
the C!% level discussed in Ref. 162. An orientation
angle of 135°, the same as that for C!2, gives the
value of E,, for He® shown in Table XXX.

154M. Alston-Garnjost et al., Phys. Lett. 36B, 152 (1971).

1553, D. Protopopescu et al., Phys. Rev. D 7, 1279 (1973).

156por example, see the review paper by N. P. Samios
and F. J. Gilman in Ref. 48.

157The very-narrow-width spinless resonances 7, K , 7,7
all have negative parities, which leads to an abundance
of 0~ states. If rotating bandheads all have effectively
positive intrinsic parities [as mentioned in connection
with the G-parity rule (12) of Table XII], then the
abundant L = J = (1,2) rotational levels will all have
JP =(17,2%), as observed. When we investigate ex-
ceptions to this result, we find that the observed 1*
D meson is a rotationless spinor-pair excitation
(Table XXIII). Also, the 27 A; meson and the 1* 4,
meson have decays into other rotational final states
[Yu. M. Antipov et al., CERN-IHEP Boson Spectrom-
eter Group, in a paper submitted to the Second Aix-
en-Provence International Conference on Elementary
Particles, 1973 (unpublished), find that A; and A3 reso-
nances have quite different properties than the 4,
resonance], and the 1* B, C, and @ mesons all have
decays into spin-1 final-state particles; these compli-~
cated decay processes which involve spin-1 or spin-2
final-state particles obscure the parities of the initial
rotational states. Finally, thereareanumberof0* reso-
nances, €,€’,€",5*, whicharise from 3P rotational con-
figurations, but which do not noticeably follow the mass
systematics expected on the basis of SU(3), and whose
parities reflect the J quantum number rather than
the L quantum number.

158pigure 1(c) of Ref. 154. Although the bump is barely
visible in the figure, a statistical analysis of the data
(see Ref. 39) indicates a statistical significance of
possibly four standard deviations.

15%pigure 18 is taken from Figure 18 of Ref. 155.

1805ee Ref. 2(d) for this prediction and early experimental
evidence.

16l The narrow-width M°(1033) I'16 level of Ref. 67, which
does not fit the meson tower systematics of Fig. 6,
has been grouped in Table I as a part of the 1’ multi-
plet for reasons that are discussed in Refs. 67 and 69.
The level B;(1040) I'55 of DEFOIX 72 in RPP 73 has
no spin identification, but its broad width suggests a
rotational excitation.

1&The 1969 values for the rotational levels in Table
XXX are taken from Table II of Ref. 2(a). Some
results were contained in Bull. Am. Phys. Soc. 14,
1206 (1969).

18The 1970 values for the rotational levels in Table
XXXII are taken from Table III of Ref. 4.

164y, Von Schlippe, Nuovo Cimento Lett. 4, 767 (1972).

18R, L. Cool et al., Phys. Rev. Lett. 29, 1630 (1972),
recently measured the magnetic moment of the =~
Magnetic moments for p, n, A, and Z* are given
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in Ref. 25.

186An equatorial charge distribution on the nucleon sub-
unit of Appendix B will give rise to an electric quadru-
pole moment. It also gives magnetic moments that are
too large by a factor of 3. These are probably related
difficulties with the present formalism, and they are
left here as unresolved difficulties. The same situa-
tion occurs in the model for the ;1 meson, but the
quantum-mechanical projection factor in the case of
the muon removes the difficulty (see Ref. 180).

187The author first obtained this result by using impulse
arguments to generate the series expansion of Eq. (50).
The much shorter derivation of Eq. (50) given here
can be found in H. Arzelies, Relativistic Point Dy-
namics (Pergamon, Oxford, 1972), pages 16 and 17.

168The derivation given here is for the inertial mass,
but the E6tvos experiment establishes the equivalence
of the inertial and gravitational masses.

1897t should be noted that this derivation of Eq. (50) for
massive particles is valid only for v <c, and it cannot
be mathematically continued to the case where v >c.
Thus if we accept this derivation as expressing the
physical content of Eq. (50) with respect to massive
particles, then it does not seem to be correct to think
of tachyon theory as being an extension of the theory
of special relativity.
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IBA, Einstein, The Meaning of Relativity (Princeton
Univ. Press, Princeton, 1956), Fifth Edition, p. 59;
C. W. Berenda, Phys. Rev. 62, 280 (1942). There
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literature, but the conclusion stated here now seems
to be the general consensus arrived at among relativ-
ists.
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Camb. Philos. Soc. 47, 177 (1951); H. Takeno, Progr.
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170, 243 (1952); J. L. Synge, ibid. 170, 243 (1952); T. E.
Phipps, ibid. 195, 67 (1962); J. G. Fletcher, ibid. 199,
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Physics (Academic, New York, 1967), p. 183; E. L.

Hill, Phys. Rev. 71, 318 (1947).
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A211, 295 (1952); also Ref. 171.

1765ee Arzelies [Ref. 171, Sec. IX, [120], p. 237], who
argues that the existence of stresses of a purely
special-relativistic origin is by no means obvious.
It should be mentioned here that the quantization of
masses applies only to/observuoies (e.g., particles),
.and the assumption of 4 continuous mass distribution
inside a particle should not be thought of as a classical
approximation that is in disagreement with the quantum-
mechanical guide lines (at least at this level of “ob-

_ servability”)

17Arzelies, Ref. 176, mentions that the special-relativ-
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istic stretching strains may not be real. The present
author would like to extend these remarks by noting
that centrifugal forces may also be minimal, due to
the non-Euclidean geometry experienced by the ro-
tating mass points. If we use the ratio of the radius
to the circumference as a measure of the special-
relativistic curvature, and hence of the centrifugal
forces, then the vanishing of this curvature as the
equator is approached may minimize the stresses that
originate as centrifugal effects, and it may also
minimize equatorial radiative effects.

180When the quantum-mechanical projection factor cosé

=(@)"2 that projects J=4V3% onto J,= 4% is inserted
into this model for the muon, the z component of the
electric dipole moment vanishes identically, and the

x and y components average out to zero over one cycle
of precessional motion. However, if the muon is
moving, and if its longitudinal precessional motion,
interpreted as the de Broglie wavelength, satisfies

the Bragg condition, the x and y components of the
electric dipole moment may produce an observable
effect (see the discussion in Paper II).

183e¢e C. W. Berenda, in Ref. 173, p. 286. 18lThe A(2097) I'24 level in Fig. 8 is Bock 65 in RPP 73
1®Cconservation of angular momentum appears to require (Ref. 25).
that the relationship R ~%/mc be maintained for all 182The width of the 7’ is from A. Duane et al., Imperial
relativistic values of the mass m of the spinning College (London) Report No. IC/HEP/73/10 (unpub-
sphere. lished).



