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A number of resonance particles are described in terms of a potential-well model of two-particle systems. 
I t is found that the systems may have resonance states in the continuum and may be held back from decay­
ing by a centrifugal barrier reef. The short, calculated, lifetimes are consistent with those observed for the 
resonance particles. The variation of the potential-well depths with quantum numbers of the resonance par­
ticles is also discussed. 

INTRODUCTION 

THE intent of this investigation has been primarily 
to find out whether the lifetimes of resonance 

particles can be understood in terms of the decay of a 
resonance level of constituent interacting particles. 
Only two-particle systems of resonance particles have 
been considered. Since the nature of the potential 
between two "elementary" particles is generally 
unknown, this investigation is very preliminary. As a 
starting point, the simplest assumption of a spherical 
square-well potential is made. Further, it is assumed 
that the width of the potential well is equal to the 
distance of separation of the constituent particles at 
the instant of decay of the resonance particle. That is, 
the relative separation a of the constituent particles is 
given by 

a2=l(l+l)fi2/p2, (1) 

where / is the angular momentum assignment of the 
resonance particle and p is the center of mass momen­
tum of the product particles arising from the decay. 

In Table I, the 1=1 resonance particles of the 1 — 
boson octet and the f + baryon decuplet are given, 
together with their product-, and therefore presumed 
constituent-, particle pairs. From the observed mass M 
of the resonance particles and the energy releases W to 
their decay products, the cm. momenta p have been 
directly computed. The ranges a have then been ob­
tained using Eq. (1). (Although the interpretation of 
what a is depends on the assumptions of the model, the 
value of a is model independent.) 

TABLE 1.1 = 1 resonance particles. 

Vector 
bosons 

P(2x) 
K*(KT) 
<P(2K) 

f+ Baryons 
N*(NTT) 
A*(ATT) 
A {Air) 

M 
(MeV) 

757 
888 
1020 

1237 
1385 
1533 

W 
(MeV) 

477 
254 
32 

159 
130 
72 

P 
(MeV/c) 

351 
285 
126 

231 
207 
148 

a 
(F) 

0.80 
0.98 
2.22 

1.21 
1.35 
1.89 

Vo 
(MeV) 

573 
560 
195 

470 
420 
294 

It is clear from Table I that the energies of the 
constituent particles are generally so high that the 
problem must be treated relativistically. Since we are 
concerned mainly with spinless products, 7r's and K's, 
we will describe the systems by the relativistic 
Schrodinger equation. In the region inside the potential 
well, if the depth is represented by a scalar potential 
—Vo, the radial equation is 

(1 A2) (d/dr) (r2dRi/dr)+{ (E+mc2+ F 0 ) 2 - mV} 
X(Ri)(l/fi2c2)-{l(l+l)}(Rt)(l/r

2)=^0y (2) 

where E is the energy of the system and m is the reduced 
mass of the constituent particles. In the region outside 
the well, the wave equation is 

(1/r2) (d/dr) (r2dR0/dr)+{ W2+ 2Wmc2} 
X (Ro) (Wc2) - {1(1+1)} (R0) (1/r2) = 0, (3) 

where W is the sum of the observed kinetic energies of 
the decay particles in the cm. system. 

For the particles of Table I, it is found that the 
centrifugal barrier term at r=a is less than the other 
term in the brackets, and the wave function is oscil­
latory on both sides of the well boundary. A diagram 
showing the relative magnitudes of the three energy 
terms, V0, l(l+l)fi2/2mr2, and (W2+2Wmc2)/2mc2, in 
the case of the <p resonance particle, whose energies are 
the least relativistic, is given in Fig. 1. Generally, the 
centrifugal barrier is so high in relation to the energies 
of the free particles, and it will be shown that the 
bottom of the well is so deep, that strong partial 
reflections occur when particles attempt to escape from 
the well. Consequently, for certain energies, particles 
are trapped within the well for significantly longer 
times than it takes the particles to merely traverse 
distances of the width of the well. 

RESONANCE-LEVEL WIDTHS 

The energy E of the particles inside the well is com­
plex and is given, in the usual fashion of a-particle 
decay, by the expression 

E=W-UKk% (4) 

*This work is supported in part through the U. S. Atomic 
Energy Commission contract No. AT(11-1) 1195. 

where A is the decay probability per unit time. Although 
all values of E are possible in the continuum of the 
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TABLE II. Widths of l—l resonance particles. 

FIG. 1. Effective energy of constituent particles, in the case 
of the <p resonance particle, compared with the barrier reef 
potential. 

system, it is very probable that the resonance-particle 
states are to be identified with energy regions of 
comparatively low values of X. The relationship of X 
to E can be found by matching the real and imaginary 
parts of the logarithmic derivatives of Ri and Ro on 
opposite sides of the boundary at r=a. For the / = 1 
states, the forms of the radial solutions of (2) and (3) 
are 

Ri^ji(Pi), (5) 
where pi=ar and 

a=t{W+mc2+Vo-i(iti\)}2-m2c*Jl2(l/fic), 

and 
(6) Ro^i{ji(po)+ini(po)}, 

where p0=pr and fi=l(l/¥c2)(W2+2Wmc2)J'2. The 
matching condition then gives 

(ad)2 sm(aa)/{s>m(aa) — (aa) cos(aa)} = d(l+iPa), (7) 

where 8={l+(l/02a2)}~\ The solution of Eq. (7) need 
only be obtained for the imaginary part. If fik 
<^.(W+mc2+Vo), a condition which is certainly the 
case in the vicinity of the resonance, the width fik can 
be obtained from the following form of Eq. (7), viz: 

g= fl3a(sin/-/ cos/)/(df s i n / - 2 / s i n / - / 2 cos/) , (8) 

where aa= f+ig, f= £o(a/fic), g= (l/2)(fi\)(a/fic)J 

£ 0 2 = £ 2 _ m 2 c 4 ^ a n d £ = W+mc2+ VQ (9) 

Equation (8) has its first zero value when / = 4.494. 
This value of / also corresponds to Ri being equal to 
zero at the boundary r—a and to the condition that 
there is no imaginary part of E. The values of \g\ at 

Resonance 
particle 

P(2X) 
K*(Kir) 
<P(2K) 
N*(Nw) 
A*(ATT) 
E*(SW 

£ 
(MeV) 

1110 
906 
468 
740 
663 
485 

1*1 
0.17 
0.09 
0.05 
0.09 
0.09 
0.07 

h~Xm\ 
(MeV) 

85 
37 
9 

30 
26 
15 

^X0bs 
(MeV) 

20-120 
50±10 

~ 3 
90±20 
50±10 

- 7 

neighboring points of / have been calculated from (8) 
and are shown for the 1=1 particles in Fig. 2. 

In the absence of partial reflections, it is clear that 
the lifetimes of the resonance particles should be ^a/c. 
The range of energies over which the decay particles 
might sample the decay probabilities, which are 
proportional to \g\, are therefore ^fic/a or £o/f. 
Average values of |g| have been obtained for the / = 1 
particles from the curves of Fig. 2 and these values 
of |<71, and the calculated fiX widths, are given in 
Table II . These widths are in very reasonable accord 
with the experimental values, also listed in Table I I . 
We conclude therefore that the model is capable of 
accounting for the observed lifetimes of the resonance 
particles, considered as states of the continuum of 
two-particle systems. 

WELL DEPTHS 

Since the 1=1 resonance particles, on this model, are 
identified with the level at / equal to 4.494, the values 
of the well depths Vo may be obtained from the 
observed values of W, a, and the following equation 
based on (9): 

(W+ mc2+ Vo)2 - m2c* = f¥c2/a2 (10) 

where / = 4.494, for the / = 1 particles. The values of V0 

calculated from the appropriate values of a and W in 
Table I are given in the final column of Table I. 

191 

.30 

.20 

.10 

T - r-

P. 

"K\ \ 
N * \ \ 

-A* \ \ \ 
• A \ \ s
 N \ \ \ 

L .. J 

1 1 1 

f 

lr*A* 1 
\r,n* 
a H 

i V i i I 

FIG. 2. Variation 
of decay probability 
^ | g | with con­
tinuum energy ^ / 
for the case of the 
1=1 resonance parti­
cles. The imaginary 
and real quantities 
g and / , respectively, 
are denned by Eq. 
(9) in the text. 

.4.4 4.6 

f 



" B A R R I E R - R E E F " M O D E L O F R E S O N A N C E P A R T I C L E S B1007 

FIG. 3. Variation of well depth Vo 
with range a for the 1=1 resonance 
particles. Each resonance particle lies 
on its own curve at a point determined 
by its characteristic value of a, which 
is obtained from Eq. (1). 
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TABLE III . 1=2 resonance particles. 

3 _ 
2 

Baryons 

N*(NTT) 
YQ*(NK) 
FO*(STT) 
YI*(NK) 
Fx*(A7r) 
YS&w) 

M 
(MeV) . 

1517 
1520 
1520 
1660 
1660 
1660 

W 
(MeV) 

439 
88 
186 
228 
405 
326 

P 
(MeV/c) 

452 
243 
263 
404 
440 
404 

a 
(F) 

1.07 
1.99 
1.84 
1.20 
1.10 
1.27 

Vo 
(MeV) 

527 
253 
328 . 
463 
528 
467 

Because W is related to the momenta p of the con­
stituent particles, and p is related to a by Eq. (1), Vo 
can be expressed as a function of a. Curves showing the 
variation of Vo with a for the / = 1 resonance particles 
are given in Fig. 3. The locations of the resonance 
points, which are determined by the observed values 
of a in accordance with Eq. (10), are shown on the 
curves. 

We now investigate the higher angular-momentum 
resonances of the same constituent particles. The 1=2 
resonance particles of the 3/2—baryon octet are listed 
in Table I I I . The 1= 2 bosons are omitted because they 
do not appear to be as well determined as the baryons. 
However, even for the 1=2 baryons, identification of 
the constituent pairs is not as straight forward as for 
the / = 1 baryons. This is because there are a number of 
alternative decays and, sometimes, even three-particle 
decays. The two-particle decays, which are the domi­
nant ones, are given in Table I I I . One feature of the 
alternative decays is worth emphasizing. Even though 
the energy releases in alternative decays may be quite 
different, the c m . momenta (and therefore consequently 
the computed relative constituent-particle separations) 
are rather closely the same. This seems to imply that 

the alternative constituent-pairs represent mixing or 
overlapping configurations of the same resonance 
system. 

For the 1=2 states of a spherical square-well poten­
tial, the radial wave function has the form: 

Ri^ (3/piz) ship*- (1/pd (sinpi) - (3/p^) (cospi). (11) 

As in the case of the 1=1 particles, one might expect 
the 1=2 resonances to occur when Ri is zero at r=a. 
This happens when pi equals 5.77, and values of Vo for 
the 1=2 particles may be derived from an equation 
similar to (10) when the appropriate values of a and W 
from Table I I I are used. These values of Vo are given 
in the final column of Table I I I . They are also plotted, 
together with the associated Vo versus a curves in 
Fig. 4. I t is seen that the 1=2 particles occupy essen­
tially the same regions of Vo and a as the 1=1 
resonances. 

PHENOMENOLOGICAL VARIATION OF V0 

Assuming that resonance particles may be described 
as resonance systems of constituent particles, it seems 
plausible that the strengths and ranges of the forces 
between the particles might be related to the quantum 
numbers of the system. A search has therefore been 
made for some phenomenological quantum number 
expression which correlates with either Vo or a. (V0 

and a are not independent but are related by one of the 
curves of Fig. 3 or 4.) 

On the basis of the nine resonance particles studied, 
the only clear correlation is that particles of larger 
isotopic spins have, other quantities being equal, higher 
values of VQ. For example, between identical constituent 
pairs, such as ( - 0 0 in the F0* and Y±* resonances with 
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FIG. 4. Variation of well depth V0 
with range a for the 1 — 2 baryon reso­
nances. The location of a particular 
resonance particle is determined by 
the characteristic value of a derived 
from the observed energy of a par­
ticular pair of decay particles. Thus 
F0* has two points corresponding to 
the alternative decays into NK and 
S7T. The Fi* has three points corre­
sponding to the alternative decays 
into NK, A7r, and Sx. One observes 
that the alternative points cluster 
together. 

TABLE IV. Resonance-particle quantum numbers. 

Particle 

P 
K* 
Nw* 
F I * 
# 3 / 2 * 
A* 
w* 
F0* 
<P 
f° 
A° 
2 

T 

1 
i 
2" 1 
2 
1 
3. 

1 
1 
0 
0 
0 
0 
1 

I 

1 
1 
2 
2 
1 
1 
1 
2 
1 
2 
0 
0 

s 

0 
+ 1 

0 
- 1 

0 
- 1 
- 2 
- 1 

0 
0 

- 1 
- 1 

B 

0 
0 

0 
0 
1 
1 

G 

+ 1 

- 1 
+1 

F 

3 
2 
3 
2 3 

3 
2 
* 1 
2 
1 
2 
0 
3 
3 
2 
1 
2 

V0 
(ph) 

Vo 
(mod) 

(MeV) (MeV) 

680 
520 
440 
440 
440 
280 
280 
280 
200 

573 
560 
527 
493 
470 
420 
294 
294 
195 

/ = 2, the Fi* has the higher F0 . Similarly, for the (x2) 
pairs in the F0* and Fi* resonances, the Fi* has the 
higher Vo. There is also an indication from the variation 
of Vo for the 3 resonances: p, K*, and <p, all of which 
have the same /, but which are, of course, between 
different constituent particles, that higher isotopic 
spins have higher values of Vo. 

A list of a number of quantum numbers for the nine 
resonance particles studied in this investigation is given 
in Table IV. A phenomenological number F equal to 
\T+l+(l/2)s—B+G\ has been found capable of 
ordering the nine particles according to their magni­
tudes of Vo- No underlying significance of this quantity 
is known, nor is it claimed unique, though it is the only 
one yet found. In order to make a test of whether this 
factor has any general significance, it has further been 
related to Vo through the expression: Vo= (200+160F) 
MeV. These values of V0(Ph) are given in column 8 of 

Table IV and are compared with the potential-well 
model values given in column 9. 

A possible test of the correlation may be afforded 
through the f° particle whose quantum numbers are : 
r = 0 , 1=2, s=0, B=0, G= + L These assignments 
yield F=3 and F 0 =680 MeV. The value of a corre­
sponding to this V0 may be read off the p (or TTTT) curve 
of Fig. 3. The value is a=0.65 fermi. With these values 
of Vo and a, the mass of the f° particle may be computed 
on the assumption of an 1=2 resonance at p;=5.77. 
The value of M so obtained is 1305 MeV, and the 
observed value is 1253 MeV. (If, instead of the value 
F 0 =680 MeV, the p-particle value of F 0 =573 MeV 
had been chosen, the calculated f° mass would have 
been 1080 MeV. The proper value of F 0 may lie between 
these estimates.) 

Although there are as yet no other resonance particles 
of widely accepted isotopic spin and angular-momentum 
values, we have been tempted to examine the possibility 
that certain long-lived%yperons are also resonance-
particle systems. (Such possibilities have already been 
considered from time to time, e.g., the Sakata and 
Goldhaber models, etc.) Specifically we may ask at this 
time whether it is possible to consider the A0 as an 
es ta te mixture of PKr~ and NK° systems, and to 
consider the 2's as similar es ta te pairs of: NK° and 
PK~C20), PX°(S+), and NK~&-). 

The value of F for the A0 is f and the values of F 0 

(based on the F 0 formula), and of a (based on the NK 
curve of Fig. 4) are 440 MeV and 1.26 F, respectively. 
For these values it is found that the lowest energy 1= 0 
state is bound and occurs at p*=2.28. The mass of the 
NK pair associated with this level is 1152 MeV. This is 
to be compared with the A0 mass of 1115 MeV. The 
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value of F for the 2_is \ and the correlated values of 
V0 and a for an NK pair are 280 MeV and 1.85 F, 
respectively. For these values it is calculated that an 
NK pair has a lowest-energy /=0 bound state at 
pi=2A\, and the corresponding mass of this system 
would be 1240 MeV. This is to be compared with the 
average mass of the S's equal to 1193 MeV. Since both 
the A0 and 2 systems are considered as bound states of 
N and K, it is presumed that they would have lifetimes 
comparable to the decay times of the K particle 

IN searching for the W meson hypothesized to mediate 
the weak interactions, an approximate value for its 

decay rates into various channels is required. Here we 
present a calculation of several of its decay rates using 
a model for the weak interactions, incorporated in the 
theory developed by Cabibbo.1 

The forms of the individual vector and axial vector 
currents entering the theory are obtained by considering 
only the pseudoscalar meson octet and the vector meson 
octet; interactions with baryons are not included. Strong 
interactions between the octets are taken into account 
by a phenomenological unitary symmetric coupling 
term. 

First, let us consider the axial vector current and for 
the moment we shall discuss only the p and -K mesons. 
The generalization to unitary symmetry will be made 
later. 

In their derivation of the Goldberger-Treiman rela­
tion for the 7r meson, Gell-Mann and Levy2 assumed 
that the divergence of the axial vector current is 
proportional to the 7r-meson field. In the absence of 
strong interactions this leads to a weak current for 
the pion proportional to d^ir. The presence of a p—w—ir 
coupling can be described by introducing a phenomeno­
logical interaction Lagrangian3 

£I=hei''kpfir%'irk, (1) 
* Work supported in part by the U. S. Atomic Energy 

Commission. 
f Boese predoctoral fellow. 
j National Science Foundation predoctoral fellow. 
*N. Cabibbo, Phys. Rev. Letters 10, 531 (1963). 
2 M. Gell-Mann and M. Levy, Nuovo Cimento 16, 705 (1960). 
3 Our notation is: Greek indices run from 0 to 3. #-& = aJ>M 

= a0b0—a'b. Latin indices except in Eqs. (1), (2), and (3) run 
from 1 to 8. The unitary symmetry notation is that of M. Gell-
Mann, Phys. Rev. 125, 1067 (1962). 

themselves. Such would be the case if the K decays 
occur through the Ki° channel. 

It is clear that the present model could lead to many 
resonances arising from many levels, not only from 
different I values but also from the same /. Clearly also 
the model has no bearing on those quantum numbers 
of the resonances which actually do exist. Given 
these quantum numbers, the values of Vo and a, which 
this phenomenological model proposes, are purely 
conjectural. 

where i, j , and k are isotopic spin indices. The constant 
h can be determined from the width of the p. This leads 
to an equation of motion for the pion 

( D + f » r V = - 2 W V ^ T * . (2) 

So if we write an axial vector current that is propor­
tional to 

d^+lhe^p^ (3) 

then, with the restriction 

cV„=0, (4) 

the current is seen to have a divergence proportional 
to the pion field. The restriction (4) is, of course, valid 
only when we keep terms linear in h, consistent with the 
phenomenological nature of the model. 

These considerations can be generalized to incorpo­
rate unitary symmetry by writing the total Lagrangian 
including the interaction term as 

-bnflxpi+hfPVSPtdrP*, (5) 

where Pl and V3' represent the pseudoscalar and vector 
meson octets, respectively, and F^i=dJ,V/J

i—dMFy*. The 
•fijk a r e proportional to the structure constants of the 
group SU3.

3 The corresponding term with di]'k (the 
totally symmetric symbol) is forbidden because of Bose 
statistics. 

Generalizing the current of Eq. (3) we have the 
unitary axial vector, 

X/=A(dMP*+2A/^*7M^P*). (6) 
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W-Meson Decays in Unitary Symmetry* 
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A simple model for the axial vector current is proposed and generalized to SU3. This model, together with 
the conserved vector current theory, is used to calculate several two-meson decay modes of the W meson. 


