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The Cook-Lee model for the "second" pion-nucleon resonance (1512,2 ) has been gen-
eralized to arbitrary initial and final baryons. It is shown that the virtual production of
S-wave p mesons included in &+8+ p+S+, where S is the set of all positive-parity
resonances originating in the nucleon and the 3-3 resonance, generates the pair of tra-
jectories 8 comprised of a series with(T, J )=(2, 2 ), (2, y ), ''' and (2 2 ) (2 2 ),
~ ~ ~ . In addition, subsidiary trajectories (2, 2 ), (2 p ) ''' and (2 2 ) (2 2 )
obtained.

The most prominent pion-nucleon resonanc-
es' can be grouped into two "principal series"
S+ and S . The group of objects S is made
up of the members of two positive-parity Reg-
ge trajectories Nz+ and A;+. The subscript
values i = 1, 2, ~ ~ ~ correspond to states of iso-
spin-spin parity (T, J+) of (—,', 2+), (—,', ~+), ~ ~ ~

A partial understanding of the dynam-
ical framework underlying S+ has been obtained
previously. &3

In the present Letter we show that the ser-
ies S can be generated from S+ by a system-
atic generalization of the model developed by
Cook and Lee~ for the 1512-MeV pion-nucleon
resonance. S is comprised of the traj�ecto-
rs� and +i ~ ~here N, , N2, ~ ~ ~ have

~ ~ ~ have (T, J+) of (—,', —,
' ), (—,', -', ), ~ ~ ~ . As yet

there is no firm evidence for N, ' but the oth-
er members of S appear to be established. '
In addition, somewhat weaker forces occur
which give another trajectory Ni": (—,', —,

' ),
(—,', —,

' ), ~ ~ ~ . Finally, there is a trajectory hi

In our model the series S arises from the
attractive forces due to virtual transitions from
the mS+ configuration into closed pS+ (s-wave)
channels. The individual transitions contained
ln

v+S+- p+S+

are assumed to be dominated by one-pion ex-
change.

We have found it useful to represent the "con-
stellation" of resonances built from the four

trajectories by a parallelepiped (Fig. 1). In
this figure we have omitted the isospin but la-
beled the baryons with an additional quantum

number, e the "y parity, " where y =(-1)
L being the orbital angular momentum of the
coupled pion in ~+X-Bz. The structure of
the vertex mBiB& is determined' by the relative

y parity of the two arbitrary-spin baryons Bi
and 8&.

If the series S+ continues indefinitely to high-
er spin states, our calculations show that S
also will contain a corresponding number of
particles, provided that the (presently unknown)

~B;Bi couplings do not become too small. The
exciting possibility of an infinite (or very large)
number of excited states of the nucleon has
been raised by the analysis of Barger and Cline. v
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PIG. 1. The principal Regge trajectories of the pion-
nucleon system are represented conveniently by a par-
allelepiped. The baryons have been labeled by 4+&,
where in addition to the usual J assignment we have
included the "y parity. " (This quantity determines the
structure of the &BiB& vertex. ) The dynamical rela-
tions among these trajectories are considered in the
text. The isospins are all y, except for the states 2

, which have isospin 2.
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According to our present dynamical understand-
ing of the situation, these high-spin excitations
will become more and more difficult to observe
in ordinary ~N experiments, since the &N chan-
nel becomes dynamically less significant as
the energy is increased.

The general formulas required for the anal-
ysis have been presented elsewhere. ' Multi-
channel N/D equations are solved in the pole
approximation. Here we present only the most
interesting results of an extensive numerical
ca.lculation.

First consider the family of two-channel mod-
els in which the channel TtBz is coupled to pBz
by transitions of the type m + Bi p + Bi ~ ~here
Bz is one of the states in S+, having spin Si
and mass Mz. The resulting odd-parity states

ave i+1 Si a i 1 reached from mBz

states with min'imum L of 2, 0, and 2, respec-
tively. The L =0 state lacks a centrifugal bar-
rier and is not considered further here. From
the analysis of Ref. 8 it follows that the ampli-
tude for production of a p polarized opposite-
ly to the final baryon spin is suppressed rel-
ative to that for the parallel configuration.
Thus the maximum spin Sz+1 is the dominant
state in this model. Isospin —,

' is also strong-
ly preferred. ' When Ti= —,', the ratio of squared
transition amplitudes is 4:1 in favor of isospin
—,
' over isospin —,. When Ti = 2, the correspond-
ing quantities are in the ratio 25:4:9 for T= —,',

The kinematical conditions in all models
of this class are quite similar. '

We suggest that the preceding mechanism
is the most important for the existence-of S
The case B; =N1+=N, originally considered
by Cook and Lee, leads to N, , while Bz=61+,
discussed by Auvil and Brehm, "gives rise
to Ns . Taking Bi N2 a d b2 ~ respective-
ly, gives the recurrences N, and N, ' . These
states appear in the ~N channel as resonances
in the states D», D», G$7 and G», respectively.

In order to put the above results in perspec-
tive we have to discuss in addition the many
configurations ~Bz which couple to a given pair
pBj We first consider Mi -Mj If Tz =Tj
isospin —, dominates, while if TzgTj, isospin
2 is preferred by a ratio 5:2 (T~ = —,

' or —'). The
rBz configuration having the greatest minimum
L will dominate. When several TtBz configu-
rations couple, a detailed analysis is required
to determine the most important. Lack of knowl-

edge of many ~BzBj couplings is a burden, but
some educated guesses can be made. '3

The results for pN, + are typical. If we con-
sider v +Bi p+N2 f r Bi N 1+ 61 N1
N2+, we find that only N, + and N, + are impor-
tant. In fact, N, is too important'~ when the
unmodified one-pion-exchange amplitude is
used. This can be traced to the "unitarity dis-
ease" which afflicts all those Born amplitudes
having large momentum transfers. To deal
with this difficulty we modified the one-pion-
exchange amplitudes by a universal factor I'

containing one parameter. Our choice was
required to give good results for the Ni tra-
jectory, i.e., the N, resonance is required
to remain near the experimental value, while
for N2 we require sufficient suppression of
rr +N, + -p+N, +

(to = -50.0 p, ) relative to v +N2+-p+N, +
(to =-20.0p ) so that the latter dom-

inates (the phase shift passes through zero
at resonance»). The most satisfactory choice
of E was found to be exp[-(t —p, ')'/M j, with
M' equal to 20@,'.

With the universal form factor we then find
the following results.

Nz trajectory. —N, (D») occurs at 1535
MeV. For g'(N, +, N, +)/4v = 3.75g'(N, +, N, +)

the recurrence state'6 (G,7) occurs at 2190 MeV
with absorption parameter g = 0.71 and reso-
nant phase shift O'. This very strong absorp-
tion is compatible with Ref. 15.

Nz' trajectory. —For g'(6, , 6, )/4v equal
to 2.56 times the SU(6) value there is a D»
state at 1700 MeV (5res is zero)." Evidence
for this state has been given by Bareyre et al.'
and Lovelace. ' We also obtain a —, recurrence
at about 2330 MeV. The mass prediction is
uncertain since none of the coupling constants
are known. ' This resonance is weakly coupled
to the ~N system (G») and could be most eas-
ily discovered in its ~A, + or mA, decay modes.

Nz" trajectory. —The same mechanism lead-
ing to N~' (L = 2 pions in vA, + and vb, ,+ chan-
nels) gives substantial forces when L points
oppositely to the baryon spin. We predict a
"companion traj ectory" N;" which couples
to the &N states S» (W~ =1950 MeV) and yet
another D» object (=2375 MeV) slightly high-
er than the predicted G».

Ai traj ectory. —Among those transitions
with M;) Mj, the only ca,ses which suggest res-
onance activity are ~+ 6,+ —p+Ny and ~+ A2
—p+N, +. These reactions are kinematically
rather different from those previously consid-
ered and may be less reliable. The L =2 r4~+
state gives rise to a, T = —'„—,' object which
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would couple to the S»»N state. The energy
obtained (1420 MeV) is rather too low compared
with the value 1692 MeV obtained by Donnachie,
Lea, and Lovelace. " We also obtain a recur-
rence (coupled to D») at an energy of about
2150 MeV and a T = 2, 2 obj ect around 2130
MeV. These energies are probably unreliable
but the resonances are worth looking for.

A systematic calculation of all transitions
»+Bz -p+B& revealed no other resonances. '

Finally, we also reconsidered the mechanism
w+S+-f+S, special cases of which have been
proposed by Auvil and Brehm'3 for the higher
spin members of S . These transitions char-
acteristically involve much larger momentum
transfers than v+S+- p+S . If the f produc-
tion amplitudes are domesticated by means
of the same function E used for the p mecha-
nism, the forces are so weakened as to be un-
able to produce resonances. It appears, how-
ever, that the f mechanism provides a. non-

negligible attraction.

*Work supported in part by the U. S. Office of Naval
Research, the U. S. Atomic Energy Commission, and
the National Science Foundation.
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Physics (University of Colorado Press, Boulder, Col-
orado, 1965), Vol. VIIb, p. 83, or in Perspectives in
Modern Physics, edited by R. E. Marshak (John Wiley
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