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Analysis of Pion-Nucleon Scattering up to 10 GeVlc
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1 have analyzed pion-nucleon elastic scattering data from 1.6 GeV/c up to 10 GeV/c.
The analysis makes use of a physical impact-parameter picture as an intermediate step.
Many of the resulting partial-wave amplitudes show structure in their Argand plots.
These are discussed in terms of possible high-spin resonances.

This Letter reports the results of a detailed
analysis of pion-nucleon scattering. The analy-
sis was carried out over a wide range of ener-
gies, overlapping with previous analyses at
the lower end, but extending well beyond them up
to 10 GeV/c. The aim of the investigation was to
see whether there was any evidence for any new
high-mass resonances. Such states are predict-
ed by almost all present theories of hadronic
states, either as members of Regge families or
as higher excitations of constituents, but none
so far has been seen. We find that the partial
waves which emerge from this analysis do indeed
show interesting resonancelike behavior. Assum-
ing a resonance plus background approximation,
I extract corresponding values of masses and
widths. These values should be important for fu-
ture comparison with theoretical models.

It should be understood that this analysis is not
a complete reanalysis of pion-nucleon scattering
going all the way up from threshold. Rather, the
emphasis is on looking at data above the region
which has been thoroughly analyzed before, in the
hope of detecting the more prominent resonances,

should any exist. I do, however, choose an over-
lap region (p&b=1.6-2.74 GeV/c) so that this anal-
ysis can be compared with the other analyses
there and at the same time provides a guideline
for the extension to higher energies.

The actual laboratory momenta at which the
analysis was carried out were 1.6, 1.8, 1.99,
2, 19, 2.30, 2.39, 2.50, 2.74, 3.0, 3.5, 4.0, 5.0,
6.0, and 10.0 GeV/c. The data at the higher mo-
menta are probably more plentiful than one might
realize, though of course their total amount is
small compared to the wealth of data in the more-
investigated lower region. For the beam momen-
ta mentioned above 2.74 GeV/c, there are w'P
differential cross-section measurements over
all or most of the angular range, with some po-
larizations near the forward and usually also the
backward direction. There are less charge-ex-
change data, , but for all momenta there are dif-
ferential cross sections at least in the forward
and backward directions, and polarizations in the
forward direction. In addition, I take the ampli-
tudes at 0 = 0 as given from forward dispersion
relations. '
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A study of the data indicates that much is hap-
pening in this higher-energy domain. It is true
that the shapes of the differential cross sections
and polarizations near the forward direction have
more or less settled down (apart from some
gradual shrinkage) to what are known to be their
shapes all the way up to -200 GeV (Fermilab en-
ergies). However, in the intermediate angle
range, there are several deep valleys which de-
velop and then go away as the energy increases.
Also, I mention the oscillations in the v'P and
charge-exchange diff erential cross sections at
180 that have been known for some time. Per-
haps strangest of all is the polarization in the
vicinity of the backward direction (the polariza-
tion of course vanishes identically at 180'), which
at first sight seems to fluctuate rather wildly as
the energy is changed. I have tried to keep these
experimental features in mind as I performed the
analysis since part of my aim was to understand
how these features came about from the contrib-
uting partial waves.

This analysis also has a new approach, in the
sense that I did not follow the canonical way of
many partial-wave analyses, which usually is to
parametrize the individual phase shifts 5» and
inelasticities g» for each orbital angular momen-
tum and isospin. This way becomes less practi-
cal as the number of partial waves that have to
be included increases (at 10 GeV/c, partial waves
up through at least l = 25 have to be included). In-
stead, I chose to do the analysis in two steps.

The first step is to attempt to fit the data on the
basis of a reasonable physical model. This mod-
el incorporates features that are generally be-
lieved to describe the general picture of hadronic
scattering, namely, one in which much of the
scattering can be understood in terms of a sub-
stantial diffraction component, together with a
smaller contribution from peripheral scattering.
To perform the first step therefore, I adopted an
impact-parameter type of representation into
which these features can be easily built. For ex-
ample, we may write

lm(kA) =we-" +[D+(- 1)'"Z]e '&' "~, (1)

where 5 =I/k. A sum over l is retained in the
full amplitude, not an integral over b. The two
parts on the right-hand side of (1) have a clear
physical interpretation. Actually this is a tre-
mendous advantage since one can quickly develop
a feeling for appropriate values of the param-
eters. For instance, A and B in (1) above are
determined essentially by the size and slope of

the forward diffraction peaks in elastic p'p scat-
tering, while y is approximately 1 fm for both.
With a little thought, good guesses can be made
for many of the parameters. Moreover, these
b-space parameters do not change much from en-
ergy to energy (even though the individual l par-
tial waves change), which is clearly advantageous
for continuity and stability.

The main hope of this first step is that it will
provide values of the real and imaginary parts of
kf„(I= 2 and 2) which are f airly close to the cor-
rect ones. This will be true if our physical pic-
ture of diffraction plus peripheral scattering is
a good one. The second step in our analysis was
therefore to let the individual partial waves vary
freely around their values determined in the first
step, but the final values of the partial waves
were never far from the values obtained in Step 1.
The solution seems to be a stable one, though I
did not search everywhere in partial-wave ampli-
tude space to check on the possibility of others.

This two-step procedure was tested over the
lower-momentum range 1.6-2.74 GeV/c, and the
resulting partial-wave amplitudes compared with
the Saclay values. " The agreement was very
reasonable (since I incorporated data that have
only recently become available, perfect agree-
ment was not expected).

Fortified by these lower-energy fits, I proceed-
ed to the higher energies. This is where the
strength of the method becomes clearer. For the
same number of parameters A, B, . . . , we can in-
clude as many partial waves as are necessary in
Step 1. It is only in Step 2 that a large number of
parameters need to be varying simultaneously.
(Perhaps my approach may be practical in ana-
lyzing other scattering processes when one pro-
ceeds to higher energies and where the quality of
the data is deteriorating; compared to standard
methods, my procedure is quick and can be done
with only moderate computing facilities. )

The final product of an analysis of this kind is
a long table of partial-wave amplitudes and many
Argand diagrams. A report with full details of
all the amplitudes is in preparation. Here I illus-
trate my results with a few Argand diagrams.
Figure 1 shows the partial-wave behavior for the
f„(I=&)waves H, », K, », andI, », the f, (I=2)

Gy 9 ~d Iy y3 and the f, (I= ~) waves H, 9, I, »,
Ey y3 a11d M y y7 ~ Most of these clearly show res-
onancelike loops. For the higher partial waves,
the Argand diagrams are essentially of two types.
The f,+(I=2) and f, (I=-,') amplitudes typically
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TABLE I. Resonance parameters.
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FIG. 1. Argand diagrams for a selection of partial
waves. Cross marks occur at intervals of 50 MeV.
The resonance positions corresponding to the values
in Table I are indicated by the separate arrows.

first develop positive real parts, but then get
overtaken by a slowly varying "background" (com-
ing from the diffractive component in the particu-
lar partial wave; it has a growing negative real
part and a growing positive imaginary part). This
"background" component is stronger in the case
of the f, (I=2) and f„(I=—,') amplitudes so that the
higher partial waves take off towards negative
real values in the Argand diagrams. The latter
waves show much less structure and less can be
said about them.

It is a matter of dispute as to whether loops in
Argand diagrams correspond to resonances or
not. However, if they are interpreted as reso-
nances, I obtain the values shown in Table I for
their masses, widths, and elasticities. These
numbers were deduced by assuming a Breit-Sig-
ner shape multiplied by a phase factor, plus a
smooth background. Gener ally speaking, how-
ever, the resonance parameters are determined
by the first half of the resonance since the reso-
nance quickly becomes submerged in the back-
ground as the energy increases. The ranges with-
in which I believe the resonance parameters lie
are also indicated in the table.
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Plots of the resonance spins j against the mass
M, the mass squared, and the pion-nucleon c.m.
momentum k show that these resonances fall on
effective linear trajectories of the form j-kR,
with R about 1 fm. In a sense, this is not sur-
prising since it is expected in various theoretical
models. However, I stress that it is necessitated
by the data, such as n+p crossover, the shape of
do(~'p)/dt near the backward direction, etc. I
also find that the peripheral partial waves play an
important part in explaining some of the more
subtle experimental features observed in the 1.6-
10-GeV/c region. For example, the m "p polariza-
tions near the backward direction, which as men-
tioned earlier vary quite rapidly with energy, can
be shown to arise' from alternate constructive
and destructive interference between successive
peripheral waves (which change sign with increas-
ing t) and a slowly varying piece from the lower
partial waves. I therefore expect my results to
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contain genera1 features of other analyses over
this energy region.
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A CCBA (coupled-channels Born approximation) analysis is used to study the impor-
tance of multistep processes involving quadrupole inelastic excitations in producing anom-
alously shaped angular distributions for rare-earth (d, t) transitions. The CCBA results
are compatible with DWBA (distorted-Wave Born approximation) results in the cases
where the DWBA works well and tend to improve agreement for the anomalous transitions—but the overall agreement is still rather poor and additional improvements in the reac-
tion calculations will be needed to understand the anomalous transitions.

The importance of multistep reaction mecha-
nisms is well established for several multinucle-
on transfer reactions, and coupled-channels Born-
approximation (CCBA) analyses have been strik-
ingly successful in explaining many such cases. '
These successes of the CCBA approach have en-
couraged a belief that most, if not all, anomalous-
ly shaped angular distributions for single-nucleon-
transfer reactions could also be explained with a
CCBA approach. However, the CCBA analyses
of single-nucleon-transfer reactions have been
applied to restricted data sets and have concen-
trated' on (p, d) transitions [where significant
changes of angular distribution shape can be ef-
fected even within a distorted-wave Born-approxi-
mation (DWBA) analysis by exploiting optical po-
tential ambiguities. This strong sensitivity of
(p, d) calculations to choice of optical-potential
parameters presumably arises from the long
mean free path of the proton in the nucleus; for

analogous (d, t) transitions, where both projectile
and ejectile are strongly absorbed in the nuclear
interior, the DWBA predictions for angular dis-
tribution shapes are very stable agaihst reason-
able parameter variations. '] Until recently,
very few complete angular distributions had been
measured for single-nucleon-transfer reactions
on rare-earth nuclei, and so the DWBA analysis
was assumed valid and was routinely applied to
individual spectra to provide information on sin-
gle-particle states for these nuclei. 4 An exten-
sive set of angular distributions" ' has now be-
come available for (d, t) transitions on "'Gd,
"'"'Dy, and "'"'Er. These angular distribu-
tions have shown that most of the (d, t) transi-
tions are well described by DWBA calculations.
However, a significant number of levels have
angular distributions which either can only be
fitted by DWBA calculations assuming orbital
angular momentum transfer (l ) values which are

1978 The American Physical Society 225


