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How Well Can the Chew-Low Theory Reproduce Pion-Nucleon Scattering?
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When the Chew-Low theory for the 7N interaction is used as a basis for studying the 7-
nucleus interaction, it is required to fit the free "N scattering data well. In this respect
many calculations so far done are unsatisfactory. We show that an excellent fit is ob-
tained within the existing Chew-Low framework if the inelasticity together with recoil
and the crossing term are taken into account, and we comment on a recent work by Do-

ver et al,

The pion-nucleon (TN) interaction is a basic in-
gredient in any theory for the pion-nucleus inter-
action. In the medium-energy range, the 7N in-
teraction is dominated by the 33 resonance, cor-
responding to A(1236). Besides a variety of ad
hoc separable interactions, a commonly accept-
ed model for the 7N interaction in this energy
range is the well-known Chew-Low (CL) theory,
which has successfully explained main features
of TN scattering including the existence of the 33
resonance. Since the CL theory is an approxi-
mate one, we would not expect that it reproduce
all the details of the 7N data. However, if we
are trying to derive the m-nucleus interaction
from a 7N interaction model, the latter should
reproduce the free 7N data as well as possible.
Otherwise, for example, one could not determine
how the 7N interaction is modified when the nu-
cleon is bound.

In the CL theory, if the 7N coupling constant is
fixed to its experimental value (f2~0.08), we are
left with only one adjustable element, i.e., the
form factor v, or, more simply, the cutoff ener-
gy. As is probably well known, the CL theory,
in its static form with only one adjustable param-
eter, cannot fit TN scattering data very well.

For example, Eisenberg and Weber? used the CL
theory in their m-nucleus calculations. Although
they fitted the 33-resonance energy, the calculat-
ed width was much too large. Also they had to
use a large cutoff energy, ~0.4u (4 is the pion
mass), which is not very satisfactory because
the CL theory is a nonrelativistic one. Dover
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and Lemmer’s calculation® is very similar in
this respect.

Recently Dover et al.* proposed to replace the
energy-independent coupling constant 1, (defined
later) in the CL theory by A4y o(w), where y 4(w)
is a complex function of the pion energy w, and
showed how vy ,(w) and the form factor v, can be
determined from given 7N scattering data. In
other words one can find y ,(w) such that the 7N
data are exactly reproduced. However, the rela-
tion between vy 4(w) and more basic TN interac-
tions such as the CL interaction is not clear.

The purpose of this note is to show that the CL
theory can in fact fit the 7N data including inelas-
ticity within its existing framework, without in-
troducing such an energy-dependent, complex
coupling constant. We also point out that effects
of recoil and the crossing term are instrumental
in fitting the data with a reasonable cutoff energy.

We start with the static model. The Hamil-
tonian is given, in standard notation, by?®

H =Ek"~’“kT“k +Z;k(Vkak+VkTakT) , (1)
V=i (4m) 2 (fo/ )G K,/ (2w)1 2. @)

Here f, is the unrenormalized coupling constant,
and w = (L2 +23)'2 is the pion energy, etc. We
confine ourselves to the 33 state throughout. A
solution of the Low equation for k,(w) = exp(6,)
X sinb,/ (k%,%) is given in the form®*’

hg(w) :)\s/wgs (W), 3)

with

4)

Here the subscript 3 refers to the 33 state, and x;= 41 2%, f being the renormalized coupling constant.

The function F, is determined by

F3(@) =[0:0:(@)/061(@) s =1 +(01e1/0e1)5e

(5)

701



VoLUME 34, NUMBER 11 PHYSICAL REVIEW LETTERS 17 MARCH 1975

The phase shift 6; becomes complex when F;>1. In the one-meson approximation, F,=1 at all ener-
gies. The term with G; is referred to as the crossing term. The function G; is not well known, but in
the one-meson approximation it may be approximated by G;~2.” We assume that

G,(w) = 2F 4 (w). (6)

This is the only ambiguity in determining %,(w) in the static CL theory.® Dover et al.* use the one-
meson approximation, i. e., F;=1. Then, for a real coupling constant, the phase shift 6, remains
real beyond the m-production threshold. They take account of inelastic channels by replacing X, by an
energy-dependent, complex Azy;(w). Also they ignore the crossing term, i.e., they put G,=0. What
we want to emphasize in the following is that inelasticity is simply taken care of by F;, which can be
determined by putting experimental data for ¢;,.1/0.; into Eq. (5). Also the effect of the crossing term
will be shown to be very important.

Since we are mainly interested in the medium-energy range where the 33 resonance domlnates, let
us put &;(w) in the form of the Breit-Wigner formula. First the resonance energy w, is determined by
Reg;(w,) =0. Then we expand Reg;(w) around w,:

£s(W)= (w -w,) Re[ g' (w,)]+i Im[ g(w)] = Re[ g’ (w,) {w = w, + T (W)}, (7)

where g’ (w) =dg(w)/dw and T'(w) =2 Im[ g(w)]/Rel g’ (w,)].

Next, let us consider the nucleon recoil effect. This is approximately treated by replacing w in Eq.
(1), but not in Eq. (2), by the center-of-mass energy @ =w + (n2+%%'/2 —m, where m is the nucleon
mass. Then w in Egs. (3)—(7) is replaced by @, while Eq. (4) is modified as

0 13 2 7!
-1 e [ an (R, 800) ®
Note that w’ for dw’ has not been changed. |
We have tried to fit the resonance energy @, al.’s 1/f. They plotted experimental values of j
and the width I'(@,). For the experimental val- in their Fig. 1, from which one can see that 1/
ues, we took @,=1233 MeV-m=2,13u, and T =1 for @ < 4y and 1/ increases rapidly for 4u
=116 MeV=0.841. For the masses we took u <& =<5, and then it comes down to 1/§=2,5.
=138.0 MeV and m=6,.80u. We considered three Equation (9) is a reasonable assumption for oo/
types of form factor v,: (i) square cutoff, v, 0.1, although it may somewhat underestimate the
=0k, —k), (ii) Gaussian cutoff, v, = exp(—%43/2k%), inelasticity for 44 <& =< 7u. We have considered
and (iii) Yukawa cutoff, v,=£2/(%+%7?). Since the cases with and without taking account of effects
results are not sensitive to the type of the form of recoil, the crossing term, and inelasticity.
factor, we show only the results for the square We determined the cutoff energy w,= (u?+&,2)/2
cutoff. For the inelasticity we assumed that such that, together with x, =%Xx0.08, the reso-
- nance energy ®,=2.13u is fitted, and then we cal-
Z“" = { ; 20;1;: Z.’i“ e 9) culated the width I'(®,). When the nucleon recoil
el ° is not included, we fitted w,=2.13i.. The results
Note that this 0.,./0; corresponds to Dover et are summarized in Table I. Almost a perfect

TABLE I. The cutoff energy w, which, together with A;= 4x0.08, fits
the 33-resonance energy &, =2.13u, T is the calculated width (at the res-
onance energy), which is to be compared with the experimental value T’
=0.84u. In case C, for example, the recoil effect is taken account of, but
the crossing term is not.

Crossing Without inelasticity With inelasticity

Case Recoil term W/l T/u W /h T/u
A No No 10.51 1.31 6.28 1.14
B No Yes 6.39 1.75 4.94 1.61
C Yes No 55.30 0.80 14.84 0.68
D Yes Yes 15.10 0.92 6.79 0.83
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agreement with experimental values is obtained
in case D when the inelasticity is taken into ac-
count. It is gratifying that the cutoff energy is
reasonable in this case. Other cases are clearly
inferior in the sense that I is much too large
and/or w, is much larger thanm. Case A corre-
sponds to Eisenberg and Weber’s calculation® ex-
cept that they took a larger value for the coupling
constant, f2=0.088, and hence obtained a slightly
smaller cutoff energy w,=9.4p. It is clear that
effects of recoil, crossing term, and inelasticity
are all important in improving the fit,

Before closing let us discuss a rather amusing,
fictitious problem. Consider scattering of a pion
from a nucleon which is bound in an external po-
tential, e.g., a harmonic oscillator potential. If
we increase the strength of the potential the nu-
cleon becomes less and less mobile, and in the
tight-binding limit the TN scattering amplitude is
reduced to that in the static limit in which m ~ %,
Using the parameters of case D with inelasticity,
we have examined how the 33 resonance varies
as m varies from the actual nucleon mass to in-
finity. We have found that @, and T" both decrease
asm increases, and @, goes down to 1,12y in the
limit of m - «, This exercise illustrates an ef-

fect of binding on the 7N scattering amplitude.
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8Although we feel that Eq. (6) is a reasonable assump-
tion, we admit that it has no solid foundation. Equation
(6) may be relaxed by replacing it by

Jdw' flw, ) G3(w) ~2 [do’ Aw, ) F(w’)

for not very large values of w. Here flw’, w) =k% kz/
W (w+ ).
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Using the techniques of current algebra and soft-pion extrapolation, we have calculated
the effect of weak neutral-current interactions involving scalar and pseudoscalar densi-
ties on the reaction v +# — v +p+ 7~ around the threshold region. We find that although
the magnitude of the differential cross section (which depends on quark masses) can be
of order 10”4 ¢m?/(20 MeV), the general shape is different from the one observed ex-

perimentally.

Recent experimental observation of muonless
events in neutrino inclusive reactions at CERN-
Gargamelle' and the Fermi National Accelerator
Laboratory? have established the existence of
weak neutral-current interactions between had-
rons and leptons. It is, however, too early to
decide on the exact nature of these interactions
and more detailed exclusive as well as inclusive
experiments are clearly necessary for this pur-
pose. From a theoretical point of view, if one
believes in the gauge theories, then the nature of
the neutral-current interaction regardless of the

particular choice of the model is of the type (aV,
+BA ), where V, and A, are neutral As=0
hadron currents and [, is the lepton current, with
a coupling strength of order Gy. In general, from
Lorentz invariance, one could however get other
combinations,?® like SS, PP, TT, and TT (and SP
and TT if CP invariance is not assumed), and
their contribution to both exclusive and inclusive
reactions must be estimated before arriving at
the final conclusion regarding the exact structure
of these interactions. The aim of the present
note is to present an estimate of the contribution
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