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Pion electroproduction from the nucleon near threshold
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We investigate the dependence on production amplitude of the low energy scattering cross section for
positive pion electroproduction from the nucleon. Calculations based on the threshold approximation to the
full amplitudes of Dombey and Read are illustrated and compared to results for the full amplitudes.

Inclusion of the momentum-dependent terms yields diAerential cross sections in the near-threshold region

differing from those given by the threshold approximation by no more thari 15%%uo at any angle.

NUCLEAR REACTIONS Dependence of o. (8) for electron scattering on nucleon
upon production implitudes.

It has long been realized that electromagnetic
probes of the nucleus can be particularly sensi-
tive to details of nuclear structure. This sensi-
tivity persists at energies over pion production
threshold where it becomes possible additionally
to investigate the dynamics of the z-nucleus in-
teraction over a broad energy range. This is
particularly important in the near-threshold re-
gion (5 & T, &25 MeV) where littie useful informa-
tion can be obtained from elastic pion scattering
exper ime nts.

Calculations on threshold and near-threshold
pion photoproduction and electroproduction are
typically carried oJt in the framework of the dis- '

torted wave impulse approximation (DWIA), in-

corporating various models for the nuclear struc-
ture, single-particle yes amplitudes, and p-nu-
cleus optical potentials. Clearly, the reliability
of the structure and particle production input de-
termines the reliability of the conclusions that can
be drawn from these processes regarding the
m-nucleus interaction. In many cases, the nuclear
matrix elements can be determined independently
from analysis of related experiments. ' For
charged pion photoproduction, the single-particle
amplitudes are likewise well determined from
analysis of the reaction yN -mN on a free nucleon. '
Consequently, one is often able to make for photo-
production fairly unequivocal statements regard-
ing the form of the pion optical potential and its
relation to the basic ~N interaction. The situa-
tion with respect to electroproduction is quite dif-
ferent. Here the greater complexity of the full
dispersion- theoretic single-particle amplitudes
has resulted in the uniform use '" of threshold
reductions in calculations on electroproduction
from nuclei. In the course of carrying out de-

tailed calculations on el.ectropion production from
nuclei in the threshold and near-threshold regions,
we found that predictions for the electroproduc-
tion process on a single nucleon based on the full
amplitudes can differ by 15% from those based on
threshold approximations even at low energy. We
think it important to present these intermediate
results here because of the need to have accurate
single nucleon input for the analysis of recent and
projected nuclear electroproduction measure-
ments, several of which are to be carried out at
energies far above threshold.

The differential cross section for meson produc-
tion in electron-nucleon collisions may be written

d40

ds, dpdO, dQ,

=(2s) 's, 'p'5(e, —c, —&, +m —Ez) ~T&; ~, (1)

where the initial and final electron four-momenta
are (s„e,) and (s„c,) respectively; the pion mo-
mentum is [p, u), = (P'+ u')'~']; the nucleon recoil
momentum is [q, E~=. (q'+m')'~']. All angles are
measured with respect to the ~ axis, here taken
to lie in the direction of propagation of the virtual
photon of four-momentum k =s, —s„polarization
e„=eu(s, )y u(s, )/0 . This choice of frame' ex-
plicitly separates the single-particle amplitudes
from the nuclear physics, thereby allowing easy
incorporation of the latter into calculati. ons of
nuclear electroproduction.

The transition matrix Tz, is proportional to the
product of the leptonic and hadronic currents.
The spatial part of the hadronic current can be
written down from invariance requirements in the
form'
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H=io'F, +(o"P)(o x k)F, + i(v k)PF,

+i (a P)PF, +i(&r k).k F,+i(o.P)kE„ (2)
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The terms inA =——,'{1—cos82[1 —(s2/s, ) sin 8,]' ]and
B -=-',[1+cos8&(1 -(s2/sI) sin 82)' -s2/sI sin'82]
correspond to transverse and longitudinal photons,
respectively. Again, all angles are measured
with respect to the virtual photon. To include the
four component of the current, we make the fol-
lowing replacements'.

where the F, are the single-particle amplitudes
and P(k) are unit vectors for the pion (photon}. The
time component can be obtained from the contin-
uity equation k„H„=0; its inclusion leads to a re-
definition of F, and Fe. We may then write for the
transition matrix (h=c =1) FIG. 1. Born diagrams included in present calculation:

(a) contact term; (b) nucleon pole term; (c) crossed nu-
cleon pole term; (d) pion current term. Solid lines are
nucleons, dashed lines are pions, and wiggly lines are
photon s.

carried out in the forward peaking approximation
(FPA) in which matrix elements of the elementary
amplitudes are evaluated ' at 82-0'. The re-
sulting cross sections are completely dominated
by the transverse component of the amplitude with
the various form factors replaced by their k =0
values.

In Fig. 2 we illustrate our results for 7)' produc-
tion using the parameters (E,= 280 MeV, T,
= 21.6 MeV) of the recent Matnz experiment on
threshold electroproduction. from ' C and ' O.
Curve (a) is the result using the threshold reduc-
tion of the operators [H=o Z(l —p, /2m)],
corresponding to the p = 0 limit of all diagrams
in Fig. 1. Curve (b) contains. the contact term
and both nucleon pole terms. Curve (c) uses the
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It remains only to insert expressions for the F,
We have used the "full model" proposed for elec-
troproduction by Dombey and Read. This consists
of a contact (seagull) term, two nucleon pole terms,
and a pion pole term (Fig. 1), all calculated in
pseudovector coupling, together with a 4(1286)
resonance contribution. It was shown that this
model was consistent with both partial conserva-
tion of axial-vector current (PCAC) and existing
data 100 Me V above threshold. Nonrelativistic
limits of the Born terms were used, retaining gll
terms to order m

The cross sections we are interested in are
those for which co, and the orientation of the pion
with respect to the direction of the incident elec-
tron are measured. The integrals in Eg. (1) are
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FIG. 2. Double-differential cross sections for positive
pion production by 280 MeV electrons. Pion kinetic en-
ergy is 21.6 MeV. Curve (a) is for the threshold ampli-
tudes (Refs. 3-5, 10); (b), for the contact and both nu-
cleon pole terms [diagrams (a), (b), and (c) of Fig. 1];
(c), for the full amplitudes (all diagrams in Fig. 1 plus
D resonance).
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full form, consisting of all the Born terms and
the b term (the latter contributes less than 1% at
these energies).

The cross sections are dominated by the term
proportional to

~

&q —&2 cos8, + —,
' sin 8,E4

~

in

MIq and M'q
q [Eq. (4c)]. The nucleon pole contri-

butions (all of which are momentum dependent),
entering through E& and E2, yield in this region
-10% corrections to the'momentum-independent
terms and vary with p ~ k/2m&v~. The cos8, de-
pendence leads to a rotation of the threshold curve
(E&-1- p/2m) about 8,=90'. A comparison of
curves (b) and (c) illustrates the importance of
the pion pole contribution. This term enters
through +4- -p /(&o, su~ -p k) and yields a 15-20/o
contribution. In the threshold approximation, all
of the above momentum-dependent terms vanish
identically. There is an additional pion pole term
that does not vanish even at threshold. However,
it enters only through the longitudinal amplitude
F, and contributes little to the cross section. It
should be noted in passing that although the I',

term is negligible, its presence is formally re-
quired to maintain overall gauge invariance.

The chief conclusion to be drawn from this work
is that the commonly made threshold approxima-
tion to the full electroproduction amplitudes leads
to results for p' electroproduction on a free nu-
cleon that can differ by -15% from the predictions
given by the full amplitudes. This finding is con-
sistent with a recent result" on pion photoproduc-
tion from Li and C, a reaction equivalent to
(e, e'm) in the peaking approximation, where it
was found that adding the momentum-dependent
terms to the threshold operator yielded -10%
corrections for pion energies less than 50 MeV.
Those electroproduction calculations on nuclei
which employ threshold amplitudes within the
framework of fairly sophisticated models of nu-
clear structure and final state interactions should
include the correction terms, both for consistency
of approach and for purposes of comparison with
the accurate experimental data now becoming
available.
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