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Vfe apply a formula derived recently in massive electrodynamics to p-p scattering. The C = +1 amplitude
due to co exchange gives rather interesting predictions at very high energy. The total cross section is found to
be 31-32 mb; o.e&

—4.5 mb.

CONSIDERABLE amount of work has been
done in the past year in the area of massive

quantum electrodynamics. ' ' It is hoped that by sum-

ming certain sets of diagrams we may unveil some
general features of strong interactions at high energy.
The results have been interesting. The scattering ampli-
tudes all have the general characteristics of (i) form
factors or impact factors and (ii) multiple-scattering or
quasiparticle (eikonal) exchange. The former aspect
bears close resemblance to the work of Chou and
Yang."It is also observed that only transverse degrees
of freedom appear in the exchange, which give rise to
impact representation.

There are in6nite sets of diagrams to be summed and
none of these calculations are easy. It is natural for one
then to seek some hint from the available data. In other
words, we would like at this point to confront some of
the theoretical results with experiments to see how we
fare and then look for direction to proceed. This is why
the present work has been undertaken.

A word of philosophy is perhaps proper. At some
stage in such a model calculation, one must admit cer-
tain assumptions on the basis of phenomenological de-
duction. Theoretical justification may hopefully be put
forward at a later time.

It is found that if vacuum polarization effects are
neglected and if the soft-photon approximation is made
to the t-channel exchanges' (or, if Z graphs are
dropped'4), then the invariant scattering amplitude for
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k =p3 —pl is the momentum transfer and is assumed to
be along the x direction; the notations are otherwise
self-apparent. It is noticed that this amplitude contains
both the C =+1. and C= —1 parts, and that they both
give constant contribution at high energy to the diGer-
ential cross section. It is deduced phenomenologically,
however, that at high energy, exchanges with the
quantum number of the vacuum should dominate.
Thereupon, we here make a "to be proven" assumption
that in. a more realistic calculation where some other
suitable sets of graphs are also summed, the C= —1
amplitudes will be suppressed in some Regge-like
manner.

The vector particle we have in mind as the interaction
carrier is the co meson. The q meson is neglected since it
is known that its coupling with XX is small. Also, the
Pauli term of cod% will be dropped, as it is also known to
be small. The scattering amplitude then will be written
as
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in which we have given a width to the co meson, i.e.,
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Jo, Ito, and Xi are the standard (modified) Bessel
functions. We use the values'

g„e/4vr =7, Ii„=780 MeV, and y„=13MeV. (5)

The dotted curves in Figs. 1 and 2 are the results. The
form factor used here is the one parametrized by Chou
and Yang. 7 The curves are laid on Krisch's plots' in
which the abscissa is P'pP —+ (as—s —+~. We choose
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FIG. 2. Proton-proton elastic scattering cross sections. The
dotted curve includes co exchange alone, the solid curve also
includes effects of p'vr background. Also plotted is t F1(t))' (dashed
curve). The abscissa is in units of (GeV/c)' (see Ref. 9).
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174, 1304 (1968); Nucl. Phys. B10, 289 (1969).The high value is
also given by vector-dominance models. I thank Dr. I. Kimel for a
discussion on this point.
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The latter plots are similar to the one in Phys. Rev. Letters except
that (a) experimental total cross sections have been used in the
form do+/dt (t =0) =o~,t/M, and (b) do+/dt =do/dt is assumed for
—t &2.75 (GeV/c)' (private communication with Professor A. D.
Krisch and Dr. M. Marshak).

FrG. 1. Proton-proton elastic scattering cross sections. The
dotted curve includes co exchange alone. The solid curve also
includes effects of p'H (1650) background. The abscissa is in units
of (GeV/c)' (see Ref. 9}.

these plots because it is observed that the data points at
different energies have less scattering.

The dip at tI——1.5 has the general tendency of the
experimental points; the dip at I,——6 reminds us of

those in the Chou-Yang model. ' ' In the other regions,

the curve falls correctly.
One reason we cannot fj.t the data at present energies

by using cv alone is its narrow width. Consequently, we

have not generated enough real part to the amplitude.

(The ratio of the real to the imaginary part is less than

2%.) There are many ways to introduce more real part.
One way, due to Durand and I.ipes, ' is by putting in

spin-orbit coupling. We shall indicate here another way.

It is worth emphasizing that the real part must be
somewhat energy dependent so that in the high-energy

limit, the amplitude is purely imaginary.
We make use of a reported p'x' enhancement around

1650 Mev which has the same internal quantum number

as ~. We shall fix the center of the exchanged back-

ground at this value. Essentially then, there are two

"L. Durand III and R. Lipes, Phys. Rev. Letters 20, 637
(1968}.
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parameters (width and coupling) which will be varied in
the subsequent calculation. The over-all sects" of
including this "particle" are to make the following
changes on the invariant amplitude in Eq. (3):
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We use

g„-'/4+=16, p, =1.65GeV, and y, =p, . (7)

Then the solid curves in Figs. 1 and 2 result. We have
not made a g' fit to the data. For small —t, we see that
the dip structure is reproduced at —t—1.2. The recent
CERN data" may pull the points near this region
towards the theoretical curve. For large —3, the
agreement is good, taking into consideration that the
p-p data are still quite poor. Also plotted on Fig. 2

is (~~)'
We now discuss the results.

(a) We stress that the existence of the p'x'resonance
is not important in the above calculation. Ke prefer to
regard it as a way of parametrizing the background.
Upon including it, the ratio of the real to the imaginary
part of the amplitude in the forward direction is about
15%%u~. The sign contradicts the experimental value at the
present available energy. This feature is shared by other
multiple-scattering models. " A way to overcome this
difficulty is by arguing that Regge terms still contribute
near the forward direction at an energy about 20 GeV.

(b) As mentioned before, one should make the real
part slightly energy dependent so that in the true
asymptotic energy region the amplitude becomes purely
imaginary. ' In other words, it is the author's opinion

"N. Armenise et e/. , Phys. Letters 263, 336 (1968); Particle
Data Group, Rev. Mod. Phys. 41, 109 (1969);A. M. Cnops et cl.,
in P'roceedings of the Folrteenth International Conference on, High-
Energy Physics, Vienna, i%8, edited by J. Prentki and J.
Steinberger (CERN, Geneva, 1968). The spin-parity assignment
of this resonance is not known
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review of multiple-scattering models see C. B. Chiu, Rev. Mod.
Phys. 41, 640 (1969)."L. Van Hove, Phys. Letters 5, 252 (1963);V, 76 (1963);Rev.
Mod. Phys. 36, 655 (1964).

that the curve due to eo exchange alone will eventually
better approximate p-p scattering as the energy goes up.

(c) The total cross section comes out to be 31—32 mb
in the two calculations, compared with the experimental
value of —38 mb. O,i=4.5 mb with rv exchange only,
which is a bit lower than the experimental value of
o,~/o«~=0. 25 at 20 GeV." Increasing ~XX coupling
will result in an increase of rt, t and O.,i. For example,
o", =36.2 mb and o.,'=5.5 mb when g "g'/4n. =9. The
background will not change these values much. Since
the form factor F~ that we used throughout the calcula-
tion is the electric form factor, which is not precisely
the strong form factor, we consider such agreement to be

satisfactory.
(d) Our model shares some common features with

that of Chou and Yang. 7 On the other hand, there are
essential differences in detail. Loosely speaking, we have
the following picture. The two protons interact in the
region where they overlap each other spatially. There,
they undergo multiple scattering. This picture is
geometrical, in contradistinction to theirs, which is
optical.

(e) This model differs from the optical models. "We
consider only C=+1 exchanges. The damping here is
mainly due to the form factor P'(k') although the
eikonal function also provides some. The model is also
different from the infrared model'7 in that soft-photon
approximation is made on the t-channel exchanged
photons only. The radiative photons are treated exactly.
No question of renormalizability arises.

(f) We now turn to the theoretical side. If one agrees
that the fit bears some physical truth, it is clear what
should be done. Ke have to show that indeed the
C= —1 amplitude is suppressed. Effects of hard-photon
exchanges must also be investigated.

(g) If the trend of the Serpukhov data continues, "
we have to see how this model can be modified to
accommodate the new situation.
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