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It is shown that the usual shadow correction for high-energy scattering of particles by
deuterons violates charge independence in the case of pions. Alternative formulas are
derived which are applicable to this case..

Many years ago, Glauber, using an eikonal
method, showed that the total cross section
for scattering off deuterons could be approxi-
mated as the sum of the cross sections off pro-
tons and neutrons minus a so-called shadow

term. In the original derivation' of the shadow

term, as well as in subsequent refinements, '~'

it is implicitly assumed that the incident par-
ticle has no internal degrees of freedom; in

particular, no isospin. For pion-deuteron scat-
tering this is not true and so, in this case, Glau-
ber's arguments have to be generalized to in-
clude the effects of charge exchange scatter-
ing. Such a modification is clearly necessary
because the use of the Glauber formula for pions
would violate charge independence.

The consequences of charge independence
are most easily seen if we represent the shad-
ow term diagramatically4~' as in Fig. 1. There
is an additional term with the protons and neu-
trons interchanged. The sum of these two dia-
grams may be evaluated' by taking only contri-
butions from intermediate w, P, and n on their
mass shells. In this way we obtain' an ampli-
tude

where q is the three-momentum transfer to
the deuteron, S(q) the deuteron form factor,
and f pei(q) is the elastic rr-p amplitude for
momentum transfer t= -q'. By use of the op-
tical theorem, this can be converted into an

equation for a total cross section 60

«= ——,RefS(q')f (p')f (-q')d q'. (2)
2 , el , el , 2 ,

k2 rr p 1m

If it is further assumed that the amplitudes
are purely imaginary and also that they are
not rapidly varying functions of q near the for-
ward direction, one can obtain a simplified
formula for the m d total cross section.

o = g p o -(i/4rr)o o &r '&. (3)wd mP in rr prrn
This equation, which is the one most common-

ly used in the analysis of experimental data,
contains a parameter (r ') representing the

E (q) = 2'I, fS (q')f (—,'ri+ j')

FIG. 1. Contribution to the Glauber shadow term.
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average inverse-square separation of the par-
ticles in the deuteron. One can calculate in
a completely analogous manner the total cross
section of m" s in deuterium

cr, =o, +o, -(1/4r)cr, o, b-').
w'd r'p r'n rp r'n (4)

Now since the deuteron is in a state of I= 0,
isospin invariance requires that

7l d 7l d (5)
FIG. 2. Contribution to the modified shadow term.

It is easily seen that the shadow term in gen-
eral violates condition (5) and hence charge
independence.

The reason for the discrepancy is that cer-
tain diagrams, such as that of Fig. 2, have been
ignored. For the 7t case there is only one dia-
gram of this type. Its contribution is, in anal-
ogy with Eq. (1),

By inspection it is seen that (9) and (10) are
equal so that charge independence is satisfied.

Similar formulas will, of course, also apply
for kaons and other I= 2 particles. In this case

el el
fK-p-K"=[fK-. fK-p '

from which the shadow term is

F'(q)= -4,&
JS(q')F, p, .„(-'q+q')

xF, (-,'q -q')d'q '.

As compared with Eq. (1), a minus sign arises
because a neutron-proton pair are interchanged
at a deuteron vertex, where the wave function
is antisymmetric. The charge-exchange ampli-
tude occurring in Eq. (6) is expressible in terms
of the elastic amplitudes.

F (q) =
2,qf~(q')VK (-'q+q')fK „(-'q q')-

[fK-„(-.q+q')-fK-(-q+q'))

[fK (2q-q')-fK (2q-q')9d q' (12)

The "experimentalist's" form is

cr = o + o -(1/4w)KdKPKn

The shadow term (1) should therefore be mod-
ified to read

F(q)=2,&A'(q')(f,
p

(-'q+q')f, „(-'q-q')

--.tf (.q+q')-f -(-.q+q'))el ~ el ~

r n r p

x[cr o --,'(o -o )'](r ').rprn ' rp rn
For r"s there are two diagrams of type (2):

o, =cr, +cr, -(1/4r)r'd r'p r'n

(9)

(10)

x[f (—q-q') f (-,'q-q')Dd q'—, (8)
7r n r p

and the simplified formula (3) becomes

o = o + cr -(1/4r)

Appropriate modifications have to be made to
many other formulas in Refs. 1-3, e.g. , those
concerning deuteron break-up reactions. The
effects are particulary large in such charge
exchange reactions as r++d-r'+p+p. The
modifications are, however, straightforward
and will not be discussed further here.

The correction term that we have derived
here is proportional to a charge-exchange am-
plitude squared. Therefore, by Pomeranchuk's
theorem, it must disappear in the high energy
limit. In practice, it vanishes quite rapidly
for elastic scattering or total cross sections,
being negligible above about 2 BeV/c, depend-
ing on the particular reaction involved. At the
other extreme, in the vicinity of the 3-3 pion
nucleon resonance, the large shadowing that
the Glauber formula predicts is reduced by a
factor -,' by the new correction. This will be
easy to check when there are good measurements
of the pion-deuteron total cross sections in this
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region.
It may be noticed from Eq. (9) that if there

were a pure I= —,
' resonance with no background,

then in its neighborhood the Glauber term would
be zero. On the other hand, the new correction
would not be zero and mould actually correspond
to antishadowing.

In principle, one should also consider diagrams
such as that of Fig. 1, but with the intermedi-
ate pion replaced by a p meson. ' Below a few
BeV their contribution is strongly suppressed
because the minimum momentum transfer q
allowed is

p -contribution completely.
In summary, we have derived a modified Glau-

ber formula which is charge independent, but
is as easy to apply as the original. The fact
that this modification was not proposed much
earlier shows that in such problems a diagram-
matic approach may have something to add to
an eikonal one.

The author wishes to thank Dr. A. Mueller
and Dr. R. F. Peierls for useful discussions
and much patience. He is especially indebted
to Professor I . Wonenstein for clarifying many
of the ideas. An interesting conversation with
Professor R. J. Glauber is also appreciated.

According to the eikonal philosophy, for not-
too-high energies, this momentum transfer
makes the p contribution incoherent with the
pion over the deuteron radius and, therefore,
unimportant. In any case, their inclusion is
extremely difficult because it would require
knowledge of the phase of the amplitude A. ~~
One would then have to resort to such unreli-
able models as those of Regge or SU(6). It is
amusing to note that if one describes the p-pro-
duction amplitude by a one-pion exchange, then
the isospin factors are such as to cancel the
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According to current ideas, ' the ur and y me-
sons are a coherent mixture of a pure SU(3) oc-
tet state y, and a pure SU(3) singlet ~, . The
eigenstates for the freely propagating & and

y turn out to be approximately' y = (&2qro —&uo)/

-&Band p = (p, +v2uo)/v3. Now there is no rea-
son to expect these particular linear combina-
tions to be respected in general; for example,
in high-energy scattering we might suppose
that unitary spin exchange, like isospin exchange,
is small, in which case yo and wo are the eigen-
states of the scattering. Under these circum-
stances, the "elastic" scattering amplitudes

for y, and &uo, (if they are not accidentally de-
generate), produce "inelastic" reactions of
the type p-~ by "diffraction dissociation"
or, in the terminology of the K mixing theory,
by "regeneration" of an ~ by an incoming y.

We would like to point out that effects close-
ly analogous to the K mixing phenomena. should,
in general, exist for high-energy cu-y produc-
tion and to examine cases in which they might
be observed. ' Even though the masses of y
and w differ by a full 240 MeV, we are justi-
fied in using the particle-mixture analogy, since
the question of coherence is relative to the phase


