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In this note we present some preliminary re-
sults of analyzing pion photoproduction data" 2

by taking into account the virtuality of the ex-
changed pion in the Drell model. 3&~

Ferrari and Selleri5 derived an approximate
expression for the off-shell pion-nucleon 3, 3
scattering amplitude containing an unknown pion-
ic form factor K(b, ') depending only on b, ', the
square of the four-momentum of the virtual pion.
They applied their result to an analysis, ' on the
basis of the one-pion exchange (OPE) mechanism,
of single-pion production data from nucleon-nu-
cleon collisions. It is shown that in the calcula-
tion of the amplitude for this process there oc-
curs the function

C, (g2) K2(g2)KI (~2)y(g2)

where K(A') appears twice since it is associated
with each pion-nucleon vertex, K'(6') contains

d'o a ~t sin& ~ p(k - cu)

dPdQ 8w' 1- it cose ' k' a T)

where the photon has energy k,
p. is observed in solid angle dQ
momentum interval dP about P.
ing energy is ~, the velocity is
cross section at kinetic energy
cr~ (T). In Drell's terminology,

the pion of mass
about 8 and in
The correspond-

P, and total m+-A

T = k-(d- jtL is
the photon pro-

all the higher order corrections to the pion prop-
agator, and g(b, ') is a known function depending
on the parameters of the 3, 3 resonance. The
moderate success they met in substantiating the
OPE by fitting this data with an empirical func-
tion 4(b, ') suggests the importance of a, similar
calculation in the case of photoproduction.

Drell's expression' for photoproduction of nega-
tive pions from a heavy target nucleus A is



VOLUME 13, NUMBER 1 PHYSICAL REVIEW LETTERS 6 JULY 1964

duces a ~ -m pair in the Coulomb field of the
target A, tbe m is observed, while the virtual
m+ interacts strongly with the target, and initi-
ates any undetected final states.

In case A is a proton, we assume that the n -P+

interaction occurs predominantly in the 3, 3 state
so that the Ferrari-Selleri result may be applied
unambiguously. If A is a complex nucleus, the
situation is somewhat ambiguous, but in what
follows we assume that the strong interaction
within A is purely quasi-elastic (i.e. , a single
nucleon, treated as an unbound particle, partici-
pates in the interaction) and also occurs in the
3, 3 state. In this way, both cases are treated
in a unified manner, although admittedly we may
be drastically oversimplifying the treatment of
complex nuclei.

The finite mass of the nucleon and, following
Ferrari and Selleri, '&~ the off-shell nature of the
exchanged pion can thus be incorporated in Eq. (2),
in case A is a proton, by replacing cd�(T) by
o33(T, a'), where

g„(T,s') =cr„(T, p, ')c(T, &'). (3)

o, (T, g') is the on-shell 3, 3 pion-nucleon cross
section, and'

c(T, ~'}= —
i

—
i

1+
k - &u I,&u j 4m

1+3& 2 q.
x —, —K'(b, '}.

(I+o. )~ q
(4)

In Eq. (4), m =nucleon mass, a~=(p'-6')/2m
x(E~-m), E~ is the 3, 3 resonance energy (1.238
BeV), ql is the virtual pion momentum in the
laboratory system, and qf and qf are, respec-
tively, the initial and final momenta in the bary-
centric system of the virtual pion and target nu-
cleon. Also T must be redefined in (2), (3), and
(4) to be the kinetic energy of the real pion emerg-
ing from the strong interaction in the rest frame
of the recoil nucleon.

Since higher order corrections to the pion prop-
agator and the y - n++w vertex precisely cancel'
by Ward's identity, only K'(b, ') appears in (4).
It is interesting to observe that knowledge of
K'(b, ') from analysis of photoproduction data
could, upon comparison with the empirical func-
tion C (b, ') in (1), lead to determination of the
higher order corrections K'(b, ) to the pion prop-
agator. Such a determination seems unwarranted
at this preliminary stage of our analysis since it

would be undesirable to depend heavily on photo-
production data from a complex nucleus as we
are doing in this note.

For complex nuclei, a plausible (but specula-
tive) way to make the extensions corresponding
to Eq. (3) is to replace oA(T) by

cr (T, S*)= o (T, p') C (T, a')

where v&(T, p, ') is that part of the pion-nucleus
cross section attributed to quasi-elastic scatter-
ing in the 3, 3 state. '0

Equations (3}and (5) were inserted in (2) in
our analysis for values of T below the 3, 3 reso-
nance. Above the resonance the cross sections
on the right-hand side of (3) and (5) were re
placed by total cross sections since the off-shell
corrections for the other states now contributing
substantially to the cross sections are hopefully
not considerably different from Eq. (4). This
procedure is sensible for experiments where T
is restricted to the region of the 3, 3 resonance.
We should point out, however, that in the ex-
periments considered here the range of T is
~0.0-1.0 BeV where other states are indeed im-
portant.

Since qf) qf, the factor (qf/qf) in Eq. (4) when
considered alone causes a possibly significant
enhancement of the cross section. If we fold in
a bremsstrahlung spectrum p(k)dk, the region of
integration may include qf = 0, where qf w 0. A
singularity is prevented in (3), as pointed out by
Ferrari and Selleri, ' since cr»(T, p') vanishes as
t7f .

It is possible to unfold approximately the inte-
gration over y{k). We define

N(p, 8) = fdk 8 g )C,(T, ~'}d'o/dpdn

where the subscript 1 means that we have set
K'{S')= 1 in Eq. (4), and we define E(p, 8) to be
the corresponding experimental value. Then
Km(ho ) =E(p, 8)/N(p, 8) where a,', the average
value of 6' in the region of integration, is given
by

~,'= [I/V(p, 8)]fdk q (k)C, {T,~')~'d*o/dpdft. (7)

This procedure correctly establishes a value of
K'(b, ') if Km(b, 2) is linear in a~ over the region of
integration, a justifiable assumption since the
range of values of b, ' in the integral is small for
the experiments considered here.

Figure 1 shows values of K'(b, ') determined in
this manner using data from pion production in
hydrogen and beryllium. The curves in Fig. 1

30
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FIG. 1. Pionic form factor squared vs mass squared
of virtual pion. Circles indicate experimental points
from reference 2, triangles from reference l. A few
data from reference 1 are omitted for clarity. The
curves are plots of Eq. {8). Values of g are indicated
above the curves.

are crude fits to the data of the form

K'(a') = [1+(g'- a')/a'j ' (8)

mith a=6'. , 8p, and 12'.
Figure 2 illustrates the importance of including

the term C(T, b, ') in the calculation. The Drell
angular distribution is plotted for photoproduction
in beryllium from a photon spectrum mith maxi-
mum k = 5. 82 BeV and P = 5. 0 BeV/c. Four cases
are considered: (a) C(T, A') given by Eq. (4) is
used in (5) with K'(h') given by (8) and a = 8p;
(b) same as (a) but with K'(rh, ') = 1; (c) C(T, b, ')
is replaced by 1; (d) same as (c) but with m = ~
(static approximation).

We list some conclusions, evident from the
figures:

(i) Although there is quite a scattering of values
of K'(b. ') over the range of b, ', there is a general
trend for K'(b, ') to decrease with I

6'I as in the
corresponding analysis of reference 2. The
main difference is that our analysis has pulled
down K'(A') by a factor of almost 2 for the larger
momentum transf ers.

(ii) There is no clear separation in Fig. 1 be-
tween the data for production in hydrogen (refer-
ence 1) and that for production in beryllium
(reference 2). This suggests that the quasi-
elastic treatment of complex nuclei is perhaps
justif ied.

4 6 8
LABORATORY ANGLE DEGREES

FIG. 2. Plot of photoproduction cross section per
equivalent quantum for observing a 5.0-BeV/c x pro-
duced in Be by bremsstrahlung of peak energy 5. 82
BeV. See text for explanation of the curves. The ex-
perimental points are from reference 2.

(iii) The data are not grossly incompatible with
Eq. (8) for l~'I &3g'.

(iv) The OPE represents only a small part of
the physics going on for )62) &3p.~.

(v) The maximum possible effect of the off-
shell correction is quite significant since curve 5
of Fig. 2 is about 2. 5 times larger than the un-
corrected curve c over a substantial part of the
phase space of the observed pion. Also note that
the static curve d deviates sharply from the other
curves at sufficiently large angles.

It should be emphasized that these conclusions
are for the most part tentative, since it is possi-
ble that they depend crucially on the assumptions
stated in this note. Further investigations of
these assumptions and analysis of more recent
pion photoproduction data are in preparation and
mill be contained in a forthcoming paper.
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Foley et al. ' have made extensive measure-
ments of elastic p-p, p-p, m+-p, and K+-p scat-
tering in the momentum range 7 to 20 BeV/c.
In order to compare the results for different in-
cident particles, one may try a scaling law of
the type suggested by an optical model~,

dc/df = sR4f (R't) .
Here t is the square of the momentum transfer,
in units of cm ', and to make the definition of
the scaling length R explicit we take f(0) =1, so
that

R' = (dc/df t jv)"'t= 0

f' = (do/dt i jw)"'ft=o

If t is given in (BeV/c), rather than cm ~,

t' = 0.90416(dc/dt i )i'~t (4)

with (do/df If 0) in mb/(BeV/c)~.
Foley et al. have expressed the experimental

results in the form

(dc/dt)/(dc/df ) ) = exp(-bt+ cP), (5)

According to this scaling law, we are to compare
values of (do/dt)/(do/dt)f 0) as functions of the
square of the momentum transfer measured in
dimensionless units,

with t in (BeV/c)'. In terms of the dimension-
less variable, (5) takes the form

(dc/dt)/(dc/dt I ) = exp(-b'f'+c 't'I), (6)

b' —b/[0 90416(dc/df ( Pie]

c' =c/[0. 81751(da'dt I )]. (7)

The upper limits of momentum transfers
reached in the Brookhaven experiments were
tm~-0. 8-1.1(BeV/c)', except for p-p scatter-
ing where fmax-0. 5(BeV/c)'. The correspond-
ing values for t' range from tmax'=4 for K+-p,
to tm~'=8 for p-p scattering.

The values of the experimentally determined
parameters are listed in Table I, and shown
graphically in Figs. 1 and 2 as functions of po,
the momentum of the bombarding particle.

Figure 1 shows that after the rescaling, the
value of b', which describes the initial rate of
decrease of the cross section, is virtually iden-
tical for bombarding protons or antiprotons, and
also identical within the errors, but with a 50%
larger value, for all the pseudoscalar mesons.
The error on the K -p scattering is so large that
the result in this case is not compelling. The
large errors for K -p scattering are a reflection
not merely of larger statistical errors of the


