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bump of magnitude 8 p, b would be difficult to ex-
tract experimentally.
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Using reasonable assumptions concerning the s-channel helicity-nonflip amplitude Me++

of isospin ~& in the u channel and the helicity-flip amplitude M~+, we extract from the data
at 6 GeV/c on xV backward scattering the remaining amplitudes. We find that the isospin-&
amplitudes can be described in a Hegge-pole model with absorption. A description of M~

amplitudes is given, using degenerate N~ and N& trajectories. The N& couplings are found
to be fairly important, especially in the M++ amplitude which then has to be strongly ab-
sorbed.

I. INTRODUCTION

Whereas a, description of forward meson-baryon
scattering in terms of Regge-pole exchanges with
absorption is sufficiently well established so that
refinements to it in terms of Regge-Regge cuts
can be examined, backward scattering is still far
from being understood. The question of which
poles exactly contribute to wN backward scattering
is not even resolved, despite the fact that mÃ-Nw
has been ra,ther extensively studied, both theoret-
ically and experimentally. Pion-nucleon backward
scattering is described by isospin-& and --,' ex-
change in the u channel. The isospin 2 is very
probably dominated by N~ exchange. What mech-
anism —wrong-signature nonsense zero or pole-

cut interference —is responsible for the dip ob-
served in the I'p- pm' differential cross section
is a problem which is not settled. Unansweredtoo
is the question of the presence or absence of the
N trajectory in the isospin-2 amplitude. A very
strong N&, besides the N, seems needed in pion
backward photoproduction and pp -dr+ where no
dip corresponding to the one in mN-Ng is ob-
served. What part the N& plays in mN backward
scattering however is difficult to resolve as long
as the dip mechanism is associated with the N„
trajectory. What is clear is that the isospin- —,

'
amplitudes, which are the only ones contributing
to m p- pm, are dominated by 4~ exchange. How-
ever, there is discussion about whether the ~~
residue should change sign or not when it varies
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from the backward direction to the Ã33 pole. This
is related to the question of whether the residue
should contain a factor o ~ —

& (where o ~ is the
b.~ trajectory) as is demanded by SU(3) symmetry,
the strong exchange degeneracy of Z and Z z in
K'P - Pg', and the absence of a 2' particle on the
Z

& trajectory.
This paper attempts to clarify some of these

points. No complete amplitude analysis of course
is possible, since at 6 GeV/c there exists no com-
plete set of measurements, but only results on the
three differential cross sections, and the polariza-
tions in n*p- per'. Using some model-independent
results obtained by Barger and Qlsson, ' we try to
derive some general features of the amplitudes by
assuming a definite form for some of them, and
deducing the others from the data. We then pro-
pose a model for the amplitudes obtained this way.
In Sec. II we report the model-independent results
and discuss the isospin amplitudes and their in-
terferences. Section III contains our results and
the description of our model. We conclude in Sec.
IV with a general discussion of our results.

II. GENERAL DISCUSSION OF THE
I~ ~i 23AMPLITUDES

A. Model-Independent Results

Barger and Qlsson' have obtained the following
model-independent results from the 6-GeV/c data'.

(a) The modulus squared of the isospin--, ampli-
tude O„has approximately a double zero at
u = -0.15 (GeV/c)'. We present &x„ in Fig. 1 (see
Refs. 3 and 4) at 5.9 GeV/c and moreover at 9.85

GeV/c to show its energy dependence.
(b) The isospin-2 and -—', interference term

ReI,I,* has an approximately double zero at
u = -0.15 (GeV/c)'. We present ReI, I,* in Fig. 2

(see Refs. 3 and 4), conveniently normalized, at
5.9 GeV/c and moreover at 9.85 GeV/c.

(c) The polarization in w'p - pw' outside of the
dip region is essentially given by the I„=z ampli-
tude interfering with itself.

If one looks for amplitudes the form of which is
close to that of Regge poles, the natural way to
interpret the result of point (a) is that each iso-
spin-& amplitude is very small around u = -0.15
(GeV/c)'. Barger and Qlsson' moreover conclude
from point (b) that ImM', " (the s-channel helicity-
nonf lip amplitude of isospin —,

' in the u channel) has
a simple zero at u = -0.15 (GeV/c)'. Their con-
clusion is however based on the following addition-
al assumptions: At u = -0.15 (GeV/c)' the helicity-
nonf lip amplitudes dominate the helicity-flip ampli-
tudes and ReM+" has a double zero at that mo-
mentum transfer.

B. Qualitative Discussion of the Amplitudes and Assumptions

We. now proceed to describe our procedure. As
a first guess, we consider that M', ' is essentially
given by a simple Regge pole, the N trajectory.
Therefore the additional assumption involved rela-
tive to our interpretation of point (a) in Sec. IIA is
that ReM'," has a double zero at u = -0.15
(GeV/c)'. This zero structure is evidently at-
tributed to the wrong-signature nonsense (WSN)
zero at o.„„(u)=--,, where n„(u) is the nucleon
trajectory. Qur choice for M',"seems the most

(a)

60—
o& (p. b / Gev ) (b)

p) b
= 5.9 Gev/c

o
N

= —(3(o++oo)=1

10—

p&, b
= 9.85 GeV/c

oN -—(3(o +o~)-o )
1

2

20—
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FIG. 1. The modulus squared of the isospin-~~ amplitude 0& at (a) 5.9 GeV/c; {b) 9.85 GeV/c. Data from Refs. 3 and 4.
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natural starting point, considering that at' g = No

the energy dependence of the n'p -pn' differential
cross section is compatible with that given by the

trajectory, and that the normalization at that
same momentum transfer is in good agreement
with the extrapolation of M+" to the nucleon pole.
There clearly exists a strong correlation between
M'," at u = u, and the nucleon. From this choice
for M'," follows a certain number of consequences
for the other amplitudes. In particular, let us con-
sider the question of the -2, —,

' interference term at
small transfer. Before the dip, the pole extrapo-
lation yields the nucleon Regge-pole amplitude in
the third quadrant of the phase diagram, as shown
in Fig. 3. The value of Rei, ia~ near u =0 (cf. Fig.
3) implies that the angle between M'," and M',"
has to be of the order of 45'. So, if the phase of
M'," is related to the 4z trajectory z~, and its
coupling to the &z width, the only solution consists
in choosing M'," in the fourth quadrant (Fig. 3),
which means in other terms that the coupling does
not change sign between u = m~' and u =0 (no
a~ —2 factor in the residue).

R, I) I3
I/0' ou

l

.6
I

I

-u (GeV )

I

J T

I

p& b
= 5.9 GeV/c

t'

lab

p«b = 9.85 G0V/c
L

III. STRUCTURE OF THE AMPLITUDES AND MODEL

A. The N3/2 Amphtudes

FIG. 2. Ratio of Re i&If to (ohio ), with Re I&I&
= g (o++ a' o -2o&) at 5,9 GeV/c and 9.85 GeV/c.
Data from Refs. 3 and 4.

For the extraction of amplitudes, we deal first
with the I„=2 amplitude, as constrained by o and
P . The differential cross section does not have
any particular structure, and the polarization sug-
gests an interpretation in terms of a Regge-pole
model with absorption. In such a model, the ab-
sorption will be stronger in the nonf lip amplitude
than in the flip amplitude, and stronger in the real
part than in the imaginary part, due to the vanish-
ing of the latter at the right-signature nonsense
point a~= —a. At small ( u ~, the two Regge ampli-
tudes have a relative phase equal to zero or g, de-
pending on whether M", ,' has a zero or not, re-
spectively, at z~= &. Qnly in the former case, a
conventional absorption model will yield a positive
polarization, and therefore we conclude that M",,'
is in the fourth quadrant at small

~
u (, and con-

sequently that its residue does contain an e~= 2

factor. e An actual extraction can be made as fol-
lows. We take M+", as a Regge-pole amplitude b,
with its coupling related to the 4~ width through
pole extrapolation [see Eq. (I)] and extract M',"
from the data at 6 GeV/c, o, and P . In doing
that, we fix the trajectory n~ around the value
given by the Chew-Frautschi plot, and vary the
scale parameter s, in M", +' [Eq. (I)]. As expected,
the resulting M'," amplitude has the general shape
of an absorbed Regge &~ term: Whereas the imag-
inary part looks like that of a Regge amplitude, the

real part is smaller in magnitude and more
peaked. Since we are to present a definite model
for ~z exchange, we shall not give further details
and numerical results for the extracted amplitude.

B. Model for N Amplitudes

Qur model for M'" amplitudes is as follows:

3(2M+~ =b+~+C+~,

where &„is the pole term, and C„ the absorp-
tive correction, calculated in the usual way from
a pole-Pomeranchukon convolution. The convolu-
tion formulas which have been used are shown in
the Appendix. Here, since a weak cut model is
clearly sufficient for accounting for the P polar-
ization, we have fixed the A. cut enhancement fac-
tor to 1. We find that

2 -l fr(a~ -j.]a)/2

0

x (aa- —,)(-u + u,)'",
atg

2
- -(1 ( +-j./2)/a~ I 2 &b,

+ 1 2 s 1

aa=a, a+aau, with aa =(-', -a,a)/ma' and m~
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u "- 0
extrapolation to the b, z pole. %'e believe it is not
too much, owing to the fact that the 4~ pole is far
away from the physical region.

For calculating the absorption amplitudes, we
take a Pomeranchukon term of the form

3/2
P =isor exp[oj, t(lns —2iw)]e", (3)

I'IG. 3. Phase diagram at u= 0 for M, , M3, , and
,3/2M ++.

the 4z mass. s, and s, are the two scale parame-
ters. 6, and 5, are two other parameters which
will be explained below, and

6, = -0.637, 6 =2.09 GeV, ~ = -0.0648,

where o ~ has been fixed at 22 mb. a and e~ have
been fitted.

The results of our fit are shown in Figs. 4 (see
Ref. 3) and 5 (see Ref. 7) for the differential cross
section and the polarization, respectively. The
values of the parameters are found to be

s =0.574 GeV', s, =0.680 GeV',

z~ = 0.3 GeV, a~ = 1.955 GeV

(4)

(5)

with I'~=0.12 GeV being the ~z width, m the nu-
cleon mass, and q~ the nN c.m. momentum at an
energy equal to the ~z mass. The index i takes
the values 0 and 1 for 4„and 4„, respectively.

Some comments are in order. First, one can
verify that these parametrizations ensure a cor-
rect pole extrapolation. The pole and zero struc-
ture is clearly exhibited by the argument of the 1
function, and the z~- ~ factor is made explicit in
the 4++ term. Apart from the scale parameters
sp and s„we allow for a supplementary variation
of the coupling in &, , through a parabolic resi-
due determined by 6, and 5,. In fact we find that if
5, =0 (constant residue), the value of s, which fits
to the o cross section at u =Qp is too small for
providing a correct slope at higher momentum
transfers. These two additional free parameters
are the price we have to pay for realizing a smooth

We shall discuss these values later on (see Sec.
IV). Let us just say for the moment that none of
these parameters is sharply fixed by the o and P
data alone. For example, comparable fits can be
obtained keeping s, and s, equal, or fixing a priori
n„' to any reasonable value. But the 4~ cannot be
completely studied without referring to the other
data, since it turns out that the polarization P, in
the dip region, and the cross section o„are fairly
sensitive to the detailed structure of M'„', in par-
ticular to the ratio of the helicity-flip to the he-
licity-nonf lip —, amplitude. Note that since in our
final result the helicity-flip contribution

~
M",,' P

to o. amounts to about 3 of the helicity-nonf lip
contribution, the argument of Ref. 1 as to the oc-
currence of a zero at u = -0.15 in M'," (see Sec.
IIA) does not hold in our model.

do {{Lb/G V2)
10 dU

T

pl &- 5.9 GeV/cLob

do {a' p~ pa )
dU

0.1 .0 .8

-U (Gev )

FIG. 4. do/du for x p p~ at 5.9 GeV//'c from our model. Data from Ref. 3.
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p „,b= 6 G eV/cT

P(x p =pm )

—.05 .0
-u (GeV )

2

FIG. 5. Polarization in z p px at 6 GeV/c from our model. Data from Ref. 7.

C. The M Amplitudes
i/2

Qnce we are given a model for the M'" ampli-
tudes, we can proceed to the extraction of the
M+'+ amplitude from o+, v„and P+, for a given
M'," amplitude, first chosen to be of the Regge-
pole type with WSN zero at n„= -2, as explained
previously. The striking feature of the result is
that, for any reasonable scale parameter and N
trajectory, ReM", , happens to be large and posi-
tive beyond the dip, whereas ImM", ,' remains
small. ' In Fig. 6, for u -—-0.5, we show the posi-
tions of our amplitudes on a qualitative phase dia-
gram. The position of M+" comes out from the
W'SN-zero mechanism which has been assumed ex-
plicitly, the position of M+", from the fact that
their imaginary parts both vanish near z~= -2,
accounting for the vanishing of the P polarization.
Finally, the position of M+'+' in the first quadrant
for

~
u

~
a 0.5 can be qualitatively understood as fol-

lows: First, since the P, polarization is large,
there has to be a sizable phase difference between
M",,' and M',", and moreover, since it is negative,
M+'+ must be to the right of M+". This position
is furthermore confirmed by the large positive val-
ue of ReI, I, (Fig. 2), which is easily obtained by
a dominant positive interference between M",' and

3/2M++

D. Model for M&/2 Amplitudes

1/2
U — —~ 5

1/2
++

g 3/2 R~

value, of the same order of magnitude as the (posi-
tive) imaginary part]. The fact that this feature
survives at higher energies, as shown by the exis-
tence of a still substantially positive value of
ReI, I,* at 9.85 GeV/c (Fig. 2), seems to be in dis-
agreement with a possible interference effect with
"nonasymptotic" contributions (resonances, or
maybe t-channel Regge poles). On the contrary,
an almost purely real M+,' with a simple zero can
be easily obtained on a wide range of energies by
assuming exchange degeneracy between N„and N
trajectories, degeneracy of the couplings, and
strong absorption in M+", . We then proceed to
construct a Regge model with absorption in which
N„and N trajectories are degenerate, and the
ratios y, of the N to N couplings left free. y, is
expected to be substantially different from zero
and we allow for an important cut enhancement fac-
tor X, on M+", , whereas as for the two M'" ampli-
tudes, this factor is taken to be 1 for M+" . The
amplitudes read as follows:

The main problem we have to deal with is of
course that of an interpretation of the large posi-
tive value of ReM", ,' after the dip [remember that
the WSN-zero mechanism would yield a negative

FIG. 6. Phase diagram at u ——0.5 GeV for M+& and
ki ++ amplitudes.
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{{Lb/GeV )du

p) b= 5.96 V(

do {n+p =pm+)
dU

—.05.0 .15.2
I.6

I.8

-u {GeV )

FIG. 7. do/du for 7{ p p7{+ at 5.9 GeV/c from our model. Data from Ref. 3.

(8)

where D„are again the absorptive corrections,
calculated with the Pomeranchuk term of Eg. (3)
with parameters of Eq. (5), and

(7)

(8)

amplitudes, a ratio which is badly determined by
v and P data alone. Our final result for a„P„
and o, is shown in Figs. 7 (see Ref. 3), 8 (see Ref.
4), and 9 (see Ref. 7). The values of our parame-
ters are

s, =0.609 GeV2, s, =0.262 GeV', no~ = -0.315,

y+ = 0.508, y =0.183, A. + = 3.78 . (10)

The rather high value of the X, enhancement fac-
tor is to be attributed to the necessity of getting
a zero in ReM+'+ near the dip both for having a
small amplitude in this region and a large positive
real part beyond. We think this parameter is the
only one which has a rather unusual value.

u„ is the X, N„ trajectory with intercept z,„and
slope n„' = (0.5 —o,o~)/m'. so and s, are scale pa-
rameters, and the N, are obtained by pole extrapo-
lation:

N, = -3 m', nN g'/4v,

+, =-3m~s, et& g /4n, '

with a vÃ coupbng constant g'/4v =14.8.
A. fit to the O„o„and P+ data is then performed

in two steps. First, for fixed &z and Pomeranchuk
parameters, as previously determined by 0 and

P, we adjust y„so, s~, z«, and X,. Then an
over-all fit to all data is done, which leads to a
slight readjustment of the &, and Pomeranchuk
parameters. As already stated, this is essentially
due to the sensitivity of the M'~~, MS~2 interference
to the helicity-flip to helicity-nonf lip ratio of M"'

IV. CONCLUSION AND DISCUSSION OF OUR RESULTS

Let us first sum up the general lines of our
reasoning. Our main assumptions concerning ex-
traction and interpretation of the wN backward
amplitudes are the following ones:

(i) The helicity-nonflip amplitude M'," has some-
thing to do with N„exchange. The arguments in
favor of this assumption are essentially the energy
dependence of the backward peak in m'P -Pm' and
the position of the dip around u~ = -~.

(ii) Both I„=2 amplitudes are dominated by 6|,
exchange (energy dependence of the o cross sec-
tion), and they can be actually described in the
framework of a Regge-pole model with absorption
(shape of the P polarization).

Qn the basis of these two assumptions, we then
infer from the data
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(pb/GeY )

10'

T

t.abpL b
= 5.9 GeY/c

o {n p~nxo}
cIU

1 ~

I

—.05,05 .15 .2 ~ 4
I

e8

-u {GeY )
I

1.

FIG. 8. do/du for x p nx at'5. 9 GeV/c from our model. Data from Bef. 4.

(a) that ImMs+" does not vanish at the WS point
nz, = 2, whereas ImM'„' does, and

(b) that after the dip in the o, cross section,
ReM+'+ is large and positive, in contrast with
what is obtained in an N„exchange model with

1
WSN Zero at ~, =--,.

Finally we present a model for I„=—,
' and 2 am-

plitudes, using &z, and N~N exchange, respec-
tively, taking care of the extrapolations to the &Q3

and nucleon poles. Absorption is quite normal
(A. =l) for both I„=—,

' amplitudes and for M', '. The

only point which would require some interpretation
is the rather high value of the cut enhancement fac-
tor A, + in M+'+ . The model, with its fitted parame-
ters at 6 GeV/c, is in very good agreement with
all known data at that energy.

In Figs. 10(a) (see Ref. 3), 10(b) (see Ref. 3),
and 10(c) (see Ref. 4), we compare the predictions
of our model, with its parameters as determined
at 6 GeV/c, with the data at 10 GeV/c on differ-
ential cross sections. The agreement is quite
reasonable. The discrepancy around the dip

)ip

+.5—
p& b--5.9 GeV/c

Lab

P (x' p = pe')

O
", .25 .5 &5

—u (GeV )

FIG. 9. Polarization for ~+p pm+ at 5.9 GeV//'c from our model. Data from Bef. 7.
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da (&b/GeV )
10. du

+
~~+

+~M

p b= 9.85 GeV/c
I.ab

—(& p~p% )
d

(a)

I

0.
I.2 I.4

I.6 I

,8

-u(GeV )
I

1.

—(pb/GeV )
10 du

p, = 9.85 Gev/c

4~ (m+p~p x+)
du

FIG. 10 Comparison of
the prediction of our mod-
el with the data on differ-
ential cross sections (a)
m p px at 9.85 GeV/c-
data from Ref. 3; (b) 7I+p

pm+ at 9.85 GeV/c-
data from Ref. 3; (c) 7I p

neo at 10.1 GeV/c —data
from Ref. 4.

(b)

I I
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region in m p-nm' is related to the fact that our
model does not reproduce well the energy depen-
dence of the quantity Re(I,I,*)/(o o„)'". We point
out that there is some evidence that around 6
GeV/c one cannot consider that the backward mN

amplitudes have completely reached their asymp-
totic behavior: Comparing the 5.9-GeV/c data of
Ref. 3 with the 5.2- and 7-GeV/c data of Ref. 9
on m'p -P w', one observes that, before the dip,
o, at 5.9 GeV/c practically coincides with c, at
5.2 GeV/e, whereas after the dip it is close to a,
at 7 GeV/c. [See also the 180' o compilation in
Ref. 10 which indicates that the 5.9-GeV/c point
could lie in a still oscillating region. ] Therefore
it is possible that the parameters at 6 GeV/c still
reflect some nonasymptotic behavior. Unfortunate-
ly, 6 GeV/c is the only momentum at which po-
larization data exist. At any rate, we believe that
the predictions and inclusions we have drawn from
the 6-GeV/c data remain generally valid, despite
the discrepancies at 10 GeV/c which could be re-
duced by small variations of the parameters.

We want to emphasize that the present model
predicts that the general behavior of the pN back-
ward amplitudes stays stable on a wide range of
energies. In particular, we predict the g'p back-
ward polarization P, remains significantly nega-
tive at higher energies, at least outside the dip
region. As far as the dip region is concerned,
we cannot conclude in a definite way. If both M'~'

amplitudes were strictly zero at z~ = -2, of course
one would obtain P, =P at all energies. If they
are not, P, is very sensitive to the N, 4 inter-
ference term, and then to their respective helicity-
flip to helicity-nonf lip ratios. For example, a
substantially positive spike in P, cannot be com-
pletely excluded, which could result from a domi-
nant Im(&„N,* ) contribution. This could occur in
particular if ~z exchange was predominantly a
helicity-flip amplitude, as obtained in a strong cut
model where ~, would vanish at u = -0.2 to 0.3.
Note that in such a case, ReM3+" vanishes at a
smaller I u I than ImM',". Then, one can dis-
tinguish between weak and strong cut models for
M'," by an B measurement in the transfer region
where P vanishes (u = -0.5), since accordingly
ReM",'M',"*will be, respectively, positive or
negative. Our point of view is that the 6-GeV/e
data for P+ and o are not in favor of strong ab-
sorption in M3+'2.

As a conclusion, we have presented a model
which is in fair agreement with high-energy pN

backward data, which incorporates significant N„
contributions to M'" amplitudes, thus allowing for
the absence of dips in other reactions dominated by
I„=2 baryon exchange, and which predicts polar-
izations in 71+p and z p to be slowly varying func-

tions of energy, but may be, for P„ in the dip
region. '

APPENDIX

1. Kinematics

At large c.m. energy squared, the two helicity
amplitudes M, and M, are related to the invari-
ant functions A(s, u) and B(s,u) by

M„=(-u + uo)"'Bv s,
M~ = (A + mB) Ws,

where m is the nucleon mass. Our normalizations
are such that the differential cross section is given
by

do' 1
du

= 64„,(IM„I'+IM, I'),

and the polarization by

21m(M„M~ )
IM„I'+IM, I'

The u -channel isospin decomposition is

S(v-p —p~-) = M'~',

I'(s'P -P~'}= ', M"'+ ', M'~—', -

I (s P nv ) =—'W2(M' —M ' )

2. Formulas for Absorption Calculations

In calculating the Pomeranchuk-Regge-pole-cut
contributions to M„, we have used the following
approximations to the usual convolution integrals:

a(g-go) g~ ~N'
00

i ab
exp u -u, )8 ss( +ab) a+b

Joo—=[(-u +uo)' e'~" "0 ] e '

b

a+ I„( u+ u, )"', -

I„,= [(u —u, )"e'~" "0'—]++' e"
d

n Io

J„,-=[(u —u, )"(-u+u,)"'e"" ""]Q+ e"
6f

da"

In the cut calculations, we have neglected the
variation in n of the F functions present in the
Hegge-pole parametrization, so that all terms ap-
pear as products of exponentials and polynomials
in Q.
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We have performed a multichannel-dispersion-relation calculation of low-energy (E
~ 450 MeV) pion photoproduction. We are able to fit the present yP data along with the less-
well-known yn —7f p data without the introduction of an I =2 electromagnetic current. Pre-
dictions for the reaction yn T(on are made. Parameters are introduced to describe the
photoproduction Born terms for the inelastic hadronio channels. We find that through the
rescattering integrals, the inelastic effects strongly influence the yN —xN amplitudes even
at low energy (in particular, in the &0 and M& multipoles).

'f. INTRODUCTION actions

Considerable interest in low-energy pion-photo-
production experiments and phenomenology has
been recently stimulated by (a) the suggestion that
an I = 2 electromagnetic current might exist' and
(b) the possibility that time-reversal invariance
might be violated in electromagnetic interactions. '
If one can obtain as accurate measurements of. re-

+R7T+Rp

p+0 g +P

as have been done for the reactions

+p ff +p

P+P 7T +PE
y

(»)
(lb)

(2a)

(2b)


