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ltwhile finishing this work, we received a report
[CERN-TH 1490, 1972 (unpublished)] from C. Ferro
Fontan on nN backward scattering at 6 GeV/c. The
author arrives at the same conclusion as we do concern-
ing ReM%/}. He also considers MY/2 and M2 as Regge-
pole amplitudes, without specifying, however, the para-
metrization used, and in particular, mentions only brief-
ly the question of the presence of a &, — % factor in the
A residue. We disagree with his ImMY/2 having a zero
atu = —0.6 rather than at @y = — %, which is in conflict
with our interpretation, and that of Ref. 1, of point (a) in
Sec. II A. We also arrive at a somewhat different con-
clusion for M¥2. Moreover Ferro Fontan does not pre-
sent any model for the M /2 and M3/2 amplitudes he ex-
tracts from the data.
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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 — 77p data without the introduction of an I =2 electromagnetic current. Pre-

dictions for the reaction yn — 7' are made.

Parameters are introduced to describe the

photoproduction Born terms for the inelastic hadronic channels. We find that through the
rescattering integrals, the inelastic effects strongly influence the yN — =N amplitudes even
at low energy (in particular, in the E, and M;_ multipoles).

1. INTRODUCTION

Considerable interest in low-energy pion-photo-
production experiments and phenomenology has
been recently stimulated by (a) the suggestion that
an ] =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-

actions
y+n—=1+n, (1a)
YH+R=TT+D (1b)

as have been done for the reactions

y+p=u’+p, (2a)
y+p—=at+n, (2b)
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then the question of the need for I =2 currents can
be settled unambiguously. If the capture reaction

TPy +n (3)

and its inverse (1b) are accurately known, the
possibility of T violation in the region of the
A(1236) can be answered.

At present only the y-proton reactions (2) are
accurately known. Although the 7 inverse and di-
rect reactions seem to differ in the region of the
A, the reactions (1b) and (3) are not well known.
We think that it is premature to consider T viola-
tion a necessary ingredient in a phenomenological
model of photoproduction.

Experiments to study (1a) are just under way® so
that no direct test for an I =2 current can be made.
However, interesting but model-dependent evi-
dence for this current has been presented by Don-
nachie and Shaw* (DS).

The purpose of this paper is to present a con-
ventional, theoretically based phenomenological
model of photoproduction. We think that it is pre-
mature to include 7 violation or I =2 currents in
this model. Any difficulty encountered in fitting
our model to the data may be some indication of
the existence of I =2 currents.

Theoretical models of photoproduction are basi-
cally quite simple. The interaction of the photon
with a nucleon to produce a pion-nucleon system
is given by various Born terms; the strong in-
teractions then provide an important “rescatter-
ing” correction. Given a set of Born terms and
the hadronic scattering amplitude in the ND~! form,
it is simply a matter of quadrature to obtain uni-
tary photoproduction amplitudes. Beginning with
Chew, Goldberger, Low, and Nambu® (CGLN) to
the present time, the main obstacle to a complete
theoretical description of photoproduction has been
the lack of a theoretical model of 7-N scattering
or even a phenomenological treatment in which the
amplitudes are separated in N and D functions.
Recently this difficulty has been solved in part by
the work of Ball, Garg, and Shaw® (BGS), and it is
their phenomenological treatment of 7-N scatter-
ing that will provide the basis of our model for
photoproduction.

The crucial ingredient of the BGS approach was
the explicit consideration of inelastic effects in a
multichannel formalism. This complicates the
generalization to photoproduction in that Born
terms for a photon interacting with a nucleon to
produce hadronic channels other than 7-N must al-
so be included.

In Sec. II we will discuss the formalization which
will generate unitary photoproduction amplitudes.
In Sec. III we will discuss the Born terms to be
employed and the method in which the “phenomeno-

logical” inelastic channels introduced by BGS are
used to induce parameters which may be used to
fit the data. In Sec. IV we present our numerical
results, the fits to the data, and our conclusions.
Predictions for the reaction yn — 7’ are presented.

We are able to obtain a good fit to the present
low-energy (E, <400 MeV) photoproduction data
compiled by DS. Our fit to the proton reactions (2)
is very close to that obtained by DS, with ours
having a somewhat better y*. The shape of our
yn=1"p angular distribution is quite different
from the DS fit but has essentially the same ¥? for
this less-well-determined reaction

We found that in our fits to the data the inelastic
channels through the rescattering integrals strong-
ly influence the yN — 7N amplitudes even at low
energy. In pariicular, our E,, and M, _ multipoles
are quite different from those of previous calcula-
tions” which ignore inelastic effects.

We present our results as representing a first
step in finding a complete description of low-ener-
gy photoproduction which is consistent with the
elastic and inelastic 7-N data.

II. FORMALISM

We will represent the partial-wave production
amplitudes for photon plus nucleon going to » had-
ronic two-body channels by the column vector M,.
These amplitudes M, have definite values of J,
total angular momentum, parity, and total isospin,
and correspond to transitions initiated by either
electric or magnetic radiation via isoscalar- or
isovector -photon interactions; all of these quan-
tum numbers we summarize with the index «. For
the purposes of this discussion we will assume
that the correct discontinuities across the unphysi-
cal singularities of these amplitude, “left-hand
cuts,” are given by the Born approximation. The
discontinuities across the physical cut, “right-
hand cut,” are given by unitarity as follows:

ImM, = f;paMa s 4)

where f, is the nXn hadronic-channel scattering
matrix, and p, is the phase-space factor for this
partial wave. The f, are expressed in terms of

the N, D, " equations as

Jo =Ny Dy -

e Sa=1)
=Py M =g pa T (5)

If we now denote the Born approximation to M,
by BY, we can write the following expression for
M, (see Ref, 6):

AW 'No (W )p.o (W' )BL(W')
W' -W ’

M, =B, +5a-1% f (6)
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where the integral runs over the right-hand cut,
where W, the total energy of the yN system, is
greater than the appropriate hadronic threshold.

The multipole amplitudes M, and B, which ap-
pear here have the threshold behavior removed.
The relation between these multipole amplitudes
for yN — 7N and those of CGLN (Mgin =E;,, M,,)
(see Ref. 5) is

gk
Meown = 357 (Ma)y yos nn (M

where % and g are the photon and pion center-of-
mass momenta. Thus we have ensured the cor-
rect threshold behavior when we calculate the
CGLN multipoles from (6) and (7).

The analysis of BGS fitted the elastic 7N phase-
shift analyses for 6 and n (S =7¢*°) as a function
of W using the ND ™! formalism. For each partial
wave, we found it adequate to describe all the in-
elastic effects through one phenomenological high-
er-mass channel (P.C.). The nature of the P.C.
was separately chosen for each partial wave, e.g.,
eN for the P,,. Simple poles were used to repre-
sent the 2X2 symmetric input potential B for the
strong interaction. In each case we needed only
one input potential pole for the P.C. The natures
of the P.C., the p,, and the input B we used to
fit the elastic 7N phase shifts are given in Table I.
The N, and D, matrices needed in Eq. (6) are
found by solving Egs. (1)-(3) of BGS using the
parameters in Table I.

While it is true that the scattering into inelastic
channels is small in the low-energy region, it
should be noted that the integral in Eq. (6) includes
high energies. Thus inelastic effects can strongly
influence the pion photoproduction amplitude even
at low energies.

The only remaining step required to obtain uni-
tary photoproduction amplitudes from Eq. (6) is
determining reasonable photoproduction Born
terms BY for the input.

III. MULTIPOLE BORN APPROXIMATION
AND KINEMATIC EFFECTS

The fact that the BGS model we used to describe
the 7N scattering contains a phenomenological in-
elastic channel in each partial wave, in addition
to the elastic pion-nucleon channel, forces us
to consider the photoproduction of these channels
in our model.

The Born terms for yN —#N have a clear theo-
retical origin and are taken to be given by the dia-
grams in Fig. 1. They are known functions given
in terms of the pion-nucleon coupling constant,
charges, and nucleon magnetic moments. Explicit
formulas for the multipole projections of the pole

% /s’
/ YN\ T YN
4 ’
ll I, !

FIG. 1. Born approximation for yN —7N.

terms in Fig. 1 have been presented by a number
of authors.® In transitions leading to the P, nN
partial wave, it is necessary to include the contri-
bution of A(1236) exchange. We used the A ex-
change in the static approximation as given by
Donnachie and Shaw.® Note again that our multi-
pole inputs B” in (6) are simply related to these
CGLN multipoles Born terms by the kinematical
factor in (7).

We have unitarized all the multipoles which lead
to 7N final states having appreciable phase shifts
at £, <500 MeV or W= 1350 MeV. We solved (6)
for the 12 multipoles leading to the following six
7N final states'®:

Eé‘i’” to Sy, ;

E® and M® to P,,;

335
MY to P ;

Egi) to Sy, ;

M3 to P, ;

MLV and ELY) to Dy,

The Born approximation for all other multipoles
was included by simply using the complete dia-
grams in Fig. 1, subtracting out the multipole pro-
jections for the above 12 waves, and then adding
back in their unitarized expressions obtained from
Egs. (6) and (7). This procedure guarantees that
the pole singularities are correctly included in our
final result.

We treated the photoproduction Born terms in
(6) for the phenomenological channels in the
simplest possible manner: The Born term for
vN—P.C. is taken to be a pole in the W plane at
the position of the pole used in the BGS 7N solution
for that partial wave with a residue y used as an
adjustable parameter. This results in 1 parame-
ter per multipole or 12 adjustable parameters for
all the above multipoles.

By far the most prominent feature of low-energy
photoproduction is the 3-3 resonance. We found
that slight changes in the parameters of this reso-
nance can have substantial effects on the quality of
a fit to the data. The 7*p scattering is extremely
well determined experimentally, and our two-
channel ND ™! model provides a precise fit!! to the
data for the A**, However, we need to know the
parameters for the A* into the 7%z and 7% chan-
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nels. Clearly there is one S-matrix pole for the by treating the resonance energy as a free param-
A* with its position and residue!’:!? slightly shifted eter for 7*n and for 7%. Since the n™p data are
from that of the A**, We approximated these un- less accurate, we constrained its resonance ener-
known shifts along with the kinematical differences gy to be the same as for the n*n data. This intro-
between 7tz and 7° as well as possible mass- duces two additional parameters bringing the total
difference-induced effects in the B” for this wave to 14,13

Ey =300 MeV

Ey =260 MeV

(a) (b)
I | | 1 | !
10 05 0 -0.5 -10 1.0 05 0 -05 10
cos @ cos
Ey =340 Mev Ey =380 MeV

25}*

—
.ol._
3| »
b|C}
Ol o

5 _

| . | (c)

1.0 0.5 0 -05 -1.0

cos @

FIG. 2. Fit to the n* photoproduction differential cross-section data. Our fit is the solid line, the fit of DS is the
dashed line. The open circles represent data from Fischer et al., and the closed circles are from Betourni et al.
(see Ref. 15).
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IV. FITTING PROCEDURE, RESULTS, E y*® 340 MeVv
AND CONCLUSIONS

We obtained the initial values of our 12 parame-
ters y for the residues of the input multipole Born
terms for the phenomenological channel by fitting
the imaginary parts of our multipole to those of
Walker!* or those of Ref. 9. We found that the x?
was insensitive to changes in the y’s for E{3),

M®, E®, M§®, E{Y, and M{'). These parame- T
ters were then fixed at the starting values obtained &l_‘g B
above and a least-y® fit was performed, varying g|c}v
the remaining 8 parameters (6 y’s +2 mass shifts)
to a portion of the photoproduction data!® compiled |
by DS. Infittingthese data we handled the errors by “
simply assigning a fixed error of 1 ub for the 7*
and 7° data points and 3 pb for the n~. Our final x* sk ]
was 1.3/data point. The values of our parameters
are given in Table I.
| | | (C)
1.0 0.5 o] -0.5 -10
Ey =220 MeV cos 0
20} Ey =400 MeV

6 =90°
1.0 J
0.8
2 osel 7=
5F — o4l 5 &
v
| | | (b) 02 J ”l l | (e)
1.0 05 0 -05 -10 200 250 300 350 400
cos 8 Ey(MeV)

FIG. 3. Fit to the 7¥ photoproduction differential cross-section and asymmetry data. Our fit is the solid line, and the
fit of DS is the dashed line. The open circles represent data from Fischer et al., and the closed circles are from
Hilger et al., and Morand et al. (see Ref. 15). See Fig. 10 of DS for references to the polarized-photon asymmetry data.
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Ey =354 MeV
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(o] 30 60 90 120 150 180
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FIG. 5. Fit to the 7~ capture data of Berardo et al.
(Ref. 16).

QOur fits to some of the data are shown in Figs.
2, 3, and 4. In Fig. 5 our results for 7~ produc-
tion at 354 MeV are shown together with the cap-
ture data of Berardo et al.’®* We have calculated
all multipoles and all cross sections at 10-MeV
intervals up to E, =450 MeV, but have only pre-
sented a representative sample!” as we view this
as a preliminary calculation which will be revised
as new data become available.®

Our calculated values for the E,,, M,_, and E,
are quite different from previous single-channel
calculations.” Thus we list these multipoles in
Table II.

The effective shift of the P,, resonance which we
obtained was 1.5 MeV lower for the n*n channel
and 7.4 MeV down for the 7°% channel as compared
to the fit! to the A**. It is reassuring that the
difference between these channels which both con-

239

Ey =350 MeV
30 r -

| | |

1.0 5 0
cos 8

-.5 -1.0

FIG. 6. Prediction for y +n — 70 +# differential cross
section at 350 MeV.

tain A* is of the same magnitude as the difference in
threshold energies.

We are able to obtain a good fit to the present
low-energy (E, <400 MeV) photoproduction data
compiled by DS. Our fit to the proton reactions is
very close to that obtained by DS, with ours having
a somewhat better x*. The shape of our yn—~7"p
angular distribution is quite different from the DS
fit, but has essentially the same x®. That this dif-
ference is possible is attributable to the data which
are poorly determined in the backward direction.

It should be emphasized that our model contains no
I =2 current and the only freedom is the result of
inelastic hadronic channels, a freedom that neces-
sarily exists in any model of photoproduction.

In Fig. 6 we present our predictions for the re-
action yn -~ 7% at E, =350 MeV.

TABLE II. Some of our unitarized multipoles as a function of E,.

E, 10°E®), 10‘E¢) 10°M {0 105 {0 10°E%),
(MeV) Re Im Re Im Re Im Re Im Re Im
220 81 6 219 16  —170 2 252 -6  —234  —42
240 101 9 194 16 -79 2 253 -7 —237 -74
260 123 12 171 16 87 3 252 -7  -226  -110
280 145 15 150 16  —94 2 252 -7  -191  -148
300 169 19 132 15  —99 2 258 -5  —125  -170
320 194 24 114 14 104 1 211 -2 -48 -145
340 220 29 99 13 -106 -0 300 7 -2 -82
360 284 35 84 12 -107 -0 346 31 4 -18
380 277 42 70 10  -106 1 405 73 -12 28
400 308 49 57 9 -104 4 4771 141 =35 57
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Our calculations presented in this paper repre-
sent a first step in obtaining a complete descrip-
tion of low-energy photoproduction consistent with
the elastic and inelastic 7-N data. Newer and
more accurate data should become available in'the
near future® which will put our present model to a
more stringent test,!®

Current work at Berkeley'® indicates that it
should be possible to replace the phenomenological
channels used by BGS by quasi~two-body channels
obtained by direct analysis of experimental data

for nN - 7aN and extend the present type of analysis
up to higher energy (E./ ~1500 MeV). We also hope
to be able to look at photoproduction of other had-
ronic channels with the goal of using some of the
predictions of this model which we have left with-
out interpretation.
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