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Photopion production with nonresonant 633 background interference
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The nonresonant interference effects in the (3,3) channel proposed by Olsson are incor-

porated into a full amplitude that describes photopion production from a single nucleon.

The reactions p(y, m+)n, n(y, m )p, and p(y, m )p are all well described by this amplitude.
The charged pion production cross sections obtained with Olsson's effects are similar to
those calculated by Blomqvist and Laget, but the new amplitude has the added feature of
also describing neutral pion production. Asymmetry parameters calculated with the new

and Blomqvist and Laget amplitudes are compared with experiment for the cases where ei-

ther the incident photon, the target, or final state baryon are polarized; the new photopion
production amplitude provides a good description of these experiments.

NUCLEAR REACTIONS Photopion production amplitude, (y, m)

cross sections, polarization calculations.

I. INTRODUCTION

The Blomqvist-Laget (BL) operator' successfully
describes charged (y, tr} production from a target
nucleon and is the starting point for many nuclear
calculations. The first such application resulted in
good agreement between theory and experiment for
the production of charged pions from light nuclei.
Sensitivity to the basic photopion dynamics has been
revealed by interesting interference effects in the ra-
diative capture of infhght pions on ' N and ' C.
However, recent cases have indicated that a more
precise description of the photopion production on a
nucleon is now needed. s An example of its limita-
tion is that the BL description of neutral pion pho-
toproduction from a target proton yields only quali-
tative agreement with data when calculated with the
same parameters as charged pion photoproduction.
The inability of the BL amplitude to describe (y, sr )

production from a proton is one of the major
motivations for the construction of the new ampli-
tude in this paper. In charged (y, m } production, the
leading terms obtained from the (Born) diagrams in
Fig. 1(a) provide an adequate description of the pho-
topion production process at center of mass (c.m. )

energies below the 633 However, above the 533,
terms are not present when one calculates (y, n )

from a proton. Here the contribution of the dia-
grams in Fig. 1(a) is comparable to the contribution
of the 633 arising from Fig. 1(b). The viewpoint
taken here is that a modification of the 633 in the
photopion production amplitude is needed to equally

treat charged and neutral (y, sr) production. To
ascertain the role of the 533 in the (y, tr) process, one
notes that Olsson has shown there is interference
between the resonance and the background in the

3 3J= —,, I= —, (3,3) channel in both pion nucleon elas-
tic scattering and photopion production, and gives a
parametrization of the dominant multipoles in that
particular channel. The amplitude constructed here
incorporates Olsson's interference effect into a full
photopion production amplitude. This inclusion of
Olsson's effect proves to unify the description of
charged and neutral (y, sr) production from a single
nucleon, give better agreement with neutral pion
photoproduction, and yield better agreement with

(a)

I

BORN P V

(c)

FIG. 1. (a) The Born diagrams, (b) the 533 diagram,
and (c) the co diagram.
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photopion polarization data. The merits of the full
photopion production amplitude will hopefully be
realized in situations that are particularly sensitive
to higher order corrections in the photopion opera-
tor strengths, such as neutral pion production from
a single nucleon or the case of ' N where the leading
terms of the photopion amplitude are suppressed.

As will be explained in Sec. II, the BL photopion
production amplitude is calculated in the appropri-
ate nonrelativistic limit of the set of diagrams that
appear in Fig. 1. The advantage of using diagrams
to obtain the photopion production amplitude, in
contrast to a dispersion calculation, is that diagrams
provide both a physical picture of the photopion
process and guidance as to the frame dependence,
which is needed for nuclear applications. However,
the unfortunate feature of using lowest order dia-
grams is that the 533 resonance [Fig. 1(b)] does not
come out of the theory naturally, as it would in the
dispersion method, ' but it is put in "by hand. "
For this reason, care must be taken when adding the
contribution from each of the diagrams in Fig. 1

with the correct phases. A consequence of the Wat-
son theorem' is that the contribution of the b,33 res-
onance to the BL photopion production amplitude is
constrained by the pion nucleon elastic phase shifts;
in this way the imaginary part of the BL photopion
amplitude is generated. The photopion amplitude
presented in this paper departs from the BL treat-
ment in that the resonant contribution is not sup-
plied by the 633 diagram in Fig. 1(b); instead the
multipoles calculated by Olsson are used to describe
the (3,3) channel. Assuming that the background in

(y, m ) is given entirely by the Born terms [Fig. 1(a)]
projected into the isospin (I}= —, channel, the exper-
imental values of the pion nucleon elastic phase
shifts in the (3,3) channel, 533 constrain not only
the 633 contribution to the photopion production
amplitude, but also the contribution of the non-
resonant background. With this change, a new am-

plitude is constructed which unifies both charged
and neutral pion photoproduction by treating the
processes with one set of parameters. In contrast,
BL required two different sets of parameters, one
for charged and another for neutral photopion pro-
duction, to achieve a satisfactory fit to data.

In polarized (y, m ) experiments, the polarization
observables depend on the imaginary part of the
photopion production amplitude. Since the BL and
new amplitudes differ in both their real and ima-

ginary parts, a sensitive way of checking an
amplitude's ability to describe photopion production
is by comparing calculations to polarization experi-
ments. Three types of polarization data are exarn-
ined: polarized photon, polarized target, and final
state baryon polarization experiments.

Section II presents the construction of the full
photopion production operator along with a discus-
sion of the differences between it and the original
BL operator. In Sec. III the results obtained with
the new operator are compared to photopion pro-
duction cross sections and polarization data. Con-
clusions about the photopion production process de-
duced from the new operator are presented in Sec.
IV.

II. THE FULL PHOTOPION
PRODUCTION AMPLITUDE

The BL amplitude is obtained by calculating the
nonrelativistic limit of the set of diagrams shown in
Fig. l. In the nonrelativistic limit, terms of order
p/m, p being either the initial or final state nucleon
three-momentum and m being the nucleon mass, are
retained in the vertex operator, nucleon wave func-
tion, and numerator of the propagators. In the
denominator of the nucleon propagators, terms of
order p /m are kept for the forward time case and
of order p/m for the backward time case. Figure
1(a) shows the four Born terms to be calculated with
pseudovector (PV) coupling in the mNN vertex. Fig-
ure 1(b} shows the b,33 contribution, which is gen-
erated independently of the Born terms. Figure 1(c)
shows the co meson's contribution to the amplitude,
which is needed for neutron photopion production.
The ~ is neutral, but since it is a vector particle, it
couples to the photon through its magnetic moment.
Invoking the Watson theorem" (which states that
for a center of mass energy w, below the two pion
production threshold, a photopion production am-
plitude of given parity, isospin, and total angular
momentum must have the same phase as the pion-
nucleon elastic scattering amplitude with the same
quantum numbers), the pion nucleon phase shifts
are used by BL to constrain the real and imaginary
parts of the 633 contribution to the photopion pro-
duction amplitude.

The construction of the new photopion produc-
tion operator is carried out in the following manner:
The procedure is to replace the BL (3,3) channel,

633 and background by Olsson's parametrization.
To do this, it is assumed that in the BL procedure
described above, all multipoles are reproduced ex-
cept the two dominant ones in the (3,3) channel, the
magnetic L =1'+' and electric L =1'+ In-
stead of the BL result, the M~+ and the E&+ mul-
tipoles are taken to be those calculated by Olsson.
Since the nonresonance background in Olsson's

M~+ and E~+ is given by the Born term projected
into this (3,3) channel, one avoids double counting in
this construction by subtracting the M~+ (I = —, )
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and Ei+ (I = —, ) multipoles from the amplitude
calculated from the diagrams in Fig. 1(a). The ex-
traction of the Mi+ (I=—, ) and Ei+ (I = —, )

multipoles is outlined in the Appendix.
I

The photopion production amplitude in the c.m.
frame, F, is a spin space operator, and using the no-
tation of Chew, Goldberger, Low, and Nambu, 'p is
given below in terms of the strengths Fi F4.

F=ti(o"E)Fi+(o"q)[o"(kXe)]F2+i(o"k)(q e)F3+i(o"q)(q e)F4I . (1)

q and k are unit vectors in the direction of the c.m. momenta of the pion and photon, respectively, 0 is the
Pauli spin operator, and e is the photon polarization vector. The F s are then decomposed in isospin:

F, (yp .+nn—+)=V 2[F;(I=0}+, F;(I—=
2 ) —, F;(I—=—,)],

F;(yp pm )=F;(I=0)+ , F;(I=——,)+ —,F;(I= —,), (2b)

Fr. (yn +p~ }—=v 2[Fr(I =0)—, F (I=——,)+ , Fr(I =——,)],
F (yn~nm }=F (I =0)+ , F;(I= —,—)+, F;(I=——,} . (2d)

(2a)

(2c)

(3b)

(3d)

Denoting the strengths calculated from the Born diagrams in Fig. 1(a) plus the co diagram in Fig. 1(c) by
F; ' +, the new strengths are obtainixl by subtracting out the nonresonance (3,3) terms obtained in Fig. 1(a),
and adding Olsson's description of the M i+ and Ei+ multipoles

Fi'" Fi' +"——+3cos8CwCr[Mi++Ei+ Mi+ (I—= —, ) —Ei+ (I= —,)], (3a)

Fnew FBorn4-re+2C C [M MBorn (I

(3c)

Fnew FBorn+&
4 —4

8 is the angle between q and the c.m. momentum of
the phonon k; Mi+™(I = —, ) and Ei+ (I = —, ) are
projections into the (3,3) channel and are given in
the Appendix. The M~+ and the E~+ are the mul-
tipoles given by Olsson and they include the 533 and
the nonresonant background contributions to the
amplitude

Mi+ Nsrq 'e——"sin[533+5& 5,], —(4a)

Ei+ NEq e "sin——[533+5~ 5, ] . —

Nor E is the ratio of formation and decay vertices for
the specific multipole and the magnetic of the pion
momentum, q, is in inverse Fermi. The C~C& are
the isospin coefficients for the I = —, channel and

are given by

(4b)

C Cy=

2

3 fP~PK
2 0
3 f5 ~7l7T

v2/3yp ~—nw+,
v 2i3yn ~pn. .—

The photopion production background phase 5~
'

and the elastic background phase 5, are derived in
Ref. 6 in terms of models that can account for all of
the nonresonant photopion production multipoles'
and pion nucleon elastic low-energy parameters' '

120-

Qb

80
CI

40

1100 1200 1500
~ (Mev)

FIG. 2. The parametrization of the 33 phase shifts
used in reproducing Olsson's multipoles. Data are from
Ref. 16.

such as subthreshold expansion coefficients, scatter-
ing lengths, and low-energy phase shifts.

Figure 2 shows the 533 parametrization of the
pion-nucleon elastic phase shifts used in reproducing
Olsson's Mi+ and Ei+. The multipoles described
in Eqs. (4a) and (4b) and the data are shown in Figs.
3(a) and (b). Table I provides a list of parameters
used in the BL and the new photopion production
operators. Mz is the mass of the 633 resonance, I p

is the width of the 633 at resonant energy, g; is the
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TABLE I. a is equal to, and %'& is equal to 0.01q(1.07+ 0.0138q) and is in degrees,
when q is expressed in MeV/c.

BL New BL(A) BL(B)

M~ 1231 MeV
I 0 109 MeV

g3 2.13

g) 0.282

gN1

gal 3

5.30 GeV

1231 MeV
110 MeV

2.13
0.282

5.52 GeV

1231 MeV
109 MeV

2.13
0.282
7.0
0.374V 4m a
5.30 GeV

1231 MeV
109 MeV

2.13
0.282

17.5
0.374V 4m a
5.52 GeV

1225 MeV
110 MeV

2.18
0.340e' 1

10.0
0.374V 4ma

7.00 GeV

m 51V vertex strength, g3 is the yhX vertex strength,

g„~ is the cod% vertex strength, and g 3 is the yam
vertex strength. The parameter R is used in repro-
ducing the 533 phase shifts. To produce a better fit
to the neutral pion production data, BL modified
their amplitude using a different set of parameters
than for charged pion production; those neutral pion
production parameters are labeled in Table I by
BL(B). The parameters used in the new amplitude
were chosen to aggree with BL charged pion pro-
duction; this was done to emphasize the fact that the
same parameters fit to charged pion production
could be used as well to predict neutral pion produc-
tion. With these charged pion production parame-
ters, the product g„~g„3 was adjusted in the new am-
plitude to obtain a good fit to neutral pion produc-
tion data at 90 deg [Fig. 5(a)].

The imaginary part of the photopion production
amplitude plays an important role in the description
of the polarization quantities (these are defined in
Sec. III); the imaginary part arises from the Mi+
and E&+ multipoles in the I= —, channel. Figures
3(c} and (d} show as comparison of the Mi+ multi-
ple used in the new and BL amplitudes. In both
these figures, the solid line denotes the M i+ multi-
ple and the dashed line denotes the M ~+ multipole.
In Fig. 3(c) the short dashed line denotes the sum of
M i++ Mi+ (I=

2 ) multipoles, where Mi+
(I = —,) is the contribution to the Mi+ multipole
from the Born diagrams, Fig. 1(a), and the Appen-
dix. The BL amplitude contains no 633 contribution
to the E~+ multipole in the I= —, channel.

III. RESULTS

Comparison of the BL and new photopion pro-
duction amplitudes is done by looking at the three
reactions p(y, ir )p, p(y, m+)n, and n(y, a )p Fig-.
ures 4(a)—(c) give the total cross section as a func-
tion of the invariant c.m. energy w, and Figs. 5—7

X(8)= ai(&) —a)((& )

aj(&)+a)((&)

ai (cr~~} is the differential cross section for produc-
ing a pion in a plane perpendicular (parallel) to the
polarization plane of the incident photon. Except in
Fig. 8(a), the new photopion production operator
follows the data while BL is low at large c.m. ener-
gies. Figure 8(a) will be discussed in the next sec-
tion.

The data in Fig. 9 are from target polarization ex-
periments, where the asymmetry parameter is de-
fined here as

ai(&)—ai(&)
T(e) =

cr, (e)+cr,(8)
' (7)

o., (cr, ) is the differential cross section for the target
polarized parallel (antiparallel) to the direction of
k X q, where k and q are the c.m. momenta of the
photon and pion, respectively. Here again the new

give the differential cross section as a function of
c.m. angle, for different values of w, for these three
processes. The solid lines in Figs. 4—10 denote the
results obtained with the new photopion production
amplitude; the dashed lines denote results obtained
with the BL amplitude using parameters labeled by
BL(A) in Table I. The dotted lines in Fig. 5(a)—(e)
show the calculation for neutral pion production
with the parameters listed under BL(B) in Table I.
It is seen from these figures that the photopion pro-
duction amplitude described here does just as well as
the BL amplitude for charged pion production and
better describes neutral pion production from a pro-
ton.

Figures 8—10 give the results from the two ampli-
tudes compared to data from three types of polariza-
tion experiments. The data in Fig. 8 are from pho-
ton polarization experiments, where the asymmetry
parameter is defined as
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FIG. 4. Tota1 cross section for the photoproduction of (a) ~+, (b) ~, and (c) mo. Data are from Refs. 19—24.
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FIG. 5. Differential cross sections for m for (a) 8=90 deg and (b)—(e) for different c.m. energies. Data are from Refs.
25—32.
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for the p(y, no)p reaction, the focus of this part of
the discussion will be on this neutral reaction. For
this reaction, the 533 in the I= —, channel is the ma-

jor contributor to the neutral photopion production
amplitude through the M&+ multipole. From the
lL33 diagrain, Fig. 1{b), a M i+ multipole is derived
by BL:

1 Ma GiGqqk
Mi+ =— —,(9)

4mo 3 m w~ M&2+I'M&+

where

C:

b

{Ma+ni}[l+(Rq } ] ~

ni [1+(Rq) ]'

(10)

L,
I I I I I I I I I I I I I I I I I

0 30 60 90 120 150 180

m is the pion's mass, k is the magnitude of the
photon inomentum, q is that of the pion, and qa is
the magnitude of the pion momentum at resonant
energy. The M~+ calculated by Olsson and used in
the new photopion production amplitude is given in
Eq. (4a}. To compare the Mi+ multipole, Eqs. (4a)
and (9) can be put into similar forms:

8(deg}

FIG. 5. (Continued. )

BL

Mi+ —— Cff e sin(5),BL M BL g
q

(9')

amplitude follows the data better than BL.
The data in Fig. 10 are from final baryon polari-

zation experiments; the polarization is defined as

i g 2
[Tr(F+cr nF)]

P= (8)
, [Tr(F+F))—

n is the unit vector in the direction of k &&q, A, labels
the polarization state of the photon, 0 is the Pauli
spin matrix, and F is the photopion production
operator. For this experiment, it is hard to conclude
which amplitude reproduces the data. Seen in Fig.
10(b), the new amplitude does follow the data as P
changes from positive to negative values.

Except for a small range of energies in Figs. 10(b)
and 8(a), negative values of the asymmetry parame-
ters are not obtained from the BL amplitude. The
results calculated from the two operators agree in
the low c.m. energy regions, with the modified
operator giving better results at higher energies. But
this trend is not seen in Fig. 8(a); here the BL opera-
tor provides the better agreement.

IV. DISCUSSION

Since the calculations with the new and BL pho-
topion production amplitudes yield different results

newM)+ —— Cgf e "sin(533),
q

(4a')

where

Cog ig3 &4m a (Ma +m )qa
M

2~m 2msIp

1 k [1+(Rq) ]'~2

Co q [1+(Rq )']' '

M,r
sin(5) =

[(M ipse)+M 21 2]i' (13)

Cgf =cos(5~ —5, )+cot(533)sin(5& —5, ) .

(14)

Cp =Cff when w =M~', this normalizes Cff to 1

when w =M~. In BL, I has an energy dependent
form to reproduce the 5si experimental pion nu-
cleon phase shifts. The values calculated from Eqs.
{4a) and (9) are given in Figs. 3(c) and (d). A com-
parison of Cff~ and C "is given in Fig. 11, where
the solid line shows Cff" and the dashed line shows
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Cff &f one considers the 533 phase shifts to be en-
tirely attributed to the b, 33 the effects of the back-
ground can be included by a modification of Cff .
'I)II'hat Oisson has shown is that the interference be-
tween the 633 and the background provides an
enhancement of this form factor in the 1100—1250
MeV c.m. energy region and a suppression at higher
energies.

Because of the large error bars for the polariza-
tion data, the new and BL amplitudes both provide
an adequate description of these experiments for
c.m. energies below the resonance, with the new am-
plitude providing a better fit at energies above the
resonance. However, one exception is seen in Fig.
8(a). In this case, the co contribution to the photo-
pion production amplitude drives the new
amplitude's prediction of the phonon polarization
asymmetry parameter, X, to negative values. The
contribution of the co meson to photopion produc-
tion can be ascertained using data from the X exper-
iments in the 1100 MeV & w & 1150 MeV energy re-

gion. For example, one sees in Fig. 12 different
plots for varying co vertex strengths, g„~g„3, for the
asymmetry parameter X. Using Olsson's model to
establish the g~g3 vertex strength and the location of
the zero for X in p (y, m )p, the strength of the prod-

uct g ~g 3 is determined.
Although the new photopion production ampli-

tude provides a better fit to the three types of pion
production from a single nucleon considered here, it
is not straightforward to put this amplitude into a
nuclear framework. The original BL operator has
the advantage that the amplitude can be calculated
easily in any reference frame, and in each frame the
production takes on a differential operator. descrip-
tion, but there may be some ambiguities in
transforming the new amplitude from the c.m.
frame to the laboratory where the initial nucleon is
at rest. The extension to electropion production
from a single nucleon has been looked at using the
original BL operator. ' Reasonable agreement has
been obtained for this case, but preliminary work by
this author using the new amplitude extended to
electropion production yields results that are too
large for the reaction N(e, e'm )N. Further com-
ments on the extension of the new amplitude to elec-
troproduction will be the subject of a future paper.

I would like to thank Dr. Frank Tabakin, Dr. Art
Johnson, and Dr. Gregory Toker for helpful discus-
sions.
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FIG. 10. Final baryon asymmetry (P) for ~ at (a) 8=120+10deg, (b) w= 1247 MeV, and m. + at 8=90+20 deg. Data
are from Refs. 50—54.
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FIG. 11. Comparison of the form factors given in Eq.
(12) and (13).

FIG. 12. Plots of X for different values of the ~ vertex
product for the reaction p (y, m )p at 90 deg.

APPENDIX

In this appendix, the projection of the M &+ and E,+ multipoles from the Born contribution to the photo-
pion production amplitude is presented. The explicit forms of the multipoles have been calculated in the c.m.
frame of the photon and the initial nucleon in terms of the strengths E& . E4, from Eq. (1). The relevant pro-
jections are the following:

1+ 4 ) 1 1 2 2 2
(Al)

1+ 4 ) 1 1 2 2 2 3
(A2)

E~' F4' are the contributions of the Born diagrams [Fig. 1(a)], P~(x) are the Legendre polynomials,
x =cos(8), and the prime denotes differentiation with respect to x. Performing the integration, one finds

M ~+ ———„[pz[f(C,D)—2z(C, D)] 2e g(C', D')], — (A3)

E&+ ——M~+ + , [e [g(C',D') ——h(C',D')] —ez—h(C D)+@~(CD)] . (A4)

pz is the total magnetic moment of the final state nucleon, eq is 1 or 0 depending on whether the final state nu-
cleon is a proton or neutron, and e~ is 1, —1, or 0 depending on whether the produced pion is m +, m, or m. ,
respectively. The functions f, g, and h are the following:

f(x,y) =2——(1+x )ln
y x —y

'

g(x,y)=2—+(1—x )ln
x —y

'

(A5)

(A6)
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h (x,y) =——2 ——1 — ln
4 x x x x+y

y y y x —y

C, D, C', and D' are functions of the energies of the photon and pion, ko and qo, the magnitude of the momen-
ta of the photon and pion, k and q, and the nucleon mass rn:

k2C= —2m ko+
2m

D = —D'= —2qk,

C'= —2kpqp .

(A9)

(A10)

Inverting the isospin decomposition of the E;, given by Eqs. 2(a)—(d), to obtain the form of the multipole in the
I= —, channel, one finds

f~(1= , )=f„—(yp pn ) — f„(yp n~+) .p 1

2

The final result is then:

(Al 1)

M )+ (I = —,)=—„pq — [f(C,D) 2g (C D—)]+V 2g(C', D')

T

E(+ (I = —, )=—„ IJq — [f(C,D)+2g (C,D)] 4 h(C, D—) ——V 2 [g(C',D') —2—h(C', D')]

(A12)

(A13)
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