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Dynamical model for pion-nucleon bremsstrahlung
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A dynamical model based on effective Lagrangians is proposed to describe the bremsstrahlung reaction
pN→pNg at low energies. TheD~1232! degrees of freedom are incorporated in a way consistent with both
electromagnetic gauge invariance and invariance under contact transformations. The model also includes the
initial- and final-state rescattering of hadrons via aT matrix with off-shell effects. ThepNg differential cross
sections are calculated using three differentT-matrix models and the results are compared with the soft photon
approximation, and with experimental data. The aim of this analysis is to test the off-shell behavior of the
different T matrices under consideration.

PACS number~s!: 25.80.Ek, 13.60.2r, 13.75.2n
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I. INTRODUCTION

In order to extract resonant parameters of the nucl
resonances (N* ) from thegN→pN reaction, it is important
to evaluate the background contribution to isolate the re
nant peak. An important contribution to the background
this photoproduction reaction is provided by the final-st
rescattering~FSI! of thepN system@1–4#. Consequently, we
require knowledge of theT matrix in the off-momentum-
shell regime~off-shell! to describe this rescattering proces
That is, we need information about the amplitu
T@qW 8,qW ;z(qW )# with uqW uÞuqW 8u, wherez, which is the total en-
ergy of thepN system, is a function of the relative mome
tum uqW u of the initial state. This particular rescattering amp
tude is more properly called the half-off-shellT matrix. As is
known, theT matrix can be generated by solving an integ
equation of the Lippman-Schwinger or Bethe-Salpeter t
by iteration of a pure phenomenological@5,6# potential, or
from an effective potential based on meson-exchange mo
@7,8#. In all cases the so-called ‘‘realistic’’ interactions a
fitted to reproduce the phase shifts in elasticpN scattering,
which only depends on the on-shell (uqW u5uqW 8u) values of the
relative momenta. Thus elastic scattering is not usefu
constrain the off-shell behavior of theT matrix, i.e., interac-
tions which yield similar results for elastic scattering m
have different behavior in the off-shell regime.

Another reaction where thepN off-shell T matrix is re-
quired ispN→pNg bremsstrahlung. This process has be
studied@9–11# within the soft-photon approximation~SPA!.
The soft-photon amplitude, defined by the first two terms
the soft-photon expansion, depends only on the electrom
netic constants ofp and N and on the correspondingpN
elastic-scattering amplitude~on-shellpN T matrix! @12#. It
should be pointed out that Low’s original amplitude fails
describe thep6Ng process near the resonance region@9#.
Nevertheless the SPA for thepNg reaction, as implemente
by Ref.@10#, describes well the experimental data near theD
resonance region and can provide a determination of
D11 magnetic moment@11#.

Because the soft-photon amplitude depends only on
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on-shellT matrix, the information on the off-shell behavio
of the T matrix can be tested by adding the contributions
the radiativepN scattering within the framework of a spe
cific dynamical model. The purpose of the present paper i
check the off-shell behavior of three differentT matrices for
pN rescattering in the reactionpN→pNg. A similar analy-
sis of these FSI effects using different rescattering off-sh
amplitudes has been done with the aim of determining
form factors of nucleons@13#. It was found that pion photo-
production reactions are very sensitive to the off-shell beh
ior of the pN interaction, and also that there are certa
inconsistencies in fixing phenomenological form factors,
match photoproduction current and FSI effects.

For this purpose, we use a dynamical model to desc
the pN→pNg reaction. The gauge invariant electroma
netic current is constructed explicitly, with vertices an
propagators derived from the relevant hadronic and elec
magnetic Lagrangians. We also include two-body meson
change currents, and the full energy-momentum depende
of the pN T matrix, which exhibits its off-shell behavior
Finally, we implement this model with differentT matrices
in order to compare their different off-shell dependences

This paper is organized as follows. In Sec. II we w
construct the gauge-invariant amplitude for radiativepN
scattering. In Sec. III we give a summary of the correspo
ing results obtained in the SPA approximation in order
make comparisons with our dynamical model. T
Lagrangians and propagators used to construct the ga
invariant current for our process are provided in Sec.
Finally, the results and conclusions are given in Sec. V.

II. GAUGE-INVARIANT BREMSSTRAHLUNG
AMPLITUDE

In the pion-nucleon bremsstrahlung process we deal w
a problem of the scattering by two potentials@14#: the strong
pion-nucleon and the electromagnetic interactions. The c
section for thepN→pNg process reads
©2000 The American Physical Society04-1
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A. MARIANO AND G. LÓPEZ CASTRO PHYSICAL REVIEW C62 014604
ds5E dkW

vg
E dqW f

v~qW f !
E dpW f

E~pW f !
~2p!4d4~pi1qi2pf2qf2k!

3
1

2 (
el ,msf ,msi

U mN
2

2&

3MpNg,pN~el ,k;qf ,pf ,msf ;qi ,pi ,msi !U2

, ~1!

where q5(v,qW ), p5(E,pW ), and k5(vg ,kW ) denote pion,
nucleon, and photon four-momenta, respectively;ms is the
nucleon’s spin projection; andel indicates the polarization
four vector of the photon. The subindicesi, f refer to initial-
and final-state quantities.

The Lorentz invariant amplitude1 MpNg,pN explicitly
reads

MpNg,pN5^ū~pW f ,msf !uM̂pNg,pN~el ,k;qf ,pf ;qi ,pi !

3uu~pW i ,msi !&, ~2!

whereu(pW ,ms) denote nucleon Dirac spinors, and the a
plitude operatorM̂pNg,pN is obtained from the coupled chan
nel Bethe-Salpeter equation for thepNg system as follows
~we consider electromagnetic interactions at the lowest
der!:

M̂pNg,pN5V̂pNg,pN1 i E dq4

~2p!4 @V̂pNg,pN~q!ĜpN~q!

3M̂pN,pN~q!1M̂pN,pN~q!ĜpN~q!V̂pNg,pN~q!#

1 i 2E dq4

~2p!4

dq4

~2p!4 @M̂pN,pN~q8!

3ĜpN~q8!V̂pNg,pN~q8,q!ĜpN~q!M̂pN,pN~q!#.

~3!

The symbol*dq4 will indicate integration over intermediat
four-momenta variables.

In terms of the above operator amplitude, theT matrix,
defined as

T̂~qf ,pf ;qi ,pi !5
1

~2p!3 M̂pN,pN~qf ,pf ;qi ,pi !, ~4!

satisfies the integral equation

T̂5Û1 i E dq4

~2p!4 Û~q!Ĝ~q!T̂~q!,

Û5
1

~2p!3 V̂pN,pN ,

1Throughout this paper,M will denote the amplitude generated b

the operatorM̂ , i.e., M5^ūuM̂ uu&.
01460
-
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Ĝ5~2p!3ĜpN . ~5!

In the previous equationsV̂i j denoteM̂ -matrix elements cor-
responding to the irreducible Feynman diagrams for e
process, whileĜi is the product of Feynman propagators
intermediate particles.

Following Thompson’s prescription@15#, we can repre-
sent the above integrals in a three-dimensional form as
lows ~we set in the center-of-mass frame of thepN system!:

T̂~qW 8,qW ,z!5Û~qW 8,qW !

1E d3qW 9Û~qW 8,qW 9!ĜTH~z,qW 9!T̂~qW 9,qW ,z!,

~6!

with

ĜTH~z,qW 9!5
mN

2v~qW 9!E~2qW 9!

3
(ms9uu~2qW 9,ms9!&^ū~2qW 9,ms9!u

z2z91 ih
, ~7!

wherez95E(2qW 9)1v(qW 9). In the above expressionsĜTH

denotes the Thompson propagator replacing the fullĜpN .
Feynman propagator which, as a consequence of the th
dimensional reduction, eliminates the propagation of antip
ticles and puts intermediate particles on their mass shell.
kernel functionÛ(qW 8,qW ) contains all thepN-interaction ir-
reducible diagrams to be iterated in theT-matrix calculation,
but usually only second-order contributions are kept.

The electromagnetic currentV̂pNg,pN can be broken into
two pieces,

V̂pNg,pN[V̂pNg,pN
~1! 1V̂pNg,pN

~2! , ~8!

where the upper indices denote one- and two-body contr
tions, respectively, which are obtained by coupling the p
ton to all the internal lines ofÛ. As is known, the operato
V̂pNg,pN

(2) must be added to the electromagnetic current
order to satisfy the electromagnetic gauge invariance of
total amplitude@16#, while the one-body amplitudeVpNg,pN

(1)

vanishes for free hadrons. Both contributions to the total a
plitude are illustrated in Fig. 1.

Let us now discuss some problems related to gauge
variance. The bremsstrahlung amplitude can be directly c

FIG. 1. One- and two-body contributions to the bremsstrahlu
current amplitude.
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FIG. 2. ~a! Gauge-invariant bremsstrahlung current amplitude.~b! Post-, pre-, and double-scattering amplitude contributions@see Eq.~9!#.
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puted from Eqs.~2!–~4!, by making a reduction that replace
ĜpN by ĜTH in Eq. ~3! @17#. This procedure, however, in
troduces some inconveniences. First,VpNg,pN is not gauge
invariant by itself because it involves the addition of ze
and second-order terms in the hadronic vertices, and
MpNg,pN is not manifestly gauge invariant. Second, t
three-dimensional reduction destroys any possibility of
taining gauge invariance, because we lose the propagatio
antiparticles.2

We can follow an alternative procedure that makes
bremsstrahlung amplitude manifestly gauge invariant
where the Thompson reduction does not introduce the p
lems mentioned above. If we substitute Eqs.~4! and~5! into
Eq. ~3!, only in the one-body component of the amplitu
MpNg,pN

(1) [MpNg,pN(V̂pNg,pN
(1) ), we can isolate the lowes

order nonzero contribution of the one-body current. After
three-dimensional reduction, the total amplitude can be
written as

MpNg,pN[@ṼpNg,pN1M̃pNg,pN
pre 1M̃pNg,pN

post 1M̃pNg,pN
double #,

~9!

with

2As an example let us consider the amplitude for photon emis
off a charged pion. This contribution involves the product of t
electromagnetic vertexGp and the pion propagatorDp in the fol-

lowing form: Ĝp(q6k,q)el* Dp(q6k)56e(2q6k)el* @1/(q6k)2

2mp
2 #. When we replaceel→k to verify gauge invariance

we obtain, Ĝp(q6k,q)el* Dp(q6k)56e. The three-dimen-
sional reduction replaces the full propagatorDp(q) by Dp

1(q)
5@1/2v(qW )#@1/@q02v(qW )# and such a relation is no longer fu

filled.

01460
-
us

-
of

e
d
b-

e
e-

ṼpNg,pN5^ū~2qW 82kW /2,msf !u

3 V̂̃pNg,pN~el ,kW ,qW 8,qW !uu~2qW ,msi !&,

M̃pNg,pN
pre 5E dq93^ū~2qW 8,msf !u

3T̂~2 !1~qW 8,qW 9,z8!ĜTH~z8,qW 9!

3 V̂̃pNg,pN~el ,kW ,qW 9,qW !uu~2qW 1kW /2!,msi&,

M̃pNg,pN
post 5E dq93^ū~2qW 82kW /2,msf !u

3 V̂̃pNg,pN~el ,kW ,qW 8,qW 9!ĜTH~z,qW 9!

3T̂~qW 9,qW ,z!uu~2qW ,msi !&,

M̃pNg,pN
double 5E dq93E dq-3^ū~2qW 82kW /2,msf !u

3T̂~2 !†~2qW 82kW /2,qW 9,z8!ĜTH~z8,qW 9!

3 V̂̃pNg,pN~el ,kW ,qW 9,qW-!ĜTH~z,qW-!

3T̂~qW-,qW ,z!uu~2qW ,msi !&, ~10!

where the current,

V̂̃pNg,pN5 iV̂pNg,pN
~1! ĜÛ1 iÛ †ĜV̂pNg,pN

~1! 1V̂pNg,pN
~2! ,

~11!

generates a gauge-invariant Born amplitudeṼpNg,pN , that
involves all possible ways of attaching a photon to t

n

4-3
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pN-scattering amplitudeU, and contains the full propagato

G;ĜpN . The operatorT̂(2)(z8), wherez85z1vg , obeys
Eq. ~6! if we changeh→2h in Eq. ~7!.

The superscript pre~post! in Eq. ~9! indicates that the
photon is emitted before~after! the action of theT matrix,
while the superscript double refers to a double-scatte
term where the photon is emitted from internal lines betwe
two T matrices. In the above equations, the Born, pre,
double amplitudes were evaluated in the initial center-
mass frame~qW f5qW 82kW /2, pW f52qW 82kW /2, qW i52pW i5qW !,
while the other~post! amplitude was evaluated in the corr
sponding final frame~qW f52pW f5qW 8, qW i5qW 1kW /2, pW i52qW
1kW /2!. The different terms in Eq.~9! are illustrated in Fig.
2~a! (ṼpNg,pN) and in Fig. 2~b! ~remaining terms!.

III. SOFT PHOTON APPROXIMATION

In this section we present a brief review of the soft-pho
approximation~SPA! to the radiativepN scattering process
This will be helpful for the introduction of the notation an
for later comparison with our dynamical model. Within th
SPA @9#, the T matrices can be represented as an expan
in powers of the photon energyvg . Using the two energy–
two angle kinematics@10# we can write this expansion a
follows:

T̂~s,t,D!5T̂~s,t,m2!1
]T̂

]D

]D

]v
vg1O~vg

2!, ~12!

where (s,t,D) indicates one of the most convenient sets
variables among (si ,tp ,Dqi

), (si ,tq ,Dpi
), (sf ,tp ,Dqf

), and

(sf ,tq ,Dpf
) to describe the process. These Lorentz-invari

variables are defined as
01460
g
n
d
-

n

n

f

t

si5~qi1pi !
2, sf5~qf1pf !

2,

tp5~pi2pf !
2, tq5~qi2qf !

2,

Dqi
5~qi2k!2, Dqf

5~qf1k!2,

Dpi
5~pi2k!2, Dpf

5~pf1k!2. ~13!

If we set k50 in the previous equations, we getDqi
5Dqf

5mp
2 and Dpi

5Dpf
5mN

2 , i.e., they reduce to the particles
masses in every case. Therefore, whenkÞ0, theD variables
provide a convenient set to measure the off-shell characte
the intermediate particles, and the derivatives in Eq.~12!
account for off-shell effects in theT matrix.

Within the SPA the total bremsstrahlung amplitude can
split into external~E! and internal~I! contributions:

MpNg,pN[MpNg,pN
E 1MpNg,pN

I , ~14!

where we can identify

MpNg,pN
E [M̃pNg,pN

pre ~ V̂̃pNg,pN→V̂pNg,pN
~1! !

1M̃pNg,pN
post ~ V̂̃pNg,pN→V̂pNg,pN

~1! !,

and the internal contributionMpNg,pN
I can be obtained ‘‘by

imposing’’ the gauge-invariance condition

MpNg,pN~el
m5km!50. ~15!

In this approach, the total amplitude depends only on
static electromagnetic properties of the external particles
on the elasticpN-scattering amplitude@see Eq.~16! below#
@12#. Therefore, the total amplitude at this order elimina
any dependence on off-shell effects and model-depen
contributions.

Up to terms ofO(vg
0), the total amplitude is given by
MpNg,pN'K ū~pW 18 ,msf
!UH êpFq28 •el

q28 •k
2

~q28 1p18 !•el

k•~q28 1p18 ! G T̂~si ,tp ,mp
2 !1F @ êNp18 2R̂~p18 !#•el

p18 •k

2
@ êN~q28 1p18 !2R̂~p18 !#•el

k•~q28 1p18 !
G T̂~si ,tq ,mN

2 !J Uu~pW ,msi
!L 2K ū~pW 8,msf

!UH êpT̂~sf ,tp8 ,mp
2 !Fq1•el

q1•k

2
~q11p2!•el

k•~q11p2! G1T̂~sf ,tq8 ,mN
2 !F @ êNp22R̂~p2!#•el

p2•k
2

@ êN~q11p2!2R̂~p2!#•el

k•~q11p2!
G J Uu~pW 2 ,msi

!L ,

~16!

where

q[@v~qW !,qW #, p[@E~2qW !,2qW #, q8[@v~qW 8!,qW 8#, p8[@E~2qW 8!,2qW 8#,

q28 [@v~qW 28 !,qW 28 #, p18 [@E~qW 18 !,2qW 18 #, q1[@v~qW 1!,qW 1#, p2[@E~qW 2!,2qW 2#,

tp5~p18 2p!2, tq5~q18 2q!2, tp85~p22p8!2, tq85~q12q8!2,

R̂m~x![
1

4
êN@k” ,gm#1

k̂N

8mN
$@k” ,gm#,x” %, qW 65qW 6kW /2, qW 68 5qW 86kW /2, ~17!
4-4
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DYNAMICAL MODEL FOR PION-NUCLEON BREMSSTRAHLUNG PHYSICAL REVIEW C62 014604
and êp5eTz , êN5e(11tz)/2, and k̂N5kp(11tz)/2
1kn(12tz)/2 denote the charge and anomalous magn
moment operators of pions and nucleons. As anticipated,
~16! shows that within the SPA theMpNg,pN amplitude de-
pends only on the elasticT matrix, because derivative term
of T̂ cancel in the addition of internal and external contrib
tions. Let us emphasize that any dependence on the stru
of internal contributions~in particular, the dependence o
off-shell effects! are of higher order invg and must be in-
cluded explicitly in the amplitude in a gauge-invariant wa
This is the purpose of the forthcoming section.

IV. DYNAMICAL MODEL

In this section we compute the bremsstrahlung amplit
along the lines developed in Eqs.~9!–~11!, using a potential
Û obtained from effective Lagrangians@18#, and three spe-
cific models for theT matrix to describe thepN rescattering.

The three models for theT matrix will be called OBQA
~one boson quasipotential approach!, SEP ~separable!, and
NEW ~new one boson exchange model!, respectively. The
OBQA version for theT-matrix interaction@19#, is based on
a model that includesp and r mesons exchange through
correlated 2p exchange potential. The SEP model forpN
rescattering is generated@20# by a phenomenological sepa
rable potential. Finally, the NEW model@21# is obtained
from the exchange ofp and ~sharp! r mesons.

The operatorÛ is constructed from a Lagrangian dens
that includes the nucleon (N), theD isobar, and thep, r, and
s mesons in the following form:

L̂hadr5L̂pNN1L̂NDp1L̂rNN1L̂rpp1L̂sNN1L̂spp ,
~18!

where the individual terms are given by

L̂pNN~x!52S f pNN

mp
D c̄~x!g5tW„]”pW ~x!…c~x!,

L̂NDp~x!5S f NDp

mp
D c̄D

m~x!TW †
„]mpW ~x!…c~x!1H.c.,

L̂rNN~x!52
1

2
grc̄~x!Fgm2

kr

2mN
smn]nG

3tW•rW m~x!c~x!,

L̂rpp~x!52grpprW m~x!@pW ~x!∧]mpW ~x!#,

L̂sNN~x!5gsc̄~x!c~x!s~x!,

L̂spp~x!5S gspp

2mp
Ds~x!„]mpW ~x!…„]mpW ~x!….

~19!

The isotopic fieldsc(x) andcD
m(x) denote theN andD bary-

ons, respectively, whilepW (x), rW m(x), ands(x) denote the
pion, r-meson, ands-meson fields. The arrow over the m
01460
ic
q.

-
ure

.

e

son fields refers to the isospin space.TW † stands for the isos-
pin 1/2 to 3/2 transition operator, andf pNN , gr(kp), gs ,
f NDp , grpp , andgspp are the corresponding coupling con
stants.

The electromagnetic currents can be obtained from
Lagrangian density

L̂elec5L̂gNN1L̂gpNN1L̂gpp1L̂gDD

1L̂gpND1L̂grpp1L̂gspp , ~20!

with

L̂gNN~x!52ec̄~x!F êNgm2
k̂

2mN
smn]nGAm~x!c~x!,

L̂gpNN~x!52eS f pNN

mp
D c̄~x!g5gm@tW3pW ~x!#3c~x!Am~x!,

L̂gpp~x!52e@pW ~x!]mpW ~x!#3Am~x!,

L̂gDD~x!52ec̄D
n ~x!ĜnmacD

m~x!Aa~x!,

LW gpND~x!5eS f NDp

mp
D c̄D

m~x!@pW ~x!3TW †#3c~x!Am~x!

1H.c.,

L̂grpp~x!5egr$@pW ~x!•pW ~x!2p3~x!p3~x!#r3
n~x!

2p3~x!@pW ~x!•rW n~x!2p3~x!r3
n#%An~x!,

L̂gspp~x!522eS gspp

2mp
Ds~x!@pW ~x!3]mpW ~x!#3Am~x!.

~21!

The electromagnetic vertex operator of theD isobar is given
by @22,23#

FIG. 3. Born amplitude corresponding to thepN potential op-

erator Û. The first diagram denotes the nucleon-pole, and theD
pole corresponds to the third diagram. The fifth and sixth diagra
correspond tor ands mesons exchange.
4-5
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A. MARIANO AND G. LÓPEZ CASTRO PHYSICAL REVIEW C62 014604
Ĝnma5êDF S gagnm2
1

3
gagngm2

1

3
gngma1

1

3
gmgnaD

2
k̂D

2mD
sabkbgnmG , ~22!

where Fmn5]mAn(x)2]nAr(x), Am(x) being the electro-
magnetic four potential.k̂D and êD are the anomalous mag
netic moment3 and charge operators whose action upon
Rarita-Schwinger field give as eigenvalues the correspon
values of these properties of theD isobar.

The propagators for thep~s!, r, N, and D hadrons ob-
tained from the above Lagrangians are given, respectiv
by

Dp,s~q!5
1

q25mp,s
2 1 ih

,

Dr
mn~q!5

2gmn1qmqn/mr
2

q22mr
21 ih

,

S~q!5
q⁄ 1mN

q22mN
2 1 ih

,

Gmn~q!5
q⁄ 1mD

q22mD
2 1 ih F2gmn1

1

3
gmgn

1
2

3

qmqn

mD
2 2

1

3

qmgn2qngm

mD
G

2
2

3mD
2 ~q22mD

2 !@~gmqn2gnqm!

1~q⁄ 1mD!gmgn#. ~23!

Observe that we have kept the off-shell part ofGmn(q) in
Eqs. ~23!; without this term it is impossible to get gaug
invariance consistently simultaneously using the ver
given in Eq. ~22! @24#. As was mentioned previously, th
potential operatorÛ can be computed by using these Fey
man rules. The scattering amplitudeU is depicted in Fig. 3,
while the amplitudeṼpNg,pN can be obtained by couplin
the photon to all diagrams inU as shown in Fig. 4.

Good convergence properties of the scattering equat
given in Eqs.~10! can be obtained by introducing hadron
form factors, which are supposed to describe the compo
nature of hadrons. It is a common practice to use differ
parametrizations of the form factors for differentT matrices.
For example, the OBQA model uses monopole and dip
forms with cutoff parameters ranging fromL
51200– 1600 MeV@19#. In the case of the SEP interactio
different form factors are introduced for each partial wa
component@20#, while in the NEW model form factors usu

3We restrict ourselves to theD11 contribution, the only one for
which we have experimental information onkD @11#.
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ally advocated are of monopolar form withL
51300– 2300 MeV@21#. However, the introduction of form
factors replacing point vertices inṼpNg,pN spoils the gauge
invariance of the total amplitude. Fortunately, the gauge
variance of the amplitude can be recovered by using
method of Gross and Riska@25# which, however, does no
yield unique electromagnetic couplings to hadrons. The
fore, we follow the more simple prescription of using a com
mon form factor@13,20# of the monopole type

f ~qW 9!5
L2

L21qW 92 , ~24!

where the scaleL can be adjusted at a given incident ener
for eachT-matrix model.

V. NUMERICAL RESULTS AND CONCLUSIONS

The differential cross sectionds/dVpdVgdvg to be
compared with experimental data can be obtained from
~1!, where the amplitudeMpNg,pN is calculated from Eqs.
~9!–~11!. The dynamical model approximation~DMA ! advo-
cated in the present paper contains the following steps.

current operatorV̂̃pNg,pN is computed from the effective
Lagrangians given in Eqs.~18! and ~20!, with the propaga-
tors obtained in Eqs.~23!, and the monopole form facto
given in Eq.~24! to have good convergence of the interm
diate momentum integrals.

As is known, double scattering terms have a signific
contribution in the case ofproton-proton bremsstrahlung,
mainly in the endpoint region ofvg @26#. In the present work
we will neglectM̃pNg,pN

double in Eq. ~10!, because the numerica
calculation of the three-dimensional integrals requires
enormous computational effort. Nevertheless, we ke
double-scattering-like contributions in post- and preamp
tudes coming from current componentsiU †ĜV̂pNg,pN

(1) and

iV̂pNg,pN
(1) ĜÛ, respectively. In order to compare the a

proaches provided by the DMA and SPA, we fixMpNg,pN to
coincide quantitatively at low photon energies.

For illustration purposes, we will implement the DMA
approach with the OBQA, SEP, and NEWT matrices for the
specific example ofp1p→p1pg. In this case, we have
contributions coming from the diagrams depicted in Fig
4~a! ~with intermediateD!, 4~b! ~with intermediateN!, and
4~c!. The different coupling constants and masses neede
evaluateV̂pNg,pN were taken from the model II of Ref.@19#,
from @20#, and from@21#, and are displayed in Table I. Fo
direct pole diagrams we use bare masses and coupling
stants since they get dynamically dressed in theT-matrix
scattering~5!. In the OBQA case, we replace the 2p corre-
lated exchange potential byp and r sharp mass exchang
terms, since they do not lead to sizable differences as sh
in Ref. @19#. In the SEP case we use the same coupl
constants and masses, because the scattering potential
generated from a dynamical model.

We will compare the theoretical predictions to the expe
mental cross sections measured by Nefkens@27# ~EXP I! and
Myer @28# ~EXP II!, which have been reported for differen
4-6
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FIG. 4. The gauge-invariant amplitude obtained by coupling a photon to the Born terms in Fig. 3, together with the two-meson e
currents~fifth, sixth, and seventh graphs in each line!: ~a! contributions obtained from theN andD direct-pole diagrams in Fig. 3;~b! terms
generated by the cross-pole diagrams in Fig. 3; and~c! diagrams obtained fromr ands exchange contributions in Fig. 3.
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kinematical configurations. In EXP I the pions were detec
at fixed anglesup550.5°, fp5180°, for three different en-
ergies of incident pions~269, 298, and 324 MeV!, and the
photons were detected at variousug , fg angles in the range
of energiesvg50 – 150 MeV. In EXP IIup ranges from 55°
to 95°, the incident energy of the pion is fixed at 299 Me
and the photons were detected at anglesug5120°, fg50°
with energies in the rangevg50 – 140 MeV. In EXP II the
resulting cross section measurements were averaged
up .

Our results for the cross sections in the DMA approa
for the respective ansatz of theT matrix, are shown in Figs
5 and 6. The SPA and experimental values are also plo
for comparison. The predictions of the DMA approa
shown in Fig. 5 using the three models of theT matrix, are
compared to the results of EXP I for photon angles given
G14[(ug5103°,fg5180°). Since the parameters enteri
T matrices are usually quoted to reproduce the elastic ph
shifts, the cutoff parametersL were fixed in order to have
good coincidence between the predictions of the differ
interactions and the SPA at lowvg values. We get~in MeV
units! LOBQA5750,700,600,LSEP5700,600,500, andLNEW
5550,500,450, for incident pion energiesTlab
5269,298,324, respectively. Observe that the value oL
found in the case of the SEP interaction forTlab5298 MeV is
consistent with the one previously found for pion photop
duction atTlab5300 MeV @20#, while the OBQA values are
roughly consistent with the form factors used in Ref.@19#,
01460
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,
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-

which correspond to a monopole form factor withL
'800 MeV @13#. On the other hand, the resulting cross se
tions for the conditions of EXP II are shown in Fig. 6. In th
case, the differential cross section is averaged overup

555° – 75°, andup575° – 95°, for Tlab5299 MeV. How-
ever, we keep for consistency the values ofL obtained at
Tlab5298 MeV in EXP I.

As we can observe, the SPA reproduces very well
experimental cross section for EXP I in the whole range

TABLE I. Relevant masses~in MeV! and coupling constants

used in the computation ofṼpNg,pN .

OBQA SEP NEW

mN 938.926 938.926 938.926
m0D 1515 1450 1405
mr 769 769 769
ms 650 650 650

f NNp
2 /4p 0.0778 0.0778 0.778

f 0NDp
2 /4p 0.21 0.64 0.18

kD 1.6 1.6 1.6
gNNr

2 /4p 5.05 0.563 0.90
kr 2.69 3.7 6.1

gNNs
2 /4p 8.94 8.94 13.

gppr
2 /4p 5.05 0.563 2.9

gpps
2 /4p 0.6 0.6 0.25
4-7
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measured photon energies, while it gives values somew
below those obtained in EXP II. According to Ref.@11#, the
agreement with EXP II might be improved if the emission
the photon from theD11 @seventh graph in Fig. 3~a!# is
included explicitly as a piece of the internal amplitude.

In almost all the cases, the predictions of the DMA
above the experimental cross section and the SPA for e
giesvg.20 MeV. One of the reasons for this may be the u
of an overall form factor to cure the gauge invariance pr
lems. The total bremsstrahlung amplitude is built up, as
be seen from Eqs.~9! and ~10!, by adding different compo-
nents. It is not expected that the common form factor wo
as satisfactorily upon adding up these components as it

FIG. 5. pNg cross section forTlab5269, 298, and 324 MeV and
G14[(ug5103°,fg5180°) in EXP I, calculated in the DMA for
the differentT matrices. We also include the SPA cross section a
the measured values.
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the one used to generate the individualT matrices, which
change their values from vertex to vertex. The comparis
between the results of the SPA and DMA schemes sh
that the additional off-shell effects, added coherently to
lowest order contributions, may have important contributio
since they do not cancel exactly as the derivative terms of
T matrix appearing from the soft-photon expansion.

From Fig. 5 we can check that the SEP interaction p
vides the closest results to the experimental cross sec
with deviations starting forvg.40 MeV. This indicates that
the dynamical model involved in the SEP interaction giv
the smallest off-shell effects. On the other hand, the stron
off-shell effects appear in the OBQA model. This conclusi
agrees with a previous study@13# on observables in pion
photoproduction experiments. Similar conclusions can
drawn from Fig. 6. Note, however, that the SPA lies som
what below the experimental results in this case, wh
seems to indicate the necessity of additional dynamical
grees of freedom.

As was discussed in Sec. III, the off-shell contributions
the external and internal amplitudes within the SPA can
each other, thus we cannot study these effects within
approximation. In addition since we get gauge invariance
the SPA by adjusting the internal amplitude, the gau
invariant electromagnetic currents remain hidden. In

d

FIG. 6. Same as Fig. 5 forTlab5299 MeV. The cross section
are averaged over the anglesup555° – 75° ~upper plot! and up

575° – 95° ~lower plot! in EXP II.
4-8
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DMA approach, these cancellations must occur explicitly
tween the different components of the amplitude~the so-
called Born, pre, post contributions!. The departure of the
different T matrices from the SPA can be used to estim
the size of unbalanced off-shell terms and provide a tes
their off-shell behaviors. Also, since the gauge-invaria
electromagnetic current is constructed explicitly from effe
tive Lagrangians, we can use the radiativepN reaction to
study the relevance of the degrees of freedom and the pa
eters involved in this dynamical model.

Finally, one may wonder about the relevance of additio
contributions not included in the present formulation of
fective Lagrangians, for example thea1 ,v mesons. A pre-
liminary estimation of these effects shows that, in the reg
of photon energies considered in this workvg
50 – 150 MeV, their contributions to the amplitude are su
pressed by an order of magnitude with respect to the deg
fe

ic
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of freedom considered here. In addition it may be required
include the double-scattering terms, in order to provide
better fit of experimental data. These considerations, toge
with a partial wave analysis of the studiedT matrices and a
more detailed analysis of each particular contribution to
electromagnetic current are beyond the scope of the pre
paper.
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