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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
7N— 7N+ at low energies. Tha (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 vid@ matrix with off-shell effects. TherNy differential cross
sections are calculated using three differémhatrix 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 numbds): 25.80.Ek, 13.60-r, 13.75—n

I. INTRODUCTION on-shell T matrix, the information on the off-shell behavior
of the T matrix can be tested by adding the contributions to
In order to extract resonant parameters of the nucleothe radiativerN scattering within the framework of a spe-
resonancesN*) from the yN— «N reaction, it is important  cific dynamical model. The purpose of the present paper is to
to evaluate the background contribution to isolate the resocheck the off-shell behavior of three differehimatrices for
nant peak. An important contribution to the background of;N rescattering in the reactiomN— 7Nvy. A similar analy-
this photoproduction reaction is provided by the final-statesis of these FSI effects using different rescattering off-shell
rescatteringFS) of the 7N systen{1-4]. Consequently, we  ampjitudes has been done with the aim of determining the
require knowledge of thd matrix in the off-momentum-  form factors of nucleonfl3]. It was found that pion photo-
shell regime(off-shel) to describe this rescattering process. ,qyction reactions are very sensitive to the off-shell behav-
That is, we need information about the amplitudej, ¢ the 7N interaction, and also that there are certain

'el'[q 'gf;fy(]g)]anh |t2|¢|_q Ll,]:/vhetr_ez, \(')tht'ﬁg Iselt(:t'e ;0:;”]" ﬁqn(;n inconsistencies in fixing phenomenological form factors, to
ray 7N sysiem, 1S a function relative mo " match photoproduction current and FSI effects.

tum |q| of the initial state. This particular rescattering ampli- For this purpose, we use a dynamical model to describe

tude is more properly called the half-off-sh&lmatrix. As is the 7N N . Th . ant elect
known, theT matrix can be generated by solving an integral € mN—m\'y reaction. 1he gauge invariant electromag-

equation of the Lippman-Schwinger or Bethe-Salpeter typ(getic current is_ constructed explicitly, with yertices and
by iteration of a pure phenomenologidd,6] potential, or propaggtors derlvgd from the re!evant hadronic and electro-
from an effective potential based on meson-exchange modefgagnetic Lagrangians. We also include two-body meson ex-
[7,8]. In all cases the so-called “realistic” interactions are change currents, and the full energy-momentum dependence
fitted to reproduce the phase shifts in elastid Scattering’ ofthe aN T matriX, which exhibits its off-shell behavior.
which only depends on the on-sheli§j{=|q’|) values of the  Finally, we implement this model with differefit matrices
relative momenta. Thus elastic scattering is not useful tdn order to compare their different off-shell dependences.

constrain the off-shell behavior of thematrix, i.e., interac- This paper is organized as follows. In Sec. Il we will
tions which yield similar results for elastic scattering mayconstruct the gauge-invariant amplitude for radiatirél
have different behavior in the off-shell regime. scattering. In Sec. Il we give a summary of the correspond-

Another reaction where theN off-shell T matrix is re- ing results obtained in the SPA approximation in order to
quired ismN— 7N~ bremsstrahlung. This process has beermake comparisons with our dynamical model. The
studied[9—11] within the soft-photon approximatiofSPA).  Lagrangians and propagators used to construct the gauge-
The soft-photon amplitude, defined by the first two terms ofinvariant current for our process are provided in Sec. IV.

the soft-photon expansion, depends only on the electromagginally, the results and conclusions are given in Sec. V.
netic constants ofr and N and on the correspondingN

elastic-scattering amplitud@n-shell #N T matrix) [12]. It

shoulq be poillted out that Low’s original amplitude fails to Il. GAUGE-INVARIANT BREMSSTRAHLUNG

describe ther=N+y process near the resonance regdiéh AMPLITUDE

Nevertheless the SPA for theN y reaction, as implemented

by Ref.[10], describes well the experimental data nearshe In the pion-nucleon bremsstrahlung process we deal with
resonance region and can provide a determination of thae problem of the scattering by two potentiglgl]: the strong
A" magnetic momenit11]. pion-nucleon and the electromagnetic interactions. The cross

Because the soft-photon amplitude depends only on theection for therN— 7Ny process reads
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2 e\ .ms;,ms | 2v2
2 T N
XM WNW,N(GA K;Qs,Ps,MS Qi ,Pi ,MS)| (1) FIG. 1. One- and two-body contributions to the bremsstrahlung
current amplitude.
where g=(w,q), p=(E,p), and k=(w,,K) denote pion, G (26 )

nucleon, and photon four-momenta, respectivengis the

nucleon’s spin projection; anel, indicates the polarization In th . or d 0 el
four vector of the photon. The subindiced refer to initial- |1 (€ previous equations; denoteM -matrix elements cor-
and final-state quantities. responding to the irreducible Feynman diagrams for each

The Lorentz invariant amplitudeM ,y, . explicitly ~ Process, while5; is the product of Feynman propagators of

reads intermediate particles.
Following Thompson'’s prescriptiofil5], we can repre-
M ny, = (U Pt ,me)||\A/|7TNy (e Kigr.pridipi) sent the above integrals in a three-dimensional form as fol-
’ . ' lows (we set in the center-of-mass frame of thll systen):
x|u(p;,ms)), @ )

N : . T(d',6,2=U(q".q9)
whereu(p,ms) denote nucleon Dirac spinors, and the am-
plitude operatoi 7Ny, =~ IS Obtained from the coupled chan- f & SN G
nel Bethe-Salpeter equation for theNy system as follows q")Gru(zd)T(@"d.2),
(we consider electromagnetic interactions at the lowest or- (6)
den:

with
. - o dg* . .
M7TN’y,7TN:V7TN’y,7TN+I f (ZT)Al[VWNy,WN(Q)GWN(q) é ( »") my
Z, 5 RINEl A
i i L AT pu(@E(-d")
XM N, 'n'N(q) +M N, 'n'N(Q)GTrN(q)Vﬂ'Ny,ﬂ'N(q)] - , Q” ,
Smelu(—§ mé))(u( ,mg’)| -
—-Z"+iy
f (277)4 277_)4[M7TN ﬂ'N(q )

A o , A ~ wherez"=E(—G")+ o(q"). In the above expressior
KGNV any a0 D C (DM ()] denotes the Thompson propagator replacing the Gujj, .

€ Feynman propagator which, as a consequence of the three-
dimensional reduction, eliminates the propagation of antipar-
ticles and puts intermediate particles on their mass shell. The
kernel functionU(q’,q) contains all therN-interaction ir-
reducible diagrams to be iterated in thenatrix calculation,
but usually only second-order contributions are kept.

R 1 . The electromagnetic currer@tﬂNWN can be broken into
T(d¢,Ps:di P = WMWN,WN(% Pr:0i,Pi), (4  two pieces,

The symbolfdg* will indicate integration over intermediate
four-momenta variables.

In terms of the above operator amplitude, thenatrix,
defined as

\/ =y (2)
satisfies the integral equation VﬂNMN_vaWNJrVwNv 7N (8

dgf where the upper indices denote one- and two-body contribu-

T=U0+i f (ZTVO(Q)G(Q):F(Q), tions, respectively, which are obtained by coupling the pho-
ton to all the internal lines o). As is known, the operator

A 1 V&, v must be added to the electromagnetic current in

U= order to satisfy the electromagnetic gauge invariance of the

—3V77N,7TN ’
(27) total amplitude[16], while the one-body amplitude’y., .
vanishes for free hadrons. Both contributions to the total am-
plitude are illustrated in Fig. 1.

Throughout this papeM will denote the amplitude generated by Let us now discuss some problems related to gauge in-
the operatoM, i.e., M =(U[M|u). variance. The bremsstrahlung amplitude can be directly com-
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FIG. 2. (a) Gauge-invariant bremsstrahlung current amplitydePost-, pre-, and double-scattering amplitude contribufieae Eq(9)].

puted from Eqgs(2)—(4), by making a reduction that replaces
G,n by Gry in Eq. (3) [17]. This procedure, however, in-
troduces some inconveniences. Filt,y,, v iS not gauge
invariant by itself because it involves the addition of zero-
and second-order terms in the hadronic vertices, and thus
M.ny,»n IS NOt manifestly gauge invariant. Second, the
three-dimensional reduction destroys any possibility of ob-
taining gauge invariance, because we lose the propagation of
antiparticles’

We can follow an alternative procedure that makes the
bremsstrahlung amplitude manifestly gauge invariant and
where the Thompson reduction does not introduce the prob-
lems mentioned above. If we substitute E@.and(5) into
Eqg. (3), only in the one-body component of the amplitude
MR, n=M ony (VR on), We can isolate the lowest
order nonzero contribution of the one-body current. After the
three-dimensional reduction, the total amplitude can be re-
written as

V7TN’)/,7TN:

pre _

M 7Ny, 7N~

post —

M 7Ny, 7N~

£ double _
] M 7Ny, 7N~

—r\/ N pre N7 Post n 4 double
M ﬂ'Ny,‘rrN_[Vﬂ'Ny,‘rrN+ M ﬂ'Ny,TrN+ M ﬂ'Ny,77N+ M 7Ny, 7N

(U(—q'—ki2ms)|

XV, (K, G7, @ u(—G,ms)),

f dg"*(u(-q’,ms)|
X-'I‘—(—)-%—(qn,q/ryzr)éTH(Z/’qW)
X’\G/WN}/,WN(E)\ ,E,ﬁ",d)|u(—(ﬁ+|2/2),ms),
| dae@-a —kzms)|
X’\C’/ﬂ'Ny,TrN(e)\ ,E,q” 1qw)éTH(qu)")

XT(§",G,2)|u(—G,ms)),

f dq”f dg"3(u(—§’' —ki2ms)|

©® X TN (-G —ki2g".2")Gru(z',q")
with Xvﬂ'Ny,frrN(e)\ ,E,q/r,q’m)éTH(z,qm)
xT(4",6,2)lu(-d,ms)), (10
2As an example let us consider the amplitude for photon emission
off a charged pion. This contribution involves the product of the Where the current,
electromagnetic vertek . and the pion propagatadk . in the fol- . R o o A
lowing form: ' (q=k,q) X A (q=K) = = e(2q= k) X [ 1/(q= k)2 Vg an=1VR, nGU+IOTGV (+VRL o\

—mi]. When we replacee,—k to verify gauge invariance
we obtain, T',(q=k,q)efA (q=k)=*e. The three-dimen-
sional reduction replaces the full propagatdr(q) by A7 (q)

generates a gauge-invariant Born ampIitLYd,ﬁw,wN, that

=[1/20(G) [119°— w(G)] and such a relation is no longer ful- involves all possible ways of attaching a photon to the

filled.
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wN-scattering amplitud®), and contains the full propagator s=(qi+p)?% si=(qs+ps)?,
G~G_y. The operatoii(~)(z'), wherez’' =z+ w.,, obeys 2 2
Eq. (6) if we changen— — » in Eq. (7). ! H=(Pi= P07 = (Ai—a0%
The superscript préposd in Eg. (9) indicates that the Aq.=(Qi—k)2, Aq =(qs+k)?,
photon is emitted beforéaftern the action of thelT matrix, ' !
while the superscript double refers to a double-scattering A, =(pi—k)?, Apr(prrk)z- (13

term where the photon is emitted from internal lines between

two T matrices. In the above equations, the Born, pre, andf we setk=0 in the previous equations, we g&t, =A,
double amplitudes were evaluated in the initial center of——m andA, —A mﬁ, i.e., they reduce to the particles’
mass frame(G;=G'—k/2, py=—G' —k/2, G;=—PF=d), masses in every case. Therefore, wketD, theA variables
while the other(pos) amplitude was evaluated in the corre- provide a convenient set to measure the off-shell character of
sponding final frame(Gi=—p;=4q’, qi:q+|2/2, pi=—4q the intermediate particles, and the derivatives in E®)

> . . . P account for off-shell effects in th& matrix.
+ ) ¢ . . .
ki2). The different terms in Eq(9) are illustrated in Fig Within the SPA the total bremsstrahlung amplitude can be

2(a) (Vny,-n) and in Fig. Zb) (remaining termk split into external(E) and internak(l) contributions:

_ E
lll. SOFT PHOTON APPROXIMATION M ony, N =M Sy ot Mo o (14

In this section we present a brief review of the soft-photonwhere we can identify
approximation(SPA) to the radiativerN scattering process.

This will be helpful for the introduction of the notation and aNy,sN= 77Ny aNUV aNy, 7N 7Ny, 7N
for later comparison with our dynamical model. Within the post & ~ (1)
SPA[9], the T matrices can be represented as an expansion + MwNy NV Ny, mN= VN, )

in powers of the photon energy, . Using the two energy—
two angle kinematic$10] we can write this expansion as
follows:

and the internal contributiom' =Ny Can be obtained “by
imposing” the gauge-invariance condition

M 7Ny, 7TN( E}\ kM) 0. (15)

® +O(w2) (12 In this approach, the total amplitude depends only on the
static electromagnetic properties of the external particles and
on the elasticrN-scattering amplitudgsee Eq.(16) below]

[12]. Therefore, the total amplitude at this order eliminates

T(s,t,A)=T(st 2+&”A
(s,t,A)=T(s,t,m) RN

where §,t,A) indicates one of the most convenient sets of

variables amongst,tp,Aq), (Si.tq:Ap), (St.tp.4q,), and any dependence on off-shell effects and model-dependent
(si.tq,A ) to describe the process These Lorentz invariantontributions.
variables are defined as Up to terms ofO(w(;), the total amplitude is given by

!

9 e (4 +pl)-e [enp.—R(pL)]- €

N

M’?TN'}/,’ITN%<U(F—)); rmsf) }-’i—(si ,tp,mi)'i‘

a’-k k-(q_+p}) pl -k
[en(a_+p/)—R(p)] & |- ) .
- N k(q',+p’+) : T(Siitq=mﬁl)] u(p,msi)>—<u(p’,msf) [e T(sfr m) q+_k)\
(Q:+p-)-e€ [ewp-—R(p)1-€ [&n(a:+p)—R(p-)] € A
et p TR T R ]“<P*msi>>’
(16)
where

qE[w(q)rq]v pE[E(_q)v_q]r q’E[w(ﬁ’),ﬁ'], p,E[E(—q”),_q)'],
9 =[w(d"),q"1, p.=[E@G}),—4}], a+=[w(d.).4+], p-=[E(G-),—q4-1,

ty=(p}—P)? tg=(a}—@% tp=(p——p)?% te=(a+—q")%

. 1 R .

R.(0= 78 [km+ {[km]k} G.=q*+k/2, §.=q"*k/2, 17)
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and é,=e7,, éy=e(l+7)/2, and kn=«p(1+7,)/2
+k,(1—7,)/2 denote the charge and anomalous magnetic
moment operators of pions and nucleons. As anticipated, Eq.
(16) shows that within the SPA the! .y, .n amplitude de-
pends only on the elastit matrix, because derivative terms

of T cancel in the addition of internal and external contribu-
tions. Let us emphasize that any dependence on the structure N
of internal contributions(in particular, the dependence of

off-shell effect$ are of higher order in»,, and must be in-

cluded explicitly in the amplitude in a gauge-invariant way.

This is the purpose of the forthcoming section.

]
=
+
=+
>
+
Rl

IV. DYNAMICAL MODEL

In this section we compute the bremsstrahlung amplitude
along the lines developed in Eq®)—(11), using a potential
U obtained from effective Lagrangiah&8], and three spe- FIG; 3. Born amplitude corresponding to tkéN potential op-
cific models for theT matrix to describe therN rescattering. ~ eratorU. The first diagram denotes the nucleon-pole, andAhe
The three models for th& matrix will be called OBQA  Pole corresponds to the third diagram. The fifth and sixth diagrams
(one boson quasipotential approacBEP (separablg and ~ correspond tg and o mesons exchange.
NEW (new one boson exchange modekespectively. The .
OBQA version for theT-matrix interaction19], is based on son fields refers to the isospin spadé.stands for the isos-
a model that includesr and p mesons exchange through a pin 1/2 to 3/2 transition operator, arfdyy, 9,(xp), 9o,
correlated Zr exchange potential. The SEP model foN fnams Opmr» @Ndg, ., are the corresponding coupling con-
rescattering is generat¢@0] by a phenomenological sepa- stants.

rable potential. Finally, the NEW mod¢R1] is obtained The electromagnetic currents can be obtained from the
from the exchange ofr and (sharp p mesons. Lagrangian density
The operatolt is constructed from a Lagrangian density n . n . n
that includes the nucleom), the A isobar, and ther, p, and Letec= Lynnt Lyannt Lyzat Lyaa
o mesons in the following form: +Z‘y7TNA+Z:'ypfrr7r+‘Zyo7MT= (20
Z:hadr: zﬂNN+2NA7T+szN+zp7T7T+zlfNN+zlr7TﬂT ) with
18
o . . — . I3 ,
where the individual terms are given by LX) =—ep(x)| ey, — 2_mNU’“’a AR(X) (X)),
iinN(x):—(f”“”)@(x)nm&(x))wx), . ot | — -
Ma Lynn(X)=—¢e P(X) Y5y u TX (X) [3th(X) A*(X),
~ fNAw Yy =4 N N
Lna(X)= ( . ) PR T, 7(X))p(X)+H.c., Lymr(X) = — €[ 7(X) 3, 7(X) ]A*(X),

Z,pa(0=—egk (0T, () A%(X),

“ 1
Lonn(X) = — §9p¢(x)

LA
e 2my T
fNAW

X 7 pH(X) (), Lyma(x)=e )_X(X)[TT(X)XfT]glﬂ(X)AM(X)

ks

Lprn(X)= = Gy o OL ) DI* (001, +H.c.,

Lyprn(X) =G, {[ F(X) - 7(X) = m3(X) 73(X) ] p4(X)

= m3()[7(X) - p"(X) = m3(X) p3]}AL(X),

Loan(X¥) =gt (X) (x) (),

gO"IT7T

)U(X)(ﬁﬁ(X))(ﬁ”ﬁ(X))- G0

19 Zym(x>:—2e(z—mw)a(x)[ﬁ(x)X&,ﬁ(x)]gA”(x).
(21

aa

The isotopic fieldsy(x) and g/ (x) denote theN andA bary-
ons, respectively, whiler(x), p*(x), and o(x) denote the The electromagnetic vertex operator of thésobar is given
pion, p-meson, andr-meson fields. The arrow over the me- by [22,23
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r YaQuu™ 3 Ya¥vYu™ 3 V18uat 3 Vulva =1300-2300 Me\[21]. However, the introduction of form

factors replacing point vertices MTN%W,\, spoils the gauge
22) invariance of the total amplitude. Fortunately, the gauge in-

variance of the amplitude can be recovered by using the

method of Gross and RisK&5] which, however, does not
where F ,,=4d,A,(x)—3d,A,(X), A,(X) being the electro- yield unique electromagnetic couplings to hadrons. There-
magnetic four potentiali, andé, are the anomalous mag- fore, we follow the more simple prescription of using a com-
netic moment and charge operators whose action upon thanon form factor[13,20 of the monopole type
Rarita-Schwinger field give as eigenvalues the corresponding

vpa €a

( 1 1 1 ally advocated are of monopolar form withA

Ka
~ 2m, «sKe9vu

’

values of these properties of tikeisobar. o A?

The propagators for ther(a), p, N, and A hadrons ob- f(a")= 1z g .o (24
tained from the above Lagrangians are given, respectively,
by where the scald can be adjusted at a given incident energy

for eachT-matrix model.

Amo(A)= qzzmi sHin V. NUMERICAL RESULTS AND CONCLUSIONS

The differential cross sectiodo/d(),d(},dw, to be

v V)2

D%(q)= —g""+g"q"/m, compared with experimental data can be obtained from Eq.

P qz—mp7+i 7 (1), where the amplitudéM .y, »n is calculated from Egs.
(9—(12). The dynamical model approximatigpMA ) advo-

4+ my cated in the present paper contains the following steps. The
S(@)= Q>—mi+in’ current operatoV ., . is computed from the effective
Lagrangians given in Eq$18) and (20), with the propaga-
4+m, 1 tors obtained in Egs(23), and the monopole form factor

G*"(q)= m —ghr+ 57"7" given in Eq.(24) to have good convergence of the interme-

diate momentum integrals.
As is known, double scattering terms have a significant

299" 1g*y"—q"y* T
5 -3 contribution in the case oproton-proton bremsstrahlung,

3 m 3 my e . )
mainly in the endpoint region ab., [26]. In the present work
SN we will neglectM 23> in Eq. (10), because the numerical
_m(q —muL(¥*a"=»"a) calculation of the three-dimensional integrals requires an
enormous computational effort. Nevertheless, we keep
+(g+my) y*y"]. (23 double-scattering-like contributions in post- and preampli-

ob h have kept the off-shell B (a) | tudes coming from current componerits"GV{y, _\ and
serve that we have kept the off-shell part®f'(a) in gq) GU, respectively. In order to compare the ap-

Egs. (23); without this term it is impossible to get gauge = #N».7N : .
invariance consistently simultaneously using the verteXProaches provided by the DMA and SPA, we fil;,, ; to

: : : ; coincide quantitatively at low photon energies.
given in Eq.(22) [24]. As was mentioned previously, the For illustration purposes, we will implement the DMA

potential operatolJ can be computed by using these Fey”'approach with the OBQA, SEP, and NEWmatrices for the
man rules. The scattering amplitutleis depicted in Fig. 3, specific example ofr*p—m*py. In this case, we have
while the amplitudeV .y, ,n can be obtained by coupling contributions coming from the diagrams depicted in Figs.
the photon to all diagrams ib as shown in Fig. 4. 4(a) (with intermediateA), 4(b) (with intermediateN), and
Good convergence properties of the scattering equationg(c). The different coupling constants and masses needed to
given in Eqs.(10) can be obtained by introducing hadronic evaluateV ., . were taken from the model Il of RefL9]
form factors, which are supposed to describe the compositg [20],Wanydwfrom[21], and are displayed in Table I, For
hature Of. ha_drons. It is a common pract_lce to use _d'ﬁerenairect pole diagrams we use bare masses and coupling con-
parametrizations of the form factors for dlffere'hmatrlces_. stants since they get dynamically dressed in Tamatrix
For example, the OBQA model uses monopole and dipolg aytering(s). In the OBOA case, we replace ther Zorre-
forms —with cutoff ~ parameters ranging fromA |5aq exchange potential by and p sharp mass exchange
=1200-1600 MeV[19]. In the case of the SEP interaction (o;mg since they do not lead to sizable differences as shown
different form factqrs.are introduced for each partial wavej, Ref. [19]. In the SEP case we use the same coupling
componen{20], while in the NEW model form factors usu- qnstants and masses, because the scattering potential is not
generated from a dynamical model.
We will compare the theoretical predictions to the experi-
3We restrict ourselves to th& ™+ contribution, the only one for mental cross sections measured by Nef&7$ (EXP 1) and
which we have experimental information an [11]. Myer [28] (EXP II), which have been reported for different
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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 exchange
currents(fifth, sixth, and seventh graphs in each )Jin@) contributions obtained from thd and A direct-pole diagrams in Fig. 3b) terms
generated by the cross-pole diagrams in Fig. 3; @ndiiagrams obtained from and o exchange contributions in Fig. 3.

=+
——mm e ———
+

kinematical configurations. In EXP | the pions were detectedyhich correspond to a monopole form factor with

at fixed angles),=50.5°, ¢.=180°, for three different en- ~800 MeV[13]. On the other hand, the resulting cross sec-
ergies of incident pion$269, 298, and 324 Me) and the  tions for the conditions of EXP Il are shown in Fig. 6. In this
photons were detected at vario@s, ¢, angles inthe range case, the differential cross section is averaged ofgr

of energiesw,=0-150MeV. In EXP 116, ranges from 55° =55°_75° andg_,=75°-95°, for T ,,=299 MeV. How-

to 95°, the incident energy of the pion is fixed at 299 MeV ever, we keep for consistency the values/ofobtained at
and the photons were detected at angles 120°, ¢, =0° Tip=298 MeV in EXP I.

with energies in the range ,=0-140 MeV. In EXP Il the As we can observe, the SPA reproduces very well the
resulting cross section measurements were averaged ovéperimental cross section for EXP | in the whole range of
6, .

Our results for the cross sections in the DMA approach, TABLE I. Relevant masse§in MeV) and coupling constants
for the respective ansatz of tiematrix, are shown in Figs. used in the computation &ﬂNwN,

5 and 6. The SPA and experimental values are also plotted

for comparison. The predictions of the DMA approach OBQA SEP NEW
shown in Fig. 5 using the three models of thenatrix, are

compared to the results of EXP | for photon angles given by M 938.926 938.926 938.926
G14=(0,=103°,¢$,=180°). Since the parameters entering Moa 1515 1450 1405

T matrices are usually quoted to reproduce the elastic phase Mo 769 769 769
shifts, the cutoff parameters were fixed in order to have m, 650 650 650
good coincidence between the predictions of the different funa/4 0.0778 0.0778 0.778
interactions and the SPA at low,, values. We getin MeV fona /AT 0.21 0.64 0.18
units) A ogga= 750,700,600 sgp= 700,600,500, and gy Ka 1.6 16 16
=550,500,450, for incident pion energiesTy, ORn, /4T 5.05 0.563 0.90
=269,298,324, respectively. Observe that the valueAof K, 2.69 3.7 6.1
found in the case of the SEP interaction Tog,= 298 MeV is gang/AT 8.94 8.94 13.
consistent with the one previously found for pion photopro- gfmpmw 5.05 0.563 2.9
duction atT,,,=300 MeV [20], while the OBQA values are 92, 4w 0.6 0.6 0.25

roughly consistent with the form factors used in Rgf9],
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O, 8o \ ' 3
g AR s 6
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% ] g
T 404 o
© 3
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0 T 1 T 1 1 1
140 4 18 <
1204
i 15
»100-

9 s 7] T,.=299 MeV 6 _=75-95°

g ¥ o, lab™ ev. 6.=7/5-

'O> a

£ oo o, 91

[ g

© kS

401 2] 6 -
] e
204
i 3 4
0 T T T T T T T
140 J 0 . v . v . v
] 0 20 40 60 80 100 120
120 4 my[MeV]

L 100 FIG. 6. Same as Fig. 5 foF,,=299 MeV. The cross sections
% 1 are averaged over the anglés=55°-75° (upper plojy and 6.,
& 80 - T 324 MeV G14 =75°-95°(lower ploy in EXP II.

O
8?- 60
% the one used to generate the individdaimatrices, which
o 404 change their values from vertex to vertex. The comparison
»0 between the results of the SPA and DMA schemes shows
| that the additional off-shell effects, added coherently to the
0 : : . lowest order contributions, may have important contributions

o 20 40 60 80 100 120 140 since they do not cancel exactly as the derivative terms of the
o,[MeV] T matrix appearing from the soft-photon expansion.
From Fig. 5 we can check that the SEP interaction pro-
Gy=(,=103°¢,=180°) in EXP I, calculated in the DMA for vides thg glosest rgsults to the experimgnFaI cross section
the differentT matrices. We also include the SPA cross section anoWlth deV|at!ons Staf“”g for"7> 49 MevV. Th's_ 'nd'catfes th"_"t
the measured values. the dynamical model involved in the SEP interaction gives
the smallest off-shell effects. On the other hand, the strongest
measured photon energies, while it gives values somewhaff-shell effects appear in the OBQA model. This conclusion
below those obtained in EXP II. According to REf1], the  agrees with a previous study3] on observables in pion
agreement with EXP Il might be improved if the emission of photoproduction experiments. Similar conclusions can be
the photon from theA™* [seventh graph in Fig.(8] is  drawn from Fig. 6. Note, however, that the SPA lies some-
included explicitly as a piece of the internal amplitude. what below the experimental results in this case, which
In almost all the cases, the predictions of the DMA lie seems to indicate the necessity of additional dynamical de-
above the experimental cross section and the SPA for enegrees of freedom.
giesw,>20MeV. One of the reasons for this may be the use As was discussed in Sec. lll, the off-shell contributions to
of an overall form factor to cure the gauge invariance probthe external and internal amplitudes within the SPA cancel
lems. The total bremsstrahlung amplitude is built up, as caeach other, thus we cannot study these effects within this
be seen from Eq«9) and (10), by adding different compo- approximation. In addition since we get gauge invariance in
nents. It is not expected that the common form factor workshe SPA by adjusting the internal amplitude, the gauge-
as satisfactorily upon adding up these components as it dodgvariant electromagnetic currents remain hidden. In the

FIG. 5. wNy cross section fof ,,= 269, 298, and 324 MeV and

014604-8
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DMA approach, these cancellations must occur explicitly be-of freedom considered here. In addition it may be required to
tween the different components of the amplitudliee so- include the double-scattering terms, in order to provide a
called Born, pre, post contributionsThe departure of the better fit of experimental data. These considerations, together
different T matrices from the SPA can be used to estimateyith a partial wave analysis of the studi@dmatrices and a

the size of unbalanced off-shell terms and provide a test ofore detailed analysis of each particular contribution to the

their off-shell behaviors. Also, since the gauge-invariantejectromagnetic current are beyond the scope of the present
electromagnetic current is constructed explicitly from effec—paper_

tive Lagrangians, we can use the radiatiwl reaction to

study the relevance of the degrees of freedom and the param-

eters involved in this dynamical model.
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