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The pion-proton bremsstrahlung process is considered in a A-isobar model that treats the full
Lorentz structure and off-shell nature of the Rarita-Schwinger spin-% propagator and vertex func-

tions. The relativistic isobar model necessarily produces background S;,, P3;, and Dj; partial
waves as well as the resonant P;; wave, but explicit background is needed to fit the elastic data. Un-
itarity and gauge invariance as well as the soft photon limit are preserved in the model. The 7*-p
elastic and radiative processes are treated on the same dynamical footing within a relativistic K-
matrix approach. The approach is constructed in a form that formally resembles a four-
dimensional scattering theory to allow a more physical or intuitive illustration of the underlying dy-

namics.

I. INTRODUCTION

With the pressing need for models of hadronic sub-
structure and ultimately for quantum chromodynamics
(QCD) to make contact with as many “well determined”
observables as is possible, a continuing experimental' 3
and theoretical®® effort exists to extract the A(1232) diag-
onal as well as transition electromagnetic observables.
For this reason, the original suggestion of Kondratyuk
and Ponomarev® to consider radiative 7+ p scattering as a
means of deducing the diagonal A™* magnetic moment
continues to encourage the refinement by bremsstrahlung
measurements and the construction of phenomenological
models that satisfy important theoretical constraints.
Recently, the MIT model of Heller ef al.’ has become the
first calculation (explicitly containing the A isobar) that
respects gauge invariance, unitarity, and the soft photon
limit as well as considers a dynamical treatment of the
mNA vertex function. Their work stresses the need for
dynamical consistency between the elastic and radiative
processes—indeed the definition of a magnetic moment
of a strongly decaying particle demands this consistency.
Although this model stands alone in its theoretical
soundness and in the detailed treatment of nonrelativistic
7NA and AyA vertex functions, one might consider a
model containing these desirable theoretical features
without the formal complications that arise when form
factors are introduced. Also, it should be instructive to
consider a model that retains Lorentz invariance and in-
cludes antiparticle intermediate states since relativistic
approaches have proved fruitful’ in describing other
processes—especially when spin observables are in-
volved. The model presented in this work may be con-
sidered as the simplest phenomenological approach avail-
able that respects gauge invariance, unitarity, the soft
photon limit, and Lorentz invariance, while retaining a
consistent link between bremsstrahlung and elastic
scattering. It seems reasonable that such a model should
be tested before (or along with) a model’ that includes a
detailed treatment of the strong and electromagnetic
structure functions. Although the present approach is
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rooted in the effective Lagrangian procedure of other au-
thors,* such an approach is yet to be applied to the w*p
bremsstrahlung problem. This is because unitarity is ei-
ther absent or incomplete in other effective Lagrangian
models* that introduce the A width in an ad hoc manner.
In the present model both the A width and radiation by
internal processes arise from dynamical origins within a
relativistic K-matrix approach without the need of speci-
fying the detailed dynamics of structure functions.
Reasonable agreement between the present calculation
and the cross section data obtained by Nefkens et al.! is
found using p, ., /p,~2.3; it is seen in the figures that

the full calculation results are very comparable to those
of the MIT model. The present approach, although
simpler in some respects to the MIT approach, allows the
advantage of retaining the full covariant structure and
frame independence of all expressions. Therefore, the
boosting of amplitudes or of vertex functions is avoided.
Also a partial wave decomposition of the amplitude is un-
necessary to address the bremsstrahlung process. The
price that one pays for this pedagogically simpler pro-
gram is that the contractions of Lorentz and Dirac in-
dices must be handled explicitly (numerically), and the
four-dimensional structure of the Bethe-Salpeter equation
must be retained at least to the point of providing unitari-
ty and Lorentz invariance.

In Sec. II, the elastic 7" p scattering amplitude is con-
structed in a K-matrix approach and appears formally
equivalent to the solution of a four-dimensional scatter-
ing equation. This organization of terms allows an intui-
tive path to the two-channel K-matrix version of the radi-
ative amplitude. The bremsstrahlung amplitude is then
given in detail in Sec. III. Contact is then made with the
data to assess the validity of the model and to constrain
what one would like to interpret as the “physical” A*+
magnetic moment.

II. ELASTIC n*p SCATTERING

Since only 7p scattering is considered, it is under-
stood that all amplitudes correspond to the total isospin
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FIG. 1. Elastic scattering driving amplitudes: (a) The A-
isobar term labeling the incoming and outgoing pion (dashed
lines) momenta and intermediate A (double line) momentum.
The proton is denoted with solid lines. (b) The background
term.

3 channel. The driving physics consists of the A(1232)
term and a background term (Fig. 1). The A term follows
from the interaction of the Rarita-Schwinger (RS) spin-2
field [A,(x)], with the pion and nucleon fields according

to

L oa= %Z#(x)G”V(Z)N(x)a,ﬂr(X)-{-H.c. : (1)

Since the relativistic off-mass-shell® spin-3 particle can
propagate with JP=21+ or 1%, and antiparticle with
JP=2~ or 1, the 7NA interaction [Eq. (1] is allowed
an off-shell freedom contained in the Z parameter of the
tensor defined by

O Z)=g""—(Z+1)vHyY . (2)

This Z parameter has the effect of varying the strength of
the off-shell 7NA coupling to the JP=1% and 1~ chan-
nels, but has no effect on the resonance J*=3* or the
JP =427 channels. A popular value for Z in the literature
is naturally Z=—1. Peccei’ chooses Z=—1 in order
that y-©#(—1)=0, but there seems to be no theoretical
bias for this choice. It should be noted that there is no
value of Z that can totally quench the 7N coupling to
these lower spin off-shell A components. Extensive work
has been devoted to the determination of Z on theoreti-
cal'® as well as phenomenological'""!? grounds. In this
work Z is taken as an arbitrary parameter (Z =~ —0.15)
along with the three other parameters to fit the back-
ground S3; and P;; partial wave phase shifts. The driv-
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ing term for the A is then simply the Born amplitude for
the graph of Fig. 1(a) and can be written as
2

g , _
| ., 0 Z)[H 5 (p)]g0(Z)q u;

2m

leVAui =

(3)

where u; and u, are the initial and final Dirac spinors for
the nucleon, g* and ¢'* are the initial and final pion
four-momenta, p* is the total (or A) four-momentum, m
is the proton mass, and g, is the 7NA coupling strength
(gp=29.58). Also,

HiG(p)=(—g"+y*y ) —M)+pty*—yHp¥  (4)

yields the commonly used (Peccei’, w=—1) “free” RS
propagator. In Eq. (4), M is the A-isobar mass
(M =1231.8 MeV) and § refers to the scalar product
pY =p"v,, where the metric convention is that of Bjork-
en and Drell."?

Once the driving dynamics is defined, one still needs to
account for the A decay width as well as the unitarity
constraint between the real and imaginary part of the full
amplitude while retaining manifest Lorentz invariance.
One approach that fulfills these goals is to use V, as a
driving term in the Bethe-Salpeter equation

Ts(p,q',9)=V4(p.q",q)
4
+f(—‘;%VA(p,q',k)G(p,k)TAgp,k,q)
m

(5)

in order to sum a unitary set of graphs and thus, dynami-
cally introduce the A width. Since V, is separable, Ty
can be found formally in the closed form

2

B8 | e S ()]0 20, , (6

2m

A=

where the full A propagator is derived from
2

25 | guaz)5,4p)0%2Z) . ()

2m

The mass tensor = [Fig. 2(a)] is given by

d*k
S (p)= k*G(p,k)k" , (8)
®) f (27)* P, k)
where
G(p,k)=——" . )

k?—p’+ie p—¥—m+ie
with pu as the pion mass. Clearly the real part of the
above integral diverges without the introduction of a
“reasonable” cutoff procedure. In order to avoid the
complexity that can arise in the radiative sector when
form factors are introduced, the real part of = will not be
calculated, but assumed to be included in the “physical”
mass M. This prescription is nothing more than the K-
matrix approach since only the imaginary part of X is re-
sponsible for preserving two-body unitarity. This ap-
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proach can be considered as a recipe for forcing unitarity,
and it simply amounts to taking the real Born or tree lev-
el amplitude as the K-matrix or stationary wave solution
for the amplitude. It should be confessed that with this
prescription, T, [Eq. (6)] is no longer a solution of the
Bethe-Salpeter equation [Eq. (5)], yet the Lorentz invari-
ance and unitarity properties are preserved. Although
the following expressions may seem to be an unnecessari-
ly formal representation of this method, they will prove
useful in considering questions of unitarity and gauge in-
variance in the radiative case and will allow a physically
intuitive path to the bremsstrahlung amplitude.

Although the relativistic isobar term implicitly pro-
duces background contributions, one cannot fit the back-
ground partial wave phase shifts by adjusting the Z pa-
rameter alone. Therefore, the full driving potential must
contain explicit background (V'=V,+Vg). The back-
ground driving term [Fig. 1(b)] is taken to be

Ve=b1q"-q+byu’ +b3(4" +4)+b.dd" , (10)

and can be considered as remnants of o exchange
(by,b;), p exchange (b;), and crossed nucleon (b,)
graphs from an ultrastatic reduction of internal dynam-
ics, although the constants (b;’s) do not necessarily follow
directly from these assignments. ¥ can now formally be
written in a separable form that appears similar to the A
term as

Ve=q"[Hpo )q” - (11)

This is possible by adopting a convenient notation, where
all the pion four momenta q'#, g¥, and k* are considered
to have a “fifth” (u=4) component which is a Lorentz

J

_ |0, 1=0,1,2,3
1, p=4

o
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FIG. 2. (a) Representation of the mass tensor = and (b) the
additional background contribution to the A self energy.

scalar (i.e., g'*=q*=k*=1), but all other Lorentz vec-
tors (and tensors) which do not implicitly contain a pion
four momenta (e.g., g*¥) are zero for this (x=4) com-
ponent. Of course the upper and lower “fifth” com-
ponents are equal. Also, 6 defined as

becomes a useful quantity since, for instance H§S[Hpo' 1. =g**+ 88", where

v 1 1
Hgo=

12byb,+b3

,uv+
b +2b,% T W2b,(b,—2b,)—4b2

b, +2b,

PPy (b, —2b,)8H8Y — by (8  +yH8Y) | . (12)

The full elastic amplitude can now be expressed in the compact form

T=q"*[H '(p)l,.q"

(13)

It is noted that, in the center-of-momentum frame, the amplitude T is related to the traditional invariant amplitudes by

uUpTuj=—u;[A+5(4"+4)BJu; .

(14)

[H ~(p)] of Eq. (13) now contains both A and explicit background terms and can be given in a form that illustrates the

role of both processes (suppressing the Lorentz indices):

2
ga

Iy g1 sS4
H (p)=Hy (p)+ om

where Hy '(p) is derived from

Hg(p)=Hpgo—2(p),

[g+Hz ' (p)=(p)IO(Z)H; (p)O(Z)[g+Z(p)Hz ' (p)], (15)

(16)
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and the full A propagator is now derived from

2
gA

H,(p)=H,y(p)— >

O(Z)[=(p)+2(p)H; ((p)Z(p)]O(2Z) , (17)

which includes contributions from both processes of Fig. 2. Explicitly, the mass matrix is taken to be

wpy L9512
2*p) 47 6V's Iqs

L %y (pam)
41 2Vis Vs

where the quantities s, g, and o, are introduced as short-
hand for: s=p-p,

oo Smmitp?
§ 2V's ’

and g, =(w?—u?)!2. In the center-of-momentum frame,

g, corresponds to magnitude of the initial or final pion
three momentum and w, corresponds to the pion energy,
but here, they can simply be considered as scalar func-
tions of the invariant mass squared (s).

The seven parameters of the model are found to be

gr=29.58, b,=1.185 fm?
M=1231.8 MeV, b,=12.065 fm?
Z=—-0.146, by=—4.203 fm?
b,=3.724 fm’

where g,, M, and one combination of background pa-
rameters (b, +2b,) are adjusted to fit the resonant Pi;
phase (Fig. 4). The pole position of this partial wave is
found to be at V's =1208—50.5i MeV, in fair agreement
with the particle data group'* value of Vs =1210
+£0.5—(50+1); MeV. The remaining three background
parameters and Z are varied to fit the background Sj;
and P;, phases. Since the soft photon limit of the brems-

6 (")
Z

_30 ST T N U VN SN R S N SR S N
100 200 300
T,(Lab) (MeV)

FIG. 3. The total isospin % background S and P wave phase

shifts, comparing the model calculation (dashed line) to the data
(Ref. 15) (solid line).

(9]
(f+m)gh"— T/ST(gM" +ptyY+yHp")

88" — Lq2(8"y " +7H8")+

v

3w 73
S (2, 2\ (2 2 pp
+ [ \/i(q‘ 4+l )p (q3+3ws)(p+m)] b ]

g2+ 3w}

3s

s

‘/;([H-m)

p_

(pH8¥+8"p") ] , (18)

f
strahlung process follows directly from the elastic data, it
is crucial that the elastic amplitude [Eq. (13)] can realisti-
cally make contact with the experimental phase shifts.
Figures 3 and 4 compare the S;;, P;;, and resonant P;,
partial wave phase shifts projected from T [Eq. (13)]
above (dashed line) to be experimental'® phase shifts
(solid line). In Fig. 4 it is seen that the P;; data can be
fully reproduced in a relativistic K-matrix approach that
includes a mild amount of background in the P;; chan-
nel. This is noted in a similar approach by Olsson.!® The
fit to the background phases (Fig. 3) is perhaps less im-
pressive because of the minimal amount of dynamics in-
cluded in the background driving term [Eq. (10)]; the
background phases can be trusted to within ~10%
through most of the energy region of interest. This can
lead to only a few percent error in the elastic cross sec-
tion and =~ 10% error in the asymmetry.

III. THE 7*p BREMSSTRAHLUNG AMPLITUDE

Using the machinery developed for the elastic ampli-
tude, the construction of a covariant bremsstrahlung am-
plitude that can satisfy both unitarity (to order e) and
gauge invariance requirements simply proceeds through
considering all radiative processes to order e. This is
clearly achieved by a sum of four terms (again suppress-
ing the Lorentz indices):

140 —r——T T

120
100
~80
>
© 60 +

40 -

0 I e /L ./BQCL(QFQUAHQ ]
0 100 200 300
T (Lab) (MeV)

FIG. 4. The resonant P;; partial wave phase shift showing
the full amplitude result with the background contribution
alone (legends are as in Fig. 3).
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T,=R'-eH '(p)g+q'H '(p')R-e+q'H ~"(p')A(p’,p)-eH "'(p)g
2
+ o, q'lg+Hg (p)Z(p)]O(Z)HF (p' ) ,-eHF (p)O(Z)g +=(p)H; (p)lg , (19)

where the first two terms concisely account for all radia-
tion by the external legs, and explicitly contain

1 KN
Rt-e=qlt——— |enf+—(£¥—¥¢)
P —4—m 4m
—(q“—v“)e,,-q—'g—e,,e" (20)
q-v
and
R'*-e= e;,£+—'ci(£7ﬁ--ﬁ)]———~l—~q’“
4m P—4'—m
+e;,—37:%(q”‘+v“)-e;,e“ , 1)

with p* and p'* as the initial and final total pion-nucleon
four-momenta, v (W=p#—p'*) and €* as the photon
four-momentum and polarization, ey and e, as the nu-
cleon and pion charges (e.g., e, =1, e_+=1), and ky the
anomalous nucleon magnetic moment (k,~1.79). The
last term of Eq. (19) is the direct A(1232) radiation con-
tribution containing the A current (Fig. 5)

TEe=esl—gH Hriy N4y — ]
LY Py (22)
8 4m - ’

where the first term of Eq. (22) follows from a minimal
substitution p*—pt—e " on H,y(p) [Eq. (4)]; the
second term provides the anomalous A magnetic mo-
ment. Therefore, the A magnetic moment, in soft photon

limit, and in the A rest frame is given according to
By++ 2m/M+K,

=
Hp T+x,

; (23)

it is noted that the static SU(6) quark model, for instance,
predicts a value of 2 for this ratio. Here, the ratio
M, ++ /1y becomes the only free parameter when address-

ing the radiative observables. This can be considered a

P p

1%

FIG. 5. The direct A radiation vertex.

very conservative approach since the relativistic AyA
vertex contains a rich Lorentz structure® allowing a num-
ber of independently gauge invariant couplings (not only
the higher electromagnetic moments, i.e., E2 and M3)
both on and off-mass-shell. Naturally, these additional
couplings reflect uncertainty in the present model and
will be considered at a later date.

The third term of Eq. (19) includes all radiation from
the internally propagating charged pion and nucleon lines
(Fig. 6), where A*¥(p’,p)-€ can be considered the simplest
vertex correction to J#"-€, thus gauge invariance is exhib-
ited through the Ward identity

A¥(p',p)(p—p')=(e,+eN)[Z*(p")—Z*(p)] . (24)

Actually, it is sufficient that this Ward identity [Eq. (24)]
be satisfied to have current conservation for the entire
bremsstrahlung amplitude [Eq. (19)], although it is still a
tedious exercise to show that the amplitude vanishes with
the replacement e#—v*. A numerical verification of
current conservation is made for each point calculated in
Figs. 7-14 cited in Sec. IV. The internal current of Fig.
6 can be written literally as

k

—

— ~

7 , N
() LB PTKN

yd
(d) L

FIG. 6. Representation for internal (a) nucleon, (b) pion, and
(c) and (d) contact radiation processes.
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d*k 1 1 1

u v

K
AM(p'p)e=i [ enf+ ﬁw—m]

(2m)* k*—p’+ie p'—U—m+ie p—K—m+ie
b — ) ——— e (k) e — Lk
(k—v) —p°+ie k®—p“+ie p—¥K—m+ie
PP - L ¥ — ket ——1 1 e € (25)
k*—p“+ie p—k—m+ie k*—u‘+ie p'—¥—m+ie

and once again it is noted that the real part of the integral diverges. It is therefore consistent with the K-matrix ap-
proach and with the Ward identity [Eq. (24)] to calculate only the imaginary part of A*"(p’,p)-e. The real part is
effectively included in the direct A current of Fig. 5, which is now considered to be the “physical” current. The imagi-
nary part of A*¥(p’,p)-€ can readily be found by setting internal pion and nucleon lines of Fig. 6 on their positive-energy
mass shells.!” This is done by replacing propagators of the respective particles according to

(k2—p2+ie) [(p—kP—m*+ie] "> —2728(k*—u>)O(k°)s((p —k ) —m)O(p*— k) . (26)

Since the f k*dk f dk? integral is done by the & functions, an integral over solid angle remains and is given here in an
arbitrary frame as

; dQ g —
A‘“’(p',p)-e:Lf k |k|3[k#LM

K . —_
enft - (h—p) |+ (kE—vire K€ Lo nt P—KEm 4,
4m

y o 2(p K)oy T kv p°|k|2—kop‘k
i dQy K ’
; Ko b —k'+m KN L—K+m .,
U et R am ’
ard Tgr 1K Ik |2—k"p" K’ l enEt o, P 2(p'-k’)'vk
+e1,- kl-é‘(k,v_'_vv)_eﬂ_ell] . (27)
k'-v

It should be noted that the magnitude | k| of the internal pion momentum and pion energy k° acquire angular depen-

dence when expressed in an arbitrary frame as

Vs ,(p-k)+p [s0? —up 2+ p¥(p-k)?)! 2
p2—(p-k)?

with corresponding relations for | k’| and k’°. As noted, the current of Eq. (27) does not add to the real part of the A

magnetic moment, but it does lead to a static imaginary contribution of about ,LL"A'TH/;L‘,: 1.497i; this is more than twice

the value obtained in Ref. 5. Assuming charge symmetry, the soft photon limit contribution of Figs. 6(a) and (b) to the
imaginary part of the A magnetic moment can be given in general according to

k| = , KO=(|k|>4+u®)? (28)

2
gA qs
ImpT=-% | 22 492 +3E*)E +(4g2+3m?>
3+T
5 2 20,97 —20,(g2 +@?)+ (M +m ) gl +30?)+ 3w, (M +m)?]
M |3+T; 3-T,
m | T3 T [20,9] +30,(¢] + @)
—2AM +m)g2+30)+30,(M +m)*] |, 29
where T is twice the third component of the A isospin, IV. RESULTS
and E=M —w,. Since v —0, o, and ¢, in Eq. (29) are
calculated for V's =M. Equation (29) should be indepen- Here the model will be tested by comparing the calcu-

dent of any vertex form factors that might be introduced, lated cross sections to the data of Ref. 1; the correspond-
since all particles are on-mass-shell in this limit. ing target asymmetries also will be shown. The
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differential cross section for the bremsstrahlung process
can be written in terms of the amplitude given in Eq. (19)
(in an arbitrary frame) as

do
dQ.dQ. dv°
lql 1q' [’ |v|m’a
42m*p°lq|*—¢°%-a)p°|q | *~q"°p":q")

X3 Tr|a;T,u;|*, (30)
€

where a is the fine structure constant (a= ;). Also, the
target polarization asymmetry ( A) is defined as the ratio
of the difference between the differential cross sections
measured for spin-up and spin-down targets to sum; up
and down refer to the direction of target spin with
respect to the 7N scattering plane. It is noted that in the

10 —T T T T T
— n'p > m'py
D 3 Vo= 40 MeV
= 10
< T =269 MeV
n o
> = 50.5°
2 10 %
N?
o
S
ch1o1 g_
'O.: F
c i
NG
o
L f@
10 1 1 " 1 1 I 1 P
0 60 120 180 240 300 360
a (9, g=0°
103 E T T 1 1 T 3
b m™p > wpy ]
Vo= 80 MeV ]

T =269 MeV
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figures to follow, the outgoing pion angle is assumed to be
at a fixed value of a,=50.5° with respect to the beam,
and the same labeling as Ref. 1 for the outgoing pion and
photon angles is used; the a’s are the angles measured
“clockwise” from the beam in the 7N scattering plane
and the B’s are the angles measured from the scattering
plane to the normal. Figures 7 and 8 show the full copla-
nar photon angular distribution of cross section and
asymmetry at two incident pion energies and two photon
energies. The gross features of the calculated cross sec-
tions are in close agreement with the data and it will be
seen that the bulk of Nefkens’ data seems to be consistent
with the present calculation. The curves of Figs. 7 and 8
correspond to three values of the A*™+ magnetic moment
given by Ko+ +/tp=2.0 (long dashed line), u, ., /p,=2.3
(solid line) and p, 4+ /u,=2.7 (short dashed line); at the
larger photon energy the asymmetries are seen to be more

1.0 A L
- m'p - m'py
[ Vo= 40 MeV
05 T"=269 MeV 1
a= 50.5°
<00 |

[ (b) ]
-1.0 PR NP B R SRS

0 60 120 180 240 300 360
a (%), p=0°

1.0

0.5

>
[}
P
@
> = 50.5°
< |
% o'k E <0.0 X
E E N
S ] =
® 1 J
S0 ¢ . -0.5 :
5 ; ] ]
o r 1 N ]
O] 1 [°= 80 MeV - (@) |
10 PR L 1 __1.0 P I O R S
0 60 120 180 240 300 360 0 60 120 180 240 300 360
a (%), g=0° a (%), p=0°

FIG. 7. The full coplanar photon angular distribution at T, =269 MeV of (a) and (c) differential cross section and (b) and (d) pro-
ton polarization asymmetry for two photon energies. The curves correspond to calculations of the present model using the three
values of the ratio Kyt 4/ 2.0 (long dashed line), 2.3 (solid line), and 2.7 (short dashed line). The data is from Ref. 1.
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distinct [Figs. 7(d) and 8(d)]. As in the MIT model, the
calculated proton polarization asymmetry can show a
strong sensitivity to u,..; it is no surprise that the
strongest sensitivity is found approximately near the SIN
geometry,”> where the photon angle is ~240° and
T,=298 MeV. Since the asymmetry (away from the
elastic limit) can be very sensitive to the A™* magnetic
moment, it is hoped that future asymmetry measure-
ments,® in addition to the SIN measurement,’ can pro-
vide a testing ground in determining the validity of ap-
plying model calculations in extracting this magnetic mo-
ment.

A more revealing test of the present calculation is seen
in the photon spectra (Figs. 9 and 10) at two incident
pion energies and four coplanar photon angles where
there is only a mild sensitivity to u, ... This region can

provide a benchmark for the calculation because the

T T T 1 T T T T
m'p > m'py :
Vo= 40 MeV

T =298 MeV
a,= 50.5°

b4

d%0/dQ d0_dv°® (nb/sr’MeV)
o
T T

10 3
10“ N N T B BN B
0 60 120 180 240 300 360
a (%), g=0°
10° T T T T T T T 3
- m™p > mpy ]
Vo= 80 MeV

T =298 MeV

r

d’c/d0_d0 dv° (nb/sr*MeV)
o

-
o

0 60 120 180 240 300 360

a (9, g=0°
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A+t magnetic moment is the only free parameter of the
model. Here, a very constrained prediction for the calcu-
lation is obtained, and it is preferable that any model that
claims to extract p, ., from the bremsstrahlung data
should first prove reliable in 1, , . insensitive kinematical
regions. Figures 9 and 10 show that a reasonable agree-
ment is still found between the theory and experiment
with the exception of the 160° photon angle data at
higher (v*>60 MeV) photon energies [Figs. 9(a) and
10(a)]. It is hoped that these minor differences can be ab-
sorbed into the uncertainties in the data and in the model
without effecting the predictions of the model for the
M, ++ sensitive cases. Clearly, additional cross section

and asymmetry measurements in (theoretically) less sensi-
tive regions, as well as experiments explicitly designed to
measure . ., % will be valuable.

1.0 _r T T T T T
. m'p > mpy
[ Vo= 40 MeV
0.5 T,=298 MeV ;
a_= 50.5°
n
<00 [

-1.0 PR S DR WU R |
0 60 120 180 240 300 360
o (%), p=0°
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FIG. 8. The full coplanar photon angular distribution at T, =298 MeV for two photon energies. The curves and data are as in

Fig. 7.
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FIG. 9. The coplanar bremsstrahlung cross section at
T,=269 MeV, shown for photon angles where only a mild sen-
sitivity to #, ++ appears. The curves and data are as in Fig. 7.

FIG. 10. Same as Fig. 9, but at T,=298 MeV. The curves
and data are as in Fig. 7.
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In considering the region that shows strongly sensitivi-
ty to p, + +, six photon angles and two incident pion ener-

gies are considered (Figs. 11 and 12 ) to provide some
overlap with Ref. 5. The same values of u At used in

Figs. 7 and 8 are used in Figs. 11 and 12, where the data
is consistent with the range 2.0<p,,./p,<2.7 with

slight bias toward p,,./p,~2.3 (solid line). This is
comparable to the “dressed’ value i, . /p,~2.5 for the
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MIT model,’ although such a simple comparison between
these two different models may be misleading. For Fig.
12(a), the “A bump” will begin to appear for the larger
value of u A++ (short dashed line); it can be shown that a
strong cancellation between external and internal radia-
tion continues to be the mechanism for suppressing this
bump—although, it should be noted that this is not a
gauge invariant separation. Additional asymmetry calcu-
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FIG. 11. Both coplanar and non-coplanar bremsstrahlung cross sections at T, =269 MeV, showing the sensitivity to p, , ,. The

curves and data are as in Fig. 7.
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lations are provided in Figs. 13 and 14 for photon angles
that seem to show the greatest p, ., + sensitivity at these
two outgoing pion energies. Fig. 13(a) shows that, even
at the lower pion energy (7, =269 MeV), the asymmetry
can vary dramatically for different values of p1 , . .

The presentation of this model has tried to provide: (1)
clarity for the underlying dynamics and (2) a comparison
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with many observables. Although the three-body final
state leads to a vast number of observables,? it is hoped
that the calculations provided in this work will allow the
reader to judge the soundness of the model, and to make
comparisons with other predictions regarding u, ., sen-
sitivity. Other kinematical geometries are presently be-
ing considered.>
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FIG. 12. Same as Fig. 11, but at T, =298 MeV. The curves and data are as in Fig. 7.
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FIG. 13. Coplanar proton polarization asymmetry at
T,.=269 MeV, showing a strong sensitivity to Byt These
asymmetries correspond to the cross sections of Figs. 11(c) and
(e). The legends for the curves are as Fig. 7.

V. CONCLUSION

It has been shown that a dynamically consistent model
for the w1p bremsstrahlung process can be constructed
in a relativistic K-matrix approach. This model goes
beyond the early phenomenological Lagrangian models
by keeping the unitarity relationship between the elastic
and radiative processes. An excellent fit to the elastic
data is obtained by including explicit background
modifications to the relativistic isobar amplitude. A
reasonable amount of background is present in the P;;
channel,'® although a model independent separation of
background and A processes is not possible. The w+p
bremsstrahlung cross section data of Ref. 1 is found to
agree with the present calculation over a wide range of
kinematical conditions with the exception of the a =160°
photon angle. Also, at T,=269 MeV, the calculated
cross sections seem to be consistently larger than the data
at higher photon energies in the u At sensitive region
[Figs. 11(a)-(c)]. The data in this region at T, =269 and
298 MeV is essentially consistent with a parameter range
of 4.0<«k,, . <6.0, for the A** anomalous magnetic

0 20 40 60 80 100 120
vYLab) (MeV)

FIG. 14. Same as Fig. 13, but at 7,=298 MeV, and the
asymmetries correspond to the cross sections of Figs. 12(c) and
(e). The legends for the curves are as Fig. 7.

moment. The range 2.0 <Hy++ /i, <2.7 is then obtained

from Eq. (23) for the effective magnetic moment ratio.
The overall agreement between the data and the calcula-
tion presented here appears to be consistently as good as
the MIT model of Ref. 5.

In principle, this approach can be naturally extended
to the full scattering theory by introducing vertex form
factors and carrying through the dispersive parts of the
corresponding integrals. This may be necessary for a
cleaner distinction between the magnetic moment ob-
tained from the A and from the background processes. It
would be interesting to consider if the gauge preserving
currents of Ref. 5 could be obtained in such an approach.
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