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We define the soft-photon approximation consistent in its treatment of both the kinematical and dynamical
aspects of bremsstrahlung. Using this consistent soft-photon approximation, we calculate w%py cross sections
and obtain excellent agreement with experiment. Our results suggest that the contributions from off-mass-

shell effects and resonances are small.

Recently, the pion-proton bremsstrahlung pro-
cesses (m*py) have been discussed with great inter-
est both experimentally ** and theoretically .>-'®
The two primary reasons for studying these pro-
cesses were to obtain information about off-mass-
shell effects of the 7N interactions and electro-
magnetic properties of 7N resonances. However,
owing to an unexpectedly large discrepancy between
the UCLA data®* and most of the theoretical pre-
dictions, attention has now been focused on a search
for a fundamental theory which can be used to de-
scribe the experimental observations and resolve
this discrepancy. In this note we describe just
such a theory and demonstrate the excellent fit to
the experimental data produced by it.

The UCLA group has measured 7*y cross sec-
tions, d°c/dQ,dQ.dk, at 298 and 269 MeV for vari-
ous photon angles. [Here d, is an element of solid
angle in the direction of ﬁf, the momentum of the
scattered pion, specified by the polar angles (6,,
¢,) and dQ, is an element of soliti angle in the di-
rection of the photon momentum k, specified by
the polar angles (,,¢,).] The cross sections de-
crease smoothly and continuously with increasing
photon energy 2. What surprised us most is not the
fact that most of the sophisticated calculations have
failed to adequately describe the experimentally
observed bremsstrahlung spectra, but rather the
report that the cross sections predicted by the
“soft-photon approximation,” which is based upon
the most important and fundamental theory in the
bremsstrahlung process,'®?! rise steeply with in-
creasing photon energy above k=80 MeV in com-
plete disagreement with experimental results.
Another mystery has been why the data can be
described by the “external-emission dominance”
approximation proposed by Nefkens and Sober.?

The purposes of this note are threefold: (1) To
clarify the definition of the soft-photon approxima-
tion and to show that there exist universal charact-
eristic curves for the cross section in this approx-
imation. (These characteristic curves are hyper-
bolas when the bremsstrahlung cross section
d°0/dR2, A2 dk is plotted against 222 Those calcula-
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tions which fail to produce these characteristic
curves should not be classified as “soft-photon
approximations”.) (2) To present the consistent
method for performing calculations using the soft-
photon approximation. (3) To show that our soft-
photon results are in excellent agreement with the
UCLA data. In fact, we have obtained the best fits
to date for the UCLA data. Thus we have shown
that the soft-photon theory works remarkably well
for pion-proton bremsstrahlung at 298 MeV. Qur
results suggest that the contributions from off-
mass-shell effects and resonances are small.

SOFT-PHOTON APPROXIMATION

It is well known that the bremsstrahlung cross
section can be expanded in powers of the photon
energy k as

0=0_,/k+0,+0R+es, (1)

where

o, =lim (ko),
k—>08 (2)

0, =lim — (ko), .

¢ k—odk i

Here the x; refer to the set of observables which
are held constant in carrying out the partial dif-
ferentiation. This expansion is the soft-photon ex-
pansion. We should emphasize that all coefficients
in this expansion are independent of k. In terms of
this expansion, the low-energy theorem (or the
soft-photon theorem or Low’s theorem), first es-
tablished by Low'®*' states that o_, and o, are
independent of the off-mass-shell effects and that
they can be evaluated from the knowledge of the
two-body elastic scattering amplitude and its
derivatives. This theorem thus provides us with
an approximate mehtod for calculating bremsstrah-
lung cross sections. In order to distinguish this
approximation from all other types of calculations
which are also based on low-energy theorem, we
define the soft-photon approximation (SPA) for the
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bremsstrahlung cross section as

ospA=c—I;l+ao. 3)
When 0y, is plotted against k, Eq. (3) yields a
family of hyperbolas characterized by two con-
stants 0_, and 0,. For a given o_;, the shape of the
hyperbola is determined and the constant o, will
shift this hyperbola up or down along the vertical
axis without changing this shape. If we look at the
UCLA data, we will find that every bremsstrahlung
spectrum obtained by the UCLA group exhibits this
shape (a hyperbola) in agreement with the charact-
eristic curve of SPA. Thus without performing any
calculations, we can conclude that the shape of the
bremsstrahlung spectra observed by the UCLA
group is predicted by SPA.

Unfortunately, Eq. (3) has not been used by pre-
vious investigators in doing the “soft-photon ap-
proximation” calculations. Instead, they have
used the following expression:

7= z_;_kl +3(R), 4)

where G_, (k) and G (k) are independent of off-mass-
shell effects but are still functions of k. Unlike
Eq. (3), Eq. (4) is not obtained from a true soft-
photon expansion but uses Low’s prescription to
remove the off-mass-shell effects. In this pre-
scription the bremsstrahlung amplitude is obtained
from the mp elastic scattering amplitudes and its
derivatives evaluated at the average total ener-
gy squared § and the momentum transfer squared
t. Since S and ¢ are functions of k (i.e., three-body
kinematics should be used to calculate S and ¢) the
first two terms in the expression for the cross sec-
tion constructed using this prescription will still be
functions of k. That is, as noted above, G_ (%) and
G,(k) of Eq. (4) are not independent of k. Now, it
is obvious that Eq. (4) does not represent a family
of hyperbolas. As a consequence, when Eq. (4)
was used by the UCLA group to predict bremsstrah-
lung spectra, they found that the cross sections
rise steeply with increasing photon energy above
k=80 MeV in total disagreement with experimental
observations. This disagreement led the UCLA
group to conclude that the fault lay with the soft-
photon approximation. The problem does not arise
from SPA, but rather from Eq. (4) which is not the
soft-photon approximation.

Having defined SPA and described its relation-
ship to other so-called soft-photon approxima-
tions, we next discuss the derivation of o_, and g,,.

To do this we must modify Low’s prescription for
J

e M2k

obtaining the cross section. In particular we must
address ourselves to the consistent expansion of
the three-body kinematics around £=0.

METHOD OF CALCULATION

In all present bremsstrahlung experiments, there
are three outgoing particles with nine degrees of
freedom. This number is reduced to five by the
four equations of energy-momentum conservation.
The choice of these five independent kinematical
variables is strongly influenced by experimental
considerations. In the UCLA experiments, the
variables 0., ¢,, 6,, ¢,, and k were chosen to be
independent, and the cross section was expressed
in the form d°0/dQ,dQ.dk. All other kinematical
variables ¢, p;, 6,, and ¢, (which can be obtained
from the energy-momentum-conservation equations)
are functions of 6,, ¢,, 6,, ¢,, and k. [Here P,
=(py,0,, ¢,) is the momentum of the scattered pro-
ton.]

Since the low-energy theorem is derived for
small 2 and is valid only to zeroth order in k, the
expansion performed by Low to demonstrate the
cancellation of the off-mass-shell effects in the
limit of small 2, must be accompanied by an ex-
pansion of the kinematical aspects to a consistent
order when calculating ¢_, and 0,. This means
that one must expand the solution for g, p;, 6,,
and ¢, around k=0, retaining only the terms to
first order in k. The expansions for these vari-
ables can be combined to obtain two important
four-vectors, p% and g%, correct to the first order
in k:

q% =q5 +A*,
by =pf - A" -, (5)
A¥ =[m?p4 = (p;~G)q: By B)/N,

where

‘_1? =(Q?)k=o» 1-’-? =(p?)k=o:
=M, 0), N:(pi.af)(ﬁf.ﬁf)_ 7”2(171'-5;)
and m (M) is the pion (nucleon) mass.
We use these expressions for g% and p% to expand
the bremsstrahlung amplitude, phase-space fac-
tor, proton projection operator, etc. When all
expansions are performed consistently, we obtain
o_, and o, completely independent of k:
0., =ckF® Tr(X)

and (6)
0, =c[F) Tr(X)+ F® Tr(Y)],

where

= FO =g Q©DW
) = (o) /p(o) ) - @) ]/ ©)
¢ 16(211)5[(p‘-q"2 - m2M2]1/2 ’ /D ) F [Q -7 D ,
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x= oty L (2 00),
7 ety B (B ) oy o B Dt (e My = K ey (B2

eprouty o) gy (Bt ),

+M
2M

o = (P - L Sy Slae) 76s, ),

m‘l‘,:[gl(ff- R)7,, - 8. k)p(f;:%)(p, R)Ds, = 82( By By e(ﬁf'k)gz[(Ps'( ;f)%g— (tY,-k)Pm]]T(s,t)
cenf(dg v i) £ oo, 003 - D iy - i) 5, k) - £8)BCs,
(’Z‘T;lﬁz)ié T(s,0+7(s,0) (‘;)li).’i’)u 2 ;;()'I);u.‘k?fulé] 7(s, 0+ (s, 1) 22 ;;;();‘:.-kz)) uf]
2T (By+a) k., 2e(q;+P,)* ks, —2e,q k@@l]

[ Z(Pf"‘Qf) +2 Pt

aS pi.k (q‘ k)
BT 'k B
o[ 2a- gg)(pfu ii.kpm>+(2P¢‘k—2ggpf'k)<-’—‘{£§ _r—uq‘q;eﬂ,

QO = [(py 3, - P2,

Q‘”=“Ml—s[(p¢'5f)2 - mM? ]2 3g, (B RN by 4, - 3&:M*( By R)pi04) ],
D(0>_—{(pi-q,-)[(pi'qi)— (pi* PP+ (by* qIM? = (b= Bm?}

DO =L (s (e )[04 GNE, D+ EMEB B+ (g D)= By 0B B)
_%(wq‘)- k[(Di ) = (b B+ M?],

T(s,t)=-A(s,!) +5(4;+4,)B(s, 1),

(p;i*q;) m? (p;+q,f - m*M?
BT b 2B, 4 - b B’ BB a ) B a) - b, By) 52T (i d,N By + dp) - mX by By
A=1.793
and
e,=1for 7
=-1for 7 .

In Eq. (6), ¢* =[w;=(m?+Q3)'/?,q,] is the four-mo-
mentum for the incoming pion, s=(p;+q;f =(p;
+q,), and ¢t =(p; - p;)* =(q; - q;)*. In deriving o_,
and o,, we have expanded the bremsstrahlung am-
plitude around two k-independent Mandelstam vari-
ables, s and /. Roughly speaking, this expansion is
valid if 2<3V's and <3V , and these conditions
are satisfied for the whole range % (from zero to
its maximum value). It should be emphasized that

all contributions to g, and o_, have been included.
This is to be contrasted with calculations in which
the & dependence of Eq. (4) is suppressed. All of
the dynamics of the problem now reside in the
elastic 7*p amplitudes, T(s,t)=-A(s,?)+3(4;
+¢jf)B(s t), and their derivatives with respect to

s and t; 9A/8s, dA/8t, 8B /ds, and 8B/d¢. Our
results are still relativistic even through the ex-
pansion in kinematics was introduced here. This
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FIG. 1. A comparison of our theoretical predictions with 7*p bremsstrahlung data at 298 MeV. The solid curves
represent our theoretical prediction based upon the soft-photon approximation (see text). The data points are from Refs.
3 and 4. The dashed curves are the calculations of Nefkens and Sober, Ref. 5. The notations s, ¢;, s,, and ¢, used here

are, respectively, those of s, £, s, andt defined in Ref. 5.

can be easily seen from the fact that the expres-
sions for the expansion of % and q; retain the
four-vector forms. As for gauge invariance, it is
satisfied automatically since the gauge condition
has been used to determine the expression for the
internal scattering terms. We can check the gauge
invariance by noting that (*+9NY) k*=0.

RESULTS AND COMPARISON WITH EXPERIMENT

We have calculated m*py cross sections at 298
MeV for various 6, using SPA as we have defined
it in the previous sections. (We have considered
only the coplanar case for simplicity.) We have
used tabulated S and P partial wave mp phase shifts
and inelasticities® to evaluate the mp elastic scat-
tering amplitude and its derivatives, and we have
included the proton anomalous magnetic moment in
our calculation.

In general our results are in excellent agree-
ment with the UCLA data. As a matter of fact, our
fits are the best yet obtained. Some of our results
and their comparison with the UCLA data are
shown in Figs. 1 and 2. In Fig. 1, the 7*y cross
sections in the laboratory system d°c/dQ,dQ.dk are
plotted as a function of photon energy &, for various
photon angles 6,. In all cases, the incident pion en-
ergy in the laboratory system is 298 MeV and the
angle for scattered pions is fixed at 50.5° (6,
=50.5°). These bremsstrahlung spectra (solid
curves) are all hyperbolas characterized by o_, and
0,, which are independent of % but are functions of
6,. The first two solid curves in Fig. 1 represent,
respectively, the mpy (top) and mpy (bottom) cross
sections for 6,=160°, and they are compared with

the measurements obtained by photon detector G,,
of Ref. 4 and with the external-emission-dominance
(EED) calculations® (dotted curves). The next two
solid curves represent those for 6, =140° compared
with the data obtained by photon detector G,, of
Ref. 4 and with EED calculations (dotted curves).
Finally, the last two spectra in Fig. 1 are the
average cross sections over 6,=-120°, -140°,
-160°, and 180°, and they are compared with the
average data over the 10 photon detectors G, to

5 2
dc/dn"dr\‘dk (nb/sr” MeV)

(o} 40 80 120 0 40 80

120
k (MeV) k (MeV)
FIG. 2. A comparison of our theoretical predictions
with 7*p bremsstrahlung data at 298 MeV. The solid
curves represent our theoretical prediction based upon

the soft-photon approximation. The data points are from
Ref. 3.
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G,, of Ref. 3. In Fig. 2, the m*py cross sections
are plotted as a function of % for 6,=-140 and
-160, and they are compared with the data ob-
tained by photon detector G, and G, of Ref. 3. Our
results show that the agreement between the pre-
dictions based on the soft-photon approximation,
Eq. (3), and the experimental observations is ex-
cellent over the entire measured photon angle 6,,.
This excellent agreement suggests that the contri-
butions from off-mass-shell effects and the reso-
nance effects (if any) are small.

Based upon the arguments given in previous sec-
tions, we are now able to explain why the external
emission dominance approximation proposed by
Nefkens and Sober gives reasonable cross sec-
tions. The EED approximation is equivalent to the
application of Eq.(4) without including o,(k), i.e.,
using 0 =0_,(k)/k. This approximation would agree
with our result if 0_, (k) were well represented by
0.,(0)+k(3G_, /3k),_, and (8T_,/8k),.,~0,. But the

EED approximation is justified only if o (k) is
small. In fact, it is not small for large k. As we
have previously noted, when G (%) is included, this
type of calculation [i.e., the use of Eq. (4)] gives
results which are in total disagreement with data
at large k.

In conclusion, we have calculated m*p brems-
strahlung in a consistent soft-photon approxima-
tion and obtained an extremely good fit to the data.
The calculation is unambiguous, relativistic,
gauge-invariant, model-independent, parameter-
free, and based upon a fundamental theorem due to
Low. There are two important implications of our
results: (1) The off-mass-shell effects are small
and (2) the effects of radiation from mp resonant
states (when treated as a single particle) are small
if they exist at all. Further improvements to our
calculation, while requiring a model to generate
the higher-order terms, must not affect the two
leading terms which we have presented here.
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