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The ppy and np y processes have been used to study pseudoscalar (ps) and pseudovector (pv) 7rN cou-

plings. We calculate both coplanar and noncoplanar cross sections using a realistic one-boson exchange model

in the energy region between 100 and 300 MeV. We find that the difference in cross sections calculated using

the two couplings increases as the nucleon scattering angles decrease. Furthermore, this difference becomes
greater with increasing incident energy. We show for the ppy case that this difference will be significantly
increased upon the inclusion of electromagnetic form factors. For ppy with large proton scattering angles
(~30'), cross sections (both ps and pv) calculated using an on-shell pyp vertex are in very good agreement

with the data, and they are also extremely close to a recent soft-photon calculation at 157 MeV using the
two-u-two-t special amplitude. The ps and pv calculations are both in good agreement with the TRIUMF data

at 200 and 280 MeV. More accurate data are required to differentiate between these two couplings. Agreement
with sparsely available np y data is good for most cases, but discrepancies do exist for some data points. For
large nucleon scattering angles, noncoplanar cross sections for both npy and ppy change rapidly with the

noncoplanar angle. However, the respective shapes of the noncoplanar np y and pp y curves are very different.

PACS number(s): 25.40.—h, 13.40.—f, 13.75.Cs, 13.75.Gx

Nucleon-nucleon bremsstrahlung processes which include
the ppy process

p(pi)+p(p2) p(ps)+p(p4)+ y(&'),

and the np y process

p(p') +n(p") p(ps ) +n(p') + y(&').

have been studied. We have calculated both coplanar and
noncoplanar cross sections for these processes using a real-
istic OBE model obtained by Horowitz [1].In these calcula-
tions the pion-nucleon coupling (NN7r) has been treated not
only as a pseudoscalar (ps) but also as a pseudovector (pv),
i.e., ppy and npy cross sections have been calculated with

the ps coupling (tT~'„and o.v'„) and the pv coupling
(o~"„and o.~'„). These processes have been studied both
experimentally and theoretically during the past three de-
cades [2].Among various reasons for these studies, the most
important one has been the investigation of the off-shell be-
havior of the two-nucleon interactions. The idea of using
nucleon-nucleon bremmstrahlung as a tool for investigating
the ps-pv problem is rather new, and it has never before been
systematically studied. The main purposes and results of this
paper are as follows. (i) To systematically study, for the first
time, the change in bremsstrahlung cross section when the ps
coupling is replaced by the pv coupling. We show that de-
viations in bremsstrahlung cross section, A~~ ~

= o."'

p~, do not vanish because th

respective nucleon has an anomalous magnetic moment

(tr„=1.79 for proton and tc„=—1.91 for neutron). It is well
known that spy and A„should be identically zero if those
terms involving tc„and tr„are completely ignored [3,4]. We
have found that the values of A„~ and 6„„ increase as the
nucleon scattering angles decrease. This increase becomes
more manifest with increasing incident energy. Moreover,
the value of 6„ increases when the standard on-shell pyp
vertex is replaced by an off-shell vertex. The results for both
cr '„and o.„„are in good agreement with the TRIUMF
data at 200 MeV [5] and 280 MeV [6]. The result at 280
MeV shows that more accurate data can be used to differen-
tiate between the two couplings. (ii) To demonstrate that
Horowitz's model, which fits the elastic data well, can be
successfully used to describe the ppy and npy cross sec-
tions. (iii) To point out that the calculated pp y cross sections
using an on-shell pyp vertex are in very close agreement
with those calculated using a "two-u-two-t" special soft-
photon amplitude M„" " (but in gross disagreement with

those calculated using a "two-s-two-t" special soft-photon
amplitude M"' ") [7]. (The definitions and nomenclature are
explained in Refs. [7,8].) This is not surprising because it is
easy to show that Horowitz's model can be used for the
source diagrams to generate nucleon-nucleon bremsstrahlung
processes at the tree level. The derived amplitude is obvi-
ously a two-u-two-t amplitude. If this amplitude is used as a
guide to construct a more general soft-photon amplitude us-
ing a prescription discussed in a recent paper [8], then one
would naturally obtain the M " " amplitude, not the M
amplitude. Thus, the quantitative agreement between the two
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calculations adds credence to the argument that M
should be used to describe both pp y and np y processes [7].
(iv) To investigate the noncoplanarity effects in both ppy
and npy processes. The information about the integrated
cross section as a function of the noncoplanarity angle @ is
of significant experimental interest. We show that the nonco-
planarity effects are quite different for ppy and np y pro-
cesses. The noncoplanarity correction is found to be more
important for those experiments which measure coplanar
cross sections for large scattering angles (03 04~35').

Our bremsstrahlung calculations are based on Horowitz's
OBE model. In his paper, five Lorentz invariants were used
to formulate the relativistic NN amplitudes. We do not di-
rectly use these five Lorentz invariants as input, and thus
avoid the necessity of the inclusion of additional invariants
to construct bremsstrahlung amplitudes. Instead, we have
used Horowitz's parameters (masses, coupling constants, and
cut-off parameters) for ten mesons to determine the OBE
(tree) diagrams which are then used to generate NNy dia-
grams. We have chosen this approach mainly because (i) the
internal emission amplitude can be easily obtained without
ambiguity and (ii) the calculations of cross sections
(o.~'„,o.t', o.~'„,o.~'„) are readily performed.

The derivation of the pp y amplitude (M~' „or
M~'„) from Horowitz's OBE model is straightforward.
The amplitude takes into account photon emissions from
four proton legs, but it does not have any contribution from
neutral mesons exchanged between the two protons. Since
the npy process involves not only the external emission
from nucleon legs but also the internal emission from
charged mesons exchanged between the proton and the neu-
tron (the u-channel exchange), the npy amplitude (M"„'
or M~"„) does have a rather complicated internal ampli-
tude. To find this internal amplitude we first attach a photon
to the charged meson lines so that an expression for the
internal contribution from those charged mesons can be ob-
tained. Since the phenomenological form factors of the form

A
F(u, ) =

l

(i = 1,2)

In Eqs. (1) and (2), u&=(p& —p4), u2=(p2 —p3), m is
the mass of the exchanged meson and A is a cut-off param-
eter used in the model. For the case of pv coupling, the
amplitude M„'„must also include photon emissions from
mÃ vertices.

Obviously, all four amplitudes M (=M~'„, M~"„

M"„'„y~, M~'„~ ) depend only upon relativistic invariants
and they are fully gauge invariant. (We have also verified
the gauge invariance of our numerical calculation,
M K~-10 .) These amplitudes have been used to calcu-
late the noncoplanar differential cross section
d o./dA&dQ4dl/Iy as a function of the Photon angle ti'Iy and
the noncoplanarity angle @ (/=0 gives the coplanar cross

have been introduced in Horowitz's model, the internal am-
plitude is then the product of the expression obtained in the
first step times the following gauge factor [9]:

2 2m 01 m Q2
F(u))F(u2) I+A2 +A2A -u2 A -ui

{a) 200 MeV

g3
——g4

——16.4'

/=0

1

0
0

Q

b

280 MeV

83 =12
/=0

84 ——12.4'

~ ~
a

0 I ~ I l

30 60 90 120

v „(&es)
150 180

FIG. 1. Coplanar ppy cross section d o/dA&dQ4dt/l~ as a
function of P (a) at 200 MeV for 03=84=16.4' and (h) at 280
MeV for 8&= 12' and 84=12.4'. The solid and dashed curves rep-
resent the results calculated using the ps and pv couplings, respec-
tively. The data at 200 MeV are from I5], while the data at 280
MeV are from L6].

section). Specifically, for a given @ (from zero to P,„), we
calculate the differential cross sections 0ppy &

0ppy $ 0 npy
and o~' (all in the form d o./dA3dA4df as a function of

M p y ~ respectively. Note that the Harvard geometry
[10,11]has been used to define all angles used in this work;
we follow the definitions and most of the notations given in
the Appendix of Ref. [10]. We have also integrated these
differential cross sections over P to obtain the integrated
cross sections (d o/dA&dA„) as a function of P.

It is clear that the OBE model provides the most direct
and simple method to study the difference between
o.~' (o~'„) and a~'„(a.~'„). As we have already men-
tioned, our calculations are based on Horowitz's model [I].
In Ref. [I] two sets of parameters (at 135 MeV and 200
MeV) are given below the pion production threshold. Param-
eters for 300 MeV are also available (Horowitz, unpub-
lished). Accordingly, our study has focused on the energy
region between 100 and 300 MeV.

Some important results are shown in Figs. l —5. In each
figure, the cross sections calculated using the ps coupling are
compared with those calculated using the pv coupling. These
two calculations are also compared with the experimental
data ancUor the results calculated using other approaches.

In Fig. 1(a), we present the coplanar ppy cross section
d o/dA3dA4dg at 200 MeV as a function of Py for
63 '94 16.4 . The cross section 0 pp y calculated with the

ps coupling and the cross section 0.
ppy calculated with the pv

couPling have a similar shaPe, but 0ppy is always greater
than o.~' . Agreement with the TRIUMF data [5] is good for
both cases, except for P ~140'. Though cr„~ ppae rs ato be
in somewhat better agreement with the data than 0ppy the
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experimental uncertainties are greater than the deviation

~. Thus the TRIUMF result presented is not sufficiently
sensitive to differentiate between the two calculations. How-
ever, 5„ increases dramatically if off-shell effects in the

p yp vertex are taken into account. More precisely, all calcu-
lations presented in this work are based on the well-known
on-shell vertex, I =y i lr—o,K'/(2m~), where m is the
proton mass. The off-shell p yp vertex has the form

200 Me V

3 = 64 =16.4

u(p) I' (p,p+ K)

/+4+m„
F2 (w')

2 Alp

—P —//" + m„+F, (w ) 2m'
(3)

10

where F2 and F2 are two electromagnetic form factors
which are functions of w =(p+K) . In the limit w ~m„
we have F 2 (w )~ a„and F 2 (w )~X (an unknown con-
stant). Nyman [12] has studied the dependence of the ppy
cross section on the form factors using a formula obtained
from a once-subtracted dispersion relation for F2, i.e.,
F2 (vv )=& +2m„[F2 (w ) —Ir„]/m, where m is the
pion mass. Using Nyman's equation and denoting these cal-
culations as barred we obtain the following results: (i) A„„y
is always greater than 6„„ for any value of P in the whole
range of P, especially in the region py~140'. (ii) o.~'„

which varies rather slowly with the variation of X (—1 to 4)
in the whole range of Py is in good agreement with the
TRIUMF data but it is not significantly different from
o.~'„. (iii) o.~'„varies slowly with X (—1 to 0) and is
slightly higher than o.~' in the region of 0~$ ~120'.
a.„„ increases significantly (especially in the region

Py) 120') as the absolute value of )t increases (~X ~) 1) and
the agreement with the data gets worse. What we wish to
emphasize here is that the deviation 5 increases if we
take into account the electromagnetic form factors. For this
reason we believe that the ppy process with small proton
scattering angles can be used to differentiate between the two

coupling s.
The value of 5 increases as the incident proton ener-

gies increase. To demonstrate this fact we have calculated the

pp y cross sections at 280 MeV for 83= 12' and 04= 12,4'
using the on-shell p yp vertex and Horowitz's
parameters at 300 MeV (unpublished). The calculated cross
sections (a.~' and o.~' ), compared with the recent
TRIUMF data (including 2/3 normalization factor) [6], are
exhibited in Fig. 1(b). Again, the most sensitive region to
differentiate between the two couplings is 130'~l/I ~180'.
In this region, the values of 5 „are comparable to the
uncertainties in the TRIUMF data. This encouraging result
together with the overall very good agreement between the
theory and experiment supports our claim that more accurate
data around these energies and scattering angles could be
used to distinguish the ps and pv couplings.

The noncoplanar ppy cross sections at 200 MeV as a
function of P for 8&=84=16.4' and several noncoplanarity
angles P have also been calculated. From these calculations
we have found that the deviation 5 does not change too
much as the noncoplanarity angle @ increases. This fact can

y (deg)

be seen from Fig. 2, which shows the integrated cross section
d o/dA&dA& as a function of @.

In order to make a more detailed comparison with experi-
ment we show the photon angular distribution
d tr/dA3dA4dgy at 157 MeV for 0&= 04=30' and several
noncoplanarity angles @ in Fig. 3. In this figure, o.~'„and
o~'„are compared with the Harvard data [11)and also with
the result calculated using the Hamada-Johnston potential.
The deviation 6 ~ is small, and both calculations agree very
well with the data. Our results are also in close agreement
with the HJ potential calculations [10,13].
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FIG. 3. Noncoplanar ppy cross section d o/d03dA&df as a
function of N~ at 157 MeV for 03=04=30 and several nonco-
planarity angles yk The results for the ps coupling (solid curve) and

pv coupling (dashed curve) are compared with the result calculated
using the HJ potential (dotted curve) [10].The data are from [11].

FIG. 2. Integrated ppy cross section d o/dA3dA4 as a func-
tion of noncoplanarity angle @ at 200 MeV for 8&= 04=16.4'. The
solid and dashed curves are the results for the ps and pv couplings,
respectively.
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FIG. 4. Coplanar pp7 cross section d oldQ3d04dp as a
function of P at 157 MeV for 83=84=35'. The results for the ps
coupling (solid curve) and pv coupling (dashed curve) are com-
pared with the soft-photon calculation using an amplitude M
[7].The data are from [11].

The comparison with other predictions is shown in Fig. 4.
Note the quantitative agreement between our OBE result and
the recent soft-photon calculations using the two-u-two-t
special amplitude M " " [7]. Although not shown in the
figure, our OBE result disagrees completely with the calcu-
lation using the two-s-two-t special amplitude M ' " [7].
Thus M ' ", not M ' ", should be used to describe the
nucleon-nucleon bremsstrahlung processes.

Our result for the np y case at 200 MeV is summarized in
Fig. 5. In this figure we present the integrated cross section
d o./dQ&dfl~ as a function of the noncoplanarity angle P
for 03= 04=30, 35', and 38 . Some interesting features can
be observed. (i) The deviation b,„ is extremely small for all
cases, suggesting that the npy process with large scattering
angles cannot be used to resolve the ps-pv problem. (ii) The
shape of the noncoplanar curves shown in this figure for the
np y case is quite different from that of the curve for the pp y
case shown in Fig. 2. A similar feature has been obtained by
other authors [14,15].These curves indicate that the experi-
mentally detected bremsstrahlung events must be corrected
in order to determine the true coplanar cross sections, and the
correction factor for the np y case is quite different from that
for the pp y case. This noncoplanarity effect may explain the
large discrepancy between all theoretical predictions and the
experimental data [16] for 8&=8~=38'. (iii) Our coplanar
results (both differential and integrated cross sections) are in
close agreement with the calculations reported in Ref. [13]
for 6t3=04=30, 35', and 38'. We have also found that our

FIG. 5. Integrated npy cross section d o.ldA3d0, 4 as a func-
tion of P at 200 MeV for tJ3= 84=30', 35', and 38'. The solid and

dashed curves represent the results for the ps and pv couplings,
respectively.

photon angular distributions have very similar shapes to that
obtained by Brown and Franklin [17],except that one of our
double peaks is about 20—30 % smaller than their peak. (iv)
Our coplanar predictions are consistently lower than those
calculated by Schafer et al. [3] even though both groups
have used Horowitz's parameters as input. (The difference
between the two calculations is almost a constant. ) (v) We
compared our result with many other predictions calculated
using various models and approximations. Surprisingly, large
discrepancies exist among these calculations, especially for
those cases having large asymmetric angles.

In conclusion, we suggest that more precise pp y and n p y
experiments with small nucleon scattering angles should be
performed. The measured cross sections can be used to in-
vestigate off-shelI effects. The pp y data can be used to study
the ps-pv problem and electromagnetic form factors. The
np y data can be used to test various predictions calculated
from different models and approximations, and will have im-
plications relevant to the ps-pv problem.
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