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Abstract

NUCLEON-NUCLEON BREMSSTRAHLUNG CALCULATION:
STUDIES OF THE OFF-SHELL PROTON ELECTROMAGNETIC VERTEX
AND OF PSEUDOSCALAR VS PSEUDOVECTOR PION-NUCLEON COUPLINGS

by
YI LI

Advisor: Professor Ming Kung Liou

The nucleon-nucleon bremsstrahlung processes ( ppy and npy ) have been used
as a tool to study the problems related to both the off-shell proton electromagnetic vertex
and pseudoscalar (ps) vs pseudovector (pv) wN coupling. We have developed an
approach which can be applied to investigate the two problems together. The following
important results have been obtained: (i) The ppy analyzing powers calculated using the
on-shell pvp vertex, with ps or pv coupling, yield very poor results for most of the
cases with small proton scattering angles at 280 MeV. (ii) The calculations using the off-
shell pyp vertex and ps coupling in most cases produce ppy cross sections which fail
to fit the TRIUMF data at 200 and 280 MeV. (iii) The ppy data for both cross sections
and analyzing powers in the energy region between 157 and 280 MeV can only be
consistently described by the calculations using the off-shell pyp vertex and pv coupling.
Thus our results indicate that the off-shell pvyp vertex must be used in relativistic ppy
calculations, and the pseudovector coupling is the best choice for the N vertex. (iv)

The on-shell nucleon electromagnetic vertex has been applied to calculate npy cross
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iv
sections. The cross sections calculated using the ps coupling are extremely close to that
calculated using the pv coupling, implying that the np,, results are not sensitive to the
ps-pv question. (v) Exchange effects ( the internal contribution ) dominate the pp cross
section. This important fact is exactly what has been found in potential-model
calculations. (vi) Noncoplanarity effects are very significant in both ppy and npy
processes, even though such effects are quite different in the two processes.
Noncoplanarity effects may be responsible for some discrepancies between theory and
experiment. (vii) More accurate ppy and npy data, both cross sections and analyzing
powers, are needed for further investigation of the off-shell nucleon electromagnetic

vertex and of ps vs pv xN couplings.
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Chapter 1

INTRODUCTION

During the last three decades, various nuclear bremsstrahlung processes have
been studied both experimentally and theoretically [1]. The best-known processes
include nucleon-nucleon bremsstrahlung (ppy and npy), proton-deuteron bremsstrah-
lung (pdy), proton-helium bremsstrahlung (pq+), proton-carbon bremsstrahlung
(p '2C v), proton-oxygen bremsstrahlung (p 60 ), and pion-proton bremsstrahlung
(xEp~). In addition to the investigation of off-shell effects, there are other important
motivations for investigating these bremsstrahlung processes. For example, bremss-
trahlung processes in the vicinity of resonances have been used either to investigate the
electromagnetic properties of resonances [2,3] or to extract the nuclear time delay
which can be used to study the details of nuclear reactions [4]. Hadron-hadron
bremsstrahlung processes, especially those processes containing significant resonance
or exchange effects, have been useful in determining the range of validity of theoretical
models and calculational approximations.

The ppy and npy processes have been extensively studied since 1963 to
investigate the off-shell behavior of two-nucleon interactions [1]. Recently, these two
processes have received new attention for the following reasons: (i) New ppy data,
both cross sections and analyzing powers, measured with modern techniques have
become available [5-9]. (ii) More sophisticated bremsstrahlung calculations, using either
contemporary two-nucleon potentials or other approaches, have been performed [10-27].

(iii) Large discrepancies between TRIUMF’s ppy cross section data [7] and theoretical
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2
predictions have challenged experimentalists to perform more precise measurements [9]
and theorists to improve their model calculations. (iv) The np- process appears to be
the most likely source of energetic photons emitted from heavy-ion collisions [28], and
it is probably an ideal process for studying meson exchange effects [29,11]. The
discrepancies between theory and TRIUMF’s experiment remain unresolved. Various
theoretical attempts have been made to resolve these discrepancies. Since the ppy
process involves two identical protons, the electric-dipole radiation is suppressed and,
furthermore, no photon emission results from single-meson exchange between the two
protons at the tree level. Therefore, most theorists have concentrated their attention on
higher order effects and corrections. These higher order effects and corrections include
rescattering terms, relativistic spin corrections, negative energy states, A -isobar
admixtures, electromagnetic form factors, higher order exchange currents, and the
difference between pseudoscalar and pseudovector xN couplings. Although the
contributions from some of these effects and the corrections are significant, the
magnitude of the overall correction has not resolved the existing discrepancies. Thus,
further experimental and theoretical studies are certainly warranted. Most recently, the
noncoplanarity effects on the pp, cross sections, a significant effect which had not been
systematically studied, have also been investigated [30].

A variety of models and approximations has been proposed during the past three
decades for bremsstrahlung calculations. In studying ppy and npy processes, most
theoretical investigations have focused on nonrelativistic potential model calculations
using various phenomenological potentials as input. A common goal of these potential

model calculations is to distinguish different potentials by off-shell effects so that the
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best one could be selected upon comparison with pp~y and/or ppy data. Another well-
known approach, proposed four decades ago by Low [31], is the soft-photon
approximation. This approximation is based upon a fundamental theorem called the soft-
photon theorem or the low-energy theorem for photons. The theorem was first proved
by Low [31] and it was extended and generalized later by many other authors
[1,2,19,25,32-34]. Various soft-photon amplitudes, which are consistent with the
theorem, have been constructed. Recently, these amplitudes have been thoroughly tested
and the results can be summarized as follows: (i) Low’s conventional amplitude, which
has been applied to describe all kinds of bremsstrahlung processes during the last four
decades, fails completely to describe bremsstrahlung processes with significant
resonance effects or meson exchange effects. (ii) Evidence suggests that at least two
distinct classes of soft-photon amplitudes are required to describe nuclear
bremsstrahlung processes. The two-u-two-t special amplitudes (TuTts), which represent
a class evaluated using the Mandelstan variables (ul’UZ’tp’tq’ defined in Ref.[1]),
were found to be optimal for processes involving strong u-channel exchange effects
[1,19,25]. The two-s-two-t special amplitudes (TsTts), which represent a class evaluated
at ( si’sf’tp'tq)’ were found to be optimal for processes involving strong s-channel
resonance effects [1,2,4,33,34]. Finally, a third approach is the one-boson-exchange
(OBE) model. This is the approach used in this work [21,27]. All our ppy and npy
calculations are based on a realistic OBE model proposed by Horowitz [35].

Both ppy and ppy processes have been studied in this work. Using Horowitz’s
realistic OBE model as an input, we have calculated both coplanar and noncoplanar

cross sections for these two processes, and we have also calculated the analyzing
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powers for the ppy process. In these calculations, the pion-nucleon coupling
( p°p, nx°n and px*n vertices ) has been treated not only as a pseudoscalar (ps) but
also as a pseudovector (pv). For the nucleon electromagnetic vertices, we have used the
on-shell nucleon electromagnetic vertex ( on-shell pyp and on-shell pyn vertices ) in
our ppy and ppy calculations, and we have also used the off-shell proton
electromagnetic vertex ( off-shell pyp vertex ) in the ppy calculations. The idea of
using nucleon-nucleon bremsstrahlung as a tool for investigating ps and pv xN
couplings is rather new. The possibility of using the ppy process to distinguish between
models employing these two couplings has been discussed most recently by our group
[21,27] and later by another group [23]. The ps-pv question and the on-shell vs off-shell
pyp vertex problem are two major topics of our investigation.

In Chapters II and III, we focus on the pp process. The contribution from the
rescattering term, while omitted in Chapter II, has been investigated in Chapter III. In
order to systematically investigate the ps-pv question and the on-shell vs off-shell pyp
vertex problem together, we have performed the following calculations: (i) Using the
on-shell p~p vertex, both ppy cross sections ( g:”;‘y for ps coupling and g:“;‘y for pv
coupling, both coplanar and noncoplanar cases ) and analyzing powers ( A;’s for ps
coupling and A;"’ for pv coupling ) have been calculated. (ii) Using the off-shell p-p
vertex, both ppy cross sections ( g :;7 for ps coupling and 35;7 for pv coupling, both
coplanar and noncoplanar cases ) and analyzing powers ( K?s for ps coupling and R?"
for pv coupling ) have been calculated. The calculations of gg;y , 0 g;‘y , A;s and Ag"
are straight forward since the on-shell p~p vertex is well defined. This is not the case,

i =Ps —pv  Aps A PY i -
however, for the calculations of oy s Ty Ay and Ay , mainly because the off:
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shell pyp vertex involves an unknown form factor. As will be discussed in Section
I1.2, the off-shell pyp vertex depends on two real form factors, pz* (w?) and
F, (w?)- Fz’ (w?) was studied by Nyman [36], and his formula for Fz" (w?) has
been used in this work. Fz- (wz) is an unknown form factor. Based on the threshold
dominance assumption, Nyman derived an approximate expression for 1:2’ (@?)-
However, we have found that the threshold dominance approximation for FZ‘ (w?) is
insufficient. To improve this approximation, we have developed a new approach to
study F, (w?) - Specifically, we have obtained an expansion of F, (w?) in powers of
(w?/m? - 1), where m is the proton mass. For an incident energy below 280 MeV,
the expansion converges rapidly and an expression which includes the first three terms
of the expansion gives a very good approximation for FZ‘(Q,Z). Treating the three
coefficients of the expansion as free parameters, they can be determined by fitting to
TRIUMF’s analyzing powers at 280 MeV [7]. In this way, we have constructed a
complete expression ( including both Fz* (w?) and Fz'(wz) ) for the off-shell pyp
vertex.

Our calculated pp-, cross sections are compared with the Harvard data at 157
MeV [37], the old TRIUMF data at 200 MeV [5], and the TRIUMF data at 280 MeV
[7], while our calculated pp, analyzing powers are compared with TRIUMF's
analyzing powers at 280 MeV [7]. Our ultimate goal is to find a theoretical calculation
which can be used to consistently describe the combined ppy data, including cross
sections and analyzing powers in the energy region from 157 to 280 MeV. We have
demonstrated that the combined pp~y data can only be consistently described by the

calculations using the off-shell pyp vertex and pv-coupling [27]. In Chapter III, we
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will prove that this conclusion remains unchanged even if the rescattering term is taken
into consideration. Furthermore, our study shows that the form factor F (w?) is
required in order to describe the measured analyzing powers.

In Chapter IV, we study the npy Process. Again, all theoretical calculations are
based on Horowitz’s realistic OBE model. A unique feature of the OBE approach is that
the constructed npy amplitude is both Lorentz invariant and gauge invariant, and it
takes into account exchange effects explicitly. This feature makes our approach quite
different from the nonrelativistic potential model approach.

Most of the nucleon-nucleon bremsstrahlung experiments performed during the
last three decades were ppy experiments. Very few npy cross sections ( only for large
scattering angles ), and no analyzing powers, have been measured. An ongoing
experiment at Los Alamos Neutron Science Center will produce new np- data in the
near future [38]. Generally speaking, the np experiments are much more difficult to
perform than the ppy experiments, partly because the neutron beams lack the high
quality and/or intensity required for precise measurements. Since np-, analyzing power
data are not available, the unknown off-shell neutron electromagnetic form factor,
F, (w?), cannot be determined. Therefore we have used only the on-shell nucleon
electromagnetic vertex to calculate all coplanar and noncoplanar pp- cross sections
( o'l;“s)_y for ps coupling and oﬁ;y for pv coupling ). In order to investigate
noncoplanarity effects, we have also calculated the integrated cross section,
dgg:g"') /dQ; dQ,, as a function of the noncoplanarity angle ¢. Because the deviation
between gﬁ;‘y and oPY A = oP -gPY , is extremely small for all cases

opy’ “Sopy © Topy T Tnpy

investigated, the results of this calculation cannot be used to resolve the ps-pv problem.
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We therefore focus our irvestigation on relativistic effects, noncoplanarity effects, and

exchange current effects.
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Chapter II

PROTON-PROTON BREMSSTRAHLUNG

Most of the essential formulas used in this work are discussed in this chapter.
The chapter has been divided into six sections. In Section II.1, we define the pp elastic
amplitude based on Horowitz’s OBE model. Justifications for using Horowitz’s model
are also discussed. In Section II.2, we study the off-shell pyp vertex and its two real
electromagnetic form factors, 1:2* (w?) and Fz_(wz)- We show how the unknown form
factor Fz'(wz) can be determined from the pp analyzing power data. In Section II.3,
we construct four bremsstrahlung amplitudes without including the rescattering term.
Two amplitudes are obtained from the off-shell p,p vertex, i.e., one for the ps
coupling K/[ups and another for the pv coupling 1\-,4“"". Two other amplitudes are derived
from the on-shell p p vertex for the ps coupling Mﬂps and the pv coupling Mup". The
amplitudes 1\_45", 1\—4:5, M:" and M:S are used to calculate the cross sections
(analyzing powers ) G2Y (APY), GP° (AP%). oPY (APY). and o2° (AP%),
respectively. In Section II.4, we give the formulas for calculating the cross sections

i —PV APVy, —Ps . ps pv pv ps ps
( analyzing powers ), app,y(Ay ), apw(Ay ), Oppy (Ay ) and opm(Ay )- In
Section II.5 we present our results, which include the calculated cross sections and
analyzing powers and their comparison with the experimental data at 157, 200, and 280

MeV. In Section I1.6, we discuss our results and their implications.

II.1 Elastic pp Amplitude

We consider photon emission accompanying the scattering of two protons.
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p@1) + p@L) - p@§) + p(pf) + v(K*) . I-1)

Here, p{‘ and p; are the four-momenta for the incident proton and the target proton,
respectively, while p;‘ and p‘:‘ are the four-momenta for the two outgoing protons.
The emitted photon has four-momentum g* and polarization vector ¢#. These five

four-momenta satisfy energy-momentum conservation,

p{ «p} = p} +pl + K+ | {1-2)

and they can be used to define the following Mandelstam variables

s = @y +p) S34 = P3+Pa)* .

3 = @ -py)?, ty = 02 -Pa)* (I-3)
(n 2 N2

Uy = (P2 -p3)° Uy = 0y -Ppy)° -

In the limit when g approaches zero, the ppy Process (II-1) reduces to the

corresponding pp elastic scattering process,

p@1) +p(y) = pEs) +p(@Yy) (II-4a)
where
py = lim p§ |
k-0 (11-4b)
pi = lim pg'.

In this limit, Eqs. (II-2) and (II-3) become

p{" "'P; = E;’-{»ﬁ: , (I1-5)

s = (py "’Pz)z = (53 *‘54)2 ’
(11-6)

=@ -p3), u-= (P, -P3)* .
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Two sets of OBE pp processes, which will be used as the source graphs to
generate bremsstrahlung diagrams, are shown in Fig. 1. Note that the amplitude

corresponding to Fig.1 , which involves a direct process minus an exchange process,

a(ps.vs) G(ps.vs) (p,.v,) a(p;.vs)
Jag(D)ag Y= === A2f5(1) —_ Sag(W)ig Y e = = = ( A%f 4(u1)
Gd(f) Gw(u)
u(p.w) u(p,,va) u(p,.v) u(ps.va)

Fig.l. Feynman diagrams for the pp elastic scattering process in the OBE model.

satisfies the Pauli principle. In this work, we use Horowitz’s OBE model with ten
neutral "mesons” exchanged between the two protons [35]. The elastic amplitude

corresponding to Fig. 1, valid for both ps and pv couplings, has the form

5 4
Mpp (ust) = ElBZ { Gaﬁ (f)fiﬂ (t) E (539‘73))\& u (val) E (1—74rv4) Xd u (021"2)
a= =1

= Gog (W) f5 (W) i (BayVe) Ngy 4 (Py,V)) & (3, Vp) N1 (P, V) }, (I-T)

where
Ao A AL A) = (1,0, 7Y, Y s 75) (I1-8a)
AL AN AN = (4, ™ vs7 Y, 7s) s (I1-8b)
2
A
frg@) = —£_, (11-8c)
x-AaB
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) :
Gaglx) = 47g.g — x=t, u. (11-8d)
X _maB + leaB

Horowitz’s parameters, which involve the complex coupling constants 83,3 , the cut-off
parameters A 8’ and the meson masses m og® A€ defined in Appendix. Note that
[ = _q2 and y = -Q 2 where g and Q are respectively the direct momentum transfer
and the exchange momentum transfer used by Horowitz. Let us briefly explain why the
amplitude M, , (u0) given by Eq.(II-7) is correct for pv coupling. For x-exchange
corresponding to A, and A’ in Eq.(II-7), those in the first term should be replaced by
\s (#, - B3)/ 2m) and A\° (B, - B,/ (2m), respectively, while those in the second term
should be replaced by As(B) - B/ (2m) and )3 @ _;3) / (2m) , respectively. However,
using the Dirac equation and the relation Yu¥s * VsV = 0, all extra factors introduced
to modify A\, and A\’ are exactly equal to 1. Thus the elastic amplitude for pv
coupling is identical to the elastic amplitude for ps coupling.

Our choice of Horowitz's model as the input for our pp~ calculation is
motivated by the following considerations. A relativistic pp elastic amplitude, which is
consistent with parity invariance, time-reversal invariance, charge symmetry and the
Pauli principle, has been proposed by Goldberger, Grisaru, MacDowell and Wong [39].
If the Fierz transformation is used to transform those exchange (interchange) terms, this
GGMW amplitude can be characterized in terms of five Lorentz invariant amplitudes
( scalar Fg, vector Fy, pseudoscalar Fpg> axialvector F A and tensor Frp ) and the
associated five Fermi covariants ( S = u(p;) u(p;) u(pyu(p,y)>
A= u(p3)ivsy,u(P) U(Ps)ivs v u (py)s T= (1/2) U(p3)o,, u(py) u(py) o u(py)s

V= ﬁ(p3)'yuu(pl)§(p4)'y“u (py)» PS= u(ps)ysu(p;) U(ps)ysu (py) )- The five
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invariant amplitudes F, (i=S, A, T, V, PS) can be directly expressed in terms of the
five helicity amplitudes, which are explicit functions of phase shifts. If we write
Horowitz’s amplitude ( Eq. (II-7) ) in the same form as the GGMW amplitude, the five
invariant amplitudes F, can be identified and they can be expressed in terms of a set
of OBE-parameters ( masses, complex coupling constants and cut-off parameters ). The
values of these parameters have been determined by fitting to the Arndt amplitudes
directly without iteration of the meson exchanges. Complex meson couplings are
required and they have played an essential role in the description of the NN ( pp and
np ) and NN, analyzing powers. Like phase shifts, all OBE-parameters are energy
dependent. Thus, Horowitz’s model, which has replaced phase shifts by OBE-
parameters, is an alternative representation of the pp elastic amplitude. It is a realistic
OBE model since it describes the nucleon-nucleon elastic data ( both cross sections and
analyzing powers ) very well. We should emphasize that Horowitz’s model ( which
introduces complex coupling constants ) is quite different from any other simple OBE
models ( which uses real coupling constants ). There is an important difference between
Horowitz's model and those simple OBE models: Our pp amplitude generated from
Horowitz’s model can be used to calculate pp~ analyzing powers, while the ppy
amplitudes constructed from the simple OBE models always give vanishing ( zero )
analyzing powers. Generally speaking, our amplitude describes the NNy ( ppy
and np+ ) data very well and our predictions are in agreement with other calculations.
As demonstrated in our recent work [21], our calculated ppy and np+ cross sections
( using the on-shell pyp vertex ) are in close agreement with the results calculated

using the Bonn OBEPQ potential [12] and the HJ potential ( [40] and the results
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obtained in Ref. [12] ). Furthermore, our pp+ cross sections are also in very good
agreement with the results calculated using a two-u-two-t soft-photon amplitude
constructed from the GGMW amplitude and phase shifts from the latest Nijmegen pp
partial-wave analysis [19]. Here, in this work, we present more evidence that the pp-y
amplitude constructed from Horowitz’s model can indeed provide a very good
description of the pp+ data, both cross sections and analyzing powers.

In constructing the pp- amplitude from Horowitz’s model, we have used
Horowitz’s OBE diagrams with OBE parameters. We do not generate the ppy
amplitude directly from the five-term representation of the pp amplitude. This is
because additional terms are required if one of the two protons is off-mass shell [41].
Therefore, this procedure is much more complicated than our alternative approach
which generates the pp- amplitude from Horowitz’s OBE diagrams with OBE
parameters. Moreover, our approach allows us to single out only the pion to have ps
or pv coupling to the proton. Thus, our pp~ amplitude is general and valid for

investigating the ps-pv problem.

II.2  The Off-Shell pyp Vertex
The off-shell pyp vertex has been investigated by many authors [36,42-46]. It

has the form

up)TL(, p+K)

- io, XK' [ . -
= Up) | v, - - [Fz CLLALSLY o

-p-K+m
2m

] ,» (I-9)
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where F{(wz) and Fz‘(w?-) are two real electromagnetic form factors. As shown by
Bincer [42], these two form factors satisfy dispersion relations in 2 = @+ K)?, with

the cut starting at o2 = (m + mr)z:

N? t, 72
ImF5 (v
Fiuy = L [ __;(_)dwlz : (II-10)
T g @2

where N is a cutoff parameter. In terms of a once-subtracted dispersion relation, we

have alternate expressions for Ff(w?),

N? *o2 g J2
2_,.2 ImF. d
F;(wz) = Kp + d m J 3 2 (w ) Zw (H‘ll)
0.4 i +m')2 (w/ - mZ) (O)I - 0.)2)
and
N? - 12y 4 12
- - 2 _ 2 ImF d
g (n *m')z ((.dl _ m2) (QJ/ - (02)

where Ky = FZ*(m 2y is the anomalous magnetic moment of the proton and Kp— =F, (m 2y
is an unknown constant. On the mass shell, the term involving Fz_ in Eq.(II-9)
vanishes due to the Dirac equation and therefore the off-shell vertex y(p)I' :‘ (p.p+K)

reduces to the on-shell vertex u(p) I‘z ,

P =y, - o2, K" . M-13)

ImF,y(?) = $= 14l (II-14)
w

and
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2
. m :
ImFy*(w?) ~ -3 2x 8= 14l (II-15)
4 m 47 o
where
7 1
lql _ 1 {[wz_(m +m,)2][w2—(m—m,)2]}2 , (I1-16)

w 20?
he obtained an expression for the off-mass shell anomalous magnetic isoscalar form

factor,
y
N ; s, /2

’
(.:)/2 _02

Fy' () = L
LS 3
(m+m.)”

and another expression for the off-mass shell anomalous magnetic isovector form factor,

N, v, /2
F
F = L I lm__z__(f’_)dw/ 2, (II-18)
T(m ) w'? - @2

The cutoff parameters N_ and y, are determined by imposing the conditions,

Fy'(m?) = 1.85 (II-19a)
and
Fy*(m?) = -0.06 . (I1-19b)
Note that
Kp = Fy'(m?) +F)°(m?) = 1.79 (11-20)

Nyman found N, =1.26 GeV and N, =1.74 GeV. We have obtained the same value
for N, but our value for N, is slightly less than Nyman's value, i.e., N, =1.695 GeV-

For the proton case,
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Fy(?) = F}"(@?) + Fy (@) . a-21)

The same result can also be obtained from the once-subtracted dispersion relation,

NZ
Fy (@?) w? - m? J ImFy " (@' ?)dw'?
2w = K, +
P x on +m_)? (w’z—wz)(wlz-mz)
" (11-22)
ot -m? J’ ImF," (o’ %)dw’?

n fm')z (wlz _ ("2) (w/z _mZ)
If we let N,=N_=N in Eq. (II-22) and use
ImF, = ImF," (@?) + ImF,*(u?) , (II-23)

then we obtain Eq. (II-11). As shown in Fig. 2, Egs. (II-22) and (II-11) (with

N2 > 40 GeV 2) do give similar results for pz" (w?). In this work, we have used Eq.

(11-22) to calculate pz" (w?)-

Equation (II-12) can be written in the form

Fi(w?) = k. + w? - mzN- [Im Fz—(w’z) Im F'{(c.:/z)dm"2
2 “Tp

2
¥ (m+m_)? lepzf(wlz) (wlz -mz) (w/ —wz)

(I1-24)

Applying the second mean value theorem to the integral, we can rewrite Eq. (II-24) as

- =2y | N? +o 12\ 4 /2
Fr) - L,z_mzl [Isz(w ) I I;an(w )dw r2s)
[ = |_1mF2*(62) em @ % =m) @' - ?)
where
= mem P E[N -mem ], 0<t<1. (11-26)

Substitution of Eq. (II-11) into Eq. (II-25) yields the expression

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



17

4.0 v v v ——
3.0 of -
“
o 20 f -
+ o~
£
1-0 B -y
0 ra g 2 2
-150 ~-100 -50 0 50 100 150
E (MeV)
Fig.2. The proton electromagnetic form factor pz*(wz) as a function of E,

w = m + E. The solid and dashed curves are calculated using Egs.(II-22) and (II-11)
(with N? > 40 GeVv? ), respectively.
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- RV ACHE N
Fy@?) =« + IT:FZT;) [F ) -x,)] . (1-27)
2

The threshold dominance assumption is equivalent to choosing ¢ = 0 and using the exact

expression

Im Fi[(m +m,)2] B} 2m +m

LA (11-28)
Im F{[(m + m,)z] My
Applying this assumption to Eq. (II-27), we obtain
2m+m
02y ~ o [ gt 2y _ -
Fy(@?) = Kp+m—T[F2(w )= x, ] (I1-2%a)
=)+ 7?122., [Fr?) -x,]. (1-29b)

Equation (II-29b) is the expression used by Nyman.

Our calculations indicate that Eq.(II-29b) or (II-29a) is not a good approximation
for the following reason: Although [Im Fy (@ 2y /Im 1:2"(5 2)1 should be a constant for
a given value of (2, it is actually a function of 2. Now, there are four photon
emission processes for the ppy case ( photon emission from two incoming and two
outgoing protons ). Thus, the ppy amplitude is a sum of four amplitudes corresponding
to those four processes. These four amplitudes will depend on four different values of
w?. By using Eq. (1I-28) for all four amplitudes, one has completely ignored the (2
dependence of these amplitudes. This is certainly not a good approximation for those
cases with higher-photon energies when the incident energies are greater than 150 MeV.

One way of improving this approximation is to find an improved expression

which has more explicit 2 dependence for Fz.("’z)' This can be done using the
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following expansion

2
| _ 1 |+ w? -m? . w? - m? .
EE 12 _ 2 o'2 -m? o'? —m2 01-30)
oo n
L oy |etem a2
wlz-m2n=0 Iz-m2
Substituting Eq. (II-30) into Eq. (II-12) [or Eq. (II-24)] gives
2 +1
F (%) = K+ E (w - )" .., (II-31a)
where
N? - J2y.7 12
L. - Im F, (v “)dw (1-31b)
(m +m_)? (wlz mZ)IHZ

The coefficients /_ are unknown constants, independent of w?. In order to understand

more about 1, we write 1, in the form

-

N® ~(l 2 v J28 g 12
L. = ImF, (0" %) ImFi(w Ydw (11-32)
memyt | IMBR@?Y | @2 -m?H?
Applying the mean value theorem to the integral again, we obtain
Im F, (@2
I, = _2(‘”/_2) el (11-33a)
ImF "% |
where
N? to 12\ 5 12
I Im F, (w 2)da.) (11-33b)
(m +m,,)2 (" -m )0*2
and
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2= mem R[N -mem)?], o0sps<1. @33

The constants J,_ can be calculated if we use Eq. (II-23) and N2 =40 GeV?2.
However, it is not necessary to worry about the accuracy of J, if we wish to treat the
I, as free parameters and to determine them from the experimental ppy data.

Referring to Eq.(I1I-28), we can write

Im F, (a'2) (11-34)

ImF, (a'?)

n+l

For a given n, ¢’ is expected to be a positive constant independent of w? in line

with the threshold dominance assumption. Inserting Eq. (I1I-34) into Eq. (II-33a) yields

2m +m _
Iy =C/n+l[-m—r]‘]n+l (IL-35)
T

which represent positive constants since J, and C',., are each positive. Using Eq.

(11-35), FZ’(Q,Z) given by Eq. (II-31a) can be written as

+1
- - e 2m +m 2 "
Fw) =g+ G| —=| |4 -1 , (u-36a)
n=0 m, mZ
where the C, , | denote the positive coefficients
Covi = Clpotdye m¥2ix . (11-36b)

For K < 100 MeV, the series given by Eq. (II-36a) converges rapidly. (To

insure that the series converges, we must have K < mr.) Thus
2m+m 2 2m+m
r g _(i’_z._ 1 + Cz T
mr m

F () =k, +C
2 (“’ ) Kp +L m
will be a good approximation. This equation has been used in this work. There are

4 m2

2
“’_2-1] (-37)
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three unknown constants ( x;, C and Cz) in Eq.(II-37). We have determined them

by fitting to the analyzing powers measured at 280 MeV by the TRIUMF group [7].

II.3 Bremsstrahlung Amplitudes
A. Bremsstrahlung Amplitude Using the Off-Shell pyp Vertex
We use the two sets of pp elastic scattering diagrams exhibited in Fig. 1 to

generate eight bremsstrahlung diagrams as shown in Fig. 3. There is no internal

(p, %) 5o, %) 8(p;. %) (2. %)
x 4
o+ X WS 9)
Selp+X) Se(a-K)

i pm=-—-d i® _— Agp=—==d 2%

] Guded Gyl
-y u(p, ) u(z, 1) u(pr, 1)
a(p;, vi) (p;. %)
Gagltins)
il —_— ———— AT
Sema-0
Ca-&a)
u(p, %) u(p, »)

Fig.3. Feynman diagrams for the ppy process in the OBE model. Sg(p) =
(F - m +ie)”! is the proton propagator. These diagrams are generated from the

source graphs, Fig. 1.
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emission diagram since no charged meson can be exchanged between two protons. The

pp bremsstrahlung amplitude corresponding to Fig. 3 for ps coupling has the form

_ 5 4
MY U433 t13000) = Y Y {Gaﬁ(‘z‘t)fjg(‘za) U(P3,v3) X o U(p 1, V1) U(P4, V) N u(Do, V)

a=108=1
+ Gog () fog(t1) A3,V Mg U (P, V) E (P,Ve) Yo U(D, V)
- G )f s U PV MU Py, V) U (D3, V) ZSU (s, Vo)

G o5 (t3) f25Up) H P4y V) Ty U P,V (3, V) N0 ()}

(II-38)
where
X, =hot  T2p K, p)+T (0 pr+ K)ot
o Teg K-m+ie BOU TV TAER I3 R e mvie @
1 1
re=x__'  r?p,-K,p)+Tlp., 1l e
LT G TR omeie P2 =K. p) *Typy. P ey
(I1-39)
Zy =N Ti(py-K,py) +Ty(p3, Py + K\
K By-K-m+ie * i Py +K-m+ie

=\ ! -
ﬂ4+K—m+ie

T ™R gz T4 01 K0 P) *TylP e KO

o

Referring to Eq. (II-9), the off-shell pyp vertices have the following expressions:

] +K+m K+ _
P;IL(Pijj*'K) =7#'ﬁ"#v I%z( )[5 +F, (v )———pzm m:l (I-40a)
and
~K+m B+ K+m 1-40b

where wj? = (p; + K)? and w% =(p,-K)? withj =3,4and ; = 1,2. Itisobvious that
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the gauge condition K# 4—4:3 = ( is satisfied. To see this, for example, we write

uP3,v3) Xy, u (py,v)) in another form, i.e.

- _ P, *R +R
Up3,v3) X o 4(p1,Vy) = U(p3,v3) [ [_3“_13“])\& -, [p“‘__‘_ﬂ‘_:l] u(py,vy), 41
p3 p K

where

_ 1 1 v, 2 s 2P K - 2 p-K
Riw = gl K]+ g | D K- F @0 -Fy @D~ @D |
(11-42a)
_1 1 . 2 v 2. P3K 3 p3:K
R = S K] gk e ) E5 oty - D 23 - B0 22
(I1-42b)

Here, w% =, - K)?, w% = (p3 + K)2 , and we have used the commutation relations
[A.B] = AB-BA and {A,B} = AB+BA. Since KR, =K*R; =0, we have
K“Exa“u = 0. Similarly, we can also show that g+ Y:‘u =0, K"EZ""‘u =0,
and gty Ta# u = 0. We have also verified the gauge invariance of our numerical
calculation, i.e. g# Mfs ~ 10720.

The pp bremsstrahlung amplitude for pv coupling can be written in terms of

the amplitude 11715‘ as
5—45" (U14:U23; £130024) = Aj!fs +A A-l,f(l) +A A—'_I:a) +A 1;!:(3) +A A_{:(“) _ (I1-43)

where
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2
= x(1) _ — - ‘1’3 1
AM, ‘%:l Gsg(f24) [“(Ps,vs))\s( o [‘ e P,z,(Pl'K,Pl)u(PpV;)
-u<p4,v4>x5(’2 24 4 (o)
- 1 —
-M(D3,V3))\57ﬂ—r (pl ,pl)u(pl,Vl)u(P4aV4))\5u(P2aV2)]
- b -K-p
= Gsgluys) [“@4"’4))‘5( m 4)[‘1_‘_1,,,”6 L@ -K.p)u@,v))
'“(P3av3))\5 P - #3)1‘(192,"2)
- 1 -
_zl(P4»V4))\5mI‘i(pl-K,pl)u(pl,vl)u(p3,v3))\5(p2,v2)l :
(I1-44
AMI® =AMV (102,349), (II-44b)

1 P -K-p;
ﬂ3+K_m+i XS( 2m

Ifz Py )it (g, V)

2
AM:G) Y ] Gsp(20) [E(szvs)P,l‘(Ds’Ps*K) u@py,v)

* E (p4,V4) ks

~u(p3,v3) PL(P3 P3+K) Asu(py,v) U(pg, V) N u(py,vy) ]

J 2 +K -m+ie

13 '1‘4) u oy,
1 )\5(1‘2‘1’3 -K
FKomic . 2m

= Gsg (114) [ U (Pg5Va) As (

*U(p3,y) P“(Ps P3+K) Yu(py,v,)

- - 1
-ups, v Asu(p,,v LV rt y IR
P4,V Asu v uPps,v3) T (ps p3+K)ﬂ3+K—m+ie u(Pz’Vz)l c,

(11-44c)

and
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AMI® =AM (192,304) . (11-44d)

B. Bremsstrahlung Amplitude Using the On-Shell pyp Vertex

If the on-shell pyp vertex [‘;’ defined by Eq. (II-13) is used, the ppy amplitude
for ps coupling, M"‘" , is given by the same expression as the amplitude ;1:‘ in Eqgs.
(11-38) and (11-39) but with all off-shell vertices [‘L and ri in Eq. (II-39) replaced by

the on-shell vertex [‘:. Specifically,
M (uyg, Uy3; 13 bg) = MP (U, 33 03, Bg) (T1-43)

. « . .
where the expressions for xa“, Y:, z# and Ta“ remain the same but with
P;(P:;ap:; +K)’ I‘:‘(p4’p4 +K)’ Pi(p[ _Kvpl) and Fi(p2 - Ksp2) feplaCCd by F;:’
Similarly, when the on-shell vertex I‘z is used, the ppy amplitude for pv coupling,

va’ can be defined as

pv : _ P .
M, (uyg, Uy3iti3,04) = M, (U4, Ups; 3, 124)
(11-46)

x(1) 7(2) 7(3) *(4)
+ AM PR AM P AM Pl AM“ .
Here AM:(') (i=1, 2, 3, 4) is given by the same expression as Aﬂ:‘“ defined by
. . l l
Eqgs. (II-44) but with all off-shell vertices, F,L(PB’ Py +K)» I‘“(p4, Py +K)»
2 2
r“( pi-K,py) and I‘#(pz -K,p,) replaced by the on-shell vertex r;:.

The expression for AM: ,
AMT = AMTD  aM™®  AMT® Ay (1I-47a)

o B B

can be simplified by using the following relations
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- 1 PrEcK
“(Pi»”i)rym')’s |: sz :'“(Pj,"j)

= u(Pi,V,') I‘“ m Ys u(pj,vj) + E’—n- u(p', Vl) F“ 'Ys u(pj,yj) (II—47b)

- i “‘K
uP;,v) s [#jzﬂm :l ,n‘j-é—m L u@;,»)

- 1 1 -
=u@;,v) s ;}7_—’” Fpu(Pj,Vj) + mu(p,-,u,-) Ys I‘uu(pj,uj) (I1-47¢)

(i=3,4and j=1,2 ). We obtain

T _ pv _ ps
. 2
-ix 2 - u
= s X, Vas(20 Osp 20 505 090, K" 15 401,01) 00 Y51 (0]
m =1

+f523 (113) Gsg(t13) [U(p3.v3) YsuPy,v) UP4v) 0, K v5U(Py,0))]
--/'52[3 (ll23) GSB (%3) [ E(p4 ’V4) dy.y KV'YS u(Pl’Vl)H(PJ,V:;) Ys u(szl’z)]

‘fszg(um) Gsg(t14) [Upy,v) Ysu(@y,vy) U(Ps,vs) o“,K”'ySu(pz,vz)]} (I1-47d)

Eq.(II-47d) shows the direct proportionality of A M: to Ky This means that A M:
does not vanish for pp~, and that its contribution increases as the proton scattering
angles decrease. The last statement results because of the following: For a given
incident energy, K increases as the outgoing proton scattering angles decrease, and the
ppy cross section for very small scattering angles is dominated by those terms

involving Ky
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.4 Bremsstrahlung Cross Sections and Analyzing Powers

A. Cross Sections

In Section II.3, we have obtained four amplitudes 1;_1:‘ : [{f", M:‘ and M:"
( given by Eqgs. (II-38), (1I-43), (1I-45) and (I1I-46), respectively ). These amplitudes can
be used to calculate ppy cross sections and analyzing powers. Both coplanar and
(symmetric) noncoplanar cases are considered; the Harvard geometry [27,29] is used
in this work. We follow the definition and the formulas given in the Appendix of Ref.
[40]. (;/1 and ;’2 used in Ref.[40] have been changed to E and E, respectively,
in this work.)

In the Harvard noncoplanar coordinate system ( see Fig. 15 of Ref. [40] ),

Py, Py, py, pi and K* in the laboratory system can be written as

Pf‘ = (E11 Os 0’ P[) ’

py = (m, 0,0,0),

py = (E;, p; cos <—b3 sin 53, p3 sin 53, P53 cos 33 cos 53) , (11-48)

pf = (E4, —p4 cOS 54 sin 54, D4 Sin 54, D4 €COS 54 cos 54) ,

K* = (K, K cos ., sin 07, -K sin ¢, , K cos ¢ cos 07) ,

where £, = (o2 +m)Y2, (i = 1, 3, 4).
In Eq.(II-48), there are three noncoplanar angles, ¢, ¢,, and ¢_. The
kinematically allowed limit of the angle 5 = (53 +$4)/2 is called the maximum
noncoplanarity angle amax. In this limiting case, the gamma ray has a momentum g

in the Harvard coordinate system (EY = Eo, 0., = 50),
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q = q cos ¢g sin 6y é,-q sin ¢y &,+q cos ¢ cos Oy &, . (1-49)

The momentum 7 can be used to define a new polar angle v, This is done by
requiring the momentum K/

X =K-ag (11-50)

?

lie in the reference x-z plane, i.e.,
K' =K' siny, é +K cosy ¢, . (I-51)

To determine the complete kinematics, we first calculate three angles
B> b, rq) fOr the limiting gamma ray from a given set of conditions

(T = E -m, 53 = 54 = g for the symmetric case). We then use a set of known

[N n ~nand

VANEIWE (T, 03, 6, Oy, b4, Sumagr or bo» Vo) 10 Calclate py. po K, 8, and ¢ .

Note that the four equations of energy-momentum conservation are used in each of

these calculations, and we vary ¢ from zero to ‘;max' For the symmetric noncoplanar

case, we have g, = g, = § and ¢, = ¢, = -
Since the independent variables are 9, ¢,, §,, ¢, and y,, four differential

: —ps ps 3 —pv Py
cross sections, 0oy and Ty for ps coupling as well as oy and Ty for pv

coupling, can be obtained from the following expressions:

3= -
auen o _d PP gEsom) (II-52a)
d0,d0,dy,
3
G PSPV d3 oPs@) = cQPPY (11-52b)
[ a0, d0,dy,
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where
oreY = Y 2; & MPP @ MMy (11-53a)
spin po
QP = ¥ Ez #MPEN @ MPPY) (11-53b)
spin po
and 4,2
= m*e“ |F| (11-53c)

800 @ p -m T
In Eq. (II-53c), e is the proton charge and F, which is the phase space factor, is given
by Eq. (A39) of Ref. [40].

Referring to the expression for g# given in Eq. (II-48), two photon polarization

four-vectors can be chosen,

e, = (0, cos 6., 0,-sin §.) , (II-54a)
€ = O, sin <-i>7 sin 57, cos 87, sin 5_1 cos 57) ) (II-54b)

They satisfy the conditions K# 52‘1) = K# 6‘(‘2) = 0. Using these two polarization

vectors, we can write QPS, QPY, QPS and QP¥ in the forms

QPS(PV) = 2 —_ st(pv) (V1s V3, V3, V) (1I-55a)
VIrY2,Y3. Vg

QPsePY) = VE —_ QPP (v, vy, v3, V) (I1-55b)
1Y V3 Yy

where

_ _ oonr v = _ _
QP (v),v3,v3,) = () M) (elsy MY C7) + (elyy MUY () ME™PY) (11-562)
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QPP (v),v,,v3,v) = (el MEC) ! (e, MEC™) + (el MPCH (e, MPPY) | (11-56b)

A computer program has been developed for the numerical evaluation of
QP (vy, vy, V3, V) » QPY (vy, v, v3, V) » QP (v, vy, V3, v,) and QPY (v, v,, V3, V) -
Since each y has two values, there are a total of 16 different éP-"(P") (V]s Voy V3, Vg) and
QP®PY) (v, vy, v5, v,) t0 be evaluated. Thus, each individual evaluation yields the

differential cross section for a particular polarization.

B. Analyzing Powers and Spin-Correlation Coefficients

Our calculation has been designed to calculate first the pp~ cross section for
four polarized protons (beam, target and two outgoing protons). In order to calculate
éps(p\') (Vy, Vp, V3, V) and QPSEY) (y v, vy v, for protons polarized along the x, y,

or z axes, we introduce the following six different forms of @ v):

xg‘
E.+m - - II-5
ug(p;,v;) = ! g p; xgi , B=x,y,zand v; = 1,2)( 7
E;+m
where
x1=1'1' xzzl'l’
S B N B
de L[N @a L[, a-58)
Yy ﬁ\lj Y k-IJ

)

>
LI
|
—
O —
Ntre—
A
[}

We define é(’)’[; ®) (v, vy, v3, vy) and Q5 ®) v, V2, V3, V) (B = x,Y,2) for
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the case where the target proton alone is polarized along the (+x), (+y), 0r(+2)
directions. Q5" (v, vy, vy, v,) and 0L ®” (v, v,, v, v, are given by the same
expressions as those for Q#s V) (V]s Vg V3, V) and QPSPY (y v, vy v, in Egs. (U
56a) and (II-56b), respectively, but with u(p,, v,) in the expressions for both A—{f"’(”")
and M”“"") replaced by ug(p,,s,). In terms of égg“"” (v, V5, V3, v,) and
QP’(P") (v, Vo, V3, V) the ppy analyzing powers for a polarized target proton are

Zoson _ Q50 (1) - 0% @)

v ’ (B = xv y, Z) (H-59a)
05" (1y + 05 @

and v
P _ Q”“" () - Q"“"" @ (1-59)
2 5o -

where

2 2 2
o5 (i) = El 2 }: QLEY (v, i, v3, vy, (I1-60a)
Vl = = v4 =
POV 2 2 2 S(pV) .
Q - E Z E QSB (Vl’ iV, V4) ’ (II-6Ob)
vp=1 vy=1 v =1
i=1,2

For the case in which both the beam and the target are polarized, we can define

Eaﬁ(Vl, v,) and Copvy, vp) aS follows:

CPWN) vi,vp) = E E st & V(s vy, V3, V4) (1I-61a)

= V‘-l

and
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Cps(p )(ul L V) = E E Q Ps @) V1, Vo, V3, V) (II-61b)

vy =1 vy =
where ég;("") (v, V5, V3, V) and Qgg(‘"’) (Vs V5, V3, v4) are given by the same
expression as those for 9PS @) (y,, v, vy, v,) and QPS®Y) (v |y, vy, v,) in Egs. (II-
56a) and (II-56b), respectively, but with y @y, vy) and 4 ®3, V) in the expressions for
both A}:“"") and ML’““‘-”") replaced by u, (p;, v;) and ug (p,, v,), respectively.
C «8(¥1» v2) ad C_g(v|, v,) can be used to calculate quantities such as spin-correlation

coefficients or tensor powers.

II.5 Results

Equations ([I-52a)-(II-52b) have been used to calculate the coplanar and
noncoplanar differential cross sections, :;Y and ¢ p";{ for ps coupling and & ‘:’Y and
g:ll'v for pv coupling. Both E[Ziy and T‘:p‘fy are calculated using the off-shell pyp
vertices F;lz and I‘i defined by Egs.(II-40), while o'::_y and o':;_y are calculated using
the on-shell pyp vertex 1‘5 given by Eq.(II-13). Some results at 157, 200 and 280
MeV are shown in Figs.4-12. We have used Horowitz’s published parameters at 135
and 200 MeV for the calculation of the pp+y cross sections at 157 and 200 MeV. These
two sets of parameters yield very similar results for the case at 157 MeV. The cross
sections at 280 MeV, on the other hand, are calculated using Horowitz’s unpublished
parameters at 300 MeV. Since the data at 280 MeV involve an ambiguity due to the
%-normalization factor used by the TRIUMF group [7], the data at 157 and 200 MeV

have served as an important check of our calculations.

The differential cross section has been expressed as a function of the photon
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angle y_ (from 0° to 180°) and the noncoplanarity angle ¢ (from 0° to ;max). The
value 5 = (0 gives the coplanar case. Our calculated noncoplanar cross sections are
compared with the Harvard data at 157 MeV [37]. We have also integrated the 3-fold
differential cross sections ( 43 Ps®V) /d3dQdy, and d3aP‘(”V)/d()3dﬂ 44y, ) over
¥, 1o obtain the 2-fold differential cross sections ( dzEPS‘PV)/dQ3dQ , and
dza”‘(”")/d(23dﬂ4 ) as functions of ;

We have also applied Eqgs. (II-59a) and (II-59b) to calculate analyzing powers,
* and A * B =x, y, 7) for ps coupling and A vV and A V for pv coupling. Again,

B

B ¥ and A v are calculated using the off-shell pyp vertices, while AB and A”" are
calculated using the on-shell pyp vertex. These analyzing powers are calculated using
J, =(, and they are expressed as a function of ¢Y. The measured analyzing powers
are available only at 280 MeV [7].

As mentioned in the introduction and will be shown in this section, our
calculations clearly indicate that the off-shell pyp vertices must be used to describe the
measured analyzing powers because a large discrepancy has been found between the
predictions calculated using the on-shell pyp vertex and the TRIUMF data. In order
to demonstrate this fact, our results obtained from the on-shell pyp vertex are always
compared with those obtained from the off-shell vertices.

The off-shell vertices I‘ and 1‘ , which have been used to calculate g‘;‘; ,

[f’[;’y, AP : ¥ and A , are determined by two form factors Fz (w?) and Fz-(“’z) . F, Y (w?)
can be calculated using either Eq. (II-22) or Eqgs. (II-17), (II-18) and (II-21), while
Fz-(“’z) has been calculated using Eq. (II-37). In Eq. (1I-37), K;, C and C, are three

unspecified parameters. These parameters have been determined by fitting to the
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TRIUMF analyzing powers. Since a unique result can be obtained for ¢, and C, if
"1; is given, we have postulated various values for K; and used ten sets of TRIUMF
analyzing powers to find C, and G- The analyzing powers shown in Figs. 10
correspond to the ten sets of data used in this work to fit C, and C,- For a given K; s
we obtain the parameters C, and C, from Z;’s and Z;’". In Table I, we present four
sets of fitted parameters which are determined by using 25". The values of , in
Table I lie in the range between -5 and 5, since good results can be obtained in this
range. In Table II, using Z}{’s to fit ¢, and C,, we also show two sets of parameters.

Only two sets of parameters are given here because most cross sections E:;Y calculated

TABLE I. Parameters x; , C, and C, for the form factor F, (w?) given by
Eq. (1I-37). They are determined by fitting to TRIUMF’s analyzing powers. This table
gives tour sets of x; , C, and C, for the pv-coupling case, in which K;" is used

to calculate analyzing powers.

parameter K; C, C,
set I 5.00 4.51 0.91
set I, 1.79 4.09 3.37
set 0.00 3.88 4.87
set -4.00 3.29 7.65
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using any of the sets of parameters given in Table I or II are in poor agreement with
the experimental data at 200 and 280 MeV. In most cases, we have used the set I, and
the set I1, to calculate the cross sections 3;;7 and E:;'v , respectively, which have then
been compared with the data at 157, 200 and 280 MeV.

TABLE II. Same as Table I except this table shows two sets ofx; , C, and C,

for the ps-coupling case, in which K;s is used to calculate analyzing powers.

parameter K C, c,
set II_ 1.79 4.42 2.4
set I, -4.00 5.59 1.60

In Fig. 4, we present the noncoplanar cross section as a function of ¥, at 157

MeV for 53 =54 =3(0° and several noncoplanarity angles 5 The calculated cross
. —pV . —-ps Py Ps
sections, JZm (solid curve), oy (dash-dotted curve), Oy (dashed curve), and Oy
(dotted curve), have a similar shape and in general the agreement with the Harvard data
[37] is very good. The cross sections 5-:;)' are calculated using the set [

(K; = 1.79) in Table I, while '5:;_7 are calculated using the set In, (K‘; =1.79) in

Table II. It is easy to see that 375 > gP¥, o7° PV and A . Here,
y g > % o >0 App,y > Apm

ppy PPY P
A =gP _GPY and = gP° -oP' are defined as the deviations in cross
Bppy = Tppy ~ Tppy Bopy = %ppy ~ Tppy
section. Although not shown in this figure, the cross sections ‘_’:;v and o’:;y are also

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



36

124 157 MeV 6 =6, =30
2 F - . -
$=3.5
1
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T 2
N
k
= 1
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O 1 I I 1 1
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Fig.4. Noncoplanar pp~ cross section d3co 1dQ,dQ 4d¢7 as a function of vy at

157 MeV for 53 = 54 = 30" and several noncoplanarity angles . The results for
P :1:7 ( solid curve calculated using the set I, parameters ), ;:;Y ( dash-dotted curve
calculated using the set I, parameters ), o :1:7 ( dashed curve ), and g:;y ( dotted
curve ) are compared with the Harvard data [37].
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in close agreement with a potential model calculation using the Hamada-Johnston (H-J)
potential [40,12]. It is important to point out that the cross section 3:;7 varies very
little when the parameters given by the set I, are replaced by the other sets L, I, and
I;. In other words, ;:;'v at 157 MeV is insensitive to the variation of parameters ( for
-5< Kp‘ <5 ), and the Harvard data cannot be used to differentiate among these
parameter sets.

The noncoplanar cross sections at 157 MeV for 53 =_o'4 =135° have also been
calculated for several values of ¢. Using the set 1, for ‘—’:;v and the set |1 for ;:; ,
as shown in Fig. S, all calculated cross sections 35’;’7, ;:;1 , g’f’p"y and 4 P‘ give very
similar results. This implies that both TN and A decrease as the proton scattering
angles increase. The agreement between the calculated cross sections and the Harvard
data is very good. Though not shown in the figure, we wish to point out that our OBE
results are in quantitative agreement with the recent soft-photon calculations using the
two-u-two-t special amplitude M:“T‘s [19] but disagree completely with the calculation

using the two-s-two-t special amplitude MIST‘S [19]. This supports the argument that

TuTts TsTts

the amplitude M , not M , should be used to describe the proton-proton
bremsstrahlung process.

The 2-fold differential cross sections 425 PS(PV)/dQ3dQ anddzo-Ps(P")/dﬂsdﬂ 4
are also calculated from the 3-fold differential cross sections. The results are compared
with the Harvard data in Fig. 6.

In Fig. 7(a), we present the coplanar cross sections Cexp P" ( calculated using
the set [, ), C exp‘:;y (calculated using the set [1_ ), Cexpa:[:y and cexpg:;y at 200
MeV for 03 =9 4 =16.4°. Here cexp represents the experimental correction factor
introduced by the TRIUMF group [5]. The calculated cross sections shown in Ref. [21]

orrespond Py PS without being multipli ti
correspond to Oy and Oy u g multiplied by the correction factor Cexp
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Fig.s. Same as Fig. 4, but for 53 - 54 - 35°.
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ppy 157 MeV 6,=6,=35
15 -
10 n
S
IS y
% O 1 1 1 1 1
< _
.E 6, =06,=30°
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0 L
0 2 4 6
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Fig.6. Integrated pp~ cross section d3g'/dQ3 dQ, as a function of the

noncoplanarity angle ¢ at 157 MeV for (a) 0 = 6, = 30° and () 6, = 6, = 35°.
The results for 3:; ( solid curve calculated using the set I, parameters ), 7 :;v ( dash-
dotted curve calculated using the set II, parameters ), ¢ :p‘i{ ( dashed curve ), and 4P°

ppY
( dotted curve ) are compared with the Harvard data [37].
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Fig.7. Coplanar pp~ cross sections d3o'/dQ3dQ 4dy., 3 functions of ¥, a 200

MeV for 53 = 54 = 16.4°. (a) The results for Cex “’V ( solid curve calculated
using the set I, parameters ), C.x "’"’ ( dash-dotted curve calculated using the set II,

%ppy
parameters ), C Cexp @ P" ( dashed curve ), and C.. ¢P° (dotted curve) are compared

. exp p
with the TRIUMF data [5]. Cex represents the experimental correction factor
introduced in Ref. [5]. (b) All curves represent cross sections for C,, P" but they
are calculated using three different sets of parameters, I, (dashed curve), I, (solid

curve), and | 4 (dash-dotted curve). The data are from Ref. [5].
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Clearly, the cross section cexpE:;_Y ( solid curve ) is in better agreement with the
TRIUMF data than any of the other cross sections. The data also rules out the
calculation Cexp ;:;_Y (dash-dotted curve) because of a large discrepancy between theory
and experiment. If all of the calculations shown in this figure are compared with the
calculations shown in Fig. 6 of Ref. [5], we find that except for the curve
corresponding to the soft-photon calculation our curve for Cexp 3;‘)’7 is in much better
agreement with the TRIUMF data than those cited in Ref. [5].

In Fig. 7(b), we compare the results for the cross section Cexp }:‘;’y for the three
different sets of parameters I, I, and I;. The difference is very small.

In Fig. 8, we show the coplanar cross section as a function of ¥y at 280 MeV.
All theoretical cross sections are calculated using Horowitz’s unpublished parameters
at 300 MeV. Again, ;5;’7 and EI’,’;Y have been calculated using the set [, and the set
I1, , respectively. The results are compared with eight sets of TRIUMF data [7], which
include the 2 -normalization factor. Clearly, the calculated cross sections for & 5;7 are
in gross disagreement with the data. Three other calculations for & 5;—,’ p ;:fv and 4 ;;v
give similar results which are in much better agreement with the data than the result for
P :;y. An important difference between those curves for 5 :1‘;7 and the other curves
for o';:;y and 6;,’;'_7 can be found in their shapes. The curves for 35"”7 have shapes
which best describe the data.

In Fig. 9, we demonstrate that the three different sets of parameters I, I, and
I can be distinguished at 280 MeV for small proton scattering angles. As shown in
Figs. 9(a)and 9®) [ (6,,6,) = ( 12°,12.4°) and (16°, 12.4°) 1, these three sets
of parameters yield quite different results in the regions 140° < ‘(’v < 180° and
"b'r < 10° . The data seems to favor the value x; = 1.79 ( the set I, ).

In Fig. 10, we present the analyzing powers 4 ){"’ (calculated using the set 1, ),

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



42
A ;" ( calculated using the set o, ) 4 ;’" and 4 ;" as functions of v, at 280 MeV.
Again, Horowitz’s parameters at 300 MeV are used for these calculations. The results
are compared with ten sets of TRIUMF data [7]. We find that the data in the region
60° <y, <120° cannot be described by the calculated 4 ;"’ or 4 55 ( the analyzing
powers calculated using the on-shell p~p vertex for pv coupling or ps coupling ).
Good agreement between theory and experiment can be achieved only if the off-shell
pyp vertices are used. These off-shell pyp vertices depend on the two form factors
F, (w?) and F, (w?). As will be discussed in the next section, the contribution of
F, (w?) is crucial. Without F, (w?) it is impossible to fit the analyzing powers

A;‘ and R;"' to the data. Representative curves for Rs“ and K:" are shown here.
In Fig. 11, we compare the results of 4 ){"’ calculated using three different sets
of parameters ( I, I, and | d ). The quality of the fits can be seen from these resuits.
Finally, we have also studied the analyzing powers at 200 MeV. In order to
demonstrate that the general feature observed in Fig. 10 does not change, in Fig. 12
we show calculated X;V (using the set I, ), K;" ( using the set II_ ),As" and A;s

as functions of ¥y at 200 MeV for 53 =6 4 = 20°. Obviously, a precise measurement

of analyzing powers at this energy can be used to differentiate among these calculations.
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Fig.8(a-d). Coplanar ppy Cross sections d3a 1dQ, dQ4a"rl,7 as functions of g, 280
MeYV for four sets of proton scattering angles ( 53 6 4 ). The results for & :;_1 ( solid
curve calculated using the set [, parameters ), E:;Y ( dash-dotted curve calculated
using the set 11, parameters ), U,‘,p;, ( dashed curve ), and g:;_’ ( dotted curve) are
compared with the TRIUMF data [7], which include a %_normalization factor.
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Fig.9. Coplanar pp~y Cross sections d3g/d(23 d0 4(1,,1,7 as functions of ¢7 at 280 MeV
for four sets of proton scattering angles (53 ,54). All curves represent cross sections for
P :;v but they are calculated using three different sets of parameters, I, (dashed curve), I,
(solid curve), and | 4 (dash-dotted curve). The data are from Ref. [7].

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

45



46

(a) 9;=14" F,=12.4°

0 30 60 90 120 150 180

Fig.10(a-c) Analyzing powers A, as functions of ,/,Y at 280 MeV for three sets of
proton scattering angles ( 85,0, )- The solid curves ( calculated using the set I,
parameters ), dash-dotted curves ( calculated using the set I[, parameters ), dashed
curves, and dotted curves represent the results for ,Kypv , ;;s , Aypv and A; s,
respectively. The data are from Ref. [7]. These three sets of TRIUMF data have been
used to determine the parameters C, and C, shown in Tables I and II.
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Fig.10(g-j) Same as Fig.10(a-c) but for four different sets of ( 53 0, )
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Fig.11. Analyzing powers A, as functions of v, & 280 MeV for four sets of

proton scattering angles ( 53 , 54 ). All curves represent analyzing powers for .Kyp ¥ but
they are calculated using three different sets of parameters, I, (dashed curve), 1 ( solid
curve ), and | 4 ¢ dash-dotted curve ). The data are from Ref. [7].
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1.6 Discussion

Since the measured analyzing powers at 280 MeV in the region
60° <y, < 120° cannot be described by the calculated A ;"' and A;’s, all calculations
based upon the on-shell pyp vertex can be ruled out by the data in this region.
Moreover, Figs. 7(a) and 8 clearly show that the cross sections ;:;y , which are
calculated using ps coupling and the off-shell p-p vertices, fail to fit the data at 200
MeV and 280 MeV ( with the %-normalization factor ). Thus, the combined
experimental data including both cross sections and analyzing powers in the energy
region from 157 MeV to 280 MeV strongly indicate that only those calculations which
use the pv coupling and the off-shell p- p vertices consistently describe the data.

The above conclusion is based on the use of the off-shell pop vertices
I‘:‘ and r‘i given by Eqgs. (1I-40a) and (II-40b), respectively, which depend on two
form factors Fz’((,,z) and F, (w?). In order to study the contribution from
F, (w?), we have also calculated cross sections and analyzing powers using only the
form factor FZ” (w?)- In other words, we have used two approximate vertices which

are obtained from Eqs. (II-40a) and (1I-40b) by dropping those terms involving

F, (w?),
=1
T, (p;,p; +K) = ') (p;,p; +K)
(11-62a)
- - i KVF" 2 pi+K+m
= Y mauv Z(wi)T )
and
r’(p.-K,p;) = I'2(p; -K,p;)
n pj 7PJ) U pJ vp_,
(11-62b)

i .
= a5 Fp(0]) S, K"

Some of the results obtained are shown in Figs. 13 and 14. Denoting the calculated
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Fig.13. o Coplanar pp~ cross sections 430/(193 dQ 4d¢,{ as functions of ¢7 at 157
MeV ( 65=6,=35" ), 200 MeV ( §; = 6, = 16.4" ), and 280 MeV (g, = 12",
6, = 12.4° ). The solid curves, dash-dotted curves, dashed curves, and dotted curves
represent the cross sections E;p‘_'y, p :;y , & :P‘_’y, and If;y , respectively. The full off-shell
pyp vertices ( 1*: and 1‘5 ) have been used to calculated E;’;’ (using the set |
parameters) and };’;7 ( using the set II, parameters ). On the other hand, 5:,:, and
G :;v are calculated using the two approximate vertices ( f‘: and f‘i ), which depend
only on the form factor Fz’ (w?). The data at 157, 200 and 280 MeV are from Refs.
[371, [5] and {7], respectively.
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Fig.14. Analyzing powers A, as functions of ¥, at 280 MeV for (53 , 54) =

(14", 12.4" ). The solid curves, dash-dotted curves, dashed curves, and dotted curves
represent the analyzing powers K;"’, K;s, A;", and A;s, respectively. The full off-
shell pyp vertices ( T i and ri ) have been used to calculated ZYP" ( using the set I
parameters ) and Ass (using the set [T, parameters ), but the two approximate vertices
( f“i and f‘i ) have been used to calculated A;"' and ,&;’s. The data are from Ref. [7].
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cross sections and analyzing powers respectively as af)’;? and A;’s for ps coupling and
5:;7 and A;" for pv coupling, our results can be summarized as follows: (i) Generally
speaking, the cross sections ( ag;fyp") ) and analyzing powers ( AYPS(P") ) calculated
using the vertices 1”“1‘ and f‘i are similar to those cross sections ( og:,.(,,pv) ) and
analyzing powers ( A;’s(p") ) calculated using the on-shell vertex 1‘;’ ( Eq. (II-13) ).
This can be seen if we compare Fig. 13(a) with Fig. 5, Fig. 13(b) with Fig. 7, Fig.
13(c) with Fig. 8(a), and Fig. 14 with Fig. 10(a). This is not surprising. For small K,
we have F; (w;) = F, (w]) = x, = 1.79 (see Fig. 2) and F! =2 =T,
Therefore, we expect 77535,?‘/) and A;’S‘P") to be similar to gg;g’") and Ayps“’"),
respectively. (ii) Deviations in cross section ( as;Y - 5:;‘, ) and analyzing power
( A;s - [\3" ) are extremely small. (iii) The agreement between the calculated cross
sections ( ag‘sw or &g;v ) and the experimental data is in general good. However, this
is not the case for the analyzing powers. The calculated analyzing powers ( Ags
or A;"' ) are in very poor agreement with the experimental data at 280 MeV in the
region 60° < ¢7 < 120° for most cases. (iv) Good agreement between the calculated
analyzing powers and the TRIUMF data ( especially in the region 60° < ¢,7 < 120°)
can be achieved if the form factor F 2’ (w? ) is taken into account (see Figs. 14 and 10).
Our results represent the first clear evidence for the need of the form factor 1:2‘ (w?)
to describe the measured analyzing powers.

Our findings may have a significant implication. In the abstract of Ref. [7], the
authors state " The experiment shows the first unambiguous evidence for off-shell

effects in the free nucleon-nucleon interaction, in that the analyzing powers disagree

strongly with the predictions of the soft-photon approximation ( which incorporates only
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on-shell information ) but are consistent with the results of calculations using the Bonn
and Paris potentials. " The soft-photon approximation used to predict the analyzing
powers in Ref. [7] is Low’s conventional amplitude. Since the on-shell pyp vertex has
been used in Low’s amplitude, this vertex might cause the same problem in describing
the data ( analyzing powers ) in the region §0° < ¢,Y< 120°. Therefore, the large
discrepancy found in the predictions calculated between the potential model and the
soft-photon approximation could be mainly due to the electromagnetic vertex, rather
than the hadronic off-shell effects.

As shown in Section II.3, our ppy amplitudes are generated from Horowitz’s
OBE diagrams with OBE parameters, which involve masses, coupling constants and
cut-off parameters for ten "mesons". Our calculations are based on three sets of
parameters developed by Horowitz at 135, 200 and 300 MeV. In these sets, masses are
fixed, while the coupling constants and cut-off parameters vary with energy. However,
our study shows that the calculated pp- cross sections are not sensitive to the variation
of parameters with energy. For example, using the on-shell pyp vertex and three
different sets of Horowitz parameters, the calculated ppy Cross sections at 280 MeV
for (53 , 54) = (12°, 12.4°) give very similar results, which are in good agreement
with the TRIUMF data and most of the results obtained in the potential model. A
comparison between the TRIUMF data and the theoretical predictions calculated using
the parameters at 300 MeV is shown in Fig. 8a. Moreover, we have also found that the
calculated analyzing powers using the three sets of parameters ( and the on-shell pyp
vertex ) yield almost the same results at forward ( ¢7 < 10° ) and backward

( :/,7 > 170° ) photon angles. Thus, even though the ppy reaction samples the NN
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interaction down to rather low energy at forward and backward photon angles, we
believe that our results should still be quite accurate. Specifically, our predicted photon
angular distribution successfully describes the rising of the cross sections at forward and
backward photon angles even for the case of small proton angles. Note that the
existence of some cancellation in the charge contribution (due to two identical protons)
leads to the dominance of the magnetic moment contribution in the ppy process at 280
MeV. This is why the typical quadruple shapes are not observed in most of the
observed pp-y spectra. The controlling factor for the rising cross sections at forward
and backward angles is the magnetic moment of the proton, not the energy dependence
of the Horowitz’s parameters.

The TRIUMF data at 200 MeV have played an important role in our
investigation of the ps-pv problem. This is because TRIUMF's recent cross sections at
280 MeV involve an ambiguity due to the use of a %-nom\alization factor. One should
not only compare the theoretical predictions with the data at 280 MeV but should also
investigate the implications for the other data at 157 and 200 MeV. Obviously, new
measurements in pp-, Cross sections and analyzing powers in the energy region between
200 and 300 MeV could help to resolve this ambiguity. Moreover, the new data could
also be used to determine the parameters C, and C,- It would certainly be of interest
to know if these new parameters are consistent with the set of parameters obtained from
the TRIUMF data, and if the combined data could be used to select the best set of
parameters.

A mixture of ps coupling and pv coupling is a possibility. This however requires

the introduction of another free parameter. More data would allow one to investigate
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this problem.
In conclusion, the off-shell pp vertex must be used in our pp, calculations.
The experimental data, which include cross sections and analyzing powers at 157, 200
and 280 MeV, can only be consistently described by the calculations using pseudovector
coupling and the off-shell pp vertex. More accurate measurements of cross sections
and/or analyzing powers for small proton scattering angles in the energy region between
200 and 300 MeV could be used to resolve the _§_-ambiguity, to check our results , and
to provide more precise data for further investigation of the off-shell proton
electromagnetic vertex and the ps-pv problem. More complete theoretical calculations
which take into account the rescattering term and other contributions are needed in

order to confirm our findings.
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Chapter III

RESCATTERING CONTRIBUTION

The existence of a serious discrepancy between the measured analyzing powers
and the calculated Ag" or Ags at 280 MeV in the region ¢0° < ¥, < 120° ( for
those cases with small proton scattering angles ) is significant and unusual. In this
region, the data show a minimum around ¥, =90° for many cases, yet each of the
calculated curves shows a large maximum peaked near ¥, =90° for the same cases.
To resolve this discrepancy, we have focused our investigation on an important
contribution from the form factor F,. However one might raise the question as to
whether the rescattering term, which has heretofore not been included in our model,
may possibly be the cause of the discrepancy. To answer this question, we proceed with

an investigation of the rescattering contribution.

III.1 Rescattering Diagrams And Amplitudes
As we have mentioned in Section II.1, Horowitz’s model is not a simple OBE
model, i.e., this model is realistic and presumably incorporates iteration effects. The

full iteration scheme for pp- process may be represented dlagramanonally as

O

+ K e~ k + ) e g - (3e4)
SN /T Y

Fig.15. The full iteration scheme for ppy process in Horowitz OBE model.
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where the heavy dashed line denotes iteration. The first four of the above diagrams

correspond to the tree diagrams, while the later two correspond to the rescattering
diagrams which we will presently consider. Hence, the rescattering contribution in

Horowitz’s model comes from four diagrams as shown in Fig.16.

u(ps) u(ps) T(p;) a(p,)
\P: ‘HI‘P.s/ \PJ*Q‘P;/
lp ks St i.ﬂ Ag Yye==t-===v iF
p.—q-K3» 4 p:+q-K
Pi—ad 4 AP2+q
tla ..... >oeeel AT '{a fecadm el AF
/ q \ / q \
. u(p-) u(p,) _ u(p:)
u(P.) (a) p pl (b)
a(ps) a(ps)
P2+q-
i.ﬂ < Ps v
p;—q-Ka
KW rﬂm A p2 +q
Pi ’:q A
Ag femas >l A%
u(py) u(p:) u(p,) (d) u(pa)

(c)

Fig.16. Feynman diagrams for the pp+y rescattering process in Horowitz OBE model.

Using the Feynman rules, we can express the rescattering amplitude for ps coupling as

res(ps) _ ps ps ps ps -
M, -Ma“ +Mb“+Mc“+Md#, (m-1)
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where
ps 5 4 d4q _
M=) Y [ 4{[u(p3,u3))\8iSF(pl-q-K)I‘;esiSF(pl-q))\au(pl,vl)]
a,B=1 v,7=17 (27)

(504170 1 Sx(0y DN U@, ][ 12,52 *2 o) Gy (2 *4 P 2@, @ |

5 4 4
. d - res
iy ¥ 1(21;‘4{[u(ps,vs)xs(m-«-&mwﬂ B, ~d+m)Au Py )]

1 1
l-q-K)z—m2+ie (p[-q)z—m2+ie

-[ﬁ(p4 ) )\‘8(¢Z+q+m) A*u(py ,VZ)] [@

2 22 2 g2
: 4785, g, (P2+4-Py) 47g,, f3,(@ (II1-2)
2 2.: 2 . 2 i ’
(P, +q)°-m*+ie (p2+q-p4)2—m87+1687 qz-ma7+lea1

5 4 4

d - . .

M=Y ¥ | q4{[“<p4,wXBISF(WQ-K)I‘L”ISF(pfq)k“u(pz,”z>]
aB=1y,7=17(27)

: [E(P;; »¥3)AgiSE(P -, u(p, :Vl)] [fgy(P:; +q-py) Gg, (P3+q-Py) fozn(‘l) GQT(Q)] }

5 4
Y T L {[M0m byt Ko e m ATy )

aBel yr=1 12x)*
.[H(ps ,y3))\6(ﬁl-q+m)xau(p[1”1)] l- 21 2 . 12
I.(Pl-Q) -m%+ie (p+q-K)?-m?+ie
2 .2 2 .2
1 478gy f5,P3qP) 478 0@ | | (1m-3)
(p2+q)2—m2+ie (p3+q—p1)2-m827+i63.y qz-miﬁifar
M7, =-ME(3e4), 1
MEL -~ ME(3) s

In the above expressions, ¢ ¢ and €g, Ar€ all positive, infinitesimal, and in

ar?
general be distinct. Correspondingly, the total bremsstrahlung amplitude for ps coupling
is

ps _ ps res(ps) _ pPs ps ps pPs S
Mg, = MP* + M, =M + M2+ Mp2 + MPP + MPP (10-6)
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The amplitude M{’: must satisfy both the Pauli principle and the gauge
invariance condition. Obviously, Mf: obeys the Pauli principle. As for gauge
invariance, since the single scattering term M:s is gauge invariant already ( see Part
A of Section I1.3 ), imposing the gauge invariance condition to Mf’: gives

(M +Mp  + M2+ M) -K* =0 . (-7
This equation tells us that we can choose the p~p vertex in Egs. (III-2)-(1II-5) as
ik

r'*=-_P4s K’. (11-8)

p o O
For simplicity, let
E3@)= (4n)2 g5, 8%, [105.75) A (B ~4+Krm)T° @, ~d+m)Nu(py )|
[80470 M @+ m) N u(p 1) (I-9)
23Q)= 41)2gg, 82, U0y w3 Mg, ~4+mIAu (P, 1))
-[ﬁ(m,w )\6@2+4‘K*m)P;es(ﬁ2+d+m))\“U(p2,uz)] (-10)
and then equations (III-2) and (III-3) become

5 4 4
MPS =i d’q Eps(q)fz (D> +q-D fZ(q). l- 1
i a%zlv.zr;l‘[ @en? l fr Ot l_[(Pl‘Q-K)z-m2+ie]

1 1 1 1
[(py-@)*-m*+ie] [(py*q)*-m®+ie] [(pr+q-py)®~mg, +ieg,] [42-m] ,+icq,]

. 5 4 o .
- . 2
= (2:)4 ;l El -oodqo I_:3 q ;,?s(q) f37@2+q—p4) faz-r(q) .
a,p=ly, t=
I 1 ,
l_[qo*Ko -p ‘\/ (q+K-p)?+m2+ie] [qo*Ko“ptl)*\/(El."'f(-‘E)amz—ie]
L 1

[0°-p7-/(a- P2+ m? +ie] [q°-p+{/(q- P2+ m? -ie]
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1 1
[q°+p5 -/ (@) +m2 +ie] [q°+py+y/(q+ Pp)>+m? -ic]
1 1

(B3B3 @ By P mZ, +iegy] (€433 @ p2+mp, ~icg,)

1 1 : I-11)
- @em2, vieg, ] [q%+ | @Pems, -ie,]
ps i A S 3q 2P
Mg, = o a%;h;l | da j 4*q ') f4, (03+a-py) £2,(q) -

1 1
[[‘I”Pf’-ﬁﬁ_ﬁ—m%ie] [a°-p /(@) +m? -ic]

1 1
[9°-K°+p3 -/ (q-K+pp?+m?+ie] [@>~K°+py+/(q-K+py>+m2-ic]

1 1
[q°+p5-/(qrpp2+mZ +ie] [q°+p; +|/(q+ pp)P+m? -ie]
I 1

[°+p3-P} -‘/(?1353 pem?, +ieg ] [+p3-p+| (@D -ppP+m] -ieg]

l 1
o_ -2 2 . o -2 2 .
qQ +m,, +iey,] [0+ q7+m,  -ie,,]

For pv coupling, the total bremsstrahlung amplitude has the form of

, 11-12)

MFV - Mpv . M;eS(pV) - MPV . MPV + MPV + MP" Md‘::, s (III-13)

where M PY PV pv PY have the ps ps ps
M Mb“ , Mc;:. , and Md“ a same expressions as M Mb“, Mc“ ,

and Md,‘ , respectively, but with '.-.'Ps(q) and : *(q) replaced by "'P"(q) and & (q),
respectively. E'{V(q) and = "'P" (q) are defined as

27" (@= 4m 85, 22, | 5P; NG By -4+ KrmIT L@+ mN, u(y ) |
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-[G@4 rINE @y + 4 MmN u(p, )| (E14)

25'@= Un)gh 22, [50s 49 s B, -d+mIN,u@; )]

- [5@4 v ONP By +d-Kem)T (@, + e mINu(p, ,0,)] (I-15)
where )\L()“/e) are the same as Ao(Ag) except )\/5= _(_24_). X§=)\5
m
By~ -4 4By
amy s D —@em

Theoretically, we can now calculate the total bremsstrahlung amplitudes for both
ps coupling and pv coupling by computing Egs. (III-11), (III-12), (II1-4), (III-5), (III-6),
and (TII-13), and thus obtain the total cross sections and total analyzing powers which
include the rescattering contribution. Unfortunately, difficulties arise when one
evaluates Eqs. (III-11), (I1I-12), (III-4), and (III-5) directly, since the integrands of
these equations have singularities and the integrations will diverge. In the following
sections, we discuss these problems and present a method for the calculation of these

integrals.

1.2 q° Component Integration

The q° component integration is carried out analytically using contour
integration. In the complex q° plane there are a total of 14 poles, among which 10 poles
are from the five propagators while the other 4 are from the meson form factors
f , and fB . Unlike the poles from the propagators which correspond to the proton or
meson being on the mass-shell, the poles from the meson form factors do not have any

physical meaning. Therefore, these poles generated from the meson form factors should
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make no contribution and they are ignored in our calculations. The physical poles in
Eqs.(II-11)-(II-12) completely come from the five propagators. These physical poles

are exhibited in Fig.17.

Imq

o}
d% 45 93 G7 9
xxxxx\ \RC
- X X X X X - q

9 Q
q} qf q3 a5 Qs

Fig.17. Location of the ten physical poles of Eq.(III-11) in the complex ¢° plane.

For the integration of Eq.(III-11)

a1 =P} -K+|(@K-p)?+m? -ies qg=p}-K°-(@K-pp?+m? «iec.

3= P71+ (q-p)2+m2-ie, Q7= p1-{(q-p)?+m?+ie,

S -p@RPemT —ies qy= -py-/(@piem? +ies @ELG
6= BB @B, g, 05 =D§py - @R, icgy
5= Trmg, -ieg, dlo=-{ P+mg, +ieg,
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Similarly, for the integration of Eq. (III-12), one has

Q) = p+/(a-pp?+m? -ie, qg = p7-y/(a-p)2+m? +ie;

/o

af = Ko+ (TR -ppem? -ies @ =Ko-p} -/ @Reppom? +ic.

af = -py+f(@p?+m? -ies  af =-py-/(q+pem? +ie, AT

—_— 2. - = = :
Q=0 B @ BB mE, miegy a5 =D} B3| (@ BB emE, +icg,.

o _ .02 2 . 0 _ -2 2 .
Qs =Y 9q *My, ~1€4 Qo= "y qQ *My, *1€,-

Choosing the contour around the lower half plane, Cauchy’s theorem gives

. 5 4 oo
MP=_1 (-2xi) [ d39q
e (2’1')4 a%;l'y.rzﬂ ,[—m

{( E‘;s(q) fB?'.Y(Pz*‘Q‘P‘t) f:r(q)) q®=q;

1 1
[2[ﬁ5+ﬁ-a)2+m2 -ie] [-K°+/(q+k-pp?+m? - /(q-p)?+m?]
1

[-K°+\(qrk-p)?+m?+|/(q-p)?>+m? -ie]
1

[py+py - K °+/ (@+k-p)2+m2-/ (q+p)>+m? ]
|
[py+p; - K °+/(q+k-pP2+m?+/(q+pp+m? -ie]
|
[P} +p3-P-K° +/(q+Kk-p)2+m 2|/ (q+ By~ P> +mj, +i(egy ~€)]
1
[p‘;+p‘;—p3-K°+,/(E+Y-E>2+m2+\/(E+'5z-34)2+m§,-i(e,gy-e)]
1

[plo-K ° +ﬁ+—k~—a)2+mz- -q.z-bmir +i(ey,~€)]
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[p; +py +|(q-p)*+m? -/(q+p;)*+m?]
|

[Py +Ps +{ (P2 +m? +/(q+Py)% +m? -ie]

1
(P +P5 P4+ (g-p;)>+m> -ﬁ’&ﬁ-ﬁ;)%m; +i(eg, —€)]
1
[P +pPy -p4’ +y(g-p;)?+m? **ﬁ"f*“ﬁ-ﬁ)z*méy ~i(egy ve)]
1
[p +/ (@ p)?+m? - P+m2, +i(ey,-e)]
1
[pfn/(ﬁ'-a)%mz s Q@ +m2, -i(ey,+o)]

ps

(@) g, (02+q-Py) £ (q))qo a

1
[ K°-p,-py +{/(@+pp)*+m? -{/(q+K-p)’ +m? ]
1

[K°-p.-p;y+{(q+Py)?+m? +/(q+K-p)? +m? -ie]
1
[-P -Ps +/ (@ Pp)2+m? -/(q-p)* +m? ]
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1 1
[Py - P2+ (q+ P +m® +/(@-p)?+m” ~ie] 2(y/(@+P,)* +m? ~ie]

l
[-p0+ [ RPem? | @ P-B)? +md, +iCegy-)]
1
(-0 + /(@ om? +| (@Py-P)? +m2, -i(eg, +©)]
1
[-p5 +|/(@* )2 +m? - @ +ml, +i(ey, -€)]

1
[-py +| (T P2 +m? +| @ +m2, -i(ey, +)]
+ (E‘l’s(q) fgzy(pfq—m) ff,(q))qo=q:
| I

[[K°-p‘i B3+ (@ By~ emZ, ~ (@R -pPem 2 +iCe—e,)]
1

[K°-p; ”P%*P:*‘/(E*’Bz‘ﬁt)z*méy + (@ K-p?+m? -i(e-¢g,)]
|

(-pE-pP+p | @ BB+l -G pOTemE +ie-eg,)]

)\

( ‘P[o‘pzo*'P:* y/(?l.+ﬁ-34)2+m§, "‘V(E‘E)Z*‘m 2 —ie+ €gy)]
1

o |~ = = ——
[py+ (@ Pp-p?+m) - [(qrp)?+m? +i(e-ep,)]

1

(03 @ Py-Po?+m2, /@ B)tm? ~i(e +eg)]

1

2 [V/a;ﬁ-f);)z +m§,¥ -ieg, ]
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1

[-Py+Ps+ ‘/(Q*’Pz P2 mg, \/q w2, -i(egr +egy)]

1

[ Pz *‘P4 ‘/(Q“‘Pz P4)2"’m ‘/q “‘m *l(faf“fgy)]

+ ('-'Ps(q) fB.,(pfq Py) f (‘I))q°=q°

1
[K°-p.+{ @+m, -/ (@K-p)2+m? +i(e-e,,)]
1
[K°-p; + Q2+mZ, +(@K-p)2+m? -i(e +ey,) ]
1
[-p +{ +mL, —/(a-p )2 +m? +i(e-¢4) ]
1
-pC | PemZ +J(@ )P +m? -ie+eg,)]
1
[py +| @+mZ, - (@ p)?+m? +i(e-ey,) ]
1
[Py +{ @+m2, +/ (P2 +m? ~i(e+e,,) ]
1

[Py -ps + f q +ma,—‘f(6+?p}-i>;)2+m§7 +i(egy =€qr) ]
1

[Pz P4 \[q +m ‘/E‘P‘Pz P4) +m67 ‘I(EB-Y*f )]
1 (1II-18)

2 [‘/ ?+mif -ie,,]

22(211)]

(21’)4 a,f=1y,r=1

ps _
Mb“
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{( 25°(a) f5, (B3+a-P) far(a)) ©=q’°

1 1
[2[ (@-pp>+m” -ie] [p}+py-Ko+/(@-p*+m’ -y/(q-K+pp?+m?]
1
[p; Py -K °+{(@-pp*+m? +/(¢K+py?+m? -ie]
1

[P +p; +y (@-pp+m? ~/(g+p*+m? ]

1
[P +py +y (@-PP?+m? +[(g+p)*+m? -ie]
1
[py +/ (g-pp)*+m? «/ (E;E-E)hm;, +ieg, -€)]
[0S+ /(@ p)Pem? +| @ -p)tem3, ~ileg +e)]
\
(o + /(@ p3+m? [ Q+m2, +i(egy-e€)]

1
(o] + /(@ pp?+m? +| Q2+m2, -i(eqr+e)]

o= 2 2
{25 Ty @3+a-p) £,@) o s

I
[[K°-p1°-p£+ﬁ3-ﬁ+a)2+m2 -y(a-p)?+m?]
l
[K°-p/-py +{ (@ K+ppP+m® +/(q-p)* +m? -ie]
1 1
2[y/(q-K+py)?+m? -ie] [K°+/(q-K+py)?+m2-/(q+pp)?+m? ]
1

[K®+/(@-K+p)2+m? +/(q+pp)? +m? —ie]
1

[K°-55 -p3+pg (@R B~ | (G Pa- P2 +m2, +i(eg, )]
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1

[K° -3~ +B5 (TR PP om 2+ | (@ By +m2, i(egy -)]
1

[K°-py +{(qRep)2em? - P+my, +i(eg,-€)]
1

[K°-py +(qK+pp)2+m2 +{ Q% +m?2, -i(ey,+e)]

+ ( (q) fB'y(p3+q Py f, (Q))qo=q/

1
[ °-py +/ (@+p?+m? -/ (q-p)* +m?]
1

-py J(‘T"P}_)Z"‘m +/(q-p)? +m? -ie]

[—K°+ﬁq+pz)2+m -/ (K+py)?+m? |

[-K°+/(q PP+ +\/(Q‘K*Pz)2*m -1612[m -ie]
[Py -p - Py +/(q+P;)*+m? -J (@ B-p)?+mi, +i(eg, -€)]
1
[P5-Py-Ps +{/(q+Py)*+m? ﬂ/ (@ B-P)2+mg, —i(egy +e)]
1
[-py + /(@ p)?em? ~{ Q2+m?, +i(ey, )]

1
[-p5 +/(@ ) *m? +| P+mZ, ~i(e,,+e)]

*+ (25 T3, 037a-P) £2:(D)) o s
1

[Py +{ (@ ps-pp?+mg — /(@ p)?+m? +i(e-ep,)]
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1

[P+ (@ Dy-ppP+m2, + ()P em? -i(e+es)]

1

[5+P3-P3 Ko+ (@ By-P?+m2, /(@K -p) rm i (e ¢g,)]
1

[5% +93 B -K°+{ (@ -P?+my, +/@Kp)?vm2-i(e -eg,)]
1

[p1°+p2°-p3°*ﬁ+33 ‘E)Z*”m;,‘\/(zl.‘*-é)z*mz +1(e -GB,Y)]

1

[p‘l)+p2°—p3°+J(E+E -E)Zi»mﬁz,y "’1/(-&"’32)2*"12 -i(e +63,y)]

1

2 1Y (@B-p)2 +md, -ieg,]
1

[plo—p3°+ﬁ+ps p1)2+mB Jq +m +l(ea_r-68,y)]
1

L3+ [qw; Pems \/q om2, ~ieg +egy)]

+ (E5%) £2,(p3+q-p)) ; (q))q., y

[—p,°+¢?+m§,-¢(a’-ﬁ)2+m2 +i(e-€g)]
1
[-p+{ @+mZ, +/ (@ PP +m? -i(e +eq,)]
1
[Py -K ®+{ @+mZ, - [(TR+p)? +m? +i(e-¢4,)]
1
[p5-K°+{ @+m_, +/(q-K+p)*+m? -i(e +e,,)]
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1
[ +| @+m2, -/(@p)2+m? +i(e-e,) ]
1
[py +{ ©+m2, + (@ ;)2 +m? -ie+ey,) ]
1

[ps “Plo ""/?"’mjf 'J(E“'BJ ‘31 )? +m§,¥ +i(€gy ~€qr) ]
1

[P30 'Plo +J?+m§, ﬂ/(a:"sj';l )2 *m;:y -i(eB,y *€yr) ]

1 (111-19)

For pv coupling, the corresponding equations have the same expressions but with
Z7°(q) (E5%(q)) replaced by =1¥(q) (£57(q))-

We evaluate the above integrals in the center-of-mass frame. By making the
transformation g (q + 31) and noting that pl° = p, and 32 =..31 , equations (III-16)-

(I11-19) become

3= 5K+ (+R)2+m? —ie  qo=p-K°-{(@+E)P+em? +ie

-2 Z_i -0 o w2 2

a;=p°l+ g-+m € q7=P;-yq"+m* +ie

B -py /@ em? e G- P (@ em? e 20
43 =pg -p} *\/(3‘34)2*“1;7 -ieg, g = P:‘Plo -V(E-E)Z*mgy *iegy

@ @Rz em? -ie, To= (@R +m2, +icyy
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a0 =} @em? -ic 3= @em? i
5 =k -p}+{ @B2em? —ie TP =K°-p}-V(@B)2em? +ic
ar = @m? -ie 35 = -0} @em? +ic -2

- —— 2 . - —~—— .
a4 =p)-P5 +{(@pp)?+mg, -ieg, Q5 =p]-P; -\/(q+p3)2+m§,, +ieg,

a/5°=\/7(?1.+31)2+m;, —ieaT a/l%= _J(E+E)2+m21 +iem,

—ps 2 2
-, f - f -0 == == -

o

1 1
20y (@ R)2+m? -ie] [-KO+/ (@R em?2-{ @+m? ]

1
[—K°+\/(E+T(.)2+m2+ 32+m2 -ie])
1
[2pP-KO+{ (@K)2+m2-| P+m? ]

1

[2pP-KO+{ (@R)2+m2+| Pem? -ic]
1

o3+ @R em?-| @ ptem?, +i(eg, - )]
1

93+ @R +m2e (@-pp2em?, ~i(eg, +6) ]
1

[pP-K°+/ (E+'K)2+m2-J (@) m., +i(egr-e)]
1

[py-K°+f (‘6+E)2+m2+«/ (T+p)2+my, ~i(eny+€)]

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



po 2 2
+ (210 5,920 @) o0 707

1
[[KO+@+m2 _ﬁ;k‘)z*_mZ ]
1

[KO+{ @+m2 +{ (@+K)2+m? -ie] 2[y @+m? -ie]
1 1

20p0] 2[p +y Pom? -ie]

1

1

[2 Plo ‘P40 +\/7i2+m2 —‘/(E-E)2+m§,y +i(eB,y -€)]
1

[2plo'P4o+J?12+m2 *‘/(E‘E,)z*'m;.y -i(eB,Y-'-e)]
1

[py +V q2+m? -ﬁﬁ+ﬁ)2+m§,+i(ea,—e)1
1

[p; +V @*+m? **/<E+E>2+m§f-i(ew+e)1

— 2 2
+ (,'_-,FI’S(CI) fB,Y(p2+q—p4) f"”(q))q%ig",??ﬁﬁ
1

[K°-2p2+y @+m? -{(@+K)*+m? ]
1

[K°—2p1°+Ja7+m2 +J(E+R’)2+m2 -ie]
1 1 1
o
20-Pil 2[-pP+V @+m?-ie] 2[Y @ +m? -ie]

1
(-0 @om? | @R +mZ, +iCep, )]
1

(-p+V @om? + (@ +mZ, -i(eg, +o)]
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1

[-p0+{ @em? —| (@+P)2+m?, +i(eg,-©)]
|

[-py +Y P+m? +\/(H+E)2+m§,-i(ea,+e)1

— 2 2
+ ( -‘-"‘I)S(Q) fg, (P2+4-Py) f,,(q) ) =10, T+ h

1
[-p5+{ @ p?+ma, ~V(@K)?+m? +i(e-ep,)]
1
[-ps+{ (@2 +mg, +{(q+K)*+m? -i(e+¢g,)]

1
[-2p,+py+| (@ Pp2+m}, -V q2+m? +i(e-eq,)]
i
[-2 P1°"’P4°*V (-51.‘34)2*'“;7 +y ¢?+m? -i(e+eg,)]
1
[pg+{ (@-Po?+mg, - P+m? +i(e-eg,)]
1
[P+ (@ pp>+mg, +| P+m? -i(e+eg,)]

1

2[&2{—@)%"1327 ~ieg,]

|
(-0 +| @ Bo>+mE, +| @+ )2 +m2, ~i(eq+e5)]
l

[—pf+p4°+J <a—54>2+m§.,-ﬁa‘+a>2+m§, +i(ey, -, )]

— 2 2
+ (;?S(Q) fB_Y(p2+q—p4) faT(q))q%a;.-q.-':f*E
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1
[Ko‘Plo*"/(E*‘-l;[)z"‘mif -y (zl.“’f(.)z*'m2 +i(e-€y,) ]
1
(K°-p2+f (T p)Pem2, V(@R +m? -i(ee,)]

1
[-p0+| (T +m2, \/+m2+i(e-em>1

—p1°+ﬁ5+31)2+m§, +w/??+m2 —i(e+ey,)]
1

(0 +| (@B FemZ, P rm? +iCe-eg)]

1

(o, +\/(7f+31)2+m§, sV @em? -i(e+e,,)]

1

[P -Ps + ‘/(q+p1)2+m \[q P emg, +i(eg, ~€qy)]

l

[ P4 ‘/V(Q“P])Z"'m ‘/1‘[’4)2*'“37 ‘1(637*'6&1)]

l

2 [J(E+31)2+m§, ~ieg,]
ps 1 5 4 .
My, = d*q
o)’ a%:ﬂy;l L”

{('—'ps(q) fB'Y(p3+q pl) (q)) o_—=/0 — — =
=q

1 1
21y @+m? ~ie] [2p°-K°+/ @+m? ~(q-K)2+m?]
1

[2p-K°+{ @+m? +{(@-K)?+m2-ic]
1 1

o
2[p1 ]2[p1°+‘,a-2+m2 ‘iE]
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77
1

[py +V @ +m? —«/ (@ p)2+mj, +ileg, ~€) ]
1

o2+ @+m? +| @ Bp2em2 -ife, +e)]
1

[p? +V @rm? (@ B)2em?, +iCey -)]

1

[ +V +m? +J(E+E,)2+m§, -iegrte)]

* (2@ f5, a0y 1, @) oo, 7o7em
1

[K°-2p +{(q-K)*+m? ~f @+m?]
1

(K°-2p+{(GKp+m? +{ Pem? -ie]
1 1

20/ @R)?+m? -ie] [K®+{(GRP+m? — P+m?]
1

[K°+y/ (-K)2+m? \/q +m? —ie]

-0+ (@R —J@a)’-méy “i(eg, o))
1

[-pg + (@R)2em? +|{(@R)2 +m2, -i(eg, +e)]
|

[Ko'Plo"'V (E‘k.)z*’mz ‘\[(El."’a)z*mj,-*i(ea,r-e)]
1

[Ko-p?+V (@R)>rm? +| (@32 +mZ, -i(eq,+)]

* (25 f5, @3+ap0) (@) o v X
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1 1

2(-p,] 2[-p/+V @+m? -ie]
1
[-K°+ @om? -/ (q-Ky?+m? )
I 1
[K°+{ @em? + (TP +m? -ie] 2[{ P+m? -ie]

1
(p2-2p0 { @om® | (T +m, +ileg )]
1

(5 -2 o Pom? + (@B +mE, -i(eg, +6)]
1

[-p, +V @+m? -\/(E+E>2+m§,+i(ea,-e)1

1
(-py +f @em? o (@ P2 em, ~i(eg,+e)]

+ (25 £, 0s+a-py) £2,()) =35 T

1
[-p5+| (@ Bp2+mZ, -V P+m? +i(e-eg,)]
|
[-p+{ (@ P> +mg, +V @+m? ~i(e+eg,)]
1

[P4°‘*J(E*33)2+m§., “/(E‘K)2+m2 +i(e-eg,)]

1
92+ @B +m2, +V(@-R)>+m? -i(e +e5,)]
|
[2p0-pS+| @ P>+m3, - Pem? +i(e-ez)]
1

[2 p?-p;ﬂ/@?p;)%m;, o @em? -i(ereg))]
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1

20y (@32 +mE, -ies,]
1

[plo-p3°+ﬁ(‘l.+a)2+m;y +‘/(E+Fl)2+mir —i(eqr *€gy)]
1

[plo-p3°+ﬁl.+b;)z+m321 _‘/(E+Bl)2+mif +1(€y, -EB,Y)]

*+ (28 G5y @300P) (@) o re 2703
1

[-p1°+‘/a.+31)2+m§1 —v Ef’wmz +i(e-em)]
1
0@ RemE, | Rrm? -i(erey)]

1

[p1°-K°+\f(E+E)2+m§., -V (@K)?+m? +i(e-¢,,)]

1

[p{’—K°+\ﬁE+E)2+mj, +V (K)2+m? -i(e+ey,)]

1

[pf+/(6+'51)2+m§, VPem? +i(e-ey,) ]

1
[pf’+s/(E+B])2+m§, S Pem? -i(erey,)]
1
y-pp* fq+p1)2+m J(q+p,)2+mﬁ, +i(egy —€gr) ]
1

[Py -py + ‘/(q+p1)2+m ‘/(q+p,)2+mﬁ, -i(egy +€4r) ]

1 . (111-23)
20y (@B +m2, -iey,]
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For pv coupling, the corresponding equations have the same expressions but with

2% (q) (E5°(q)) replaced by ZPV(q) (25'(q))-

IOI.3 Convergence And The Meson Form Factor
Before performing the integrations in (III-22) and (III-23), we examine the
convergence of the above equations using power counting.

From equations (I1I-22)-(III-23) one can see that the denominators all have the

form of either (g—°+J(a‘_"',‘l)2+g-12 +J(‘€_;‘2)2+(§ ) or ( fo*‘,@-‘:’})z*’ﬁz
—\/(—q.—_‘;ﬁz*-f'g ), where ¢ (i=0,1,2)and v (j=1,2) are constants and

constant vectors, respectively. When |q| becomes very large they act like |g] or
y lq ry | qf

| q|®- Therefore, for large |El'| the behavior of the five propagators is __1._5 , wWhile the

quantities E‘;s(q) and zgs(q) are of the order of |g|3, and E‘;V(q) and gzv(q) are
of the order of |a‘|7.
From the definition of the meson form factor (II-8¢c) and using a similar

analysis, one obtains the following large |a'| asymptotic behavior for f.(q) >

fg,(P2+q-py) > and fg,(P3+q-py):

l_:lr, for °#q5 or q’<
f,.(q) = (111-24a)
for q°=q5 or q’y

lq|
1 for q° = q,
Tal’
£, (P2 +q-DPs) = | . (I11-24b)
—, forq°=gq,
|ql°
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- 1

T%T’ for q°#q’'y ’

fB‘Y(p3 +q-pl) e (I11-24c¢)
, forq°=q’,

1
Iql°
As we shall see in the next section, the two form factors fjf and fBZY will become
constants ( |"|°) on the hyperbolic surfaces a‘;_a‘; =0 and a 4 q p 2 =0. So for large
|q| » the integrations (III-22) and (III-23) behave like |"|3 |"|3 | | _ljl.s = |4

q
and therefore the rescattering amplitude for ps coupling will diverge. Similarly, the
rescattering amplitude for pv coupling will also diverge in the form of
— 5 . . .
Iql3- Iql7- = |q|°. In fact, our numerical calculations verify these
i‘s |'1
conclusions. Thls divergence problem comes from the unbalanced behavior of the five
propagators, i.e., only the two meson propagators have the form factor in Horowitz's
model, and this situation makes the contribution of the meson form factors in the five
. ~ g o .1 1
terms of equations (III-22) and (ITI-23) quite different: ——g 1N the first three terms and —

| q] lql
(or 1 on the above two hyperbolic surfaces ) in the last two terms. In order to

Tal®
circumvent this divergence problem, we need to modify the meson form factor. The
most convenient way to modify the meson form factor is to use the conventional
nonrelativistic one which removes the unbalanced behavior and becomes the relativistic
one for elastic cases in the c.m. frame. In fact, Horowitz used the form of the
nonrelativistic form factor in his original paper [35]. The nonrelativistic meson form

factor has the form

@ -_A (I1-25)
q*+A?
Correspondingly,
3 AZ
far(q f (9 = ——12- ’ (I11-26a)
Q%+ A,
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2
- — o —t A
fg, (P2+q-Py) =fg, (P2+q-Py) = ———— , (I11-26b)
2
(p2+q—p4) +Aa1'
— AZ
fo, P3+q-Pp) =fg, (Py+q-py) = ———— : (1I1-26¢)

(By+a- P2 +AZ.

1

T

Using the modified form factor, the rescattering amplitude for ps coupling

For large |q|, all are of the order of

behaves like |'§|3.|Eﬂ3.rl‘l_g. | ll = TITP and for pv coupling like
q q q

1q®-1q7-_L ._L_ - _l . Therefore, they are all convergent. In the following

[qa® T Tal
discussion, we will use the modified meson form factor.

.4 q Component Integration

The evaluation of equations (IT1I-22)-(III-23) is not so straight forward due to the
singularities. We first analyze the singularities and then use an identity to derive an
expressions for these equations which can be evaluated.

A. Singularities of the Integrands

Upon examination of the denominators in all five terms of Eq. (III-22), one

finds that the factor [K°-2p‘l’+ ‘/'?F +m?2 + J(E+ﬁ)2+m2 ] and [-p’+ q?+m?] in

the third term, [—p(:+p:+J(—q.—34)2+m§_y —\/(E-&-E)zd-mir] in the fourth term, and

[p‘;—pg+ﬁa+-ﬁl)2+mgf “/@.‘34)2*"1;7 ] in the fifth term can be zero. So the third

term has singularities on the elliptical surface [K°-2p] + «/5'2 +m? + \/ (q+K)%+m? ]

=0 and on the spherical surface [—p1°+\/2{2+m2] =0, and the fourth and fifth terms on

the hyperbolic surface [-p‘;+p‘;+‘[(}f.34)2+m§7 -J(E+§l)2+m§1 1=0. Similarly, for
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equation (III-23), the second term has singularities on the elliptical surfaces [ K ©-2 pl°
W@ RPem2of@em? 120 and  [Ko-pP+/(@R)*+m? @G p)?+m?, 1=0,

the third term on the spherical surface [ -pl° +Y @2 +m?2 ]=0, the fourth term on the

hyperbolic surface [p‘; -p‘; + ‘/(’(1133)2 - m?éq - J (E[Jp'l)f’-*. mozn 1=0, and the fifth term on

the elliptical surface [p1° -K° H/(?q‘afﬁ)z +m§T -\/(E-f(’)z +m? ]=0 and the

: - - 2 - y S
hyperbolic surface [p,’ -p/’ +¢[(q+ p)2+m, -‘/(Q* Py)? + mg, 1=0.
We do not need to consider all of the singularities in calculating the integrations
. . .\ . — .
since the singularities which occur on the surfaces qi-q; = 0 or q/i -q’; = 0 are
removable [47]; i.e. the respective pole contributions are of opposite sign and cancel.

We refer to these kind of singularities as spurious singularities [48].

B. Resulting Expressions

For a real function F(x)

—_, if there is no real root for F(x)
| F(x)

- II1-27)

i d(x-x
F(x) x1e P( ! ) Fir (x=%o) , if there is a real root x, for F(x)
FO° F o

where P denotes the principal value.

Using the above identity, we have the following equations
1

[K®-2p% +{ @ +m? +{(Q@K)? +m? -ie]

-p [ L +ira(|E’l-Q)—Di—| 1192
(ko253 Pom? V@R om? !
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o
1 _ 1 . P -
[‘P?*-\/aTmz-ie] - {_974- 2 +m? o Inl 9= tnl)
1
[-p‘;+p1’+ﬁ-’ﬁ4>2»~m§Y -J(E+E)2+m§, +i(egrmeg, )]
_p 1

N A )

-ixé %:—p?+‘/za_34)2+m§7 —J(E+'51)2+m§1 ]

1

02 -pS +| T+ B +m2, - (T-BP +m3, +i(eg, ~€xr)]

1

[-p+p¢ +{ (@-B)>+mZ, | (T B2 +m2, +ileq -¢5,)]
|

P ep | (G-pPemE, <@ pPem?,

=-P

+ixéd [—p1°+p4°4»‘/(21-—-{);)2«4—m82,y -ﬂa.+51)2+m02ﬂ ]
and

1

[K®-2p° +{(q-R)2+m? +{@+m? -ie]

1 . -
=P +ix8(|q"] -Q)
K°-2p +V (T-K)*+m? +{ @ +m?

|D,|

1
(K- p3 +{(T-K)2+m? | (@R +ms, -i(ey-6)]
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=P

1
K®-p; +V (3-K)2 em2 |/ (@+ P2 +m?,
+ixd [KO_ploﬂf(a_k'):’-_,_mZ_‘/(E_.,E)Z‘_mir ] 1-33)

N -
—3d - (II-34)
11|P1| (l'dl-Ipl)

1 1
=P +
[-pP+y@em-ie] l-p?+\/?1'2+m2

1

(D0 -p5 +| (T P2 +m2, | (TP +m2, +i(eg —egy)]

1

=P

b D3+ @ B emZ, ~{(@Bp2em?,

-ixd ﬁ)lo —p3° +‘[(E+33)2 +m ;Y _@;b‘l)z +m02rr ] (@I-35)

1

[p-K° +| (@+p)2+m, ~{(@-K)+m? +i(e-eo)]

1

[K® - p} +//(3-K)? +m? -J(E+B,)2+m§, -i(eg-€)]

1
K°-p$+\/(a‘—ﬁ)2+m2-«/(?1‘+E)2+m§,
-ixd [Ko—pl°+m— (E+_51)2+m21 ] (-36)
1

[ -pC+| (T+ 7)) +m2, —f (T Py)>+m2, +i(eg, )]

1

[p1°-p3°+«/(?f+3,)2+m§, -J(E+‘6,)2+m§, +i(egr=€gy) ]
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=-P 1

b -py | (@ B2emZ, (@ PpPem?,

+ixd [plo-p;ﬂ/arsj)z#-mﬂzv -J(E+E)2+mjf ] {@-37)

where

1 ! /1 - -
qx=—K; [qux"'Kx(qz_EKo)] , q”‘ = |q/| sinf cos¢

/ -
1 qy=qy ) / = |'q/| sin@sin¢ @39

[‘ qu +K (qz —Ko)] qz |'q’| cosd

1 " n o1 -t .
=E—[ qu-Kx(qz—EK°)], q,/(/ = |q”| sin@ cos¢

" - g
1 9y =49y > q;/ = |q”| sinfsin¢ Q-39

1 /] no1 n" -
qz-E—g [qux—Kz(qz_iKo)] ’ q, = |q”’ cosé

o - 2P0 KI{p2pP-K ) -m?) @0
‘ﬁ2plo -K °)? -K°2cos?g
2p1-K)(Iq] ‘%K °cos 6)+K°cosd | |q’|*sin0+(| /| cosﬂ—_é.K°)2+m2
Dl=

J (1'q’|3sin260+(| | cos0+% K°)? +m2)<|6’|Zsin20+<IE’Icoso—%K°)2+m2)
(I11-41)

@p}-K)(1q"| -+ 5 K®cos0) +K°cos |?{”|Zsin20+(|E”|coso-%K°)2+m2

D2=

j (19| Psin20+(| 9| cost+ £ K2em?) (| §”|25in28+(| 3| cosd -1 K2 +m?)

(II1-42)
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Substituting equations (III-28)-(111-31), (T11-38), (I1I-40), and (II1I-41) into

equation (III-22), and noting that the part in the fourth term with the factor

with the factor 1,—5[ Pl +p4 J(q-p“) +m&y ‘/(‘I*Pl)z*’m ] and furthermore that

the sum of the respective principal value part of the fourth term and the fifth term
yields a smooth function ( the singularity on hyperbolic surface Q4 - Qs = 0 is a spurious

singularity ), we have

5 4

mPs - _L d37 (2% T2 (5 f e —— =
¥ e a%zl'y,rzﬂ I'w {( 1(@) B'y(pl by “’(q))Q°=q|-q-'q+p1

l 1
[2[¢(E+E)2+m21 [-K°+y (@B em2-{ @+m? ]

[-K°+\/(E+k)2+m +{ @+m?

[2p°-K°+ \/(q+K)2+m2 V@+m? ]

[2p1°—K°+»/('q‘+K)2+m o @em?

[2 pf’—pf-K°+f(?q‘+'Kf+m2-‘/ (@p?+mz, ]

[2p{-p{-K° +ﬁa‘+lﬁ>2+m2+\/ (@-pp?+m, ]

[pP-K°+{ (@R +m?-{(q+py)2+m2, |
1

[p- K +y @R +m2ey (3> 7)) 2+m>, ]
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I ( ps(Q)f Pz'qm)f,(Q)) - — -
B'y a q -qz 9+ Py

1
[[K°  @em? - (@K)2+m? ]

1

(K°+ m? +»/(E+R‘)2+m2 120y @om? )
1

20p1 T 20p+| Pem? ]
1

- = 2
[2P1°‘P4°"‘\[El-2*’m2 “/(Q‘P4)2*m3-, ]
1

[2 P[o"P40*JEl-2*m2 “J(E"a)z“'m;-y ]
1

(o« Pem? -{(q+ )2 +m?, ]
1

o+ Pem? +|(T+p)2+m?, ]

+ = PS +Qq- - -
(=%a) T5,(Pr+a-p far“l))q °-38, IR
1

[K°-2pC+ ‘/q+m V(@K +m? ]

| 3

[K°—2p1°+JE?+m2 A (@R +m? ]
1 1 1
o
2P 2 [-pf @ em? i) 20/ P em? ]

[-py +‘Fq-2+mz 1‘/(5‘5;)2 +m§., ]

[-pS+V G2+m? «1‘\/(?1'-133)2«*@37 ]

[-p7 +/ @em? - (@ B2 +m2, ]
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1

- - 2
(-7 +V +m? *‘/(q*ﬁ)z*mar] on |q =] and || =Q

+ (-‘-"TS(Q) fg, (P2*q-Ps) f“"(Q))q%a;.;-';*‘E
1

[K°-2p°+{ @+m? —{ (@K)2+m? ]

ixd = _ 1
ird(|q’ | Q)—Dll

1 1 1
o
2[°p1 1 2[—pl°+v-q-2+m2 -ie] 2[ a-z+m2 ]
1

[-p¢ + P+m? -1/ (3-Pa)? +mg, ]

[-p¢+V @+m? I‘/(E-ii)“m;, ]

[-p +V T+m? -«/(E+E)2+m3,,1
1

[-p7 +V @om? (@2 +m2, ]

- 22— == 72—
+ (-'LF;S(Q) fgy (P2+q-py) fa,—(Q))q%a;';_,;;‘;l
1

[K°-2p1°ﬂ/?f2+lmz V(@) +m? ]

[K°-2p2+{ @+m? +{(@+K)2+m? ]
1 p/

— ira—ll-—é(IQI - ml)
2[-p’] P
1

[-p +V P+m? -«/ (G-p)?+mg., |

1

2[Yq?+m? )
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1

- — 2
(-0 @om? o G2 m, )

[-py +V @+m? (@72 em2, ]
1
[-p. +V @+m? +f(T+ )2 +m2, ]

=PSs T2 T TN T
+ (20 T, BT T2D) o2 2omn

1

[K°-2 p1°+p4°+«/ (q-py?+mg, V@B)?em? +i(e-eg,)]
1

[K®-2p2+pg+{ @-Bp?+mZ, +V(@RZ+m ~i(e + ¢g,))
1

[-2pPepg+| @-B2+m3, -V @+m? +i(e-es)]
I

[‘2P1°*P4°+‘/(?l.‘64)2+m327 +\/€2+m2 -i(e+eB,Y)]
1
[p,+y (@-ppP+mj, -V @+m? +i(e-e,)]
1
[p:*V(E—;4)2+mﬁz_y +y 21-2+m2 -i(e +eB,Y)]
1

20y (@B +md, -ieg,]

1

°.J(a-3. - = 2 .
[-P; *Pq +‘/(q-p4)2+m§., +\/(q+p1)2+ma, ~1(€qr +€gy )]

1

C-peps+| (@-pp?+mj, -J (Q+P)*+me, +i(eg ~egy)]
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+ ('-ps(Q) fB-y Pz'*Q’ 4) fa-,(q)) O Sy
1

(KO-pO+y (@ p)2em?, —V (@R)2+m? +i(e-ey)]
1

[KO-pP +{(T+P)>+m?, +/ (@R +m? -i(e+e,)]
1

-p1°+ﬁ’6+7p])’-+m§, @ em? vi(e-ey)]

\/7q+p1)2+m \/_2+m -i(e+e,,)]

D0+ (T+7; Fem?, -J?mm(e-emn

1

[p1°+/<E+E)2+m§, + Prm? -i(erey,)]

1

—_ — 2 —_—— .
[p1°-p4°+t/(q+p1)2+ma, —tﬁq-p4)2+m32., +i(egy ~€qy) ]
1

[ Py + \/(q+pl)2+m f‘I‘P‘z) *’mg-y —i(egy *€4r) ]

)\

20y (@7 em?, -ieg]
5 4

- Ly ¥ [T {("Ps(q) oy (B TB0 T2(D) o

(21’)3 a,B=lv,r=1 ®

Q"‘I*Pl

l 1
Ln/(a‘»ri)%mzl [-K°+{ (@B)2+m?-{ @+m? ]

[-x°+\/<a‘+k>2+m o @+m?

[2p -K°+ '/(q+K)"+m2 V@+m? ]
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I

[2pC-KO+y (@R2+m2+| @+m? ]
1

[2p7-ps-K O+ (E+R’)12+m2-J @ p*+mg, ]

29093 K +{ @R em+| @0+, )

[p;-K° +‘/(H+f<')2+m2-‘/(&'+ﬁ)2+m§, ]
1

[p;’-w+J<a+i>2+m2+J<a+a)z+m§, I

(Z9(Q) 5y (@D far(@) o s e
1

[ fq+m (@R +m? |

[K°+\/-(i2+m2 +J(E+k‘)2+m2 120 @?+m? ]
1

o
2[P1 ]2[pl°+ ?-«—mz ]
[2p; -py +V ¢*+m? -‘/(3-51)2+m§, ]
1
[2 plo—p4°+Ja-2+m2 +J(E_E)2+mﬁ2‘y ]
1
[+ @em? -y (G+P)2+m2, ]
1

(0 + Pom? +|/(@+B)2+m2, ]

* (2P 5 TR 12 (D) oo zomm
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1

[K°-2 pl°+p4°+t/}zl.--];4)2+m32,y _J(21‘+'I'(')2+m2 +i(e ‘53,,,)]
1

(K°-2p+pg+| @-B02+m2, (@R +m? i(e+eg, )]
l

[-2p{’+p4°+;/(?f—34)2+m§1-\/'q'2+m2 +i(e-eg,)]
1
[-2 p1°+p4°+\/ (21.—7p1)2<rm‘32,’r +V @?+m? -i(e +eg,)]
1
[pg+{ @ PP +mg, -V T+m? +i(e-eg,)]
1
[p5 | (@-P?+ma, + @+m? -i(e+eg,)]
1

20(G-pg)? +m2, -icg,]

)
(PP +pg +| @R +mE, + (T Bt em2, =i(egyeg,)]

1

[—p1°+p4°+‘f(?i—34)2+m§, @ Pm?, +ileg-es,)]

+ (,:,Fl’s(Q) fg., (P2*+q-Pg) f“’(q))q°=6;’,?’r-a‘¢3,
1

[K°—p1°+\/(i'+'51)2+mj, V(@R +m? +i(e-e, )]
1

[K°—p1°+~/;a.+a)2+ma21 +V(E+f(-)2+m2 —i(e+ey,)]

1

['Plo*‘\/(a.*';l )2+m02,, -y :1.2+m2 +i(e-€,,)]
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1

[-p+y (@ep2em2, +f @ rm? -i(ere,,)]
|

[pl°+&ff+317+m;, -V @+m? +i(e -€,.) ]

1

(o7 +{ (@ B2m2, +/ P om? -iCere,)]

1

[py —p4°+\/ (q+p)?+mZ, —«/(E—ﬁ)“mﬁ, +i(egy ~€ar) ]
1

[0 ~p¢ +{ (T B)Pem?, +{ (T2 +mB, ~i(epy*eur)]
1

20 (@B em?, -iey,]

5 4
1 o _ — - SR — —
* IR K O R A R ) PP S
1

[K°-2p1°+J?iz+m12 V(@K +m? ]

[K‘;-zp1°+w/?i’-+m2 o (@K)2+m? ]
1 1
(o]
2[-p,] 2[-p1°+1*/?1"'+m2-ie1 2[Vq?+m? ]

[-p0+V Pem? -l«/(i‘-ﬁ)z+m§., ]

T g

(-pp +f Pom? - (G B2+, 1
1

[-pp +V @om? (G B2 +m2, ]

on [q] =|p| and |7 =Q
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x

4
21 jdo[ do (2%%(q) T2, (3y+a-P) £2.09) R

Mm

(211’)3 a,B=17,

1 |'q’|% siné
[K°-2p0+{ @+m? -y (@K)?+m? ] DAl

1 l 1

o
2[-p,’] 2[-p1°+1 ¢®+m?-ie] 2[Y +m? ]

(-p+{ Pom? — (GR)2omg, |

[-p¢+| P+m? T/(E—ﬁ)"+m§7 ]

-p +V @+m? -«f@ﬁ)“mi,]

1
N e | B

. 4
+ Iy % [0 [de (2@ TG R TAD) e 2mis

9°=q3, q=q+p

1 |'p|2py sind

- = 2
[Ko—zpl \/q +{n -J?q+K)2+m2 ] lpll

(K°-2p{'+ \/q+m A/ (@K)2+m? ]

20-p01 2@ em? )
1

[-Pg "\/7?1.2*'“2 -1«/(?1'-3;)2 +m§7 1

(-p+( @om? | GR?+m, |

[-p0 + Pom? - (G2 +m2, |
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1 1 (Im1-43)
(-0 @om? + (G2 em? ]J -
! ar ] 4 =iml

Similarly, substituting equations (III-32)-(III-37), (III-39), (III-40), and (III-42) into

equation (III-23), we have

S 4
Mps-_ L 433 T2 (s £ e
e Qx)° a%:lvzr;l L" {( (q) 3-,(93 q pl) m(q)) =q'1, aq+py

1

2n/21'2~~m2 1 [2p°-K °+f @+m? ~{(G-K)2+m?]
1

[(2p] -K°+{ @+m? +/ (@R)?+m?]
1 1

2[p1]2[p + ]

[py +V ¢*+m? -1‘/ (g+p?+mg, ]

[py +V G2+m? }/ @P2em2 ]

b+ @em? -{(T+P)2+m?, ]

1

p? +V Pem? +| (G +m2, ]

(~PS(Q) fB.,(p3+q Pl) f‘"(q))q°—'q’ 55

1 1

2[-p1°] 2[—pl°+ a-z+m2 ]
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1
[-K°+Ja7+m21-J(a-k')2+m2 ]

[-K°+| @+m? +‘/1(E—K)2+m2 120 @em?]
[p3°-2p1°+~/?1’+m21 -J(E+E)2+m§, ]
[p5-2p{ +V @*+m? o @B eml, ]
[-p{ + Pem? —l‘/<i‘+b’.)2+m§,1
o7+ @em? + (@ R)2em2, ]

5

on |q| = p]

-

4 o s - — —— — —
+ Ly v (o3 {(zg(q) oy P+ 8 £ (D) o210 =

(21')30.8 =ly,r=1

p 1

(K°-2p+y (-K)2em? - @ +m?]
1

[K°-2pL+{(G-K)2+m? +| @+m?]
1

1
21V @K)?+m? 1K +/(qK)*+m? -y @+m?]
1

(K +{ (Ky2em? +| @+m?]
1

[K°-2p. +ps +{ (§-K)2+m? -‘/(E+?p‘,)2+m§, ]
1

[Ko-2p0 +pS+| (GR)2+m? +{(G+p)*+m2, ]
1

(K °-p +V (q-K)?+m? -J(E+E)2+m§,1
1

[Ko-p?+|(G-R)2+m? +|(q+P)2+m?, ]

on {9”=Q
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S \F2 = = = T2
(25 5y BT (0 (D) o gre 7703

1
(-pef @ pyremd - Pom? ]
1
(-py+{ @Py>+ma, +V @+m? |
1
[2p;-py -K °+{{ (@ +mj, -V(q-K)?+m? ]
1
[2 plo _p30_K °+v (E+E)2+m327 + (E_'[-(.)2+m 2 1
1
- = 2
(290 -p2+| @ Py2+ml, - em? ]
1
(2 P?‘Pg.o“‘v (E*E)z*'mﬁz,y +f ¢?+m? ]
1

20y @2 +m, ]
1

(07 B3| @B +mg, «| (TR omZ, ]

1

[p7-PS +| @ BP+mZ, - @+ P)>emZ, ]

+ (25 T3, 3+ 3R F2,(D)
1

q°=q’g, e=q+p;

[_p1°+J(E+E)2+ma21 -V q +m2]

1

['P1°*\/<3+E)"+m§, +{ @+m?]
1

lp1°-K°+/ (@+n)*+ms, -{(q-K)?+m? ]
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1
[0-K°+| (T+p)2+m2, +|(T-R)?+m? ]
1
(o0 +{ (@ B)?om?, - Pom?
1

[pl°+ﬁa.+a)2+m§1 + 21'2+m2]
1

(b2 -p{ +{ (T PPem?, —f (@B +m2, 1
1

[ps -p,+ /(q+p1)2+m \/(q+p,)2+mﬁ,1

20y (@+p)? +mg, |
+ ir i é 1d0 2’(.1¢ -(—-Ps(q) f ( +q )f (Q))
(27)3 0!'3=1'y,-r=1L L 8v\P3 P tys -8, oy

1 1'q”)? sin6

[K°-2 Plo \/(H—f(.)2+m \/ +m?] D,

2[\/(q—x>2+m 1[K° »/(q-K)2+m V@+m?]

[K°+\/(?1‘-E)2+m2 o @em?]

[K°-2p +ps +V (T-K)2+m> -«/ (q+p3)? +mg, ]
1

[K°-2p; +py +{ (§-K)?+m? +\/(?1’~~?1»3)”'+m§7 ]
1

[K°-py +V (TK)?+m? -J(E+E)2+m§,1
1

[Ko-pP +(@Ry2em? +{(q+p?+mZ, ]

191 =Q
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+ T 5 5 Pao Pls (250 T2, Geam @
) 21]: L ¢ [( 2 (Q) fg, (P3+q-py) faT(q))q°= -

Qx)hB=ly, a5 T
1 lq)%p/sind
2[-py1 21wl
1

[-K°+{ @+m? - (G-K)?+m? ]
1 1

[-KO+| @+m? +/(GK)P+m? ] 2[{ @ +m?]
1

p5-2p7 +V Pem? | (@32 +mZ, ]
1

(p5-2p + @+m? +| (G52 +mZ, 1
1

[-py +V @em? —J(E+‘f>',)2+m§,1

l : (111-44)
[-p0+ Q+m? +J(’cf+ﬁ)2+mf;fl S

III.S Bremsstrahlung Cross Sections And Analyzing Powers

The amplitudes M{’: and Mf‘:’ given by Egs. (III-6) and (III-13) can be used

to calculate (i) two different pp, differential cross sections, "F;p‘y( =
d’0{*1d03dQ,dy., ) for ps coupling and P (= d%?"/d2;dR,dy, ) for pv

coupling, and (ii) two different analyzing powers, Af; for ps coupling and Atp; for
pv coupling. The expressions for these cross sections and analyzing powers are the
same as Egs. (II-52), (II-53), (II-55), (II-56), (II-59), and (II-60), respectively, but with

ps(pv) ps(Pv) ) ) i
M7 and MP replaced by M:’:(P" and Mf:“"’ , respectively.
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III.6 Results

The differential cross sections oP®

pv : ps
topy and Crppy’ and analyzing powers Aty and

Af;' have been calculated. Since the calculations of these cross sections and analyzing
powers are much more complicated ( it took about 1000 hours to get a single curve on
a Pentium 200 PC ) than that of the single scattering case, we just calculated gtpw

tpw APS and Af;' for (53,54) = (12°, 12.4°) at 280 Mev. As a demonstration
of the rescattering contribution in the pp~y process; however, one set of calculations is
enough. The reason for choosing (53 , -54) = (12°, 12.4°) is that the most significant
discrepancies between the measured analyzing powers and the calculated ones at 280
MeV occur for small scattering angles.

In Fig. 18, we show four different cross sections (g:;, o'g;;y, g{’;w and
aby,) as functions of y_ at 280 MeV for (85,0,) = (12°,12.4°). All these cross
sections are calculated using the on-shell pyp vertex. The calculations with the
rescattering term [ o' (dotted curve) and ¢ P" (dash-dotted curve) ] yield almost
the same values as those without the rescattering term [ gPs (dashed curve) and gpl‘;y
(solid curve) ], except for the forward and backward regions (Q S\(‘y < 30° and
150° 5\/,7 < 180°). The contribution from the rescattering term enhances the cross
section in these two regions and it slightly changes the overall agreement with the
TRIUMF data [7], which include the %-normalization factor.

In Fig. 19, we present four different analyzing powers ( Ags, A;", Af; and
Af;,') as functions of ¥, at 280 MeV for (53,64) = (12°, 12.4°). Again, all curves

are calculated using the on-shell pyp vertex. The contribution from the rescattering
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term [ Af; (dotted curve) and Af;,' (dash-dotted curve) ] does not improve the
agreement with the TRIUMF data [7]. Like the calculated analyzing powers without the
rescattering contribution [ A;‘ (dashed curve) and A;"' (solid curve) ], Af’; and AE’;
also give a large peak in the region 60° < ¥, < 120°. This shows that the rescattering
term is not the major cause of the existing large discrepancy between the calculated
analyzing powers ( AS‘ and A;" ) and the data in the region 60° < ,/,7 < 120°.

In order to demonstrate that the discrepancy can be resolved if we replace the
on-shell pyp vertex by the off-shell pyp vertex, we have calculated both cross sections
and analyzing powers using the set [, parameters ( off-shell p,p vertex, see Table II
) and pv coupling and shown our results in Figs. 20 and 21. The calculated cross
sections at 280 MeV for (53,64) = (12°, 12.4°) are shown in Fig. 20. As expected,
the rescattering term enhances the cross section in the forward and backward regions.
In the region 30Q° < ‘l’v < 120°, on the other hand, the dashed curve ( with the
rescattering term ) and the solid curve ( without the rescattering term ) give almost
identical results, which are in good agreement with the TRIUMF data. In Fig.21, we
present the calculated analyzing powers at 280 MeV for (53 , 54) = (12°,12.4°). The
dashed ( solid ) curve is the result calculated with ( without ) the rescattering
contribution. Since the off-shell pyp vertex has been used in both calculations, the
agreement with TRIUMF data is good for both cases. In other words, the large
discrepancy between theory and experiment disappears in the region 30° < ¥, < 120°.
The rescattering term has a significant contribution. It enhances the second peak of the

spectrum and changes the overall shape to be in better agreement with the data.
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Fig.18. Coplanar ppy Cross sections d3g/dQ3dQ 4d¢7 as functions of ¢7 at 280 MeV
for f; =12° and 4, =12.4°. All curves are calculated using the on-shell pyp vertex.
The dotted (dashed) curve represents calculation using ps coupling and with (without) the
rescattering contribution, while the dash-dotted (solid) curve represents calculation using
pv coupling and with (without) the rescattering contribution. The data, with a 2.

- 3
normalization factor, are from Ref.[7].
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Fig.19. Coplanar pp- analyzing powers A, as functions of Y, at 280 MeV for
65 =12° and 6, =12.4°. All curves are calculated using the on-shell pyp vertex. The
dotted (dashed) curve represents calculation using ps coupling and with (without) the
rescattering contribution, while the dash-dotted (solid) curve represents calculation using

pv coupling and with (without) the rescattering contribution. The data, are from Ref.[7].
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Fig.iZO. Coplanar _ppy Ccross sections 434 1dQ+dQ 4dy., 3 functions of v, at 280 MeV
for 03 =12° and 6, =12.4°. Both curves are calculated using the pv coupling and the
set [, parameters ( off-shell p,p vertex ), but the dashed curve represents the calculation
which includes the rescattering contribution while the solid curve has no such
contribution. The results are compared with the TRIUMF data [7], which include a %-

normalization factor.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



106

05 ] 1 1 L 1

-0.5 ! 1 1 L |
0 30 60 90 120 150 180
v, (deg)

Eig.Zl. Coplanar pp- analyzing powers A, as functions of v, at 280 MeV for
63 =12° and 6, = 12.4°. Both curves are calculated using the pv coupling and the set

I, parameters ( off-shell pyp vertex ). The dashed (solid) curve represents calculation

with (without) the rescattering contribution. The data are from Ref.[7].
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III.7 Conclusion
We have demonstrated that the proton electromagnetic vertex, not the
rescattering term, is the major cause of the large discrepancy between the measured
analyzing powers and the calculated ones using the on-shell pyp vertex. Thus our
hypothesis that the off-shell p,p vertex must be used to calculate pp-, analyzing powers
is essentially correct. However, the contribution from the rescattering term is important.
It enhances cross sections in the forward and backward regions. Furthermore, the
calculated analyzing powers are in better agreement with the data, as is particularly
seen in the enhancement of the second peak of the spectrum. Finally, the determination
of the parameters of the off-shell pyp vertex by including the rescattering term is
probably a worthwhile endeavor, though this would require a great deal of additional

effort which has heretofore not been done.
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Chapter IV
NEUTRON-PROTON BREMSSTRAHLUNG

The previous chapters involved an extensive investigation of the ppy process.
In this chapter, we will study another fundamental radiative nucleon-nucleon interaction,
the npy process.

An important finding obtained from the nonrelativistic potential model
calculations is that meson-exchange currents are the dominant source of high energy
photons. More precisely, Brown and Franklin [29] have calculated the nppy cross
sections using the electromagnetic Hamiltonian which includes the coupling of the
electromagnetic field to the nucleon currents velm and the coupling of the
electromagnetic field to the exchange currents vy ezm . As a result, large exchange effects
from vezm were predicted. The inclusion of the vezm term has been found to increase
the npy cross section by about a factor of 2. This finding has been confirmed by
Nakayama [11]. These exchange effects can also be observed, even more directly, from
our OBE approach. This is because the exchange effects have been explicitly taken into
account in our calculations. Another important advantage of using the OBE model is

that the constructed pp,, amplitudes are both Lorentz invariant and gauge invariant.

IV.1 Elastic np Amplitude

We consider photon emission accompanying the np scattering:
P@) +n@)>p@3) +n @) +7(KY) . av-

As K tends to zero, the npy process reduces to the corresponding np elastic process,
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P +n@H=p@E) +n @ , av-2)

where pJ* and p¥ are defined by Eq. (I-4b). The Feynman diagrams for the np elastic

process in the OBE model are shown in Fig. 22. The corresponding np elastic

amplitude
Forg=1,2
a(p;.v3) a(ps.v) (P, vi) 8(ps.»)
fusig Y = === Bl F (DS ) = = = = { B g (w)(vD)
Gulr)
7
u(py.v) u(py.va) u(p . v) u(pr.v2)
For 8=3,4
a(py.v1) G(p;.v)
Sag(D)ig === =( A y(0)
Gulr)
u(p.v) u(p:.vr)

Fig.22. Feynman diagrams for the np elastic scattering process in the OBE model.

2

5
M, ,(u,0) = Y -BE [ Gug (t)f:e(t) u(P3,V3)N, 1 (Py,V)) U (g, V4) N U (D3, V5)
a=1 =1

+2 G o) f250)E Py Vo) Nyt (0, v) E B3, V)N U (P, 1) |, (TV-3)

4

+ ¥ GogOf SO U @3, ) \u Py ,v) B(Bg v ) XU (P37

whereu, t, f 8 and G op A defined by Egs. (II-6), (II-8c), and (II-8d). This amplitude
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is valid for both ps and pv couplings.

IV.2 npy Amplitude

The np elastic diagrams exhibited in Fig. 22 are used to generate np-, diagrams
shown in Fig. 23. Since pp- analyzing powers are not available, the unknown off-shell
neutron electromagnetic form factor, Fz_ (@2) cannot be determined. Therefore we can
only use the on-shell neutron electromagnetic vertex for our calculations. For the proton
electromagnetic vertex, we can use either the on-shell pyp Vvertex or the off-shell pyp
vertex. However, because the exchange effects ( the internal contribution ) dominate
the npy cross section, the difference between the results obtained from the on-shell
pyp vertex and the off-shell pyp vertex turns out to be small. For consistency, we
have also used the on-shell pyp vertex for all npy calculations.

For ps coupling, the np, amplitude corresponding to Fig. 23 has the form

5 2
M L =iY -Bz=j1 [ G2/ 25(t20) W(P3,V3) X (P V) U4, V) NP, V)

a=]
+ Gog ()50 1) 3V AU Py V) U (P4, Ve T U(pa, vy)
+2 G g (1 Qg (1) G P4, V) Ny W P,V B (P3,v2) 25U (P, )

+2 G o (U3)fap(ps) (P4, ve) T u (P V) B (D3, V) N2 U (P, )
. uu-mjﬁ . uﬁ-mja

2 2
“23_Aa8 ul4"Aa3

+2 Gaﬁ(uldfaﬁ(“l")faﬂ(%) 1

(py*+P3-DPr=P4), — u
1773 : 2 P4y UPy v )N UP,vy) u(p3,y3)k°‘u(p2,v7)
Uys ~Mog*+ieag
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For 8 =
a(p5.%) a(p,. %) a(py.v) a(py.v)
Sag(830 3 Y= === (B y(t:0(-1) + Saa(t23) A Yo = = = = ( Tf gt (-1)
K G.v(’:a)
r;
u(p.v) u(p.vy) u(p. ) u(ps.vy)
E(p‘ V‘ H(Pj V; ﬂ'(p,,v‘) E(P]-Vl)
A (D) g3) Ay = = = = (B flu3)( D)+ (-42)/¢(-=)1 == o (3 )+
Gﬁ(“‘n) Gd(ug)
re
M
u(pw) u(ps,v2) u(py . v) u(py.vs)
a(pe. i) a(p;.vy)

X

+ (le2;3e4; I‘: <—>I‘:) + (=D lmadda -I—- I ) D)

2:°93-7272J.)
u(p.v) u(py.vy)
For§=1,2,a =5, and pv coupling
a(p..v) i(p3. ) G(ps.v) H(Px-V:)
(-.-)[Ju_;)(-——m,y_ e e (g} T o (N W) A = = ==Y —r.A S X 2)
Ga(ny) Goyluy,)
u(py,v) u(py.wvs) u(p, v) u(py.v2)
For8=3,4
a(p5.v) B(p.,v) G(p5.v3) a(p,.v,)
K
t)dy m——— - f (t2) Ag Y= = = = = { &feq(t20)
Sa(22) G Traltn) £ ! a8
u(p.v) u(py.v;) u(p.v) u(p.vy)

Fig.23. Feynman diagrams for the npy process in the OBE model. These diagrams are
generated from the source graphs, Fig.22.
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4
* 82;3 | Gas20 fagt20) BP3, V) X (P 1, V) P4, YN (P2, V)

+ Gog () B3 DN U D1V EP o) T2 U, |

(Iv-4)
where
1 p P 1
X =N— 88— I+ ___\_,
ap aﬂl-K-m+ie o ”’[f3+K-m+ie @
(IV-5a)
i—,a = \% 1 n n 1 «
* Br-K-m+ie ¥ F g +K-m+ie
ze=xe__ 1 _propp__ 1 e
s pr-K-m+ie * K girK-m+ie
(IV-5b)
= 1 p n 1
=Ay———r—--I"+ X\,
g -K-m+ie ¥ P P +KE-m+ic ©
The on-shell nucleon electromagnetic vertices to be used are expressed as
L Py =1.79 (II-13)
g YT 3 O A T
n . K
L, =-izto, K",  «=-191. (Iv-6)
Those terms involving the factors [49]
.2 2
Ujg=Myg  Upz~Myg av-7

fap(U14) fopluzs) | 1+
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in Eq. (IV-4) belong to the internal amplitude. This internal amplitude can be obtained
from the external amplitude by imposing the gauge invariance condition. The extra
terms which depend on us and uy, in Eq. (IV-7) are needed for current conservation.
These terms arise from the fact that the phenomenological form factors given in Eq. (II-
8c) have been introduced in Horowitz’s model.

For pv coupling, the expression for the np,, amplitude is

Mo = ig:l -gjl [ Gapt0/ 26620 E(P3,v5) X (P, V) (P4, Vo) N (P2, )
+ Gog (1321 B3, )N U (1Y) B Py, vg) T/ S (P, 1)
+2 G g )f g (1)U Qg V) N U (P, V) U P3, ) Z! CU Dy, v)
+2 Gog () fog(Uy3) U (P4 V) T u PV U (D3, V) N U (D3, V)

2 2
u14-ma8 . u23 "maﬁ

+ 2 Gog(u1)f g1 Splliny) |1+ 2 2
Upy~Ayp  U1a=Agg

(P1+P3=P2Ps), - u
1*P3 L 2 T4 Uy ) MUy ,vy) Uy v3) AUy )
U3 ~Mag *+i€ag

- 054 Gas(“n)ffs(“za) %5@4 PONs Y, 4@y 9)) U3 ,v3) N u(py )

=854 Gaﬁ(“lat)ffﬂ(“m) % Uy v ) Nsu(py ) U(P3,¥3) Y, N> u(p, v"z)]

4
* BE [ Gas(’zdfia(‘zd u(p3,v3) X P,V UP 4,V N U(py, V)
=3
+ Gog (13)f21) E (D3, ) A4 (P, V) B (P4, V) ?:"(Pz’vz)] }

av-8)
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2
— P o \3olwe o -
=ME - 8,‘:l [Gsa(fz‘t)fszs{‘zd“fm:'3)(}{/5,‘ - X5, Julpy v p YN u(py )

+ Gsglt)fsp(t13) (3 ) Asu(py ) u(pg w9 (77 - 7, Ju(py )

+2 Gty ) fap(y ) P4 w ) NsU(py ) id(p3,v3) (277 - 22 u(py vy)

+2 Ggluy)fan) Upg w) (T3 - T, Ju(@y 9 a3 ,73) N u(py vy

~ GgU)fiaizy) WPy PN, Py 1) P3 WIN Uy )

- GSB(ulu)-fs%ﬁ(ul“) % 5@4 ,V4) XS U(pl ,vl)z(p3 ,V3) 'Y”XSU(pz ,Vz)]

where
/ P -P3-K 1 P
Xs, = (A r
s s ) e .
/5 Pr-#s-K
2m pr-K-m+ie *
515 bh-#-K
2m B, -K-m+ie *
P -Ps-K 1
T/ =(\ p
56 = (As 2m )pl—K—mﬂe o

(1v-9)
P 1 14 'I’J'K)
LB +K-m+ie > 2m ’
n 1 Pr-B,-K
x5 )y
s #4""-”1 +le€ 2”1
1 Pr-#-K
re A
P +K-m+ic > 2m )
n 1 ﬂl 'ﬂ4-K
A ).
b py+K-m+ie 2m
(Iv-10)

Note that the amplitude Mll:;:v u takes into account the photon emission from N
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vertices.
. ps pv e
Clearly, the two amplitudes Mo . and My s depend only upon relativistic
invariants and are fully gauge invariant. They have been used to calculate the
. . . 3

noncoplanar  differential ~ cross sections P’ ( =d’¢b; /dQ,;d0Q,dy,) and
aﬂ;,y( -=-d3a';;,y/d03dﬂ 4d¥, ), as a function of the photon angle ¥, and the
noncoplanarity angle ¢ ( ¢ =0 gives the coplanar cross section ). We have also
integrated differential cross sections over v, to obtain the integrated cross sections as

a function of ¢,

228V 14,4, = I (43025 /d0;d0,dv. ) dv, -

These integrated cross sections can be used to investigate the noncoplanarity effects in

npy-

IV.3 Results

Some important results are shown in Figs. 24-27. In some of these figures, the
cross sections calculated using the ps coupling are compared with those calculated using
the pv coupling. Our results are also compared with the experimental data and/or the
results calculated using other approaches.

In Fig. 24, we present the integrated cross section dza:;(ypv)/ dQ,dQ, as a
function of the noncoplanarity angle 4 at 200 MeV for 53 =0 4 = 30°, 35°,
and 38°. Two interesting features can be observed [21]. (i) The deviation,
Al = dza:;?/ d0,dQ, - dz“ﬁ;y/dﬂsdﬂ o is extremely small for all cases,

opy

suggesting that the npy process with large scattering angles cannot be used to resolve
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the ps-pv problem. (ii) The general shape of the npy noncoplanar curves shown in this
figure is quite different from that of the ppy curve shown in Fig. 6. A similar feature
has been obtained by other authors [50,51]. These curves indicate that the
experimentally detected bremsstrahlung events must be corrected in order to determine
the true coplanar cross sections, and the correction factor for the np-, case should be
quite different from that for the pp~ case. This noncoplanarity effect may explain the
large discrepancy between all theoretical predictions and the experimental data at 200
MeV for ¢, =4, =38° [52].

In Fig. 25, we show the coplanar npy cross sections g7’ as functions of y_
at 200 MeV for 53 =9 4 =30°,35°, and 38°. The cross sections g'll:;y are not shown
in this figure because they are very close to the cross section o':;"y. From this figure,
it is easy to see that the integrated cross section ( or the cross section 05;1 for
90° < y, < 360° ) increases as the symmetric scattering angle 53 =0 , increases.

The comparison with other predictions is shown in Figs. 26 and 27. In Fig. 26a,
our coplanar cross sections g;’;s") (at 200 MeV for §, = §, = 30° ) are compared with
the potential-model predictions obtained by Brown and Franklin [29]. Both approaches
predict very similar shapes for photon angular distributions, except that one of our
double peaks is about 20-30% smaller than that of Brown and Franklin. In Fig. 26b,
our coplanar cross sections gg;f:"') ( at 200 MeV for 53 =30° and 54 =45° ) are
compared with the potential-model results of Herrmann et al. [12]. Agreement between
the results calculated using these two different approaches is excellent in this case.

3 . - 2 pv
In Fig. 27a, we present integrated npy Cross sections ¢ a‘nm/dﬂ:;dﬂ 4 a8

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



117
functions of g, at 130 MeV for a fixed angle 53 =20°. Our result ( solid curve ) is
compared with the experimental measurements [53] and the potential-model prediction
of Brown and Franklin ( dashed curve ) [29]. In Fig. 27b, we show integrated npy
cross sections at 200 MeV for several symmetric scattering angles,
53 =§4 =130°, 35°, and 38°. Our result ( solid curve ) is compared with the
experimental data and three other calculations, i.e. by Brown and Franklin ( dashed
curve ) [29], by Herrmann et al. ( dotted curve ) [12], and by Schi fer et al. ( dash-
dotted curve ) [14]. Our result is in very close agreement with that of Herrmann et al..

Finally, the noncoplanarity effects in pp-, have been systematically investigated.
In Fig. 28, we present noncoplanar pp- Cross sections aﬁ;’y as functions of ¢y at 200
MeV for several noncoplanarity angle 5 These results demonstrate that the
noncoplanarity effects ( the dependence of gz;y upon ¢ ) differ markedly as functions
of ¥y Because of this significant angular dependence of the noncoplanarity, the
noncoplanar cross section as a function of 5 for a given ¥y rather than the integrated
cross section as a function of 5, should be used by the experimentalists for converting
the experimental ( noncoplanar ) cross sections into a coplanar result.

In conclusion, using the on-shell nucleon electromagnetic vertex, we have found
that the exchange effects ( the internal contribution ) dominate the npry Cross section,
in agreement with what has been found in the potential-model approach. We have also
observed very significant noncoplanarity effects in the np process. These effects might
be responsible for some discrepancies between theory and experiment. Unfortunately,

the npy cross sections cannot be used to resolve the ps-pv ambiguity because
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predictions calculated using either ps or pv coupling produce extremely close results.
We note that the off-shell neutron electromagnetic vertex cannot be investigated without

npy analyzing power data, which are presently unavailable.
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Fig.24. Integrated np cross section dngS(PV)/dQ3dQ 4 as a function of 6 at 200 MeV

for 53 =9 4 =30°,35°, and 38°. The solid and dashed curves represent the results for
the ps and pv couplings, respectively.
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Fig.25. Coplanar npy Cross sections g;’;"y as functions of Y, a 200 MeV for

05 = 54 =30°,35°, and 38°. The cross sections gé’;Y are not shown in this figure mainly

because it is very close to the cross section o':; .
v
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Fig.26. (a) Coplanar npy cross sections as functions of ¢ at 200 MeV for
03 = 04 30°. Our cross sections, gP" ( solid curve ) and ¢ ( dashed curve ), are
compared with the potential-model predxcuons ( dotted curve ) obtamed by Brown and
Franklin [29]. (b) Coplanar npy cross sections as functions of ¥, at 200 MeV for
63 =30° and § 4 =45°. Our cross sections, gP" (solid curve) and 4 PS (dashed curve),

are compared with the potential-model predxctmns ( dotted curve ) obtamed by Herrmann
et al.[12].
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Fig.27. (a) Integrated npy Cross sections as functions of 9 gt 130 MeV for 53 =20°.
Our calculation dzag;,y/ dQ,dQ, (solid curve ) is compared with the potential model
result ( dashed curve ) obtained by Brown and Franklin [29]. The data are from Ref.[53].
(b) Integrated npy Cross sections as functions of symmetric scattering angle (53 =6 4)
at 200 MeV. Our result dzg:;Y/d%dQ 4 (solid curve ) is compared with the results
obtained by Brown and Franklin ( dashed curve ) [29], by Herrmann et al.(dotted curve)
[12], and by Schifer et al. ( dash-dotted curve ) [14]. The data are from Ref.[52].
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Fig.28. Noncoplanar cross secctions o’ﬁ;‘y as functions of \/,7 at 200 MeV for several



Horowitz’s parameters

Appendix

124

The complex coupling constants giﬁ’ cut-off parameters A 8’ and meson

masses m g are defined as follows:
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where g%, 2% Ay Apompad m; (i =8,0,1,t,,a,,a,,p,0,7%,n ) are

Horowitz’s parameters given in Ref. [25]. The extra factor in (A1), which depends on

the incident nucleon energy T, comes from different definition of the spinor y(p,v)

used by us.
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