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Abstract

NUCLEON-NUCLEON BREMSSTRAHLUNG CALCULATION: 

STUDIES OF THE OFF-SHELL PROTON ELECTROMAGNETIC VERTEX 

AND OF PSEUDOSCALAR VS PSEUDO VECTOR PION-NUCLEON COUPLINGS

by 

Y I LI

Advisor: Professor Ming Kung Liou

The nucleon-nucleon bremsstrahlung processes ( ppY and np7  ) 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) xN  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 p7 p 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 p7 p vertex and ps coupling in most cases produce ppy cross sections which fail 

to fit the TRIUM F data at 200 and 280 MeV. (iii) The pp-y 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 P7 P vertex and pv coupling. 

Thus our results indicate that the off-shell p7 p vertex must be used in relativistic pp7  

calculations, and the pseudovector coupling is the best choice for the x N  vertex, (iv) 

The on-shell nucleon electromagnetic vertex has been applied to calculate np7  cross
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sections. The cross sections calculated using the ps coupling are extremely close to that 

calculated using the pv coupling, implying that the npy results are not sensitive to the 

ps-pv question, (v) Exchange effects ( the internal contribution) dominate the npy cross 

section. This important fact is exacdy what has been found in potential-model 

calculations, (vi) Noncoplanarity effects are very significant in both pp-y and np7  

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 pp-y 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 t n  couplings.
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Chapter I 

INTRO DUCTIO N

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 (pd 7 )> proton-helium bremsstrahlung (p a y ), proton-carbon bremsstrahlung 

(p 12C y )- proton-oxygen bremsstrahlung (p 16O y ), and pion-proton bremsstrahlung 

( t ± P7 )- 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 modem 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 TR IU M F’s ppy cross section data [7] and theoretical
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predictions have challenged experimentalists to perform more precise measurements [9] 

and theorists to improve their model calculations, (iv) The npy 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 TR IUM F’s experiment remain unresolved. Various 

theoretical attempts have been made to resolve these discrepancies. Since the pp-y 

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, relativisdc spin corrections, negative energy states, a-isobar 

admixtures, electromagnetic form factors, higher order exchange currents, and the 

difference between pseudoscalar and pseudovector r N  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 pp^ 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 np7  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 (u 1 ,u2 ,tp,tq, defined in R ef.[l]), 

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 (s i,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 np7  

calculations are based on a realistic OBE model proposed by Horowitz [35].

Both pp  ̂and np-y 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 

( px°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 p-yp and on-shell rvyn vertices ) in 

our ppy and np7  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 t n  

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 

p-yp vertex problem are two major topics of our investigation.

In Chapters II and III, we focus on the ppy 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 p-yp 

vertex problem together, we have performed the following calculations: (i) Using the 

on-shell p-yp vertex, both ppy cross sections ( ^  for ps coupling and for pv 

coupling, both coplanar and noncoplanar cases ) and analyzing powers ( AyS for ps 

coupling and a £v for pv coupling ) have been calculated, (ii) Using the off-shell p-yp 

vertex, both pp-y cross sections ( for ps coupling and for pv coupling, both 

coplanar and noncoplanar cases ) and analyzing powers ( AyS for ps coupling and AyV 

for pv coupling) have been calculated. The calculations o fa A£s and A jv

are straight forward since the on-shell p-yp vertex is well defined. This is not the case, 

however, for the calculations of , a £s and A^v. mainly because the off-
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shell p-y-p vertex involves an unknown form factor. As will be discussed in Section

II.2 , the off-shell p-yp vertex depends on two real form factors, F 2 (c j2) and 

F 2" (c j2 ) • F 2 ( c j2) was studied by Nyman [36], and his formula for f 2 (o j2) has 

been used in this work. f 2 (o j2) is an unknown form factor. Based on the threshold 

dominance assumption, Nyman derived an approximate expression for F 2 (o j2)- 

However, we have found that the threshold dominance approximation for F2 ( c j2 ) is 

insufficient. To improve this approximation, we have developed a new approach to 

study f 2 (c j2 ) • Specifically, we have obtained an expansion of f 2 (c j2 ) in powers of 

( c j2/m 2 -  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 f 2 ( c j2) - Treating the three 

coefficients of the expansion as free parameters, they can be determined by fitting to 

TRIUM F’s analyzing powers at 280 MeV [7]. In this way, we have constructed a 

complete expression ( including both f 2 ( c j2 ) and f 2~ ( c j2 ) ) for the off-shell p-yp 

vertex.

Our calculated pp-y 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-y analyzing powers are compared with TR IU M F’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 ppy data can only be consistently described by the 

calculations using the off-shell p-yp 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 2 (o>2 ) 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 npy data in the 

near future [38]. Generally speaking, the npy 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 npy analyzing power 

data are not available, the unknown off-shell neutron electromagnetic form factor, 

F2 (u>2)> cannot be determined. Therefore we have used only the on-shell nucleon 

electromagnetic vertex to calculate all coplanar and noncoplanar npy cross sections 

( for ps coupling and apj^ for pv coupling ). In order to investigate

noncoplanarity effects, we have also calculated the integrated cross section, 

dap̂ v)/dQ3 dQ4, as a function of the noncoplanarity angle <£. Because the deviation 

between o-ps and o-pv , a  = crps -  <rpv > is extremely small for all casesnpy npy npy npy npy J

investigated, the results of this calculation cannot be used to resolve the ps-pv problem.
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We therefore focus our investigation 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 n.2, we study the off-shell pyp  vertex and its two real 

electromagnetic form factors, F2 (<y2) and F2 (co2)- We show how the unknown form 

factor f 2 (« 2) can be determined from the pp  ̂ analyzing power data. In Section I I .3, 

we construct four bremsstrahlung amplitudes without including the rescattering term. 

Two amplitudes are obtained from the off-shell pyp vertex, i.e., one for the ps 

coupling m ps and another for the pv coupling m pv. Two other amplitudes are derived 

from the on-shell p-y-p vertex for the ps coupling m ps and the pv coupling m pv- The 

amplitudes M pv, M ps> M pv and M ps are used to calculate the cross sectionsM M M

( analyzing powers ) a p̂ ( A pv) ,  app̂ ( A ps) , <rpp̂  ( A j v ) , and <rp̂ ( A ps), 

respectively. In Section I I .4, we give the formulas for calculating the cross sections 

( analyzing powers ), F £ ( A $ v) ,  , » ^ ( A j v) and np£ ( A yps). I"

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 I I .6 , we discuss our results and their implications.

n.l Elastic pp Amplitude

We consider photon emission accompanying the scattering of two protons.
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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 K *  and polarization vector €m . These five 

four-momenta satisfy energy-momentum conservation,

- P i + P i + K *  , 0 1 -2 )

and they can be used to define the following Mandelstam variables 

*12 = (P i + P2)2 > *34 = (P3 + P 4)2 ,

r 13 = ip  I ~ P 3)2 > ^24 = iP l  — P 4)2 >

«23 = iPl - P 3 ) 2 . «14 = iPl - P 4 ) 2 •

In the limit when k  approaches zero, the pp^  process ( II -1) reduces to the 

corresponding pp elastic scattering process,

PiPi)  + PiP2)-+PiP3) +p(p%) , ( II‘ 4a)

where

P3 = lim  P3 -
K ~  0 (II-4b)

p !  = lim p i  .
AT-0

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

p [ + p ! = p ! + p !  , c11-5)

* = (Pl + P2f  = iP3 +P4)2 •

* = (Pi - P j ) 2 . u  = (P2 "P3>2

(n-6)
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Two sets o f 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,

0(A.K>) 0(^ 4. K,) 

\  / \  /
* ( ' ) * « ) ---------- y ---------

/  ^  \ / C " M  \/  \ /  \
u { p l ,Vl ) u ( Pz<Vz)

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(u,t) = 5 2  5 2  { u (p3 ,v3)X a u (p p V j) u (p4 ,v4) X -  u (p2,v2)

a = 1/3 = 1

-  G t f M f a e iu )  «  (P4»v4) K  U ( P l . v l )  “  (?3*V3) X “  U ( P l ^ ) }  , (H -7)

where

(^1» ^2 1 ^3 » ^4» ^5) =  (1 i & p y  »TsYji * y p  • T5) > ( II- 8a)

( k l , \ 2 , \ 3 , \ \ \ 5) s  u , < ^ \ 7 sy * , y \  7 s ) , ( i i - 8 b)

a 2

/< * ( * )  = — , (II —8 c)
X - K e
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GoflM = ^ ---------- ’ X = t ’ u • ( I I - 8d)
x ~ maB + U a&

Horowitz’s parameters, which involve the complex coupling constants g^ , the cut-off 

parameters and die meson masses m ^ i  are defined in Appendix. Note that

t = - q 2 and u = -  Q  2 , where q and Q  are respectively the direct momentum transfer 

and the exchange momentum transfer used by Horowitz. Let us briefly explain why the 

amplitude M p p (u,t) given by Eq.(II-7) is correct for pv coupling. For x-exchange 

corresponding to x5 and \ 5 in Eq.(II-7), those in the first term should be replaced by 

X5 (pl - ] i 3) l ( 2 m )  and Xs (p2 - $ 4)/(2m), respectively, while those in the second term 

should be replaced by x 5 (p{ -/J4)/(2m) and \ 5 (p2 - ^ 3)/(2m ) , respectively. However, 

using the Dirac equation and the relation 7 ^ 7 5  + y 5y p = 0 , all extra factors introduced 

to modify x5 and x5 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«y 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]. 

I f  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 f s , vector f v , pseudoscalar f ps , axialvector f a and tensor f t  ) and the 

associated f iv e  Fermi covariants ( S =  u(p3) u(pt ) u(p4 )u(p2)» 

^  u(p3 ) i 7 5 7 Mu(p1)u (p 4 ) i 7 5 y i u(p2 ) , T =  (1/2) u(p3 )<r#tJ,u (p 1) u(p4 )a'i*'u(p2), 

v = u(p3 ) 7 /tu(p1)u (p 4 ) 7 #tu(p2),  PS= u(p3 ) 7 5 u(p1)u(p4 ) 7 5 u(p2) )• 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-y 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-y amplitude generated from 

Horowitz’s model can be used to calculate pp-y analyzing powers, while the pp-y 

amplitudes constructed from the simple OBE models always give vanishing ( zero ) 

analyzing powers. Generally speaking, our amplitude describes the N N 7  ( pp7  

and np7  ) data very well and our predictions are in agreement with other calculations. 

As demonstrated in our recent work [21], our calculated pp-y and np7  cross sections 

( using the on-shell p-yp 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-y 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-y data, both cross sections and analyzing powers.

In constructing the pp-y amplitude from Horowitz’s model, we have used 

Horowitz’s OBE diagrams with OBE parameters. We do not generate the pp-y 

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-y 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-y amplitude is general and valid for 

investigating the ps-pv problem.

H .2 The Off-Shell p-yP Vertex

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

has the form

  «
= u(p) _ w

2m
2) f i  + tC + m . - , 2, - f i - K  + m 

2m 2m

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



14

where F2 (u2) and F2_(oj2) are two real electromagnetic form factors. As shown by 

Bincer [42], these two form factors satisfy dispersion relations in J 2 = {p + /q 2, with 

the cut starting at J 2 = (m + mT) 2 •

F2=V) = I  f ftn^W2) d n dMO)

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

have alternate expressions for F^fo)2).

f2v ,  = ,  * ̂  f  ,mp; (M/v “ .,2 a:-, i)

and

, 2V >  . f  , ai.,2)
2 P X J . ,../2 „ 2\ ,/2

(m

where ^  = F^(m 2) is the anomalous magnetic moment of the proton and K~ = F2”(/n2) 

is an unknown constant. On the mass shell, the term involving f ~ in Eq.(II-9) 

vanishes due to the Dirac equation and therefore the off-shell vertex u (p ) r l̂ (p ,p  + K )  

reduces to the on-shell vertex u(p)Tp.

r p = y  - lJ ± a  K" . 01-13)

The form factors f *  have been studied by Nyman [26]. Using

ImF,*V) -  i i  i lL f11’14)
4t  o>

and
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im r;V ) -  ^  M  , <II15>
4 m 4x &>

where

ilL  . _L{fu2-(»i»mI)2lf»2-(m-mI)2]P , <“ -16>
O, 2cj2 L JL J

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

factor,

+s 2 1 N( S Im F2+s(o)/ 2
F2 (co ) = 1  f ------ 1 1 ----- -do,

V  un -<»2(m + mT)

Im F2 (< / ) ^ / 2  (U -17)

F2*V) = -f" lmF;VV '2 (ii-18)
and another expression for the off-mass shell anomalous magnetic isovector form factor,

h  = 1 7

+m )2 0 , / 2  “ 0)2Cm + mT)

The cutoff parameters N  and N  are determined by imposing the conditions,

F2 v(m2) = 1.85 (II-19a)

and

F2 V 2) = -0 .0 6  . (II-19b)

Note that

= F2+V(ro2) + f 1 W )  « 1-79 (11-20)

Nyman found = i .26 GeV and N v = 1.74 GeV • We have obtained the same value

for n s but our value for n  is slightly less than Nyman’s value, i.e., n v = 1.695 GeV •

For the proton case,
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f 2V )  = f 2+V )  + f 2+V )  • (11-21)

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

t\'2i  ■)
•+' ..2* = u2 -  m 2

K

I
(m + mT)z

Im F2V 2) ^ /2

T J +m (« /2 - « 2) (" /2 -"« 2)
a i-2 2 )

n :
or -m I

(m + mr)

If  we let ;v = N  = N  in Eq. (11-22) and use

ImF2 = ImF2 v(u2) + ImF2*(o>z ) ,

ImF2V 2)<fc>/2 
+ m ) 2 (« / 2 - « 2) ( W/2 - /» 2)

+sr. ,2\ a i-2 3 )

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

N 2 >  40 GeV2) do give similar results for F2 (o>2)- In this work, we have used Eq. 

(11-22) to calculate F2 (cj2)-

Equation (11-12) can be written in the form

2 N2
v ~ r  2 \ ~ w - / n ff 2 (w ) = v _ _

ImF2 (o /2)

ImF2 («/2 )

ImF2V 2)t/u/2

(a/ 2 -  /n2) (a/ 2 -  o>2)
.(11-24)

Applying the second mean value theorem to the integral, we can rewrite Eq. (11-24) as

F2 (o2) = k r  +
,.2 _ 2  
os - m Im F2 (w 2)

T Im F2 (a>2)

?  ImF2 ( o / 2)do/ 2

(J+m,)2 ~ w 2) (a /2 -  o>2)
.(11-25)

where

u 2  -= (m + /nT ) 2 + | N 2 - ( m  + mT)2], 0 <  £ <  1 . 

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

(11-26)
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4.0

3.0

<S
3  2.0

-1 0 0-150 -5 0 500 100 150

E  (MeV)

Fig.2. The proton electromagnetic form factor f 2* ( u 2) as a function of E,

w = m + E- The solid and dashed curves are calculated using Eqs.(11-22) and (11-11) 

( with N 2 >  40 GeV2 ) , respectively.
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(n-27)

The threshold dominance assumption is equivalent to choosing f = o and using the exact 

expression

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 [lm F2”(G>2 )/Im F 2*(a j2)] should be a constant for 

a given value of oj2, it is actually a function of u2. Now, there are four photon 

emission processes for the pp*y case ( photon emission from two incoming and two 

outgoing protons ). Thus, the pp7  amplitude is a sum of four amplitudes corresponding 

to those four processes. These four amplitudes will depend on four different values of 

oj2 . By using Eq. (11-28) for all four amplitudes, one has completely ignored the o>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 o>2 dependence for F2~(o>2)- This can be done using the

01-28)
Im F ^ (m  + /wx)2] mT

Applying this assumption to Eq. (11-27), we obtain

(II-29a)

01-29b)
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following expansion

/ 2  2 0) -  C0 < /2 -m 2

c/ 2 -m 2 » = 0

2 2 or -/n
/ 2  _ 2  a) -  /n

2 _,2  03 -  m
/  2 “ Toj -  /n

(11-30)

a)2 <  c«/2

Substituting Eq. (11-30) into Eq. (11-12) [or Eq. (11-24)] gives

00 - .2 _  2\/i ♦ 1n-, 2x - (b) ~m ) r
^2 ( ) = < p  + E   --------   ♦ 1 •

(II-3  la)

where

'».l - |

n =0

Im F 2"(b)/ 2 )<fbj/ 2

(m + mT),2 (b,/ 2 -m 2r  + 2
(II-31b)

The coefficients /  are unknown constants, independent of c,,2. In order to understand

more about /  , we write /  in the form*n ’ gn

N2

/i + l “ |
(m + mT)~

Im F2~(b)/ 2) 

ImF2 (b /2)

Im F2 (b>/ 2 )db)/ 2  

(b,/ 2 - /n 2r +2

a i-3 2 )

Applying the mean value theorem to the integral again, we obtain

+ 1 »‘ n + 1
Im F2 (b /2)

Im F2 (b /2)
(II-33a)

n * 1

where

'.♦1 - j
N Im F2 (b /2 )db/ 2 

2 ( u /2  - m 2)n * 2
(II-33b)

(m + mT)'

and
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con  = (m +  mT)2 + £ '[n 2 -  (m + mT)2] , 0 <  £' <  1

2 0

(H-33c)

The constants J n can be calculated if  we use Eq. (11-23) and N 1 = 40 GeV2- 

However, it is not necessary to worry about the accuracy of J n if we wish to treat the 

/  as free parameters and to determine them from the experimental ppy data. 

Referring to Eq. (11-28), we can write

ImF2 ( c / 2)

ImF2 ( u /2)
ft + 1

2m + fn.

m.
(H-34)

For a given n, C 'n + l is expected to be a positive constant independent of u2 in line 

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

/  =
l n + 1 n + 1

2m  + m.
J n ♦

(11-35)

which represent positive constants since Jn and C 'n + 1 are each positive. Using Eq. 

(11-35), F2~(w2) given by Eq. (II-3 la) can be written as

n + 1

f 2V )  = £  c „ .
2m + m T

' ± - 1
mr m2

(II-36a)

where the c n + j denote the positive coefficients

(II-36b)

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

insure that the series converges, we must have K  <  mT -) Thus

2

F2 (o2) = jc' + Cj
2 m +m.

m„
CJ
m

- 1 + C->
2  m+m.

- 1 ai-37)

will be a good approximation. This equation has been used in this work. There are
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three unknown constants {K~ c t and C j) in Hq.(II-37). We have determined them 

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

H.3 Bremsstrahlung Amplitudes

A. Bremsstrahlung Amplitude Using the Off-Shell prp Vertex 

We use the two sets o f pp elastic scattering diagrams exhibited in Fig. 1 to 

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

E C f t . ^ ) e (a . h ) E C f t .n )  E C f t , ^ )

/
/ \  SfO> > - * ) /

\

—  * a \ --------

/

“ C f t .n )

\

“ C f t . * )

/  \

“C f l . n )  “ Cft.

e (a , ^ ) E ( A , n )

/

f i ( A . n )  E O v ^ )

\  t

— I
\  /  

—  * . V — - i r

K I S ^ -K )
x

K /s r (A -V  \

j  r fa -K 'A )
\

V

“O v n > “C f t .1* ) viPl, K) “ Cft.  * )

- f -  ( l « - » 2 ; 3 « - > 4 )

Fig.3. Feynman diagrams for the ppy process in the OBE model. SF (p ) = 

(^  -  m + ie ) " 1 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

'  E  E  {  G  0 3̂^ 24X ^ 3^ 24)  “ (P3 - v3)x aflu (P n  V i) w(p4 , V4> U(p2, v2)
<* = 1/3 = 1

+ G c*/3 ^ 1 3 ) ^ 3 ^ 1 3 ) “ (P3»v3 ) X a “ (Pl »Vl ) « ( P 4 » v4) ^ “ ( ^ 2 ^ 2 )

-  Get|8(“ l4 ) / i ( “ l4)“ (P4.v4)Xa “ </, l*vl) “ (P3*v3)Z “l<̂ 2 .v2)

-  G a/3 (“ 23)Jctf(U23) «  OV vd Ta^u (P v vl )u (p 3, V3)  Xa U (p 2 , V^} ,

(11-38)

where

- S ' ,

ya = \ a 
^ p 2 - K - m  +/

a i-3 9 )

2 a = Xa __
** p~, - K - m  + i e  M

1 J — _x«,
•- M /»3 +AT-m+ze

Referring to Eq. (II-9), the off-shell p7 p vertices have the following expressions:

+ 2 pj+K+m  _ 2 -p .  -K + m
F l i u p Z U  +F , --------

2m (« ;)■
2/71

(II-40a)

and

+ 2 P r K +m  _ 2 - p t+ K + m

2m

(II-40b)

where = (^. + /q 2 and ^  = (P[ -  k  ) 2 with j  =  3,4 and / = 1 ,2 . It is obvious that
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the gauge condition K 11 M ps = 0 is satisfied. To see this, for example, we write

u (p3,v3) X ail u (p{ ,v {) in another form, i.e. 

“(P3>v3 )x aviU(P i ’ v0  = u (p 3,v3) [

where

P3̂ R3fl A - A P i r + R i *

1
*•r>e*.
__

i

a cr P i . a:

*1 2w  r  + / 2 . P l ' K  2 . P \ ' K[7m , * ] ,  F 2 - F2 (« *) C ± —  + F ~(«*)
2m

(II-42a)

2m

0I-42b)
Here, c 2 = ( p { -  K ) 2 , u *  = (p 3 + K ) 2 , and we have used the commutation relations 

[A,B] =  A B -B A  and {A ,B } =  AB + BA- Since * # * = K^Rj = 0, we have 

K ^ u X  u = 0- Similarly, we can also show that K ^ u Y ^ u  = 0, K f lu Z a u = 0,
r* M M

and AT*4 w 7  u = 0 • We have also verified the gauge invariance of our numerical 

calculation, i.e. K * M ps ~  10"20-

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

the amplitude m ?s as

K  ' ! 3 . '2 4 )  -  <  ♦  A  K m  * *  K m  * A  K 0 )  ‘  A  . a M 3 )

where
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A M ^ = Y , \  
/3=i

G50(r24) u ip^ 2) \ 5{— - ^ - 3) _ — i  - K , p x) u ( p x,v{)
2m p x- K - m + u  M

« (̂ 4»v4) )« (P 2«v2)

-U (p3,v3) \ 5 . 1

-  G5/3(w23)

,r  -  r a (^ l - ^ . P l )  «CPl»v i ) u (/>4> v4> X  «(^2>v2)r  j -BL-m+ie *

u(pi ^ X 5( ^ ^ ) 7 - ± ^ r l ( P l - K , P l ) u (p l ,v l )

• w (p3,v3) Xs ( f t  ^3 ) u (p2,v2) 
im

-u ( p 4,v4) X  5 - — i ------^ r ? ( p 1-X :,/J 1)« (p 1,v 1)w(p3,v3)X 5 (p2,v2)
0 , -K -m + ie

A M *(2) = A M ^ 1’ (1«2, 3«*4),

(II-44a

(II-44b)

= £  1 ° 5 S ( '2 4 )  
0=1

I
w(P3-v3)r a(^3»P3+^) p3+ K -m + ie 2m

u (p4,v4) Xs ( f t —f t ) a (p2 ,v2)

1
/f3+JC-m+ie

2/n

-  Xs w(p j , Vj) u(p4, v̂ ) Xs «0?2, v2)

w (^4,^4) X5 ( f t - f t )  u ip x,v x)
2m

'W(P3.v3)r u(P3-P3+^) 1
p 3+K -m +ie 2m

■ u{p4 , V4)  X5 u{p j , Vj) u(p3, v3) r ‘ (p3 , p 3 + K )  — — -------X s w(p2, v2)
^ p 3+iL-m+ie

(II-44c)

and
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A M * {A) = A M * 0) (1**2,3<*4) . (n-44d)

B. Bremsstrahlung Amplitude Using the On-Shell p-yp Vertex 

If  the on-shell p-yp vertex r£  defined by Eq. (11-13) is used, the pp-y amplitude 

for ps coupling, M ps, is given by the same expression as the amplitude M ps in Eqs. 

01-38) and (11-39) but with all off-shell vertices and in Eq. (11-39) replaced by 

the on-shell vertex r £ . Specifically,

M p («14, 2̂ 3 ; r13, t24 ) = M p (u14, U2 3 ', t l3, ^4 ) > (n-45)

where the expressions for x  Y *  Z a and r  remain the same but withr  a fi ’ ft » * apt

^ ( P 3 'P 3 + K ) ’ r i0>4»Pa + ’ rJ(P! ~ K , P l ) and ^  replaced by r j .

Similarly, when the on-shell vertex r£  is used, the pp7  amplitude for pv coupling, 

M pv, can be defined as

<  ( “ 14. u2 3» f 13>f24) = M P (M 14, «23> *13> *24)
ai-46)

+ AA/x(I) + AA/t(2) + AM * 0 )  + AAfT(4) .y  y  y  y

Here A M * ®  (/ = 1, 2, 3, 4) is given by the same expression as A M * ®  defined by 

Eqs. ( IM 4 ) but with all off-shell vertices, p * (p3, p3 + t f ) , I^ (p 4 , p4 + K ) , 

r 2(pj -£ ,/? ,)  and r j(p 2 - K , p 2) replaced by the on-shell vertex r £ .

The expression for A M * ,

A M *  = A M x(1) + AM * Q) + A M x(3) + A A /t(4) , (II-47a)f* f* r  /■

can be simplified by using the following relations
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U(Pj,Vj)

= U (p i t  Vt)  r M 75 U<P j . "y) + 2 ^  “ ( f t . ",) 75 U(P j ’ *y) C11 ~47b)

and

i r i r *
2 m

1
= « to  •"<) 75 ^  rM u to  • + 2m  U(P i' V{) 75 ^  “ to  ’ vf i  G I~47c)

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

A<  = K V - K S

- l  K.

2 m 1 0 = 1
r2

z.

£  {/53 ('24) C50 (^ 4) [ “ to  ^ 3) v  *  ' ^ 5  “ to  ’ * 1) “ to  > ̂ 4) 7 5  “ t o »̂ 2) ]

+ /5 i3 ( '13) % ( ' 13)  t “ t o ’ ,,3 )7 5 “ t o . * , l )  V ^ ^ s W t o ’ ^ ) ]

-/5 0  (“23) G50 («23) [ “ t o  • ■"4) V  *"'^5 “ <P 1»" 1) “ t o  ̂ 3) 7 5 “ t o ’ "2) ]

“ 5̂/3(M14)G5/3^14) t “t o ’,/4)75w(Pl>,,l) “t o ’,,3)0>t»'^^75wt o ’,;2)]} (H -4 7d)

Eq.(II-47d) shows the direct proportionality of A M T to K . This means that A M *
M P M

does not vanish for ppy ,  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

p p y  cross section for very small scattering angles is dominated by those terms

involving Kp.
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n .4  Bremsstrahlung Cross Sections and Analyzing Powers

A. Cross Sections

In Section I I .3, we have obtained four amplitudes M ps, M py > M ps and M pv

( given by Eqs. (11-38), (11-43), (11-45) and (11-46), respectively ). These amplitudes can

be used to calculate p p y  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]. (p^  and ~p'0 used in Ref. [40] have been changed to ̂  and ~pA, respectively,

in this work.)

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

P \ i  P i '  P i '  Pa anci K *  *n tlie laboratory system can be written as

p f  = (£ j, 0, 0, p{) ,

p £  = (m, 0 , 0 , 0 ) ,

P i = (^3 > P3 cos 0 3 sin 03, p 3 sin 0 3, p 3 cos 0 3 cos d3) , (II-48)

P4 = (£4 , -P4 cos 04 sin 04, p 4 sin 04, p4 cos 0 4 cos 64)  ,

K^  = (K , K  cos 07 sin dy , - K  sin <f>y , K  cos <t>y cos dy) , 

where £ . = ( p f  + m 2) l / 2 , (/ = 1 , 3 , 4 ).

In Eq.(11-48), there are three noncoplanar angles, 0 3> 0 4 , and 0 ^. The

kinematically allowed limit of the angle 0  = (0 3 + ^ / 2  is called the maximum 

noncoplanarity angle 4>max • In this limiting case, the gamma ray has a momentum ~q 

in the Harvard coordinate system (<£ = 0  ̂ = $Q),

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



28

q = q cos 4>q sin 80 ex -  q sin <j>0 ey + q  cos <t>0 cos 0Q ez . (11-49)

The momentum q can be used to define a new polar angle ^ . This is done by 

requiring the momentum Jc1,

K '  = K - a q  , (11-50)

lie in the reference x -z  plane, i.e.,

K 1 = K 1 sin \py ex + K f cos tyy ez . (11-51)

To determine the complete kinematics, we first calculate three angles 

(i90, <j>Q, 0 max) f°r the limiting gamma ray from a given set of conditions 

( T  = Ey -  m, d3 = 04 = 6 for the symmetric case). We then use a set of known

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

these calculations, and we vary <£ from zero to <f>max■ For the symmetric noncoplanar 

case, we have e3 = 04 = 8 and 0 3 = <£4 = 0 .

Since the independent variables are d3, <f>3, 04, <f>4 and ^ , four differential

cross sections, ops and a ps for ps coupling as well as a py and apw for pv
ppy ppy ppy ppy

coupling, can be obtained from the following expressions:

values ( T ,  d 3 , <f>3 , 04, 04, 0 max, d 0 , « 0, ^ )  to calculate p 3 j  K ,  8y and <*,

- p s ( p v )  s (II-52a)

ps(pw) d 3 <xpsW= ----------------- = c Q psipv) , (II-52b)
d i l 3 d Q 4 d\py
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where

Q/»(pv) = £  £  (e^M ^°,v))t (ev3 / f (v>) , (II-53a)
spj'n p ol

qp’ W  ,  y . £  («'m ,T0’,)) V m v'“ ('’v )> , (n-53b)
ip /n po/

^  m4 e2 |F| m  „  .c = ---------------------!—!-------------  , (II-53c)
8(2x)5 [ ( p r p ^ - m * ] 112

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 k *  given in Eq. (11-48), two photon polarization 

four-vectors can be chosen,

ej^ = (0, cos 6y, 0, -sin 6y) , (II-54a)

e?2) = (°» sin ^ 7  sin ŷ> ̂  ^7 . sin 4>y cos 6y) . (II-54b)

They satisfy the conditions = 0- Using these two polarization

vectors, we can write q p s , q p w , q p s and q p v in the forms

Q P * r *  .  Y Z Z  Q (vlt v2, v3, v<) , (II-55a)
VI,V2’V3,V4

Qp * r »  = Y I Z  (»,. v2, v2, v j  , a i.5 5 b)
vl’v2,v3,v4

where

Q ^ '> ( vi .v2.v3,»4) = (ff0 < ^ vV ( < 1)M r ^ VV ( 4 ) w r ^ '>>t ( 4 " r 0’V)) .0I-56a)
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<2 ^ v)(v1,v2 ,v3 ,v4) =(e[1)M ^ vV ( e(v1)A f ^ vV (€ f2) ^ r ^ V>)t(e(V2) < ' (PV)) • (II-56b)

A computer program has been developed for the numerical evaluation of

Q ps OV v2, v3, v4) , Qpv (vj, v2, v3, V4) , Q^Cvp v2, v3> and q p v (Vl, v2, v3, v*)- 

Since each v has two values, there are a total of 16 different qp^p^  (Vl, v2, v3, v̂ ) and 

Qpsipy) (Vi ̂  V2> v V4) to 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 ppy  cross section for 

four polarized protons (beam, target and two outgoing protons). In order to calculate 

qps(pv) (V[> v2i y3> vg and q /» (pv) (v,, v2, v3, for protons polarized along the x , y , 

or z axes, we introduce the following six different forms of u (pt, v,):

U0(Pi,Vi) =

where

E( + m

~ U r T

VI
xe

a ■ *  x,
+ m

, (J2 = x , y , z  and vf- = 1, 2)
(11-57)

1 _ 1 1 Y2 -  1 1Xjc J—
{ I 1 , x * 7 ? k

l 1 ' 1 2 1 ' r
/

|l£,

II*

- i
01-58)

l 1 2 0
x *  = 0

X2 =
1

We define (v t , v2, v3, v j  and (v„ v2, v3, v j OS *  x , y , z )  for
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the case where the target proton alone is polarized along the (+jc), (± y ) , o r(± z) 

directions, f ig 0"0 (Vl, v2, v3, and f ig 0"0 (vlf v2, v3, are given by the same 

expressions as those for q p s O v) (v,, v2 , v3 , V4) and q p s <p ^) ( V l , v2 , v3 , in Eqs. (II- 

56a) and (II-56b), respectively, but with u(p2 , v2) in the expressions for both 

and m ^ w) replaced by u&(p2 , v2) .  In terms of f ig 0”0 (Vl, v2, v3, and 

f ig ^ v) (vlt v2, v3, v4) , the ppy  analyzing powers for a polarized target proton are

and

_ Q S F ' m - Q S F ' a )  

s  o S 0" ’ w

Qob̂ V) <0 -  G£SCpv) (2)

, os - x , y , z )  (n-59a)

A g * " '  = v '     , fll-59b)
where f i j T  (D  * 0 ^ 0

-  E E E C o T ’ 0 '1.'-.V3,V4) ,  (II-60a)
V, =  1 V3 = I r4 =  1

e S T ’ <o = E  E  E  C >(v „ i,v „ .4), (n-eob)
V, = 1 v>3 = L V4 = 1

1 = 1 , 2 .

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

v2) and Ca^ v lt v2) as follows:

c T ^ - D -  £  E  a i-6 ia )
V3 = 1 V4 = 1

and
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c T ] . ^ )  = E  E  e g 0"0 (vlt v2, v3, v4) , o i-6 ib )
v-3 = 1 v4 = 1

where e S ^  (V j ,  V2, V3 , v4) and (vlt v2, v3, v4) are given by the same

expression as those for q p s W  (V[, v2, v3, v4) and g/»(pv) (Vi> V2> V3> V4) in Eqs. (II- 

56a) and (II-56b), respectively, but with u and u (p2, in the expressions for

both m ^ v) and A/^Vv) replaced by ua (p{, Vl) and u$ (p2, v2) , respectively.

, v2) and Ca^(i>{ , v2) can be used to calculate quantities such as spin-correlation 

coefficients or tensor powers.

II.5  Results

Equations (II-52a)-(II-52b) have been used to calculate the coplanar and

noncoplanar differential cross sections, nps and n ps for ps coupling and a pw and
ppy ppy ppy

apv for pv coupling. Both and * pv are calculated using the off-shell P7 p
ppy ppy ppy 6

vertices r 1 and r 2 defined by Eqs. (11-40), while aps and apw are calculated using m m ppy ppy b

the on-shell p7 p vertex pP 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 pp7  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

1 -normalization factor used by the TRIUM F group [7], the data at 157 and 200 MeV 
3

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 ^ (from 0° to 180°) and the noncoplanarity angle 0  (from 0° to 0 max)- The 

value 0 = 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 ( d 3 ^ps(py) /d t l 3dQ4 d\py and d 3 aps<pv) /d Q 3dQ 4 d\py ) over 

0  ̂ to obtain the 2 -fold differential cross sections ( d 2 cps(p'') /d t t 3d0 4 and 

d 2 ops(pw)/d Q 3dQ4 ) as functions of 0 .

We have also applied Eqs. (II-59a) and (H-59b) to calculate analyzing powers, 

A j f  and a £ s (J3 = x , y ,  z) for ps coupling and ^ pv and a Pq for pv coupling. Again, 

A^s and / tpv are calculated using the off-shell P7 P vertices, while a $ s and a £ v are 

calculated using the on-shell p7 p vertex. These analyzing powers are calculated using 

0 = 0 ,  and they are expressed as a function of 0 .̂ 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 p7 p 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 P7 P vertex and the TR IUM F 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 r 1 and r 2 , which have been used to calculate n ps ,%  m ppy

°ppy' A 0S and ’ are determined by two form factors F2+(&>2) and F2_(co2) - F2 (w2) 

can be calculated using either Eq. (11-22) or Eqs. (11-17), ( II -18) and (11-21), while 

F2 (co2) has been calculated using Eq. (11-37). In Eq. (11-37), K~, c { and c 2 are three 

unspecified parameters. These parameters have been determined by fitting to the
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TRIUM F analyzing powers. Since a unique result can be obtained for and C2 if  

K~ is given, we have postulated various values for K~ and used ten sets of TRIUMF 

analyzing powers to find c x and C2 - The analyzing powers shown in Figs. 10 

correspond to the ten sets o f data used in this work to fit c t and c2 • F °r a given K~, 

we obtain the parameters C j and c2 fr°m A ps and A pw ■ In Table I, we present four 

sets of fitted parameters which are determined by using A pv• The values of K~ in 

Table I lie in the range between -5 and 5, since good results can be obtained in this 

range. In Table II, using A ps to fit c { and c2> we also show two sets of parameters. 

Only two sets of parameters are given here because most cross sections o j ^  calculated

TABLE I. Parameters K~ C t and C2 f°r the form factor F 2 ( w2) given by 

Eq. (11-37). They are determined by fitting to TRIUMF’s analyzing powers. This table 

gives four sets of > C j and C 2 f°r the pv-coupling case, in which AyV is used 

to calculate analyzing powers.

parameter
K~P Ci c 2

set I a 5.00 4.51 0.91

set l b 1.79 4.09 3.37

set l c 0.00 3.88 4.87

set l d -4.00 3.29 7.65
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using any of the sets of parameters given in Table I or I I  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 it to calculate the cross sections * pv and a ps , respectively, which have then a ppy ppy * J

been compared with the data at 157, 200 and 280 MeV.

TABLE II. Same as Table I except this table shows two sets ofK~ C , and C-.p y 1 z

for the ps-coupling case, in which a £s >s used to calculate analyzing powers.

parameter K c  t

set I I  1-79 4.421Aa

set n b -4.00 5.59

C 2

2.44

1.60

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

MeV for q3 = s4 = 30° and several noncoplanarity angles $ . The calculated cross

sections, (solid curve), (dash-dotted curve), (dashed curve), and

(dotted curve), have a similar shape and in general the agreement with the Harvard data

[37] is very good. The cross sections are calculated using the set i b

(/c~ = 1.79) in Table I, while are calculated using the set n a (*~ = 1.79) in

Table II. It is easy to see that a ps >  apw , a ps >  apw , and a  > A • Here,ppy ppy ppy ppy ppy ppy

A =  a ps -  a pw and a  =  a ps -  a pv are defined as the deviations in cross 
ppy ppy ppy ppy ppy ppy

section. Although not shown in this figure, the cross sections apv and npw are also
ppy ppy
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Fig.4. Noncoplanar ppy  cross section d?aldP.3dQAd\py as a function of ^  at
157 MeV for $2 = q4 = 3 0 ° and several noncoplanarity angles <£. The results for 

a pw ( solid curve calculated using the set i  parameters ), a ps ( dash-dotted curve
ppy ppy

calculated using the set na parameters ), crp̂  ( dashed curve ), and a ps ( 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 ~ap̂  varies very 

little when the parameters given by the set Ib are replaced by the other sets la, Ic and 

Id. In other words, a p̂  at 157 MeV is insensitive to the variation of parameters ( for 

- 5  <  k~ < 5  )> and the Harvard data cannot be used to differentiate among these 

parameter sets.

The noncoplanar cross sections at 157 MeV for d3 = 04 = 35°  have also been

calculated for several values of <h. Using the set I. for apv and the set n for aps ,
v  b »> uppy Aa °ppy'

as shown in Fig. 5, all calculated cross sections npy , aps , a pv and a ps give very
ppy ppy ppy ppy J

similar results. This implies that both a  and Appy 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 J uT is [19] but disagree completely with the calculation 

using the two-s-two-t special amplitude M  J sTts [19]. This supports the argument that 

the amplitude m J uTis, not m J sTis» should be used to describe the proton-proton 

bremsstrahlung process.

The 2-fold differential cross sections d 2ops(p^ /d Q 3dQ4 andd 2 a ps^ ^  / dQ2dft4 

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 Cexpo ^  ( calculated using 

the set i. ), c  a ps ( calculated using the set n ), c  <rpv and c  <sps at 2 0 0b ''exp  ppy v °  a '■'exp1'ppy  ''e x p  ppy

MeV for 0 3 = 0 4 = 16.4° • Here Cexp represents the experimental correction factor 

introduced by the TRIUMF group [5]. The calculated cross sections shown in Ref. [21] 

correspond to and ffj ^  without being multiplied by the correction factor cexp •
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Fig.6. Integrated pp y  cross section d 2a/d9.3dQ4 as a function of the

noncoplanarity angle J at 157 MeV for (a) e3 = 04 = 30° and (b) e3 = 04 = 35° •
The results for ( solid curve calculated using the set r  parameters ), a ps ( dash- ppy b r ppy
dotted curve calculated using the set n parameters), (rpv ( dashed curve ), and a ps3 p p y  >p p y

( dotted curve ) are compared with the Harvard data [37].
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Fig.7. Coplanar p p i  cross sections d 3aldQ3dQ^d\J/y as functions of ^  at 200
MeV for 0 = $ = 16.4° • (a) The results for r  ( solid curve calculatedexp ppy
using the set i parameters ), c  v a ps ( dash-dotted curve calculated using the set n d exp ppy «i
parameters ), q  a ps ( dashed curve ), and c  a ps (dotted curve) are comparedexP PPy ^exp ppy r
with the TRIUMF data [5]. Cexp represents the experimental correction factor

introduced in Ref. [5]. (b) A ll curves represent cross sections for Cexp a p̂  but they 

are calculated using three different sets of parameters, I  (dashed curve), i (solid
curve), and id (dash-dotted curve). The data are from Ref. [5].
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Clearly, the cross section Cexpo ^  ( solid curve ) is in better agreement with the 

TRIUM F data than any of the other cross sections. The data also rules out the 

calculation Cexpa ^ , (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 ap(̂ , is in much better 

agreement with the TRIUM F data than those cited in Ref. [5].

In Fig. 7(b), we compare the results for the cross section Cexpff^ , for the three 

different sets of parameters Ia, Ib and Id. The difference is very small.

In Fig. 8, we show the coplanar cross section as a function of ^ at 280 MeV. 

All theoretical cross sections are calculated using Horowitz’s unpublished parameters 

at 300 MeV. Again, and have been calculated using the set i b and the set 

Ha, respectively. The results are compared with eight sets of TRIUM F data [7], which
J__________________________________________________________ _

include the _  -normalization factor. Clearly, the calculated cross sections for a ps are 
3 ppy

in gross disagreement with the data. Three other calculations for a pv , and a py/
ppy ppy ppy

give similar results which are in much better agreement with the data than the result for

~ap& . An important difference between those curves for n pv and the other curves 
ppy ppy

for and 0 pw can be found in their shapes. The curves for a pw have shapes 
ppy ppy ppy

which best describe the data.

In Fig. 9, we demonstrate that the three different sets of parameters i a, i b and 

I d can be distinguished at 280 MeV for small proton scattering angles. As shown in 

Figs. 9(a) and 9(b) [ (03 ,04 ) = ( 12°, 12.4°) and (16°, 12.4°) ], these three sets 

of parameters yield quite different results in the regions 140° < \p y <  180° and

\j/y <  10° • The data seems to favor the value =  1.79 ( the set i b ).

In Fig. 10, we present the analyzing powers A pw (calculated using the set i b),
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( calculated using the set n a ), A y W and as functions of ^  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° <  \py <  1 2 0 ° cannot be described by the calculated a ^  or a ^  ( the analyzing 

powers calculated using the on-shell p y p  vertex for pv coupling or ps coupling ). 

Good agreement between theory and experiment can be achieved only if  the off-shell 

p y p  vertices are used. These off-shell pyp vertices depend on the two form factors 

F j (c j2 ) f {  ( <*J2 ) • As will be discussed in the next section, the contribution of 

F2 (c j2 ) is crucial. Without F2 (o>2 ) it is impossible to fit the analyzing powers 

AyS and AyV to the data. Representative curves for AyS and AyV are shown here.

In Fig. 11, we compare the results of a ^ v calculated using three different sets 

of parameters ( i a, i b and id ). The quality of the fits can be seen from these results.

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 a^v ( using the set 1 ), A^s ( using the set n ), A^v and A^s
7 ° y  a 7 y

as functions of ^ at 200 MeV for q3 = q4 = 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 d?aIdV.3dQ^d\py as functions of ^  at 280 

MeV for four sets of proton scattering angles ( 0 3 , ). The results for ( solid

curve calculated using the set i b parameters ), a ^ .  ( dash-dotted curve calculated
ppy

using the set n a parameters ), ( dashed curve ), and ( clotted curve) are

compared with the TRIUM F data [7], which include a Z -  normalization factor.
3
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Fig.9. Coplanar p p i  cross sections d 3a fdV.2dQ4d\py as functions of ^  at 280 MeV 

for four sets of proton scattering angles ( $3 t #4). All curves represent cross sections for 

but they are calculated using three different sets of parameters, i a (dashed curve), ib 

(solid curve), and i (dash-dotted curve). The data are from Ref. [7].
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Fig.lO(a-c) Analyzing powers Ay as functions of ^ at 280 MeV for three sets of 

proton scattering angles ( $3 , 04 )• The solid curves ( calculated using the set i 

parameters ), dash-dotted curves ( calculated using the set n parameters ), dashed 

curves, and dotted curves represent the results for a  pv . A ps > Aypv and Ayps , 
respectively. The data are from Ref. [7]. These three sets of TRIUM F data have been 

used to determine the parameters Cj and c2 shown in Tables I and II.
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Fig. 11. Analyzing powers Ay as functions of ^ at 280 MeV for four sets of

proton scattering angles ( , &4 )• All curves represent analyzing powers for A y v but

they are calculated using three different sets of parameters, I (dashed curve), i b ( solid 

curve ), and id ( dash-dotted curve ). The data are from Ref. [7].
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Fig. 12. Analyzing powers Ay as functions of ^ at 200 MeV for 03 = e4 = 20* • 

The solid curve ( calculated using the set i parameters ), dash-dotted curve ( calculated 

using the set n parameters ), dashed curve, and dotted curve represent the results for 

Ay v> AyS> Ayv and Ayps, respectively.
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n.6 Discussion

Since the measured analyzing powers at 280 MeV in the region

60° < ^ Y<  120° cannot be described by the calculated Aypv and A ps. all calculations

based upon the on-shell p-yp vertex can be ruled out by the data in this region.

Moreover, Figs. 7(a) and 8  clearly show that the cross sections which are

calculated using ps coupling and the off-shell p-yp vertices, fail to fit the data at 2 0 0

MeV and 280 MeV ( with the _ -normalization factor ). Thus, the combined
3

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-yP vertices consistently describe the data.

The above conclusion is based on the use of the off-shell p«yp vertices 

T 1 and T 2 given by Eqs. (II-40a) and (II-40b), respectively, which depend on two
ft ft

form factors F 2 ( o 2 ) and F2- (oj2 )- In order to study the contribution from 

F 2" ( a)2 )» we have also calculated cross sections and analyzing powers using only the 

form factor f 2 (o>2 )- In other words, we have used two approximate vertices which 

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

F 2' ( W2 ),

r J ( P | , P i + K )  *  f J ( P i , P s + K )
, (II-62a)

♦ 2s Pi + K + m
-  2m

and

r J ( P j - K . P j )  -  f J ( P j - K . P j )

, .  2 (" -62b)
2m 2m

Some of the results obtained are shown in Figs. 13 and 14. Denoting the calculated
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Fig. 13. Coplanar p p 7  cross sections d 3a /d t i3 dQ4dipy ^  functions of ^ at 157

MeV ( 03 = 04 = 35° ), 200 MeV ( e 2 = 6 4 = 16.4° ), and 280 MeV {~62 = 1 2 ' ,
04 = 12.4* )• The solid curves, dash-dotted curves, dashed curves, and dotted curves

represent the cross sections a py , o ps , a pw , and z ps , respectively. The full off-shell
ppy ppy ppy ppy *  J

P'yP vertices ( r 1 and r 2 ) have been used to calculated n py (using the set r, r ' p p  ppy □
parameters) and ( using the set it parameters ). On the other hand, a pv andPPY a p p y

d p ^  are calculated using the two approximate vertices ( and f 2 )» which depend 

only on the form factor F 2+(w 2 )- The data at 157, 200 and 280 MeV are from Refs. 
[37], [5] and [7], respectively.
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Fig. 14. Analyzing powers Ay as functions of ^ at 280 MeV for ( 03 , 04 ) = 

( 14°, 12.4°) • The solid curves, dash-dotted curves, dashed curves, and dotted curves 

represent the analyzing powers a £ v, A ps, a £ v, and a£s> respectively. The full off- 

shell p*yp vertices ( and r 2 ) have been used to calculated A pv ( using the set i b 

parameters ) and A ps ( using the set n a parameters ), but the two approximate vertices 

( f ,| and f 2 ) have been used to calculated A pv and A ps- The data are from Ref. [7].ft n ' *-y y L 1

280 M eV
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cross sections and analyzing powers respectively as and A ps for ps coupling and

and A pv for pv coupling, our results can be summarized as follows: (i) Generally

speaking, the cross sections ( crj^,pv) ) and analyzing powers ( A ps(pv) ) calculated

using the vertices f 1 and f 2 are similar to those cross sections ( ffPs(Pv) ) and 
t t . f i  ppy

analyzing powers ( A ps(pv) ) calculated using the on-shell vertex r p ( Eq. (11-13) ).

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 2 (oj2) *  F2 (a>2) *  xp = 1.79 ( see Fig. 2 ) and f  * *  f 2 *  1^-

Therefore, we expect ^ps(pv) and A ps(pv) to be similar to a Ps(Pv) and A pŝ pv),
ppy y ppy y

respectively, (ii) Deviations in cross section ( -  a p̂ , ) and analyzing power

( A ps -  A pv ) are extremely small, (iii) The agreement between the calculated cross 

sections ( 5-Pĵ  0r ) and the experimental data is in general good. However, this 

is not the case for the analyzing powers. The calculated analyzing powers ( A ps 

or A pv ) are in very poor agreement with the experimental data at 280 MeV in the 

region 60° <  $ y — 120° for most cases, (iv) Good agreement between the calculated 

analyzing powers and the TRIUM F data ( especially in the region 60° <  \j/y <  120°) 

can be achieved if the form factor f 2~ ( w2) is taken into account (see Figs. 14 and 10). 

Our results represent the first clear evidence for the need of the form factor f 2 ( cj2 ) 

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 60° <  t 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 ppy 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 ( 0 3 s 0 4 ) = ( 1 2  ° , 1 2 .4  ° ) give very similar results, which are in good agreement 

with the TRIUM F data and most of the results obtained in the potential model. A 

comparison between the TRIUM F 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 ( yj, <  10  ° ) and backward 

( t y >  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 TRIUM F’s recent cross sections at 

280 MeV involve an ambiguity due to the use of a ^.-normalization 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-y 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 t and C2- K would certainly be of interest 

to know if these new parameters are consistent with the set of parameters obtained from 

the TRIUM F 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 p-yp vertex must be used in our pp«y 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 p«yP 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 i : -ambiguity, to check our results , and
3

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.

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



Chapter HI

RESCATTERING CONTRIBUTION

58

The existence of a serious discrepancy between the measured analyzing powers 

and the calculated a £ v or a £ s at 280 MeV in the region 60° <  \py <  120° ( for 

those cases with small proton scattering angles ) is significant and unusual. In this 

region, the data show a minimum around \f,y = 9 0 °  for many cases, yet each of the

To resolve this discrepancy, we have focused our investigation on an important 

contribution from the form factor F j  • 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.

in .l 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-y process may be represented diagramationally as

calculated curves shows a large maximum peaked near ^ = 90 ° for the same cases.

P 3 P4 P j  P 4 P j  P 4 P j  P4

Pi P : Pi  P j Pi P : Pi P :

K ( 3 4 )

Pi P j  Pi  Pj

Fig. 15. The full iteration scheme for pp-y 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(P3)

'■P
P t-q -K  

K <--------

“ (p4)

P2 +q-p4

Pi - q  i,
A

r T p2+q

q

“ (P i )  (a )  u(P=)

u ( p 3) “ (P4)

P3+q-Pi--- _c----- ( V
11 p2 + q -K

r ra ---------> K
!> P2 +q

----->-__

“ (Pi )

“ (P4) “ (P3 ) “ ( P j ) “ (P3)

p4 +q-P!
*-n 1----- -<------ (  j ?

Pi - q  “

L >_---
q

p,  +q - K  

 > K
P: +q

“ (Pi )  (d) U(p: )

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

M; 'sCps> -  m £  * m j;  * m cp;  -  m j; , an-o
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where
5 4 4  r

M £ =  E  E  f ------- ^ \ [ « ( P 3 » , '3 ) X f l i S F ( P l - <I - K ) r i r * i S F < P l" <*> X t t U ( P l * , ' l ) ]
ot,/3=l 7 ,r=l (2x)

• [u(P4 SF(P2 +<J)X“  U(P2 .*2)] [ f|y(P2 +<1 -P4) Gf*y<P2 +<1 _P4> ] }

5 4 , 4  |

=  i E  E  f— % ( [ u ( p 3 , * '3 ) x / 3 ^ i - < i - * c+ m ) r ^ s (f>1- « ( + m ) X a u ( p 1 ,»/1) ]
Ot,/3 = l 7 ,T=l J (2x)

• [u(p4 ,v^ & 2  +«(+m) X“ u(p2 , j^ ] 1

\2 _  2
1

2 2(P !~q -K ) -m^+ie (P(-q) -m z+ie

4 x g<3Y f02Y(P2+q-p4) 4 x g<̂ r

(p2 +q)2 - m 2+ie (p2 +q-p4)2 -m ^ + ie j3T q 2 -m^T+ieaT
(ffl-2)

5 4 4  /■

M C  = £  E  f-5 -S rl S(p4 ^ 4)X«iSF(p2 » q -K )r''!siSF(p2 -q)X“ u(p2,^ )] 
tt.0-l7.r-l J(2x)4 J

‘ [U(P3 ^3)X/31 SF(Pl -q)Xau(Pl ."l)] [^(P3 +Cl“Pl) G0y(P3 +<l~Pl) £(<0'Gar(t0 ] }
5 4 , 4  r

= i E  E  f— ^ 4  {  [ u ( P 4 ,*/4 ) x ^ ( f i 2 + « ( -K + m ) r ^ es( f i2 + 4 + r n ) X a u (p 2 ,j/2 )]
a,0=1 y ,T =  1 J ( 2 x )  _

*[ u(p3 ,v3)x/S((Jl -4+m)Xau(p1
(p 1 —q) -m  +ie (p 2 +q-K )  -m +ie

4 x g/3Y f027 (P3+q-Pl) 4 x g«r

(p2 +q)2 -m 2 +i€ (p3 +q-p1)2 -m |Y+iej37 q 2 - m 2r+iea r  wa r

(in -3)

M £  = - M £ ( 3 ~ 4 )  , a n 4 )

- - m £ ( 3 ~ 4 )  , an -5)

In the above expressions, C) Car> and are all positive, infinitesimal, and in 

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

is

K  -  K  *  “ r 4" ’ -  K  *  K  *  M £  *  <  *  < •
(m-6)
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The amplitude must satisfy both the Pauli principle and the gauge 

invariance condition. Obviously, obeys the Pauli principle. As for gauge

invariance, since the single scattering term m  ps is gauge invariant already ( see Part

A of Section II. 3 ), imposing the gauge invariance condition to m p̂  gives

( M £  * M bp‘ *  m £  *  m £  ) -K - = o •

This equation tells us that we can choose the p-yp vertex in Eqs. (III-2 )-(III-5 ) as

(m-7)

.res 1 icn
2  m M

(m-8)

For simplicity, let

2 ps(q)= (4x)2 g ^ g ^  [H(p3 ,»'3) ^ ^ i - 4 +K+m )rMres(jl1-«(+m)Xa u(p1 , ^ ) ]

• [u(p4 , v £  +«(+m) Xa u(p2, j/2)]

2 ps(q)= (4x)2 g^g^T [u(p3 -^+m)Xau(P[ ,^j)]

* [u(p4 ,̂ 4) X^(0 2 +4 -K+m)r^es(fl2+^+m)Xotu(p2 ,»/2)]

and then equations (III-2 ) and (III-3) become 

5 4 ^

( 2 x )

1 1 1

an-9)

an-io)

3 4
*E E I
a,jS = lY ,r= l J

A-S_ s f  (q) f / 7(p2+q-P4) fa2r(q) • 1

[(pr q -K )2 -m 2 +ie]  

1

[(P1_q)2 ~m2 +ie] [(p2 +q)z-m^+ie] [(p ^ q -p ^ -m ^ + ie ^ ] [q2 -m 4 T+ieaT] 

5 4 qo

\2  _ 2 _

— —  E  E  f d<i0,
( 2 x ) 4 a ,0 = W ,r = l  J—

f d3 q 2 f  (q) fo +q -p ^  f 2T(q) •
J — OO

[q °+K °-p i-^(q+K -p 1)2 +m2 +ie] [q°+K°-p°+y(q+K-pl)2 +m2 - ie ]  

1 1

[q0 ~Pi°- y ( Pi)2 +m2 + ie ] [q ° - p ° +  ^ ( q - p ^ + m 2 - i e ]
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[ q ° + P2 " ^ ( (l+ f c ) 2 + n , l 2 + ie ] [ q ° + p 20 + / ( q + I)2) 2 + m 2 - i e ]  

1 1

[q° - / q 2 +m^T + iea r ] [ q ° + i l ~ ? + m l T - i e a T ]

[q°+P2-P4+/ ( q+R2~P4)2+m^y " i 60 yl

aii-ii)

5 4

m C - 7 T u  £  E I - h M(2 t) a,/3=l-y,T=l ■*~00
1 « 3 q 2^ (q) ^ -r^ -q -P l) faT(q) •

1

[ q ° - P i ° - / ( q - P i ) 2 + n i 2 + i e ]  [ q ° - P i ° + / ( q - P i ) 2 + m 2 - i e ]  

1 1

[q°-K 0 +p2 -^(q-K +p2)2 +m2 +ie] [q°-K°+p2 +y(q-K+p2)2 +m2 - ie ]  

1 1

[q0 +p2 * / (q + Rz)2+m2+ie] [ q 0 +p2° + ^/(q+ P2)2 +m2 - i e ]  
1 1

[q° +p5- P i - / ( q+ P } - P i ) 2+m | y + i e ^ ]  [q °  + p ? -p °  +/(q+Pj-Pi)2

[q° - / q 2 +m2r + ieaT] [ q ° ^ ? + m a2r - i e aT]

an-12)

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

<  = K y + < s(pv) = mmpv ♦ m £  + m p;  + m p;  + Mdp; , a n -13)

where m £ \  m £ ,  M cp*, and MdpJ  have the same expressions as m £ ,  M p8, m £ ,

and respectively, but with S f  (q ) and S f ( q )  replaced by S f f q )  and EjTfq), 

respectively. S pv(q) and E pv(q) are defined as

S?v(q)= (4x)2 g ^  g^. [ u(p3 ,j/3)X^(fi1-«i-*-K+m)r^es(^1-<i+m)X/a u(p1 , 1̂ )]
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'[u(P4»*,4)X/^ (lll2+<l+m)X/au(P2>,,2)] (H*44)

2 2 V(q)= (4T)2g ^ ,g ^  [u(p3,1/3)X ^ - 4 + m ) X 'a uGpj ,*»,)]

• [u(p4, i>4)X /3  +4-K+m)r^es(ji2 +«(+m)X/Qtu(p2  ,j/2)] (HI-15)

5where X^(X^) are the same as Xa(Xfi) except X  ̂ = Xj - A . . .  ( X  ̂ = X
(2m)

(2m) 5 (2m)

Theoretically, we can now calculate the total bremsstrahlung amplitudes for both

ps coupling and pv coupling by computing Eqs. ( III- l 1), (HI-12), (H I-4), (ni-5), (HI-6),

and (in -13), and thus obtain the total cross sections and total analyzing powers which

include the rescattering contribution. Unfortunately, difficulties arise when one

evaluates Eqs. (HI-11), (m -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.

in.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£T and fgy - 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.(m -ll)-(IH -12) completely come from the five propagators. These physical poles 

are exhibited in Fig. 17.

Im q°

Re q

Fig. 17. Location o f the ten physical poles o f E q .(III-ll)  in the complex q° plane.

For the integration of Eq.(UI-l 1) 

q°i = P°i ~ K°+/  -  pj) 2 + m 2 - i e ,  = p® -  K° -  /  (q+K-p|)— — — >2 2 + 1 6 !

<12 = P°i+^ (q -  P! ) 2 + m 2 -  i e ,  q° = P°i“ / (q ~  Pi) 2 + m 2 + i e ,

q3 = ~p2 + / ( q +P2 ) 2 + m 2 - i e ,  q g = -P 2 " /(q + p 2 ) 2 + m 2  + i e ’ C111-16)

q9°=P40-P20-/(q ^ -? 4 )2 
° / 2  2 . o / —2 2

q5 = y q  +maT - i e aT, qio = "Y q +m«r +1€«r

+m/32y+ i ^ Y>
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Similarly, for the integration of Eq. (H I-12), one has

q f  = p°i+y ( q - P i ) 2 + m2 - i e .  q6° = p W ( q - P i ) 2+m2 + i 6 ’

q ' °  =  K ° - p 2 + y (q -K + p ^ )2+ m 2 - i e >  q?0 = K ° - p ^ - ^ ( q - K + p ^ ) 2+ m 2 + i e>

q3° = -p°2 +^ q + P2 ) 2 + m 2  _ i e ’ qJ, = -p°2 - ^ q + P2 ) 2 + m 2  +ie> (III_17) 

q 4 = p°i - p?"V(q+f t JS ) 2+ml y _ i% ’ q?)= p0i-P 3 -i/(q ; ft-P i)2+ml r +ie07*
/o  I —2 2

q 5 = Y q  + m a r  - le o r ’
/o / “ 2 2

qio = - y q  +m«r +ie*r-

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

5 4

< ! — ^  E  E  (-2'0 f <i3?
(2 t )  a ,/3 = l7 ,r= l ■* 00

| ( s f ( q )  f/37(p2+q~P4) fa2T(q)) o oq -qi

2 [ / ( q + K - p , 7 +mr - ie ]  [ -K°+y(q+k-p^- ' -m 2 - J i q - p i f + m 2 ]

1

[ - K °  + y (q+k-p1)2 +m2 +^(q-p1)2 +m2 - i e ]
1

[p10 +p20 - K 0 +V/(q+k-p1)2 +m2 ^ ( q +p2)2 +m2 ]
1

[Pi° +P2° " K ° +y(q+k-p>1)2 +m2 +y(q+p^)2 +m2 -ie  ]
1

tP° +P2 "P4 ~ K° + ̂  (q+k-p1)2 +m2 -^(q+p2-p4)2 +m^y + i (e ^  -  e) ]

[p°+p°-p°-K°+^/(q+k-p1)2 t-m2 +^(q+]^-p4)2 -*-m̂ y- i (e j3T -e ) ]

[P i° -K °+y (q +k -p 1)2 +m2 - ^ q 2 +m^T ♦ i f e ^ - e ) ]
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[ P l ° - K ° + ^ ( q + k - p 1)2 + m 2 + / q 2 + m ^ T - i ( €aT +  e ) ]

+  ( S f ( q )  f ^ ( p 2 +q - P 4)  f « r ( q ) ) o oq =q2

[K ° + y (q -p 1)2 +m2 ( q+K-pj ) 2 +m2 ]

1 1

[K °+y(q-pl)2 +m2 +y(q+K -pl)2 +in2 - i 6 ] 2 [^(q^pJ)2^rr?- ie  ] 

1

[Pi° + Pi + / ( q - P i ) 2+m 2 - ^ ( q + p ^  + m 2 ]

1

[ P i °  + P2°  + / ( q - p i ) 2 + m 2 +  ^ / ( q + f c )2 +  m 2 - i e ]

1

[Pi° +P2*~Pa +\J ( Q- Pi)2 + m 2 ~{(<{+P i-p4)2 + m0 7 +i ( ^ - 0 ]

[ P1° + P2° - P4° + \ / ( q- Pi)2 + m 2 + V ( q +  P2■ P4)2 + m /3-y - K e / J v + e ) ]

[Pi°+\/(q-Pi)2 +m2 -  J V '  + m l r  + i (ea r -e)]

[ P i ° + / ( q - p i ) 2 + m 2 + / q 2 + m ^ r  - i ( e a T + e ) ]  

+  ( 2 f ( q )  f f l7 ( p 2 +q - P 4)  f « r ( q ) ) O 0q =q3

[ K ° - p 10 -p20 +/ ( q +p2) 2 + m 2  - / ( q + K - p j ^  + m 2 ]
1

[ K ° - p 1° - p 2° + y ( q + i ) 2) 2 + m 2 + y ( q + K - p 1)2 +  m 2 - i e ]

1

[ -p i ° -P 2° +\/(q+R2 )2 + m 2  - ^ ( q - P i ) 2+m 2]
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[ -Pi -  V i *7( v  t i ) 2 + m 2  Pi)2+m2"'1e1 2 [ / ( q +Rz) 2 + m 2  " ie l

_______________________ I_______________________

[-p 4° + / ( q +f t ) 2 +m 2 - / ( q ^ - p 4 )2 +m^ 7  + i (e0y -e ) ]  

 1_______________________

[~P4° + / ( q + ^ ) 2 +m 2 +y (q+ ft -p 4 ) 2 + m| 7  - K e ^ + e ) ]  

 1___________________

[-P2°+A ^ )2+m2 ■ / ^  + ma r  + i ( f a r ' f )]

 1_____________________

[-p 2° + J 0 p p 1)2 + m 2 - / q 2 -™ 2,. - i ( e aT + e)]

+ (S fs(q) f^CPj+q-p^ fa2r (q ) )qo = qo

 1_____________________________

[ K° -p ! -P2 +P4 (?+Pz - P d 2+ml y - ^ ( q+K -  pj )2+m 2 + i ( e -  e07) ] 
 1___________________________

+/(q-*-K-pi)2 +m2 - i ( €  -e07)] 
 1__________________________

[ ■ p 1° "P2° +P4°+ / <  ~ ^ ) 2+m|y  “ V ^ - P l ) 2*™ 2 + i (  e -  ) ]
_________________________I_________________________

[ ■ Pi°'p 2° +p4° +/ (q+^ - ^ ) 2 +m07 + /(q -P i)2 +ni2 -  i ( e + e0 7 ) ] 
 1_______________________

[p4° +^(?+P>-^)2 +m ^ - y(q'+fc)2 +m2 - ^ ( e - e ^ ) ]  
 1_____________________

[P%+{(<i+ P l ~ P j 2+™(}y + \ l (q+p£2+m 2 ~i(e +6^ ) ]
___________ I____________

2 [ / ( q +^ - ' ^ ) 2 -(-m |y - i % J
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r O 0 1
[-P 2 +P4+V(q+5-5)2+m^+l

1

1 q2-™ ^- i ( earr

r O 0 j
[-p2+p4+V(q+i^-R^+mly-^l^2+mar + i ( ear

[Sfs(q) f/327(P2+q-P4) fa2T(q))
1

ja 0 II .£ 0

[K 0 -p|° + / 7 +m i- - /(  q+K 
1

-P l)2 -m 2 + i(e -««r)]

[ K ° - p ° +  J q l + m l T + J ( q + K - p l )2 + m 2 -U e + e * , ) ]

[-Pi°  + / 7 +m ^ . -y (q -p 1) 2 + m2 +i (e -eaT)]

t"Pi° + / 7 +m^r +v/(q -P i)2 + m2 -i(e+eaT)]

[P2° +/ q 2 +mar_^ q +p2 )2 + m2 + i (€ -€„,.)]

[p2° + y q 2 +m^T + y(q+pz) 2 + m2 - i ( e + 6aT) ]  
 1_______________________

[P 2°  -P 4° + /  q2 + m a r  " / (  q + f t - P 4 ) 2 + m 07 + i ( e/37 - « o r )  1

[P2° -P4 +Y ^2+mar +/ ( q +P2~P4) 2 + lm0Y - i ( €0 Y+e<w)]

an-is)

<  = - ^  E  E  (-2xi) fd 3?
(2r )  a,0 = l7 lr=l
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2 [/(q -p i)2 +m2 - ie ]  [p ^ + p ^ -K ^ ^ q -p ^ + n ^ -^ q -K + p ^ + m 2] 
_______________________I______________________

tPi° +P2° ~ k °  + \ l (q~P i )Z+m 2 +y /(q -K + ^ )2 +m2 - i e ]  
 1_________________

[Pi° +P2° + \ l (q~lS) 2 + m 2 ' ] / (?+R>)2 +m2 ]
 1____________________

[ P i +P 2 * \ j (q~Pi)2 +m2 +\j(q+P2) 2+ m 2 - i e ]
_____________________________ I_____________________________

[p3° +/(q~Pi ) 2 + m 2  (V-P3~Pi)2+ml y  + i(e0 7 - O ]

[p30 +/ ( q - p i ) 2 + n l2  +/ ( ? +ft-P i)2 +m0Y - i ( ^ 7 +o i  

 1___________________

[Pl° + j G i - P l ) 2+ m 2 " / q 2^ ^ .  +i ( e(rr - e ) ]

 1_____________________

[Pl° +/ ( q -P l ) 2 + m 2  +/ q ^ +mar - iC f a r - e ) ]

+  ( sgs(q) f027 (p3 +q-P i) f« r ( q ) ) qo = q/o

■  1___________________________________________________________

[K ° -p °  -p2° +^ ( q-K )2+m 2 -  ̂ ( q-pj ) 2 + m 2 ]

 1_________________________

[ K ° - p 10 -p20 + / ( q - K + 5 ) 2 +m2 +^ (? -p i)2 +m 2 - i e ]

 1 1_______________

2[^(q-K+fc)2 +m2 - ie ]  [K0 +^(q‘-K+p^)2 +m2 -^ (q ‘+'^)2 +m2 ]

 1_____________________

[K ° + y (q -K + p 2)2 +m2 +^(q+p2) 2 + m 2 - ie ]  

__________________________ I__________________________

[K° "Pi ~P2 +P3 V  (q-K+ft)2+m 2 -  ̂  ( qV ft  )2 + i ( - e ) ]
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[K° -p° -p5+p? +/(q-K+p!i)2+m2 + ̂ (q+ft-Pi)2+m|7 -  i ( e ^ -e ) ] 
 1________________________

[K 0-p2° + ̂ (q-K+fc)2+m2 - / q ^ m 2,. + i(eaT-e )]  
 1________________________

[K °-p 2° + / ( q-K+ft)2+m2 + / cp + m*,. -i(e aT + e)]

+  ( E ^ q )  f^(P3^q-pj) f«r ( q ) ) qo = q/o
'  1____________________

[ -Pi° -P2° -*7(q+^ ) 2+m2 ( q’-p i)2 + m2 ]
  1______________________

[ - Pi°_P2° +/ ( ? +f t )2+m2 +^ (q -p i)2 + m2- ie]  
 1_________________

[ - K °  + y('q+'^)2+m2 - \j( q-K+p^)2 +m2 ] 
 1 1________

[ -K°+^(q+i^)2+m2 (q -K +^)2+m2 - ie]  2[v/(q‘+‘̂ )2+m2-ie  ]

 1____________________________

[P30 “Pl°-P20 +/ ( ? +f t ) 2 + m 2  - Y ^ f t ~ f t ) 2 + mly  + i ( % - 0 ]
1

1

[-p 2° + y (? +f t ) 2 + m 2  - / i 2+mar + i(eaT~0 ]

 1_____________________

[ -P 2 ° ^ ( ? ^ ) 2 - 2 +/ ^ 2+mar - i ( e aT+0 ]

+ ( S2s(q) f^Cpj+q-Pi) fa2r (q ))q„ = q,o

 1________________________

[ -P3° + /(? + &  ’ Pi)2 +m0Y -  /  ( q - i ) 2 +m 2 + i ( e - €/£h,)]
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[ - P 3 ° + V ( ( l + f t ' P i ) 2 + m ^ y + ^ ' P i ) 2 + m 2  _ i ( e + e /3 7 ) ]

1

[P i+p5 -p 3 - ^ +/(q +P rP i)2+m|y -/(q-K +R >)2 +m2 + i ( e - e ^ ) ]
1

[P?+P?-P?-K °+/(q+ft-'S )2 +m^y ^(q -K +p^)2 +m2 - i ( e  - e ^ ) ]
1

[Pl° +P2°-P3°+/( q +P5-Pi)2 +m^v- / ( (l+Pz) 2 + m 2  + i (e -
1

€ ^ ) ]

[ Pi +P2° "P3° +/ ( ft ‘  Pl) 2 +mlr  +l/(^+ R2) 2 +m 2 “ 1 (e + %  M 
1

2  [y  ( q+P3- Pi) 2 +m ŷ - i % ]
1

[ P i°-P30 +^ (q+ft -  Pi ) 2+m/3Y -  +mar + i ( )  ]

1

[P i°-P3° + ̂  ( i +ft -  Pi)2+m^ -+^ 7 +m«T -  i ( ^  + ) ]

s?s(q) f^ (P 3 +q-Pi) fa r (q ) )qo=q/o

1

[ -P i °+/ q 2 ^ ^ - - \ / ( q - P i ) 2 + m2 +i ( e - e ^ )  ] 
1

[ - P 10 +/ q 2 +m i - +v/(q-Pi)2 +m2 - i (e +eaT)]
1

[p2° - K 0 + / q 2 +mi - - / ( q - K + f t ) 2 + m2 - f i (e -e^ )  ]
1

[p20 - K 0 + / q 2 +m^r +y (q -K +ft ) 2 + m2 - i ( e  +6^ ) ]
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[P2° +/ q 2+niar -^ (q + f t )2 -*-m2 + i(e -e co.)]  
 1__________________

[P2° +/ 7 +m i  + y (q +f t )2 + m2 - i ( e +eaT) ]

[P3°-Pi° l+P3"Pi)2 + m|y + i (<e/37 eocr) 1

[P3°-Pi° +/ 7 +mi +/(<TP!j-P i)2 + 'm/3> ^ e/3y+ecrr) 1

2 [ / ?  +mar _ *eQrrl

( I I I -19)

For pv coupling, the corresponding equations have the same expressions but with

Sf(q ) (E ^ q ) )  rePlaced by 2 fV(q) (Z ;v(q))-

We evaluate the above integrals in the center-of-mass frame. By making the 

transformation q"-* (cf+ pj) and noting that p ° = p2° and = - p j, equations ( I I I -16)- 

( I I I -19) become

q° = p ° -K ° + /(q + K )2 + m2 - i e  q£ = p° - K ° - / ( q + K ) 2 + m2 + ie

—O ° 2 2 = p, +V q*+m * -  i9 2 - P i

—O
93

° .P2 2 *= " P i +V q - ie

94 = P 4-P °+/(9-P4)2 

9? = / ( 9 +Pi )2 +

+m07 ~ le/3>

mcer lear

o l=  - p " - / y - " m 2 * u  a«-20)

— o o o /,— —v2 2
99 = P4 -P 1 -y(<l-P4) +m0 y + l € l3y 

9^0 = - / ( 9 +Pi)2 + n i^  + iea r ,
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q f  = P°i+/ 7  + m2 -  ie

q 2° = K° -p°i + / (q -K )2+m 2 - 16

q 3° = - p V v f + m ^ - i e

—/o o o /,— — 2
^4 = P i-P 3 +Y(q+lb) +m0Y " 16/3y

q 5° = /cq^Pi)z + m^. -  ie
T . ^ 2  2

orr o r

“ 2 2 q  ̂+ m^ + le—/o o . /
qg = P i - v

= K °-p ° -^ /(q -K )2+m 2 + i

-T2^m2—/o o .
q8 = - P i-v  q +m + ie

—/o o o / / — - * x2 2
q9 =Pi-P3-Y(<i+ft) +m^  +le/

q i°o = " / ( q +Pi)2 + m2T + ie*,.,

. 5 4  oo 
ps I  ^  ^  fM r  =aft x3 E  E  f

a ,/3 = l7 ,r= l(2r) «,/3=l7

2 (V (q +K )2+m 2 - ie ]  [ -K ° + /(q + K )2+m2- / q 2+m2 ] 
1

[ ~ K °  + \J (q + k )2+ m 2 +\/~qz+m 2 - ie ]  
1

[2 p ]° -K ° + /(q + K )2+m2- / q 2+m2 ] 
1

[2 p 1° - K °  + /(q + K )2+m2+ /q 2+m2 - ie ]

1

[P3° +l/(q+K)2+m2-^ (q -R j)2 ~  2+m07 + i (eO 7-e) ]

[P3° +V̂ (q+K)2+m2+^(q-p4)2+m|7 -i(e j37 +e) ]

1

[p1° - K 0 +y(q+K)2+m2-^ (q + p 1) 2H+mar +i(«err-e) ]

[Pi°- K 0 + / (q+K)2+m2+ ^ ( q+ p1) 2+m^J. - i ( e aT+e)]

73

a ii-2 1 )
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+  ( s f d )  ^ ( p^ - p*) d ( q ) ) , o , 5o,—
’ ______________________________________ 1________________________________________

_[K°+y q2- ^ 2 -\J(q+K)2+m2 ]
 1 1

[ K ° + / q 2+m2 +^(q+K)2 + m2 - ie ]  2 (V q2+m2 - ie ]  
1____________1_________

2 tPi 1 2 [ p q 2+m2 -ie]
 1________________________

[2p1° - p 4° + y q 2+m2 - / ( q - ^ ) 2 + m|7 -t-iCe^-e)] 
 1_____________________

[2p1° - p 4° -*V q2+m2 + / ( q - ^ ) 2 + m ^  - i ^ + e ) ]  
 1__________________

[Pi° +/  q2+m2 - / ( q+ f t )2 + m^T + i(eaT-e )]  
 1__________________

[Pi° +)/q2+m2 + /(< f+p i)2 + m2T-i(ea r+e)]

+ (S f(q ) f02r (P2+q-P4) f«r(‘l ) ) qo = - r r - -

 1__________________

[ K ° - 2 p 1° + /  q2+m2 -\J(q+K)2+ m2 ]

 1____________________

[ K ° - 2 Pl0+/ ? +m2 + /(q+K)2 + m2 - ie ]

1 1 1

2[~Pi 1 2 [ -p ]°  + / q2 + m2 -ie] 2 [ / ( p  + m2 -ie  ]

 1_____________________

[ -P 4° + / q 2+m2 ~ /(? -? 4)2 + m|7 + i (e ^ -e ) ]

1
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1

[ - p ? + ' l q Z+m2 - / ( q + p i)2 + m2T+ i(ea r -e ) ]

1

[ -P i° - 'V q 2+m2 +/ ( Q + Pl)2 + m2T - i  (eaT+e)]

( S f ( q )  f ^ ( P 2 +q-P4) f« r ( q ) ) qo = -o t — -

1

[ - p 30+/(q -p 4 )2+m |y -^ (q +K)2+m2 - ^ ( e - e ^ ) ]

1

[ - p 3° +/ (q -P 4 )2+m£, + ̂ (q+K)2+m2 - i ( e  + 6 ^ ) ]

1

[ - 2 pi°+P40+/ (q -P 4)2+m |y - / q 2+m2 + i (e -e 0T)]

1

[ - 2 p i°+P4°+^ ( q - ^ ) 2+m^y + \ j 'q1+m2 - iC e + e ^ ) ]

1

[p4°+ /(q -p 4 )2+mj3 y '^ q 2+rn2 + i ( e ~ % ,) ]  
1

[pJ+^(q-R*)2+m!7 + / ^ +m2 - iC e + e ^ )]  

1

2 [ / ( q - ' S ) 2 + m |y - i e ^ ]

1

[ -p r +p4° +v (q- ^ ) 2+m|y + /  ( ?  + Pi )2+m^r • 1 ( e,

1

r r +e/3Y)l
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1

[ K ° - p °  + /(q-*-pI )2+m(̂ . - \ l ( q + K ) 2 + m 2 ^ ( e - e j ]
1

[ K ° - p °  + /(q + p 1)2+m^T +^/(q+K)2 + m2 - iC c + e J ]

[-P i° +/ ( q + Pi)2+m«T ^ ?  + m2 +i(e -e ar)]  
___________________ I___________________

[-P i° +/ ( q + Pi)2+m^. + / q2 + m2 -U e + e ^ )]

[Pi° +/ ( q + P i?+m i- - J q f  + m 2 + i ( e - eaT)]

[Pi° +/ ( q + Pi)2+m i  W q 2 -™ 2 -U e  + e ^ )]

M

[Pl0 -P4°+Y(£l + S )2+maT - /(q -P 4 )2 + m|y + i(e ^  ]
1

[ P r - P 4 0 + V ( q + P l)2 + m aT + / ( q - P 4 )2 + m /*y _ i ( e|9y+  6« r )  1

1

2 [ / ( q - P i ) 2 + m2T - i e ^ ]

< 5 4 (jo
S - - 5-* E E  f <i3?

(2x) a , / 3 = l 7 , T = l  ■* 00

| (H ? ( q )  f& f fc ^ -P i)  f 2,(q ) )

(111-22)

O —/ O —* — —*
q -q p q-*q+Pi

2 q2+m2 -ie ] [2 p 1° -K °+ y  q2+m2 ~^(q-K)2+m2 ]
1

[2 Pi 
1
[° -K °  + ̂  q2+m2 +^(q-K)2—  2

1
K) +m - i e ]

2 [P i 1 2 [pj°+y q2+m2 -ie  ]
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[p3° + /(q + ft)2+m |7 - i (e j8Y+0 ]

[P

[Pi° +^ (q + p1) 2-,-m^T - i ( eaT + e)]

(s^s(q) f^y(p3-q-pi) fa2r (q)) o — / O ““ —“ —
q =q 2 * q-q+Pi

1

[K °  -2  p,0+ / ( q-K )2+m2 - /  q2 + m2 ] 
1

[ K ° - 2  P|°+ / ( q - K ) 2+m 2 + ^ q 2 + m 2 - i e  ] 
1 1

2 [ / ( q - K ) 2+m2 - ie ]  [K ° + / ( q -K )2+m2 q2 + m2 ]
1

[K 0 + /(q -K )2+m2K)z+m +Y q +m 
1

[ -p 4° + / ( q-K)2+m2 - ^Cq+Pj)2 + m^7 +i(ejg7 -e )]

[~p4° + ) / ( q-K)2+m2 +^(q+p,)2 +m |T -U e ^  + e)]

[K °-P ]° -*V(q-K)2+m2 - / ( q +  P1) 2 -*-m2T + i(eaT-e )]

[K °-Pi° "Vc q~K)2+m2 + / (q + P i )2 + m2T- i(e aT + e)]

+  ( s J V q )  %2Y(P3+q -P i )  fa r « l ) ) qo ^ / o ^
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2 [  Pi 1 2 [-p j0+y q2+m2 - ie ]

 1________________

[ - K ° ^ q 2+m2 - / ( q -K )2 +m2 ]

________________I________________________ I_______

[ - K ° + / q 2+m2 + / ( q -K )2 +m 2 - ie ]  2 [ / q2 + m2 - ie ]  

 1_____________________

[P3°-2 Pi° W q 2*™2 - f u + f t )2 + m^  +i ( % - e ) l  
 1_____________________

[P3°-2 Pi° +^ q 2+m2 + / u + f t ) 2 +m0Y - iU ^ + e ) ]  
___________________ I____________________

[-Pi° +/ 7 ^ ” - / ( q + p l)2 + m^T+i(eaT-e )]

 1______________________

[-Pi° +/ ( q +"S)2 + m«T- i (e a r +e)]

+  (2 2 S(«l) f^ (P3+q-Pi) f- r « l ) ) q. . 5 / - t ^ p ;  

 1___________________

[ -p3° +y (q+ft)2+m|7 -  \ /q 2+m2 + i ( e -  ) ]
 1_____________________

[ -P3°+/ (?+ft)2+m0T + q2+m2 -  i ( e + ) ] 
 1___________________

[p4° +/  (?+ft)2+m|y " ̂  (?~K)2+m 2 + i ( e -  ) ]
 1_____________________

[P4° +/ ( ? +ft)2+m^y +/(?~K )2+m2 - i(e  + e ^ )] 
____________________ I____________________

[ 2 p °-p 3° ( q ‘+ft)2+m ^ 7 + m 2 + i (e -e ^ ) ]
 1______________________

[2 Pl-P3°+/ (̂ +f t )2+m^  -|V < P +m2 -K e + e ^ )]
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2 [ / ( q +Pf3)2 + m |y - i e f r ]

1

[Pi°-P3° + / ( q +Rj)2+m|y  + A ^ + Pl)2+mi  _ i( C«r +e/3Y>]

1

+

[Pl°-P3°+/(q +P))2 +m^y - / (  q + Pi )2+mi- + 1 ( Cor - ) 1

( S2S(q) f/32-y(P3+q-P l) f . V q ) ) ^ , . ^ -  -

1

[-Pi° + / ( q + Pi)2+maT - / V + m 2 ^ ( e - e ^ ) ]
1

[-P i° + / ( q + P i ) 2 + m « T  + / 7  +  m 2  - i ( e + e a r ) ]
1

[p1°-K °+ ^ (q + p 1)2+m2T -^ (q -K )2 + m 2  + i ( e - e ^ ) ]

[P i°-K °+ ^ (q +p 1)2+m2T + /(q -K
1

[Pi° +V( q+ Pi)2+m<L - / 7  + m2 +i(e-Car)]
1

[Pr +/ ( q + Pi)2+m^. + /  q2 + m2 -iCc + e ^ )]

[ p 3° -Pl°+Y (£l+ Pi)2+mar - / ( (l+f t )2 + mlY + i( % " ear)]

[P3°-P i° +/ ( q + Pi)2+m2T ( q+R3)2 + m^y “ i(C/gy +6ot) ]

1

2 [ / ( q + P j ) 2  +  m 2r  - i e * , . ]

an-23)
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For pv coupling, the corresponding equations have the same expressions but with 

S f  (q) ( E ^ q ) )  replaced by E jv(q) ( S ^ q ) ) -

m.3 Convergence And The Meson Form Factor

Before performing the integrations in (111-22) and (111-23), we examine the 

convergence of the above equations using power counting.

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

constant vectors, respectively. When | q| becomes very large they act like | q| or

quantities S f(q )  and H£s(q ) are of the order of |^ )3, and S^v(q) and E|T(q) are 

of the order of | q)7 .

From the definition of the meson form factor (II-8c) and using a similar 

analysis, one obtains the following large | qj asymptotic behavior for faT(q) ,

f /37 ( P 2 +c i - P 4 )  • f /3Y ( P 3 +£l - P i ) :

form of either or (

), where f. ( i = 0 , 1, 2 ) and vj ( j  = 1, 2 ) are constants and

|q | ° .  Therefore, for large | q| the behavior of the five propagators is , while the

for q° ^  q5° or q 7j
(III-24a)

, for q° = q5° or q 'J
|q|°

f0y(P2+q-p4) *  '
- i -  , for q 0 = q̂  
I ql°

(in-24b)
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f 07 (P 3 +(l - P l )

1 c o — / ° 81
j s r ' {° " * ° * * *

(IU-24C)

1 fo rq °  = q / J
|q|° *

As we shall see in the next section, the two form factors f 2 and fI  will become
oct p y

constants ( | q |°) on the hyperbolic surfaces = 0 and q '® - q ^  = 0- So for large

| q j , the integrations (111-22) and (HI-23) behave like | q|3 • | q|3* — 0 • -J l-t- = | q]
|q| |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 

I d 3 . | n l7 . . = | q"|5 . In fact, our numerical calculations verify these
T q p  T 5 P

conclusions. This 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 

terms of equations (HI-22) and (HI-23) quite different: in the first three terms and J_
TqF* T q F

( or _  on the above two hyperbolic surfaces ) in the last two terms. In order to
|q r

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

f ( q )  = ■ a il-2 5 )
+ A2

Correspondingly,

-  A2
far(q ) ® far(q) = _  ’ (III-26a)

7 - A I
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  a 2

%y(P2+<1-P4) = f/3r(l>*+q-^) = _  —- ™  Y  ’ an-26b)
(R2+q_ Ri) +AaT

  A.
f07(P3+q -P i)= f /3Y( f t +?-pi) = ______ " — 2 " * an-26c)

( f t +q-Pi)

For large | q j , all are of the order of * .
Iq P

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

behaves like I q|3 • I q|3 • -1 g . -JL* = - _i 7 , and for pv coupling like
I q| I q| lq|

| qj3. | q]7. 1 . = _1 . Therefore, they are all convergent. In the following
Tq l* TqP  W

discussion, we will use the modified meson form factor.

m .4  q Component Integration

The evaluation of equations (III-22)-(in-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. (111-22), one 

finds that the factor [K °-2 p ° + + m2 + ) j ( q + K ) z + m z ] and [ -p ^ /c p + m 2] in

the third term, [ -  p° +P4 (q-R*)2+m fry -^(q+PiP+m^. ] in the fourth term, and

[ P° ~P4 +/ (q+Pi )2+m 2t -y (q -^ )2 +m^y, ] in the fifth term can be zero. So the third 

term has singularities on the elliptical surface [K °-2 p ° + / q2 + m2 + /(q + K )2 +m 2 ] 

= 0  and on the spherical surface [ -p^+v q2+m2] = 0 , and the fourth and fifth terms on 

the hyperbolic surface [ -p°+P4 +/(q‘-p4)2 +m |y -/(q+pjP+m ^. ] =0. Similarly, for
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equation (HI-23), the second term has singularities on the elliptical surfaces [ K ° -2 p 1°

+'J(q-K)2+m2 +/cp+m2 ]= 0  and [K °-p?+ \l(q -K )2+m2 -/(̂ )2+m«r 3 =0’ 
the third term on the spherical surface [ -p® + \J'q2 + m2 ] = 0 . the fourth term on the 

hyperbolic surface [p®-p° + y(qVpj)2 + mj^ -  y(q’+p^)2+m^T ] =0 , and the fifth term on 

the elliptical surface [Pl° -K0 + \ j ( q +~Pi)2 + - \ J (q - K ) 2 + m2 ] =0 and the

hyperbolic surface [ p3° - p ° + / c ? - ^ ) 2 + m*T - / ( q + f t ) 2 + m ^ ] =0.

We do not need to consider all of the singularities in calculating the integrations 

since the singularities which occur on the surfaces q. -q . = o or q ^ -q  j =0  ^e  

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)

1
F (x )±  i e

1
F(x) ’

if there is no real root for F(x)

1 5 (x -x .)
P( ) T ix ------------- , if there is a real root xn for F(x)

F(x) I F 'c x j l

(m -27)

where P denotes the principal value.

Using the above identity, we have the following equations

1

[K °-2 p °  +^q2 +m2 + / ( q+K)2 + m2 - ie ]

= P
K° -2p° +^q2+m2 +^( q+K)2+m2

a n -2 8 )
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[ - P i +/q z+mz - ie ]

= P
T 2 ^ 2 o ./“ 2 2•Pi+Vq +mz

o
Pi

+ iT w 5 ( l i " IP ll)

[-p ? +pJ+/ (q~p4)2+mlT' - / ( q +Pi)2+mi  + i( 6<«--ei87)]

p4°-pr+/(q-P4)2+m^y - / ( q +Pi)2 

- i r 5  ^ - P i +/(q -p 4)2+m^y - ^ ■ p l)2* m 2

[Pi°-P4° +/ ( q + Pl)2+ mar - / ( q - P 4 ) 2 + m|y + i(6^y-6eer) ]

[ -p l0+P4°+Y (Cl"P4)2 + mly - / ( ^+ Pl )2+m«r + i (eaT~ % ,) ]

= -P 1

-p i°+P40 +/ (q_p^2+m/jy - / (q+pi)2+m2arr

+ ix5 - p r +p40+^(q-P4)2+m|y -^ (q+Pi)2+m«T

and

[K ° -2 p °  + J  ( q - K ) 2 + m 2 + / q 2 + m2 - ie ]

= P
K ° - 2 p °  + \J ( q -K )2 + m2 + ^q2 + m2

84

(HI-29)

(in-30)

(01-31)

(in-32)
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= p

K ° - p i+ / ( q - K ) 2 + m2 -^ (q + p 1)2 

+ i x5

+ mCCT

K° -  p ° +/(q -K )2+m2 -^(q+p1)2+m^T

= P
[ - p r + / ? +m2- ie ] -p ^ W q 2 + m:

+ i T W a ( l ^ " I P l l )

[Pl°-P30+A Cl + f t )2+m^' ' / ( tl + Pl)2 + mi  +1 ( €ar ~ e&y ) 1

= P

- / ( q + Pi)2+mi

-  i r 5 Pi - P 3 +{ ( ^ P 3 ) 2+ml f  -Vcq-Pi)2^ ^

[P ° -K °  + / ( q + Pl )2 + m^7. - / ( q - K ) 2 + m2 + i(e -e aT) ]

[ K° -  Pi + / ( q -K )2 +m2 -  / { q + p /

= - P 1

K °-p °  + ^ (q -K )2 + m2 -^ (q + p 1)2 + m

-  i t 5 K° -  p°+y(q-K)2+m2 -/(q + p i)2+ma r

[P3° - P i ° +/ ( q + Pl)2 + m a r  - / ( q + f t ) 2 + m | y  + i (ejJy- e aT) ]

[ p r - P 3 ° + / ( q + P})2+ m ^  - / ( q + Pi)2 + m^ r + i (ea r -e ^ Y) ]

85

(ffl-33)

(ffl-34)

(HI-35)

(HI-36)
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= -P

Pi°-P3°+/ (q+ft)2+m^r _/ (q+pi)'2+m2ar

i x d P° "P 3 ° +/ ( q+ft)2+m|y - / ( q+Pl)2+mar

where

(HI-37)

qx K° 

q y = q y ’

qx = ^ ( - K 2, " - K , ( q " - ‘ K ‘ >

I r ' l y
/ /

qz =
K °

K x < ix -K z ( q " - ^ K 0)

/
qx

q j  = 1

q z =

/ /
qx

//
q y

/ /
qz

| qx| sin0cos<£

| qx| sin0 sin <f>

| q;| cos#

= | q7/| sin0cos<£

= | q /f | sin 6 sin 

= | q/;| cos0

(HI-38)

OH-39)

Q =
( 2 Pl° - K ° ) K ° ) -m  )

Di=.

^ (2pj° -K  ° )2 - K o2cos20 

(2p° -K ° ) ( | q'j - 1 K °cos 0) +K°cos0

(HI-40)

| q ^ s in ^ + d  q7| c o s 0 - i .K ° )2+m 2

(| q ^ s in ^ + d  qx| c o s 0 + -iK ° )2 + m 2) ( |  q/|2sin2fl+(| q/ |c o s 0 - i .K ° )2+m 2)

(IH-41)

D-> = -
(2 p° -K°) ( | q/;| - 1  K°cos 0) +K°cos 0 | q^psin^+d q^lcosO -i-K ^+m 2

(| q/;|2sin2^+(| q//|cosfl+—K°)2+m2)(| q ^ s in ^ + d  q/7| cos0 -- lK °)2+m2)

(IH-42)
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Substituting equations (HI-28)-(ni-31), (DI-38), (HI-40), and (111-41) into 

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

cancels the part in the fifth term-  ix5 -Pi°+P4i°+/(q-p4)2+m^  -y (q Pi)2+m«

with the factor i T 5 [ - Pl0+p40 +y/(q-P4)2+m^ -/(q + p ,)2 \2 2
— err , 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 ^  -q 5 = o is a spurious 

singularity ), we have

M ps 1
E  E  f d3 <i { ( 2 is(q) f/32y(R2+q-P4) f«T(q))

« W 3= l7 ,r= l J- ° °  [(2t ) q =qi. q-q+Pi

2 [ /(q + K )2+m 2 ] [ - K 0 (q+K^+m2- ^  cp+m2 ]
1

[-K °+ ^ (q + k )2+m2+^q2+m2 ] 
 1_______________

[2 p 1° - K 0 +y(q+K)2+m2-y'q2+m2 ] 
1

[2 p 1° -K ° + /(q + K )2+m2+ /q 2+m2 ] 
 1___________________

[2 Pi°-P40" k ° + ̂  (q+K)2+m 2 -  ̂  (q -ty)2+m ̂  ] 

[2 Pi°-p4° -K  ° (q+K)2+m2+^(q'-'^)2+m|T ]

[Pi°“ K ° +/(q + K )2+m2-^ ( q+pj)2+m^T ]

[pl° -K ° + /(q + K )2+m2^ ( q + p1) 2+m ^  ]
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+ |(E?s(q) fev<fc-q-nO -

'______________ I______________

[K 0+ /c p + m 2 - > j (q+K)2 -t-m2 ] 
______________ I____________________ 1

[K °+ ^ q 2+m2 (q+K)2 + m2 ] 2 [ / lp +  m2 ]
1 1________

2 [p i°] 2 [p 10 + / ^ m 2” ]
 1___________________

[2 p i°-p 4° +^ q2^ 2 - / ( q Lp4)2 + m |7 ] 
 1_________________

[2Pi°-P4° + \lq L+mz +\j (q-p4)2 + mjy ] 
 1______________

[Pi° +l/ q2+m2 - / ( q + p i ) 2 + m^1.]  
______________ I______________

[Pi° + \/q 2+m2 + / (q + p l)2 + ni^r ]

+  ( 2 f (q )  ^ ( ^ +q-P4) 7«2r(q>) q0=- ,  — -

[K 0 -2 p ,°  + /  q2+m2 -^ (q + K ^  + m2 ]
L  1_________________

[K ° -2 p ,°  + y q2+m2 + /(q + K )2 + m2 ]
1 _________ I________________ 1

2 [ _Pi ] 2 [ - p 1° + / q 2 + m2 -ie ]  2 q2 + m2~] 
____________ __L_______________

[ -p 4° + / cp+m2 - / ( q - p 4)2 + m ^  ]

[ -P 4° + / q 2+m2 + / (q -? 4)2 +m| 7 ]

[ -p °  +^q2+m2 ) 2 + m *T]

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



89

[ - p ^ W q 2- !" 2 +/ ( q + P i)2 + maT] 

+  ( S f (q )  f027( f t +q-p4) f 2T( q ) )

- on |q| = I Pi I and |?;| =Q

q° = q3°« q - q + pi

[ K ° - 2 p 1° + /  q2+m2 - \ J ( q+K)2 + m2 ]

2 [ ~Pi 1 2 [ -p ^ + Z tp + m 2 - ie ]  2 [^q2 + m2 ]
 1________________

[ -p 4° + i /q 2+m:2 ~ J ( q - P t ) 2 + mpy ]

[ -p 4° + Vf q2+m2 | / ( q - ^ ) 2 + m |7 ]

[ —P i°W q 2*™2 - / ( q + p l)2 + m^T]

[-P i°+^ 7 +m2 +/ ( q + P i)2 + m2T]

( S f (q )  f i ( q ) ) q0 = -o, ~  -

[K 0 - 2 p ,° + /q 2+m2 -^ (q + K )2 + m2 ] 
L 1

[K ° -2 p ,

1

°+ ^ q 2+m2 + /(q + K )2 + i

0

1

n2 ]

1

2 [ -P i° l 2 [\/q 2 + m2 ]

[ -p 4° + / q2+m2 - / ( q - p 4)2 +m |y ]
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1

[ -P 4° ♦ /'ip+m 2 +1/ ( q - p 4 ) 2 + m | 7

[-Pi° + / ? + m2

1

[-Pi° +/ q 2+m2 ' ( ? ^ ) 2>m2T

+  ( s f ( q )  fs2T(fc *q -ft)  f . V q ) ) , » .y . - j .T * n
 1__________________________

[ K ° - 2 p ” +p4° ( q - R » ) 2+mĵ y, l/(q+K)2+m2 + 1 ( 6 - ^ ) ]  
 1_______________________

[ K ° -2  p10+p40+^(T- R*)2+m^y, +^(q+K)2+m2 -K e + e ^ )]  

____________________________ I___________________________

[ -2  p°+p4°+ ̂  (qL?4)2+m ^ - / ? +m2 + i(e -e ^ ) ]  

 1____________________

[ - 2 p 10+p4°+/(? -F i)2+m |y+ / ^ 2+m2 -i(e  + % ,)] 
 1_________

[  P4° + + m /s7  " + 1 ( e '  e/3>) 1 

 1 ___

[P 4 +/ ( ^ " ^ ) 2+m /37 q2^ 2 -iCe+e^)]
 1____________

Z t / c q - p ^  + m ^ - ie ^ ]
 1__________________________

[ “Pi° +P4° +/ ( ? " P4)2+m|y + /  (?+ Pi )2+mi  - 1 ( eor + ) 3

 1_______________________

[  ~P 1°+P4° + +  ^  )  ]
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[K ° - Pi° +y ( q+ ft )2+m<̂r +/ ( q +K)
1

[ -P i°  + / ( q + Pi)2+m i  -
1

^ q 2 + m2 -K e - e ^ ) ]

[ - P i ° - / ( q +'S )2+m2T +
1

^ q2 + m2 ~i(e +eaT) ]

[ p r - / ( q +s ? +n v
1

q2 + m2 + i(e -e aT) ]

[Pi° +/ ( q + Pi)2+m^. + ^ q 2 + m2 -U e + e ^ )]  
 1________________________

[Pl°-P4° +/ ( 7 + Pi)2+m2T " /(? -? 4 )2 + m|y  - iC e ^ -e ^ ) ]  
 1_________________________

[Pl0 -P4°+^ (q + f t )2+maT +/(q -? 4 )2 + m|y  - * ( % + e«r) ]

1

2 [ / ( q + Pi)2 + m2T - i £aT]

5 4

E £  M 3 <i { (sf(q) f«2r«D)
(2t ) ot,/3=ly,T=l J-°° I

o — o "q = q i . 1

2|V (q+K )2+m2 ] [ ~ K ° ( q + K ) 2+ m2- J q^+m2 ] 
1

[-K ° -tV (q +k)2+m2 + /q 2+m2 ] 
 1_______________

[2p[0-K °+ /(q + K )2+m2~yq2+m2 ]
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 1_________________

[2 p 1°-K°+^(q-*-K )2-*-m2+ /q 2+m2 ]
 1_____________________

[ 2 Pi0-P40" K °  "V(q+K)2+m2- \ j (q -p ^ + m ^  ]

[ 2 Pl0-p4° - K 0 (q+K)2+m2^ (q -p 4 )2+m ^  ]

[P i° -K 0 +/(q+K )2+m2-^ (q + 'S )2+m^r ]

 1___________________

[p1° -K °+ /(q V K )2+m2+ ^ (q + p i)2+rn^. ]

+ ( 2 is(9) *£ (£ ♦? -£>  f«T(q)) qo=-o —  -  
'  1_____________

[ K ° + / q 2+m2 - / ( q+K)2 + m2 ]
 1 1

[ K ° + / q 2+m2 +^(q+K)2 + m2 ] 2 [ / q 2+m2 ]
1 1_______

2 [P i 1 2 [P]° + /  q2+m2 1 
 1_________________

[2 p 1° - p 4°+ y  q2^ 2 - / ( q - ^ ) 2 + m^Y ]
 1__________________

[2 p 1° - p 4° +y q2^ 2 +/(q -p 4)2 + m |7 ]
 1_______________

[P i°+^ 7 +m2 " / ( q +"S)2 + m2T]
 1_______________

[Pl° +/ ^ m 2" + / (  q+p| )2 + in 2t ]

+  ( 2 f ( q )  +q-P4) f 2r (q ) ) q0. 5. t —  -
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[K 0 -2 p 1°+p40+^(q-Bt)2+m|y -^(q+K)2+m2 -^ (e -e ^ )]  

_______________________I_______________________

[K 0 -2  p ° +p4° + \ j (’q-?4)2+m|y + \ j(q+K)2+m2 - i(e + )]
 1_______________________

[ -2  Pi°+p4° + / (?-?4)2+m|y - ^ +m2 fiC e -e ^ )]  
 1_____________________

[ -2  P!° +p4° + )/(q-Fi)2^ ^  + /  q ^ m 2 - i(e  -e ^ ) ]  
__________________ I__________________

[p 4°+/ ( q - ^ ) 2+m/37 " ^ q 2+m2 +i(e -e /37)] 
 1_________________

[P4V ( ^ ~ ^ 2+m/3Y+^ 7 +m2 -iCe+c^,)]

2 [ / ( q - p 4)2 + m ^  - ie ^ ]

[ - P r +P4° + /(q -P4)2+m| y +/ ( q + Pl)2+mi -  - ‘ (C ar-e^)]

[ "Pi° +P?+ { ( < l - p d 2+m fr  - / ( q+ Pi)2+"W  + i(eaT~e^)] 

( 2?s(q) ^ ( 9 ) )
q° = q5°> v-q+Pi

[K ° -p i°  + / (q + p 1)2+m2T ~ / ( q +K )2 + m2 + i (e -e ^ ) ]

[K0-P]° +/(q+Pi)2+m2r +\j (q+K)2 + m2 -iCe+ê )]

[~Pl° + /(q +Pl)2+m2T -^q2 + m2 -^(e-e^)]
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[-Pi° +/ ( q +Pi)2+m i  +Z q2 -t-m2 -iCe+e^)]

[p 1° +/ ( q + P iT+m^. -Z q 2 *™ 2 + i ( e - e ^ ) ]

[Pi° +/ ( q + Pi)2+m ^ + / q 2 + m2 -i(e + e aT) ]

[Pi°-P4° +^(q+Pi)2+niaT -/(q~P^)2 + m|y

[Pi°-P4°+/ ( q + Pi)2+maT •K/ ( q - ^ ) 2 + m^y -K e ^ + e ^ ) ]

1

2 [ / ( q + Pi)2 + m2T — i eorr]

+ l 5 4
—  E  E  p
(2x)3 o £ ,/3 = l'y ,T = I

f d 3 q ( E f (q )  f^r (q ))
J—00 0 ” Oq =q3 >

1

[K 0 -2 p j°  + /q2+m2 ~Z(q+K)2-t-m2 ]

[ K ° - 2 p^ + Z^+m2 +Z(q+K)2 + m2 ]
1  1 1

2 ["Pi ] 2 [-p /’ + Zq2 + m2 - ie ]  2[Zcp + m2 ]
i

["P4° + 1/ q2+m2 1 (q-p4)2 ]

[-P 4° ^ /q 2^ 2 ^ /(q-?4)2+m^7 1

["Pl° +V̂ q2+m2 ^(q+'S )2+marl

1

[-P i°+Z q2^ 2 +Z(q+Pi)2 + marl o n  |q ]  = |  p j |  and l ^ ' l  = Q

94

i-q+Pi
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5 4

(2 t )
E  E  f de f ( 2 !s(q) f^7(ft+q-po far(q))

a,0=l7,T=l Jo Jo

_________________1________________  |q / |2 sinfl

[ K ° - 2 p 1° + y q2+m2 - / ( q+K)2 + m2 ]

o — Oq - q3

2 [  Pi 1 2 [-p j°  +y q2 + m2 - ie ]  2 [ / q 2 + m2 ]

[-P4° + / 7 +m2 /(q -? 4)2+m07 1

[ - p 4° + l/q 2+m2 ^ /(q -p 4)2+m27 ]

[-P i° " - /q 2^ 2 /(q + P i)2 + ni 2t ]

1

[~Pi° +V^7+m2 +/ ( q + Pi)2 + m^T]
I q'l “Q

+ IT

(2 t ):
E  E  Lde ( 2 f(q) f^(P2+q-P4) fa2T(q) )qo -»

a,/3=i 7, r= i Jo jo  ' '  q - q3 •

_________________I________________  I P jl2 Pi° sing

[ K ° - 2 p °  + / cp+m2 - \ j (q+K)2 + m2 ] 2 IPil 
1

[K ° -2 p |°  + ̂ q 2+m2 +^(q+K )2 + m2 ] 
1 1

2 t"Pi°] 2 [ / cp + m2 ] 
1

[ -p4° - / ( q - p 4)2+ m/s \ 1

[ -p 4° + / tp + m 2 P4)2+m/3y 1

[-p®  + /  cp+m2 ("q*Pi)2 + m2T]

95

. q-q+Pi

q - q + Pi

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



:-Pi° +/ ( q + Pi)2+_2m«r]

96

(m-43)

isl=I Pi I

Similarly, substituting equations (m-32)-(III-37), (111-39), (111-40), and (111-42) into 

equation (m-23), we have

5 4

2 [ / ^ 2 + m2~] [ 2 p ° - K . ° + tJ q2+m2 -/(q -K )2+m2 ] 
1

[2 p1° - K ° + / q 2+m2 +^(q -K )2+m2 ] 
1 1

2 tPi°^ 2 [ Pl% / i W ]  
1

[p3° + /  q2 +m2 - / (?+fc)2 +m0 Y ]

[p3° -*V q2 +m2 +^(q+ft)2 +m ^ ]

[Pi° + /q 2+m2 - / ( q ‘+‘S )2+m^T ]

 1________________

[p ° + \/q 2 +m2 +/ ( q + p i ) 2 +m^T ]
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[ -K ° + y  q2+m2 - \ J ( q - K ) 2 + m 2 ]
1 1

[ - K ° + y 7 +m2 +/ ( q - K ) 2 + m2 ] 2 [^ q 2 +m2 ] 

[P3°-2 Pi° + / q 2+m 2 q+ ft)2 + m |7 ]

[P3°-2 Pi° + / ? +m2 +/ ( q + ft )2+m |7 ]

[ -p *  + / q 2+m2 - / ( ‘q+p i)2 -*-m2T]

[-Pi° +y q 2+m2 +/ ( q + Pi)2 + m2r ]
°“ |q| = I Pi I

5 4
+

f - iq  { ( s " (q> ^ c a ^ - p . )  > q. =5,.

[ K ° - 2 p 1° + / (q -K )2+m2 q2 + m2 ]
1

2 _ 2  , t/ r 2 _ 2[ K ° - 2 p 1° + / (q -K )2+m2 + / q  ̂+ m"4 ] 
1 1

2 [^ (q -K )2+m2 ] [K °  (q -K )2+m2 - / q 2 - ^ 2 ]
1

[ K ° + \ ]  ( q-K )2+m2 + ^ q 2 + m2 ]
1

[K ° -2 p °  +p3° + / ( q -K )2 +m2 - / (q + P j^  + m ^  ] 
 1_____________________

[ K ° -2 p 1° +P30 + / ("q-K)2 +m2 +/ ( q + f t ) 2 + m^ 7  ]

[K 0-Pi° + / ( q -K )2+m2 - / ( q +  Pi)2 + m2T]

[K °-p i° + i/(  q -K )2+m2 + / (q + p 1) 2 +m2T]
on | q"| = Q
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. q-*q+Pi
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+  ( z ? d )

______________I_____________

[ -P3° - / (?+ft)2+m07 (p+m2 ]
______________ I______________

[ -P3° +/ (q+ft)2+m/37 + / 7 +m2 ] 
 1___________________

[2 Pi°-p3° -K  °+ i/(q+ ft)2+m|y - / (?-K)2+m2 ] 
 1___________________

[2 Pi° _P3°~K ° + ^ +  ̂ (q-K)2+m2 ] 
 1_______________

[2 Pi°_P3°+ / (^+ft)2+m^y - 1/ q2+m 2 ] 
 1_______________

[2 p j-p 3°+ /(? + ft)2+m|y + / q2+m2 ] 
________ I________

2 [ / ( q +pi)2 + m£y ]
__________________ I__________________

[Pi°-p30+ ̂ ('q+ft)2+m|y + / (T + pj)2+m^T ]

 1___________________

[Pi°-P3°“V (? +ft)2+m|y " / (? + Pi)2+"W  ]

+  ( s 2S(9 ) f * \ ( f c +q-pl) f« r (q j) , 0 . - / 0 , —  -

_______________ I_______________

[-P i° + / ( q + Pi)2+m^- -v̂  q2 +m2 ] 
 1_______________

[ - P °  +/("q+ Pl)2+maT + /q 2 + m2 ] 
 1__________________

[P i°-K ° + / ( q + Pi)2+n i^  -^ (q -K )2 + m2 ]
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+  _LL
(2x):

1

[Pi° -K ° +/ ( q +"^P l)2+mar “V c 9 -^  
1

K )2 + m2 ]

[Pi° +/ (q+Pi)2+m - / ^  + m2]
1

[Pi° +/ ( q + Pi)2+m i- q2 + m2 ]
1

[P30-Pio+/ ( q + Pi)2+m«r * / ( q+Rj)2 * ^ ^  ]
1

[P30 - P l ° +/ ( q + Pl)2+maT +/ ( q +Pj)2 + m^, ]

2 [ / ( q + P 1)2 + m27. ]

5 4
E  E  Ldfl (S?S( q ) f /32y( f t^ q -P i) f2T(q ))

" g=l7’T=1 1L | q^l2 sin 8

[ K ° - 2 p I°+ ^ (q -K )2+m2 - ^ q 2 + m2 ]
 1 1

2 [ / ^

q° =

K)2+m2 ] [ K °  
1

+ / ( q - K ) 2- m 2 2K) +m - v q + m ]

[ K ° + / (q - K )2+m2 + /< p  + m2 ] 
 1______________

[K ° -2 p 1° +p3° + / ( q - K ) 2+m2 -/(c f+ p j)2 + mi327 1

[ K ° - 2 p °  +p3° + / ( q - K ) 2+m2 +/(q + p })2 + m |7 ]

[K °-p i° + \J ( q - K ) 2+ m 2 - / ( q +  P1) 2 + m2r ] n 
 1__________________

[K°-pi° + \j (q -K )2+m2 + J (q + p|)2 + m2T ]
|q" l=Q
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1 lq|2Pi° sing 

2 [ -pi° ] 2 >Pil

(2t )

1

[ - K ° - * V  tp+m2 - \ l (q -K )2+m2 ]
1

[ - K ^ ^ c p + m 2 + / ( q-K )2 + m2 ] 2 [ /  q2 + m2 ] 
 1_________________

[p3°- 2 Pi° +'Jq?+m2 - / (q + f t )2 -*-m|7 ]

[p3° - 2 p °  + ^ q 2+m2 + /(q + p j)2 +m^7 ] 
 1_______________

[-P i° -*V<p+m2 -/(q+pi)2 + m*T]

[-P i° +V,7 " -m 2 +/ ( q + p 1)2 + m*T]
|q| = I Pi I

an-44)

III.5 Bremsstrahlung Cross Sections And Analyzing Powers

The amplitudes m p® and M PJ given by Eqs. (m-6) and ( II I-13) can be used 

to calculate (i) two different ppy differential cross sections, fffppy ( =  

d3aps/dQ3dn4d '̂>, ) for ps coupling and a[ ^ (  =  d3a fv/dQ3d04d^Y ) for pv 

coupling, and (ii) two different analyzing powers, a p* for ps coupling and A Py for 

pv coupling. The expressions for these cross sections and analyzing powers are the 

same as Eqs. (11-52), (11-53), (11-55), (11-56), (11-59), and (11-60), respectively, but with 

M ps(pv) and M ps(pv) replaced by m p*^v) and M p®*pv)» respectively.
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IIL6 Results

The differential cross sections and and analyzing powers a p* and 

AtPy 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 ap®^ , 

fftpp7 ’ A tPy ’ and A tPy for ( ^ 3  A )  = ( 12° > 12.4° ) at 280 Mev. As a demonstration 

of the rescattering contribution in the pp^ process; however, one set of calculations is 

enough. The reason for choosing ( 03, 04 ) = ( 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 ( ffps , <ypv , ap® , and6 PP7 PPY’ tppy’

t̂pp-y) ^  functi° ns ° f  'I'y at 280 MeV for (03, 04 ) = (12°,  12.4° )• All these cross 

sections are calculated using the on-shell p^p vertex. The calculations with the 

rescattering term [ o-p® (dotted curve) and ffp̂  (dash-dotted curve) ] yield almost 

the same values as those without the rescattering term [ ap® (dashed curve) and o-pvPP7 PP7

(solid curve) ], except for the forward and backward regions (o < \p y <  30° and

150° <\j/y <  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.
3

In Fig. 19, we present four different analyzing powers ( A ps» A pv, A tPy and 

AtPy ) as functions of ^ at 280 MeV for ( f $4 ) = (12°,  12.4° ) • Again, all curves 

are calculated using the on-shell p^p vertex. The contribution from the rescattering
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term [ A Py (dotted curve) and A tpy (dash-dotted curve) ] does not improve the 

agreement with the TRIUM F data [7]. Like the calculated analyzing powers without the 

rescattering contribution [ A ps (dashed curve) and A pv (solid curve) ], a p* and a p* 

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 ( A ps and A pv ) and the data in the region 60° <  \j/y <  120° •

In order to demonstrate that the discrepancy can be resolved if  we replace the 

on-shell p-yp vertex by the off-shell p-yp vertex, we have calculated both cross sections 

and analyzing powers using the set i b parameters ( off-shell p*yp vertex, see Table n  

) and pv coupling and shown our results in Figs. 20 and 21. The calculated cross 

sections at 280 MeV for ( 03} ) = ( 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 30° <  \j,y <  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 TR IUM F data. In Fig.21, we 

present the calculated analyzing powers at 280 MeV for ( q3 t $4 ) = (1 2 °, 12.4° ) • The 

dashed ( solid ) curve is the result calculated with ( without ) the rescattering 

contribution. Since the off-shell p^p vertex has been used in both calculations, the 

agreement with TRIUM F 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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180150900 60 12030

¥ r  ( de§ )

Fig. 18. Coplanar ppy  cross sections d ? a M )3 as functions of ^  at 280 MeV

for 02 = 12° and 04 = 12.4° • All curves are calculated using the on-shell p-yp 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 ppy  analyzing powers Ay as functions of ^  at 280 MeV for 

03 = 12° and 04 = 12.4° • All curves are calculated using the on-shell p-yp 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.20. Coplanar ppy  cross sections d 3a /dQ3dQ4d\py as functions of ^  at 280 MeV

for = 12° and 04 = 12.4° • Both curves are calculated using the pv coupling and the

set i b parameters ( off-shell p-yp 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 TRIUM F data [7], which include a 2. -
3

normalization factor.
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Fig-21- Coplanar ppy  analyzing powers a  as functions of yh at 280 MeV for
-  _  y r y
$3 = 12° and 94 = 12.4° • Both curves are calculated using the pv coupling and the set 

I b parameters ( off-shell p-yp vertex ). The dashed (solid) curve represents calculation 

with (without) the rescattering contribution. The data are from Ref.[7].
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m .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 p-yp vertex. Thus our 

hypothesis that the off-shell p^p vertex must be used to calculate pp-y 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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NEUTRON-PROTON BREMSSTRAHLUNG
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The previous chapters involved an extensive investigation of the pp*y process. 

In this chapter, we will study another fundamental radiative nucleon-nucleon interaction, 

the np7  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 np-y cross 

sections using the electromagnetic Hamiltonian which includes the coupling of the 

electromagnetic field to the nucleon currents v j and the coupling of the 

electromagnetic field to the exchange currents Ve2m. As a result, large exchange effects 

from v 2 were predicted. The inclusion of the v 2 term has been found to increaseem r  em

the np7  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 np7  amplitudes are both Lorentz invariant and gauge invariant.

IV . 1 Elastic np Amplitude

We consider photon emission accompanying the np scattering:

P(pf) + n(p£)-»>pft^ +n(p^) + 7 (K^) . C™-1)

As K tends to zero, the np7  process reduces to the corresponding np elastic process,
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(IV-2)

where p f and p£ are defined by Eq. (II-4b). The Feynman diagrams for the np elastic 

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

amplitude

For 0 = 1 ,2

H P z . * z )

\ f

0 ( A . v4) fi(

/

- - - -
/  G * « )

---------(
G *(«0 \

f  \  ?  A

“ ( .Pz-Vz ) u ( p \ ’ v i ) u ( P z - vz )

For 0 = 3 , 4

/«i(f u* y  (

uip\ • v\) u ( P z - vz )

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

= E  '
a = 1

Z r 2

" E  [ G <tf W / o f lW  “ (P3»V3 )X a  « (P l»v l)  u (P 4 ’ V4> X “  u  U > 2 ^ l)
<3 = 1

2  G a0(u ) f t f (u )  u (p4, V4) xa u (py, u (p3,v3) Xa u (p2, v2) ] ,  (IV -3)

+ E  G a/3 W /a f lW  “ (?3 ■ * 3) Xa “  (?  1 ’ A  “  (^4  >^4)  X“ “ (>2 >̂
<3=3

where u, t, and are defined by Eqs. (II-6), (II-8c), and (II-8d). This amplitude
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is valid for both ps and pv couplings.

IV .2 np-y Amplitude

The np elastic diagrams exhibited in Fig. 22 are used to generate np7  diagrams 

shown in Fig. 23. Since np-y analyzing powers are not available, the unknown off-shell 

neutron electromagnetic form factor, F2 (o»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 p-yp vertex or the off-shell p*yp 

vertex. However, because the exchange effects ( the internal contribution ) dominate 

the np7  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 p-yp vertex for all np-y calculations.

For ps coupling, the np7  amplitude corresponding to Fig. 23 has the form

u = ' E  1n py,fi
ot=[

-  E [ G ctfV ldJaeV lJ  u(P3>V3~)X anU(Pl ’ Vl) v4> ̂ a U(p2,V2)
0=1

+ Gcrf (‘ iJ J a p V n ) “  (P3.'vl ) K U ’ V0 “  v4> ^  U(p2, V2 )

* 2 G a0(ul4) ^ u l^ u ( p 4tv ^ \ a u (p l t vl )u (p 3, v ^ 2 “u(p2tv^  

*  2  ( « 2 3 i /5 s ( “ 2;})  “  (P 4 . 'V4> T a i l U ( p ! ,  ■v xj u  ( p 3 , ■v3) ,u ( p 2 , v2)

2 Ga0(u \4)fa0(u l4)fa0(U23)
 ̂ u14- m ^  ^ “23- m ^

2 2 
U23 ~^ct0 u14~^a0

{P \*P 3 ~ P 2 ~ P a) ii , v - , v\a / \
 2----:  “ ( P A ^ d K u( P \ ^ 0 u(P 3 ^ 3 )X u(P l^ 2 )

“ 23 ~ma0+ ie a0
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For £ = 1, 2

“ ( f t . * '* )°(Pz>vj) n(p4.v,)

“ ( P l . V l )  u ( p - . v 2 )

“(A.̂ i) “(A.*':)

+  (1 <-+2; 3<->4; T / <-» v -  ± __^ /^ x .

“ (A  • “i ) “ ( f t  • )

DCft.K.) <'(ft.t'3)

Jt v . r; \
“( f t . “i )  “ ( f t . * ' : )

0 { p t .vx ) B { p . , v j)

For £ = 1 , 2 , a = 5 , and pv coupling
J  “ ( f t . “:)

a ( p 4. v 4 ) H P i . v i)

K
i) B(Pz.vi)

K

u(A.l'i) “(ft-v:)

C«|(“n)

“ ( f t - 1' : )

For £ = 3 ,4

OCft.̂ i) “(ft.K.)

“(ft.“|) “(Pz.Vz)

O C f t . ^ j )  b ( / > , . v4 )

“(A-“|) “(ft -

Fig.23. Feynman diagrams for the np-y process in the OBE model. These diagrams are 

generated from the source graphs, Fig.22.
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4

£  [ G a & ([ 2 d J a ^ t 24) >V3> X « n UQ> 1 > )  “ ( A p  V4> X“  u ( p 2 , V2)

G a/3 " CP3»v3> Xa " 1»vl)“ (̂ 4» v4> " 0 2> v2) ] }

av-4)

y  = \   ̂ t P + 1 \
^  a ~ h ~ K - m + U  p p f c  + K - m + i e  '

K  = x“ - — r « *  r„"  ̂ J  . x » ,
f t 2 - K - m + i e  M M p 4 +  K - m  + i e

y a  ~ \ a  1 T, n ^.T'P   ̂ \ a
p ~ f o - K - m + U  p ^ > 3  + r -m + /e  ’

t  = \  1 + r n   ̂ \

a#t “ h - K - m + i e  p  p  f c  +  K - m  + i  e “  ’

(IV-5a)

GV-5b)

The on-shell nucleon electromagnetic vertices to be used are expressed as

r p = *v - i f P f f  K "  k  = 1 79 (11-13)
M ** 2m M p ’

* n = -1.91 (TV-6)

Those terms involving the factors [49]

fa/3(u14) fa/3(u23)
ui4-m o/3 + U23 ~ m o/3 (TV-7)

u 2 3 - ^o /3
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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 u14 and 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-y amplitude is

Of = 1
" E  [ U<P3’V3)XinU(P l 'Vl)U(P*’V4 > U (P 2’V2)

0 =  1

+ Ga0 f r l3 i/jB ^ 1 3 )“ (/,3 .v3 )Xa I<(P l*v l ) “ (P4.v4)

+ 2 Ga0 (“ \ d f t ( £ u\ d  H(P4.'V4> K  U (P i .'̂ i)'U(p3, V3) Z f * U (p2, v2) 

-  2 Ga3(u23)y^(tt23)u(p4>v4) f /̂ t t ( p 1,v1)«(p3,V3)X0£a(p2,v2)

2 Ga0(u l‘d fa0 (Ul4)fa0(U23)

2 2 ̂ U14 ^ U22 ~ maff
—  —

U22 ~^a0  u \4 ~ ^ o ^

( P l +P3 P2~Pa îl , x~, Wtt / \
------------2----;   U (P 4 ^ 4 )K U(Pl>I' l )  U(p3 ,^3) X a u(p2 ,l'2)

u23 ~ma0+l ea0

~^5a G ac0(U23)Sa0(u23) ~  U(P4 > ^5 T/t U(P 1 >" 1) u(Pl U(P2 * vl )

~ 85a Gct0(Ul 4 ) f ^ ( u l4) ^  , 1̂ ) U(p3 ,v3) X5 «(p2^2)

4
+ E  [ Gctf “0*3-V3)Xw U(P l ’V^ “^4-v4>X“w(?2>V2>

/3 =3

+ Ga/3(r13)y^3(r13)ti(p3 ,v3)Xeeu(p1,v1)tt(p4,v4)i^ tt(p 2,v2) ] }

av-8)
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Mnpy,H~  5 1  [ & 5&(h*)fs$(:2<dU(P3 >vV [ x 's n '^ S f i ) U(P 1 >v 1) “ (^4 > "4)  ̂  u(^2 ’ v2)
0=1

+ G50(tl3) f^ ( t l3)u(p3 ,u3) \ 5u(px s i i u i P t s j f t ' l  -  Yl)u(p2,v2)

+ 2 G5g(uX4)f5p(ul4)u(p4,i>4) \ 5u(px ,vx)u(p3 ,p3)^Z/fjL - Z fĵ u(p2,p2) 

+ 2 G ^ u ^ f s Q i u ^ u i p i - T l ) u ( p x ,vx)u(p3,v3) X5 u(p2,v2)

-  Gspiu^fspiux) J- u(p4,v4) \ 5yllu(pl ,px)u(p3 ,i>3)\5u(p2,i>2)

~ G5&(uxu)/f0(ul4) I -  u(p4,v4) \ 5u(pl

av-9)

where

r/ = fX fa f a  K \ 1 r P  ^ r P  1 / \  h _ h ~ K -
5fl 5 2m ]tx -K-m+ie  M M fo+K-m+ie 5 2m

y /5  _ fa  f a  * .  1 r « r « 1 r \  f a  f a ~ K  \
M 5 2 m  f c - K - m + i e  M M j t 4 + K - m + i e  5 2 m

7 ,s  = ( \  fa  fa  K  \ 1 r " x r p 1 t \  f a  f a ~ K  \
M 5 2m jt2-K - m + ie  M 11 fo+K -m + ie  5 2m ’

f f  _ / \ A  /*4 1 r ^ r « 1 ^1 .
5,4 5 2 m  - K - m + i e  *  *  f o + K - m + i e  5 2 m

(IV -10)

Note that the amplitude M ^ , M takes into account the photon emission from x n
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vertices.

Clearly, the two amplitudes M ^ ,  ̂ and  ̂ depend only upon relativistic 

invariants and are fully gauge invariant. They have been used to calculate the 

noncoplanar differential cross sections ( s d 3(r^ /d Q 3 d0 4 d^7 ) and

= d 3ff^ /d Q 3 dn4 d^ 7  ) , as a function of the photon angle ^  and the 

noncoplanarity angle <j> ( </> = 0  gives the coplanar cross section ). We have also 

integrated differential cross sections over ^ to obtain the integrated cross sections as 

a function of <f, ,

d2^ v)/d a 3dn4 = j  (d 3<T̂ pa,/dti3dii4d ^ ) d ^  .

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

nP7-

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 d2< r ^ v)/dQ 3 dQ4 as a 

function of the noncoplanarity angle 4, at 200 MeV for $ 3 = $ 4 = 30°, 35°, 

and 38° • Two interesting features can be observed [21]. (i) The deviation, 

a /dp-y =  d2ffj^7 /d 0 3 d0 4  -  d 2<rĵ y/d fl3 d0 4, is extremely small for all cases, 

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 np7  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 np7  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 e 3 = 6 4 = 38° [52].

In Fig. 25, we show the coplanar np7  cross sections as functions of ^

at 200 MeV for ff3 = ff4 = 30°,35°, and 38° • The cross sections are not shown 

in this figure because they are very close to the cross section . From this figure,

it is easy to see that the integrated cross section ( or the cross section a pv for
opy

90° <  \py <  360° ) increases as the symmetric scattering angle $ 3 = $ 4 increases.

The comparison with other predictions is shown in Figs. 26 and 27. In Fig. 26a, 

our coplanar cross sections a  ̂ v) ( at 200 MeV for $3 = ff4 = 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 < r^ fv) ( at 200 MeV for ff3 = 30° and 04 =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.

In Fig. 27a, we present integrated np7  cross sections d2<r£v /dQ3dfl4 as
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functions of fl4 at 130 MeV for a fixed angle d3 = 20° • Our result ( solid curve ) is 

compared with the experimental measurements [S3] and the potential-model prediction 

of Brown and Franklin ( dashed curve ) [29]. In Fig. 27b, we show integrated np-y 

cross sections at 200 MeV for several symmetric scattering angles, 

0 3 = 0 4 = 30°, 3 5 °, 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 Schafer et al. ( dash- 

dotted curve ) [14]. Our result is in very close agreement with that of Herrmann et al..

Finally, the noncoplanarity effects in np7  have been systematically investigated. 

In Fig. 28, we present noncoplanar np7  cross sections as functions of ^  at 200 

MeV for several noncoplanarity angle $ .  These results demonstrate that the 

noncoplanarity effects ( the dependence of upon <£ ) differ markedly as functions 

of ^ . Because of this significant angular dependence of the noncoplanarity, the 

noncoplanar cross section as a function of ^ for a given ^ , rather than the integrated 

cross section as a function of <£, 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 np-y 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-y 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 

np7  analyzing power data, which are presently unavailable.
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Fig.24. Integrated np7  cross section d2 o-pŝ v)/d n 3 dn4 as a function of 0  at 200 MeV 

for $3 = 0 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 np7  cross sections as functions of ^ at 200 MeV for 

03 = 04 = 30°, 35°, and 38° • The cross sections are not shown in this figure mainly
because it is very close to the cross section n-pv .np7
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Fig.26. (a) Coplanar np7  cross sections as functions of ^ at 200 MeV for
6-t = 9 a — 30° • Our cross sections, <j-pv ( solid curve ) and <rps ( dashed curve ), areJ * np7 ' np7
compared with the potential-model predictions ( dotted curve ) obtained by Brown and 

Franklin [29]. (b) Coplanar np7  cross sections as functions of ^ at 200 MeV for 

8 3 = 30° and 04 = 45° • Our cross sections, o-p̂  (solid curve) and (dashed curve), 
are compared with the potential-model predictions ( dotted curve) obtained by Herrmann 
et al.[12].
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Fig.27. (a) Integrated np-y cross sections as functions of d4 at 130 MeV for =20°- 
Our calculation d2a ^ / d Q 3dQ4 ( 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 np7  cross sections as functions of symmetric scattering angle (fl3 =04) 
at 200 MeV. Our result d2o-^ /d03d04 ( solid curve ) is compared with the results 
obtained by Brown and Franklin ( dashed curve ) [29], by Herrmann et al.(dotted curve)
[12], and by Schafer et al. ( dash-dotted curve ) [14], The data are from Ref.[52].
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Appendix

Horowitz’s parameters

The complex coupling constants g cut-off parameters A ^ , and meson 

masses /na(3 are defined as follows:

( S c *  > =

( K e )  -

( ) =

2 . - 2 2 .-2
r ~'Ss £  <r

2 . - 2 2 .-2
S ti -* S ti Sto - 'S to

m + 0.5 T 2 .-2 2 . 2
m

•
Sal ~l SaI S ao ~ ' S ao

2 .-2 2 .-2
Sp ~ 'S P Su ~ 'S U

2 .-2 2 .-2
S t ~ 'S t Sy

A5 A5 K K  '

Ari A ri A to A ro

= Aa7 Aa/ A ao A *o 1

AP A, K A w

A x A x A , A,

• m 8 m c

m tl m to m to

= m al m ao Mao 1

m„ m n m,. m,.p p (*)

m T K

( A l )

(A2)

(A3)

where g j , g 2, Af , Af, and m . ( / = 5 , a , t x, r0 , flj , a Q , p , a>, x , 7/ ) are 

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

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

used by us.
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