PHYSICAL REVIEW C, VOLUME 64, 034005
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Coherentp-meson photoproduction on the deuteron has been studied, where the emphasis is on the relative
importance of two-body contributions from hadronic rescattering and electromagnetic meson exchange cur-
rents besides the impulse approximation. For the elementary photoproduction amplitude a coupled resonance
model developed by Bennhold and Tanabe has been used that fits reasonably well with the experimental data.
The rescattering effects are treated within a coupled channel approach considering the intermediate excitation
of the P14(1440), D15(1520), andS;;(1535) nucleon resonances. The hadronic interaction between nucleon
and resonances is modeled by one-boson exchange potentials, which we have considered both in the static
approximation as well as fully retarded. The sum of all considered two-body effects results in an enhancement
of the total cross section between 10 in the maximum and 25 % closer to threshold around 680 MeV if the
hadronic interaction is treated retarded. This enhancement shows up in the differential cross sections mainly at
backward angles. It increases steadily from only a few percent at 0° to more than a factor of 2 at 180° for a
photon energy of 680 MeV. Two-body effects also become significant in certain polarization observables.
Finally, no discrepancy has been found for the ratio of the isoscalar amplitude to the proton amplitude between
coherent and incohereny photoproduction on the deuteron due to a nonvanishing complex and energy
dependent phase relation.
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[. INTRODUCTION the reaction is dominated by the quasifree contribution, for

which interference effects between the elementary ampli-

The photoproduction ofy mesons on a nucleon is an tudes of proton and neutron are very small, so that the con-

extremely interesting process because théeing an isos- tributions from proton and neutron add incoherently to a very
calar particle, can act as a hadronic isospin filter, i.e., onlyg0od approximation. On the other hand, the coherent process
isospint= 1/2 resonances can couple to &N state. Conse- ©ffers a special bonus, because the deuteron constitutes an

quently, there exists ngNA vertex, and any contribution of EM isospin filter, which means that in the coherent reaction

the A(1232) resonance, dominant in pion photoproduction©N€ Selects the isospin=0 channels, in other words, only

to 7 mesonic processes is strongly suppressed. Thu he isoscalar excitation strength determines the reaction.

n»-meson production is an important tool to study the rather hus, the cpherent process will provide lnformatlon on this

small contributions of those= 1/2 resonances that lie above small quantity almost independently from the incoherent re-

. action, which clearly is dominated by the isovector ampli-
the A(1232) and that usually are overshadowed in other "Ctude. Moreover, one obtains from the incoherent reaction the

actions like, e.g., in pion photoproduction by thereso-  m,qyii of the amplitudes only, i.e., their relative phases re-
nance. main unknown whereas the coherent reaction allows to ex-

Moreover, thez meson selects from the set 6F1/2  {ract new information on these relative phases of the elemen-
nucleon resonances only ti#,(1535), which has almost tary amplitudes. This is of particular interest with respect to
equal partial decay widths into theN and #N channels, the question whether there exists a discrepancy between the
while all other resonances in this energy region decay precoherent and incoherent photoproduction process as has been
dominantly into pionic channels. This property appears veryeported in1]. Analyzing the experimental results by a fit to
peculiar in comparison to the slightly heavi&€;(1650) the two sets of data within the impulse approximatith),
resonance, which carries the same quantum numbers as thiese authors found for the ratio of the isoscalar amplitude
S$11(1535), but does not couple to theN state at all. Thus A to the proton amplitud@, for the EM # production from
experimentally one can exploit this property of thaneson  the coherent data a value that was about a factor of 2 larger
to discriminate this particular resonance from the otNér  than the one extracted from the incoherent reaction, i.e.,
resonances by simply selecting thgN final state. This
means, thaty photoproduction is specifically suited in order
to study the electromagnetidEM) properties of the
S11(1535) resonance.

The corresponding process on the deuteron is of considFhis discrepancy was one of our motivations for studying
erable interest, because one hopes to obtain informatiotiis reaction, and it will turn out, that the seeming inconsis-
about the unknown reaction on the neutron, considering théency is a result of an oversimplified analysis of the coherent
deuteron as an approximate neutron target in view of itgeaction. Obtaining information on the neutron amplitude
weak binding. In order to extract this information, the inco-from the reaction under consideration, however, is possible
herent process appears to be very suited, since in this casaly if competing two-body contributions from rescattering

(Ad/Apcon=0.2 and (Ag/A)inc=0.09. (1)
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and meson exchange currents are reliably known. It is the Il. ELEMENTARY PROCESS
aim of the present work, to study such effects in greater As first important step in the present work we will fix the

detail. . . . elementary photoproduction amplitude. But we will not use a
Two-body mechanisms have been neglected in a previougj, jje effective Lagrangian approach like[t0], where the
study[2], restricting to the 1A alone. In this work, various \ndetermined parameters are fixed by fitting directly the ex-
ingredients of the IA have been studied like, e.g., d'ﬁeremperimental p-production data. Instead we have taken the
choices of the neutron resonance amplitude and different pregymewhat more ambitious coupled channel model of Ben-

scriptions for the assignment of the invariant mass of thg,,o1d and Tanabd9] in which the following open one-

elementary amplitude. Rescattering mechanisms have firgleson channels are considered, i.e., the hadronic processes
been considered in first order by Hogdtial.[3] who found N 7N— 7N, and their EM analogaN— 7N, and

large pontributions explaining at least qualitatively the IargeyNH 7N. Of course this model predicts also the processes
experimental data of Anderson and Prefdst In the mean ;| 7N and sN— 7N, but these are not amenable to ex-

time these experimental results have not been confirmed g, imental observations due to the lack-pneson beams
more recent refined experimenitt], where indeed much ¢ iher processes yet to be considered are the pion- and
smaller cross sections have been found. The large rescatt?fhoto-induced two-pion productionrN— 7N and yN

'”hg contr|lr)1ut|ons '”[331 came predominantly fromy _sx'_ —araN, respectively. The presence of these reaction chan-
change whereas exchange gave a very tiny contribution ,q|q is treated in a phenomenological manner only by assign-
only. Hovx_/eyer, the quality of the approximations used in this; g the resonances an effective two-pion width as is dis-
work is difficult to assess. On the other hand, Halderson ang ;ceq belowisee Eq(11)]. There exists another dynamical
Rosentha[5] found later a much smaller rescattering effect .o culation by Green and Wycedii1] using theK-matrix

within the one-loop approximation Iea\{mg the experlmentalmethod. However, we prefer to use the mode[gifsince it
results off4] as a puzzle. But they confirmed the dominance

allows in a natural way the continuation into the off-shell
of 7 exchange overr exchange. A better treatment of res- o qinn a5 js required if one wants to incorporate the elemen-
cattering effects beyond the one-loop approximation within, v amplitude into nuclei. This off-shell continuation is not
the multiple scattering approach of Kerman, McManus, an lways easy and well defined inkamatrix approach.
Thaler has been reported by Kamaletval. [6], finding very

I p h ; Such an involved analysis is in principle unavoidable, be-
small two-body effects. However, based on the resuliSdf .5 se of the appearance of the same resonances in the vari-
they again have restricted the rescatteringzteexchange

, Nt ous reaction channels and the fact that each resonance pos-
only, leaving out completglyqr ex.change, Wh'Ch. in the sesses a hadronic width related by unitarity to the hadronic
present work we found to give an important contribution. Ineactions. The model of Bennhold and Tanabe, being a sepa-
fact, the relative importance af vs 5 exchange is model (apje resonance model, is still a simple effective one because
dependent with respect to different choices of couplingot the jimitation to only pure resonant states or meson-
strengthg7]. _ , nucleon states in the hadronic sector. No meson resonance
Therefore, we would like to stress the point that for a5n4 multimeson-nucleon configurations are allowed. While
consistent description it is necessary to generate the WQpe nycleon is treated as a physical particle, the resonances
body operators by the same elementary vertices, which deye considered as bare ones, being dressed by loops from the

termine the one-body contribution. Otherwise, defining theopen decay channels. Thus thematrices for the two had-
rescattering mechanisms independently, one loses any prgsnic reaction channels are given in the form
dicting power. Previously, we had analyzed[B] the two-

body mechanisms for the coherent photoproduction on the

deuteron with purely static nucleon-resonance interactions T,TNH,TN=E vaNRg';Rv,,NR

for which we found a sizeable reduction of the total cross R

section. In anticipation of the main result of the present

work, we found that the introduction of retarded, and thusnd @
more appropriate interaction mechanisms leads to quite dif-

ferent effects. In addition to the question of the size of had-

_ To.
ronic rescattering we also have investigated the role of two- T’TNHWN_; U yNRIRV 7R
body meson exchange currerfdEC) that have not been
studied previously. where we include three resonances, nameR

.This work is structured as follows: In Sec. Il we will e {P1,(1440) D15(1520) S;,(1535)}. These resonances are
briefly sketch the elementary model fgr photoproduction  he jsospint=1/2 nucleon resonances below and just above
on the nucleon, which we have taken essentially ffdinIn 6, meson production threshold, and are thus the most
Sec. Il we will then incorporate this model into the two- jiely ones to affect thej-photoproduction reaction. The op-
nucleon system. In particular, we will discuss the two-body T

mechanisms arising from hadronic rescattering and fro gratorsugy andugg denote the meson emission and ab-
S orption vertices, respectively, as obtained from the follow-
MEC. In Sec. IV we recall the definition of the observables; P b Y

) L i .g[10]),
of coherent meson photoproduction. The results are prelp g Lagrangiangsee e.g[10)
sented and discussed in Sec. V. Finally we give in Sec. VI a . —
short summary and an outlook. Lens,,= ~198ns, ¥ P¥s +H.C., ©
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TABLE |. Bare resonance masses and the relation between the

hadronic couplings in the Bennhold-Tanabe ang&:ﬂ and thegy
of the Lagrangians in Eq$3)—(5). The factorayp, _ is defined in Eq.
(A5).

P,(1440) D15(1520) S11(1535)
m% [MeV] 1672.0 1543.7 1555.6
2my 1 1
_ ~[BT] -1
97NnR= INRX a
m, 12 P13 m,\4 V12w
2my 3 m 1
— [BT] _q M
9oNR= GyNRY —— \z%n5 =
7NR 7NR m»,,\/ﬂ At D13m§] \/E
L:BNPn:_igBNPn\I,‘YSq)\PPn—F H.C., (4)
9BND;p
‘CBND]_B: m—\I’Dls’y5(9V¢)\I’+ H.C., (5)
m
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Mg(W) =m%+ ReS g(W)

i S

Be{m 7}

f“dqqz My

0 (27)% 2ws(q)en(q)

% i) 2L g{BBNng[BBNgz(q) ®
mg/ W—owg(q)—en(q)’
I'r(W)=—=2TmX (W)
1 my Jo 2
T a2 qu(m_B) gbnR TENR?(do)
+IR7(W), 9

whereqq=qo(W) is the asymptotic meson momentum in the
meson-nucleon c.m. frameg(q) = \/szJrq2 is the on-shell
energy of the mesoB, analogouslyey(q) = \/m2N+q2 is the
energy of the nucleon, andis the internal angular momen-
tum of the resonance. Furthermofgg4(q) denotes a had-
ronic form factor, which takes into account effectively the
internal structure of the baryons. Its functional form

—(1+L/2)
1+

fLAR(a) = (10)

whereB e{m, 5}, andV and ¥y denote nucleon and reso-

q )2
ABNR

nance spinors, respectively. The bare resonance masses and

the relation of the coupling constants to the one§Qfare  is chosen such, that the convergence of the loop integral is
given in Table I. Detailed expressions are listed in Appendixguaranteed. For the two-pion contribution to the width we
A. have adopted the effective treatment [§f12] and use a

The symboldg in Eqg. (2) denotes a dressed resonanceSIrane parametrization of the form

propagator containing in principle an infinite numbermf, W—my—2m. [W—my—2m
7N, and7 7N loops. It is given as a function of the invariant ET(W)=yE™ ul ”) . (1D
energyW by My g
The elementaryy-photoproduction amplitude is driven by a
. B o o background from the Born terms and by a bare resonance
Or(W) =[W—mg—3r(W)+ie€] (6)  excitation term describingy photoproduction via intermedi-

ate bare resonance excitation. The Born contributions consid-
ered in this work are shown diagrammatically in Fig. 2. The
parameters of the Born terms are the same as udé, ine.,
gfIN/4w=O.4 and the vector meson couplings frg&13].

The bare EM vertices g for resonance excitations are
derived from the following Lagrangians

; -1
= Wome W)+ STaw)| (@

where the energy dependent resonance mmgg8V) and the

pionic and »-mesonic parts of the resonance width(W) ks -
are related to real and imaginary parts of the resonance self- NS, 1 5 Ve, y50,, ¥ F*"+H.c., (12)
energyS r(W), which arise from the above mentioned loop bo2(mytmg ) M
contributions. While the one-meson loops are evaluated ex-
plicitly within the present mode(see Fig. 1, the two-pion K
contributions are treated effectively only by parametrizing r __Pu V. o WEA+H.c (13)
their imaginary part and incorporating the real part as con- A T o
stant in the bare massy. Thus we have "
|kD13_
f’_n\ £7ND13: 2_lePD13"”y:“\P FrY4 HC, (14)

g - e - e e
N whereF*? denotes the EM field tensor. Furthermore, the EM

FIG. 1. Dressing of a resonance propagatoraognd 7 loops. couplingsRR contain isoscalar and isovector contributions
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N NP N NC
x ‘ff ¥s Hﬁf
A\
AY
PP PP
~ FIG. 4. Resonance contribution to the elementary meson photo-
N production process including the dressgdR vertex (see Fig. 3.
n _ Xexp_XBorn
P g'yNR_ 0 ’ (17)
s Xr(95r—1)
»
Z (direct) 7 (eroesad) where Xg(gz—1) is the purely resonant multipole with

the EM coupling set equal to one. For the fit we use the

0, ﬂ x. f,f‘frr following complex parametrization
h B IRR(W) =g (W) |exi DR(W)], (18

Lo0,p YNR yNR yNR

- 2 where modulus and phase are described by polynomials in
VM VM 2=k (W)/m,

FIG. 2. Diagrams of the contributions to the elementary Born
amplitude: nucleon pole graptiNP), crossed nucleon pole graph

(NC), pion pole graphsPP, Z graphs(Z), and vector meson ex-
change(VM). PRRW)=2(f0+gMz+h"2?), (20

19 rW)[=a)+bNz+cz2+dNWz2+ez%, (19

S0 (1) and 1=0,1 denotes isoscalar and isovector excitations, re-
Kr=05NR T O5NRT0- (15 spectively. The open parameters are fit to the elementary
photoproduction data, i.e., the pion photoproduction multi-
In a dynamical treatment, the bare EM vertices becomgolesg(Y (V2 m{®- (12 g0).(12) and the total cross sec-
dressed by hadronic rescattering as is illustrated in Fig. 3jon of » production on the proton. The results of the fit are
i.e., v,nr— U nr(W) [14,15. The dressing of th&M ver-  shown in Fig. 5 and the corresponding parameters of Egs.
tices leads to complex, energy dependent couplings. This fa€t1), (19), and(20) are summarized in Tables Il and [25].
follows directly from the unitarity relation demanding such The fit certainly is not of high precision, which is not the aim
loop diagrams. Thus the total photoproduction amplitudeof the present work, but it is of sufficient qualitgee the
reads discussion of observables belpfor our purpose, namely to
assess the relative importance of interaction effects. With
_ respect to our previous worl8] we would like to remark,
TyN_uyN:T?N_»nNJFE v NRIRV AR (16)  that the present fit differs from the one [i8] because there
R the Born amplitude contained a small error resulting in a
5 o slightly different fit with different parameters. But the de-
whereT ),y denotes the Born contribution. The resonancescription of the observables of the elementary process is of
part is shown diagrammatically in Fig. 4. the same quality. Also the size of interaction effects was not
In this work we do not calculate these loop contributionsaffected by this error.
explicitly, but follow Bennhold and Tanabe by fitting each  with respect to unitarity we must state that our model,
pion photoproduction multipol&, to which a given reso- and also the original work of Bennhold and Tanabe, is not
nanceR contributes, to its experimental valué.,, from  unitary, although the hadronic resonance model is per con-
which the Born contributiorXg,, has been subtracted, by struction two-body unitary below the two-pion threshold.

defining an effective EM coupling The effective treatment of the two-pion channel and the pa-

rametrization of the dressed EM vertices instead of evaluat-
i v . g ing the dressing loops destroys unitarity. In order to fulfil

ot - in\\\\ unitarity one would need to include a dynamical description
— = e {Bom _Di i i i P
R_‘§§ ol + = L - of EM two-pion production and its hadronic analogon, pion

induced two-pion production. Such a dynamical treatment of
FIG. 3. Dressing of the EM resonance vertex by rescattering. two-pion production is quite involved. For this reason, to our
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tation of the resonance parameters in terms of microscopic
nucleon resonance models because they are in general model
dependent quantities, and thus are not observable. None of
the effective models available today offers the possibility to
extract resonance parameters in a model independent way.
The reason for this is an inherent unitary ambiguity of such
approaches, which makes it impossible to separate uniquely
background and resonant contributiofsee Wilhelmet al.

[16]).

The quality of the description of the data of the elemen-
S T, s 2 e . tary process by our model can be seen in Figs. 6 and 7. It is
z z quite good for the total cross section gfphotoproduction
5 on the proton(Fig. 6). Only above a photon energy of about

' I ' 750 MeV one notices a slight overestimation of the data from
[17]. Similarly, the angular dependence of the unpolarized
10 - a differential cross section in Fig. 7 is described quite satisfac-
2r T torily. The theory shows a slightly more isotropic behavior
Ros w than the data, and at the highest energy a small overall shift
¥ to higher values corresponding to the slight overestimation
1F 8 of the total cross section. But we do not consider this devia-
. tion as a serious defect that is also found in other approaches,
: jﬂﬂiﬂlﬁ“}};xy for example in[6]. One important result with respect to the
05 ! ! ! o ! ! ! question of the strength of the scalar amplitude is that we
5 20 25 30 35 15 20 25 30 35 found for the proton and neutron amplitude at the resonance
energy in the present model the complex values

g

0.0

2 P11| H | TN } A=(—114-11.7x10°% Gev 12,
_ H I @

£ A,=(120.9-i166.)x10 3 GeV 7,

9°%(z)
(=]
1
9"(z)
T

H]%Hﬁﬁ?i@ from which one obtains for the ratios of the total cross sec-
1
i

or 7 tions on neutron and proton as well as /A, the values
Ve
/ 4 )
—2 R _ IR (00l op)res=|AnlAp|>=0.68~2/3, Ag/A,=0.25e 1099

1.5 2.0 225 30 35 15 2.0 225 3.0 3.& (22)

FIG. 5. Effective EM coupling strength of the nucleon reso-

nances extracted from the experimental multipg@5]. Notation: respectively, where the modulus Af/A, essentially agrees

O: real part of the effective couplingss: imaginary part of the with the value extracted from the coherent process within the

effective couplings; full curves: fit of the parametrization of Eqg. impulse approximation but the phase is different from 0 and

(18) to the real part; dashed curves: fit to the imaginary part. 7. The neglect of this n_opvanishing phase in _the anglysis of
[1] appears to be the origin of the above mentioned disagree-

. . ment between the ratios extracted from the coherent and in-
knowledge, there does not exist any calculation of MeSOR yherent reactions

production in this energy region fulfilling unitarity. In view

of the fact that our main emphasis lies on thephotopro-

duction on the deuteron, we believe that the present effective Ill. PROCESS ON THE DEUTERON

description is justified. . . .
Another remark is in order with respect to the interpreta- Fp_r the photqproductlon on t.he (_jeute_ron we include in

tion of the parameters of effective models in view of the fact2ddition to the impulse approximation, i.e., the one-body

that there exists quite a number of different models in thecontrlbutlon, various two-body diagrams that arigefrom

literature. One should be extremely cautious in the interpret’® Off-shell behavior(disconnected Born diagrams(ii)
hadronic rescattering between photon absorption and meson

emission, andiii) from two-body meson exchange currents.
A diagrammatical overview of the various contributions con-
sidered in this work is given in Fig. 8. The first two diagrams
describe the impulse approximation comprising the Born and
yE™ [MeV] 80.3 24.2 4.3 resonance contributions, the former including the discon-
nected graphs and the latter containing the dressed photon

TABLE Il. Parameters of the effective two-pion widths.

P11(1440) D 13(1520) S11(1535)
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TABLE lll. Parameters of the effective EM resonance couplings in Eb8. and (20).

Pll Dl3 S11 Pll D13 S11
a® 3.1342 —1.9376 0.3176 a® 4.2067 4.1469 7.0066
b(® -0.1103 2.2500 —0.0029 b® -0.2762  —0.4408 0.0090
c® -0.2119 —0.3790 —0.0055 c® —-0.1140 -0.2615 —0.6776
d© —0.0406 —0.1368 —0.0007 d® —0.0328 —0.0383 —0.0016
el® 0.0165 0.0290 0.0007 e 0.0056 0.0257 0.0145
fO (rad)  —4.0157 0.8250 -0.0830 @M (rad) —1.3631 0.0139 0.2389
g© (rad) 2.6610 —0.8955 —0.0270 ¢ (rad) —0.0357 1.0541 0.0091

h©® (rad) —0.4728 0.1962 —0.0228 h® (rad) —0.1931 0.0047 —0.0173

vertex. The next four diagrams comprise the various hadsions in[19] differ from those i 2], where the vector meson
ronic interactions of the intermediate two-baryon states in€ontribution was derived from on-shell Feynman diagrams
cluding nucleon-resonanc®& R) transition interactions. The with implicit time ordering. Because in the present process
last three diagrams describe the MEC contributions comboth nucleon lines are off shell, this method is, strictly speak-
bined with hadronic rescattering. ing, not applicable. However, in view of the very small en-
For the impulse approximation we have to embed the elergy transfer of the vector meson, this approximation turns
ementary photoproduction amplitude into the two-nucleorout to be quite reliable.
(NN) system. To this end we need this amplitude full off The hadronic rescattering mechanisms are treated by solv-
shell in an arbitrary frame of reference. This can be achieveihg a system of coupled Lippmann-Schwinger equations in
in our model by a straightforward construction from the ap-the space oNN and various isobar configurationslR) ne-
propriate time ordered diagrams using the Lagrangians giveglecting resonance-resonan@eR) configurations, i.e.,
in Egs. (3)—(5) and (12)—(14). It is in contrast to other ap-
proaches, where the elementary amplitude is constructed first
on-shell in the photon-nucleon center-of-mdssn) frame
with subsequent boost into an arbitrary reference frame and
some prescription for the off-shell continuation. In the latterwhereT matrix, potentialV, and free propagatds, are ma-
method, one loses terms that by chance vanish in the c.ntrices with respect to the various two-baryon channels
frame[2]. In our approach, the only uncertainty arises from

T=V+VG,T, (23)

the assignment of the invariant energy for the photon- 20 ‘ . . 2.0 . .
nucleon subsystem in the resonance propagators as has bet¢ 18 E =724MeV 1 18 E=747Mev .
discussed in detail ifi2]. Here we use the spectator on-shell 15 | 4 6 F 8
approach as in18]. — 4 1=14r g
As already mentioned, the Born currents are constructed< 2 - I A S —
. . el Q F g 8
from the off-shell expressions of the corresponding elemen-é 10 12r 1
. . . a @
tary operators. The construction is straightforward and ex- 2 08 [ - : 1308 1
plicit formulas can be found ifi19]. A remark is in order ~ 306 1806 1
with respect to the vector meson contribution. The expres- %4 1 9T 1
0:2 i 0:2 =
0.0 | 1 1 0.0 1 1 |
25 0 45 90 135 180 0 45 90 135 180
0 n [deg] 6. [deg]
20 r B 2.0 T T T 2.0 T T
18 I E =757MeV . 18 I E =789Mev b
= 16 | 4 16 F .
g 15 5
[ - 14 T — 1.4 W
S 212 E T s §§’<W2’§§§ B2
10 fle) ot
310 | 4310 8
08 {808 | .
s e
5 506 4 506 - -
0.4 - 0.4 i
o U ‘ ‘ 0.2 b 0.2 B
0.0 | 1 1 0.0 1 1 |
700 750 800 850 0 45 90 135 180 0 45 90 135 180
B, [MeV] 0. n.[deg] 0 q [deg]
FIG. 6. Total cross section af photoproduction on the proton. FIG. 7. Differential cross section of photoproduction on the

Experimental dataZl, Kruscheet al.[17]; X, Wilhelm et al. [26]. proton. Experimental data are fro7].
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(a)

L

T (b)

N TR
{ . FIG. 9. Treatment of the different time orderings of the hadronic

transition potentials(a) Static approximation for thBlN«NR po-
tential, (b) upper part: retardetl R exchange potential; lower part:
I static approximation of the mesdR propagator.

N[2]
RN

A

wherep denotes the relative two-baryon momentum.
FIG. 8. Diagrammatical overview of the model of coherent For theNN potential we take a realistic potential that has

photoproduction on the deuteron. The box labeled Born containf0 be renormallze_d as outlined below. TI?ER transition

also disconnected diagrams where the photon is absorbed by o/ NrR—Nn) @nd diagonal Ygry.nr) potentials are con-

nucleon and they is emitted by the other. Hadronic rescattering is Structed from the usual time ordered diagrafsee Fig. 9

indicated by the square boxes labeBgy, Ty, Try, and Trg. using the elementary vertices from_ the LagrangidBs

Meson exchange current contributions are indicated by the boxedirough Eg.(5). As diagonal interaction we take the ex-

labeledN[ 2]. change contribution only, where nucleon and resonance are
interchanged, and neglect the nonexchange part in view of

Tunenn  TNNCNR. oo TNNONR unknown coupling strengths. Thus the potentials have the
! n general form
T TNRlHNN TNRlHNRl e TNRlHNRn
: f Virow=, 3 Qe0q"N(1,2[GEMW) + G5 W)]
TnrR NN TNRNR, ... TNR<NR, i
(29 +(1<2), (27
a corresponding matrix for the potentid) and
G o ... 0 Van-nr=_ {2 | 2e05" LGS W) + G5 (W)]
e,
0 c’;gRl ... 0 +(12), (28)
Go=| : R E (25)
' ’ ' where Re{P;;,D13,S;1}, Q4(1,2) denotes a momentum
0 0 cs GNR space operator depending on the spin and momentum vari-
0 ables of the participating baryons, aiftl; is an isospin
" NR ) _ operator
HereG, "~ denotes th& R propagator in the c.m. system with
a dressed resonance - -
Q_=mr-7, for & exchange,
o NR -
Go (PW) Q,=1 for » exchange. (29
i 5’ .
=| W- mN_m_mg_m_zR(Wsub)"'ie , Furthermore,GENY (W), GENR(W), and GERR(W) denote
R

the mesorNN, mesonNR, and mesorRR propagators,
(26) respectively,
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— 0 . . 0 . .
I I
I I -10
I I
® & - 5 20
= 2
FIG. 10. Static nucleon-resonance box used in the renormaliza-«= _ © 0
tion scheme of Green and Sainio.
40
Go (W) =[W—ex(p') —ey(p)~ wg(p' —p)+ie] %, - L - L
(30 1900 2100 2300 2500 1900 2100 2300 2500
W [MeV1 W [MeV1
where XY) e{(NN),(NR),(RR)}. The nonrelativistic on- FIG. 11. 'P;-phase shift oNN scattering as a function of the

shell energies of the baryons are defined e@$§)=m° invariant energyV of the NN system. Notation of curves: dotted:
+(p2/2mP d 5) = - (5272 Exolici R OBEPQ-BNN potential, dash dot: coupled channel with static res-
(p"/2mg) and ey(p)=my+(p“/2my). Explicit expres- cattering and box renormalization, solid: coupled channel with re-

sions of the potential operators are listed in Appendix B. FOkaqeq rescattering and box renormalization. Left panel: rescattering

consistency, the coupling constants are taken from thg,oughNs,,; only, right panel: complete rescattering. The data are
Bennhold-Tanabe model as defined by the Lagrangians ifjom the VPI analysi§25].

Egs.(3) through Eq.(5) and listed in Table I.

The mesorNN propagators are taken either in the staticNN potential has been fitted, the good description is pre-
approximation, or fully retarded in order to study the role ofserved. This is valid also for the other partial wavésr
meson retardation. On the other hand, we treat the mesoutetails sed¢19]).

NR and the mesoRR propagators always in the static ap-
proximation including the mass differences of the participat- IV. DEFINITION OF OBSERVABLES

ing baryons(see Fig. 9, i.e., _ _ .
Before we discuss the results of our calculation, we will

give a short sketch of the definition of the observables; of

photoproduction that we restrict to beam and target polariza-

tion, neglecting possible recoil polarization. The general
At the end of this section we will briefly describe the form of an observable can be found[i1].

above mentioned renormalization of a realistic potential. We choose our frame of reference with thaxis pointing

With the introduction of additional isobar ConfiguratidNQ in the direction of the photon momentuinthat also serves
with corresponding interactions into a coupled channel apas quantization axis for the deuteron spin states. The direc-
proach, one changes the effect of the interaction orfNINe  tion of the x axis is defined by the density matrix of the
channel, which was originally described by tR&l potential  photon polarization with respect to the basis of circular po-
acting in the pureNN space alone and that was fit koN larization states

scattering data and deuteron properties. Thus, the good

agreement with experiment is destroyed. In order to avoid pz)\lz %[5M,+57&M,], MA ==*1, (32
this feature, there are two possible solutions. Either one

could fit all parameters of the extended interaction m0d9|where& denotes the Pauli Spin Operator’ alﬁej character-
pure nucleonic as well as resonance parameters, tbitie jzes the polarization of the photon. In detal?=P? de-
data. However, such a fit procedure is quite involved and.ripes the degree of circular polarization, whiRy

grr?: ;c?l;}zl{rpelzg’rrﬁgﬁzg,?ﬁgo(;? ?nLgNcho%(?[ezgtitgleinmsoun;ﬁrg. or (P))?+(P))* describes the one of linear polarization.
9 P Now thex axis is chosen in the direction of maximal linear

way that together with the additional interactions one repro- T - N ;
duces the effect of the original potential. Such a renormal-po@'zatlon' l.e.PZ—_ ~PrandPy=0. FuEthermore, th_e di-
ization recipe was introduced by Green and Safi®0] by ~ rection of the outgoing meson momenthns characterized
subtracting a stati®lR box at a fixed, appropriately chosen by the angles ¢, ¢). It defines together with the photon mo-
energy(see the diagram in Fig. 10in the present work such Mentum the reaction plane. The geometry is shown in Fig.
a box renormalization at the energy W=2my has been 12. If the incoming photon beam |s_not_I|nearIy polar_lzed,
applied. However, it is obvious that the first method shouldthen thex axis may be chosen arbitrarily, as there is no
be preferred in principle, because the box renormalizatioflépendence on the angle _ _
method is approximate and valid over a limited energy range A Possible target orientation is described by the following
only. In order to demonstrate the quality of the box renor-density matrix

malization we show as one example in Fig. 11 the phase shifty

G (W) — (2my—my—my— w,) L. (31)

for the P, partial wave, which is the most important partial P m={1m’[p[1m)

wave for the rescattering contribution, because it is the only 1 2 1 1

isoscalar partial wave, which couples td&,;-S wave. One =—(H)rmy > f( ) pe:  (33)
readily notices that in the energy range, where the original J3 =oM==1 \m -m" M
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dO'(),.., 4
a0 M T gt (M) %9
y d 4
g
EO?FFM:1+—($|\A()Re (il+5'1UéélM), (40)
dooz, _ 2 811 7 —11IM
mTlM:—+1+5MORe [i7{U g

i(_)l-*—l\/luaolll*M}], (41)

with
coherent

FIG. 12. Kinematical variables of the
n-photoproduction process on the deuteron. 1 |
}\ )\IM__I E (=)t~ m( )t;wﬂtm'xm,
where the eight independent parameté’tfk,I (P80=1 by m’mn -m M
definition) describe the orientation of the target. For present (42)

expenmental methods for deuteron orientation there exists ap

andc is a kinematical factor

axis d, characterized by anglesd{,#y) with respect to

which the density matrix is diagonal. The orientation ackis
defines the orientation plane as also indicated in Fig. 12.

1 k ymZ+q? \/mderk2

167T2 q W2

(43

Then, besides the orientation angles, one has only two inde-
pendent parameteFﬁ and Pd They are related to the prob- Note thatTgy=1, T|o —0for1=02, andTlO ~0. In Eq
_ +=0. .

abilitiesp ., to find the projectionsng= =1 along the axisl

by
q 3
Pio= E(pl_p—l)n
P 20 \/—[3(p1+p 1)—2],
and one has

Piw="P} eMeady,(6q).

Formal expressions for the differential cross section in

(42), the “small” t-matrix elements are defined by separating
the ¢ dependence from th&-matrix elements

(34 Toum( 6, ¢) =€ Mot 0(6). (44)
They have the following symmetry property

(39 1+m'+p+m

t,mr,ﬂ,m(0)=(—) K tm’,um(e)- (45

With respect to the asymmetries defined 18], we note the
(36)  following relations to the ones introduced above:

Tim=(—)Tm, (46)

coherent pseudoscalar meson photoproduction from an ori- 5
ented deuteron target have been givefli,22 in terms of M=—Tiu, (47)
beam, target, and beam-target asymmetdesT,,, and

c/

||v||, respectively. Here we follow the more general ap-

S=Tho, (48

proach of[21]. The general form of the differential cross
section can be described by the unpolarized cross section aagid forl>0 andM=0
various asymmetries, which depend on the scattering ahgle

only

do doy 2 !
10°dq > Pi MEO{[T.MHD Tim-cos 24]

XCO{ M’(}_ 5|1

X sin 2¢]sin( Me— 5,15)]%0( 04),

T ~ ~
5 +[PITh+ P Ty

(Thw-—Tims), (49

1+ 6mo
T:M:(_)I 2

. 1+5M0~ -
T-m=— (Tim—+Tiws)- (50)

V. DISCUSSION OF RESULTS

37) We will begin the discussion of our results by considering
the influence of the various ingredients on the differential
cross section. In Fig. 13 we show the resonance contributions

where $=¢— ¢4. The unpolarized cross section and theat four representative photon energies between threshold and

asymmetries are defined by

dog

Ly

the maximum, starting with th8§;,(1535) and consecutively

adding the D.3(1520) and P;4(1440) resonances. One
(39) readily notices the overwhelming dominance of the

S11(1535) while the effect of adding tHe,5(1520) is barely
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20 T T T 30 T T T 20 T T T 30 T T
E7:660 MeV E_/:GSO MeV E,=660 MeV
5 i 5 &
e >~ o~ ~
o o o o)
c < < =
g g g 8
o o o T
o = B ~
L+ o [s) o
o - o ©
0 45 90 135 180 0 45 90 135 180 o] 45 90 135 180 0 45 90 135 180
0, . [deg] 0. [deg] 0, ., [deg] 0, . [deg]
40 . . . 80 ‘ . . 40 . ‘ . 100 ‘ . ‘
E7:7OO MeV 70 F E_/=75O MeV - E7:7OO MeV E7:750 MeV
8 60 | g |
i 5 50 g 5 5 ]
S~ S~ >~ >~
2 41 £ 40t . = )
=} =} [ g |
< 3 30t - 3 g
3 3 3 .
8 20 . |
0 F . \
0 L L T 0 iR 0 1 T
0 45 90 135 180 0 45 90 135 180 0 45 90 135 180 0 45 90 _ 135 180
0. 5 ldeg] 0. n [deg] 9., [deg] 0., ldeg]
FIG. 13. Differential cross section af(y,7)d including the FIG. 14. Effects of the Born terms on the differential cross sec-

resonance graphs only. Notation of the curves: dotf¢(1535), tion of d(y,n)d. Notation of the curves: short dashed: direct reso-

dashed: S;4(1535)+D5(1520), full: S;4(1535)+ D,5(1520) nant graphsS;;(1535)+ D45(1520)+ P44(1440), long dashed:

+P14(1440). direct and crossed nucleonic graphs, including the two unconnected
graphs, dotted:Z graphs, full:+ w-meson contribution= IA.

seen and th@4,(1440) is negligible. This result is in accor-

dance with[13] and it is also obvious because of the smalllonger hold. Considering first in Fig. 16 ttNS,,; rescattering
couplings of they meson to the other two resonances. How-contribution, the effect changes its sign, and one obtains a
ever, that their role in combination with rescattering will be sizable increase of the differential cross section. The reason
correspondingly small cannot be inferred at all as longras for this different behavior of static vs retarded interaction lies
meson exchange is included as is discussed below.

The influence of the Born terms are shown in Fig. 14. 20 . . . 20 . . .
Comparing the short dashed with the solid curves, one no- E,=660 MeV N, E,=680 Mev
tices that the overall contribution of the Born terms to the -
unpolarized differential cross section is rather small, al-
though the separate contributions like thend vector me-
son graphs of Fig. 2 show very large effects separately, but
tend to cancel each other, in agreement With Without the
vector meson graphs there would be a sizable Born contri-
bution. In summary, only in the very forward direction one
finds a small reduction of a few percent from the Born terms. 0 45 90 135 180 0 45 90 135 180

P . 0., [deg] 8., [deg]

As next we will discuss the influence of two-body mecha- 40 . y . 80 : : :
nisms, like rescattering and MEC, and begin with rescatter- E,=700 MeV 70 N E,=750 MeV i
ing taking first the purely static approach. The hadronic res- 4 N\
cattering is built upon a one-boson exchange mechanism— ‘
(OBEPQ as described in Sec. lll, starting for théN chan- 3
nel from a realistic potential, here the Bonn OBEPQ23|. g
The effect of the various channels are shown in Fig. 15. Thes
particle-interchanging interactio®; N« NS;; clearly domi-
nates the process, the pure transition poterti&|;<>NN
shows very small effects. But in the combination of both the 0 45 90 135 180 0 45 90 135 180
genuine transition potential shows effects under forward and 8¢ .r [deg] 8c.n[deg]
backward angles. As has been reported alread8]nthe FIG. 15. Effect of the different static rescattering mechanisms
total effect of static rescattering for the couplBN-NS;;  involving the S, resonance on the differential cross section of
configurations leads to a sizable reduction of the differential(y, )d. Notation of the curves: short-dashed: IA, long-dashed:
cross section except at the highest energy where one noticgs+ static transitionNS,;<>NN rescattering, dash-dotted: #A
a slight increase around backward angles. static NS> NSy, rescattering, full: 1A+ both NS;; rescattering

However, if one switches on retardation, these findings n@ontributions.

0 .

do/dQ[nb/sr]
do/dQ[nb/sr]

/s

do/dQ[nb/sr]
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20 T T T 30 T T 20 T T 100 T T
ET:SGO MeV E7=680 MeV E7=660 MeV E7=750 MeV

do/dQ|nb/sr ]
do/dQ[nb/sr]

FIG. 17. Effect of the retarded- and n-exchange rescattering
on the differential cross section dfy, »)d. Notation of the curves:
short-dashed: IA, long-dashed: ¥ANN rescattering+ retarded
m-exchange\ S;; rescattering, dotted: IANN rescattering+ re-
tarded -exchangeN S;; rescattering, full: IA+ NN rescattering+
both retarded\N'S;, rescattering contributions.

do/dQ|nb/sr]
do/dQ[nb/sr]

cross section, of the order of one percent reduction, whereas
at backward angles they lead to an increase of the order of
about 10% at 180° depending somewhat on the energy. The
FIG. 16. Effect of the different retarded rescattering mechanismpure MEC is dominated by the pionic graph, whereas#he
on the differential cross section df y, »)d. Notation of the curves: exchange is largely suppressed. This is in line with the domi-
short-dashed: IA, long-dashed: #ANN rescatteringt+ staticNS;; nance of the pion in the rescattering contribution. A different
rescattering, dash-dotted: #NN rescattering+ retardedNS;;  pattern evolves, if one combines the MEC with the retarded
rescattering, full: 1A+~ all retarded rescattering contributions, i.e., hadronic rescattering graphs as the full curves in Fig. 18
including the higher resonances but without MEC. demonstrate. The combination of MEC contributions with
rescattering leads to a considerably larger effect, namely an
in the fact that the mesoNN propagator is always negative almost isotropic decrease of the differential cross section by
in the static casgsee Eq(31)], while in the retarded case it about 5 to 8 %. The reason for this different feature, obvi-
is positive at low momenta andp’ according to Eq(30).  ously, lies in the shorter ranged structure of the MEC opera-
Thus in this important region of momenta, the static and thdors compared to the one-body operators. Thus MEC attain
retarded interactions have opposite sign resulting in th&éome importance only if rescattering effects are considered
noted opposite effectFig. 16. However, the rescattering modifying the short and medium range region.
contributions of the other resonances, which turn out to be of The effect of all two-body operators on the differential
similar size although somewhat smaller, interfere destruceross section is shown in Fig. 19 as a ratio with respect to the
tively with the contributions of th& S, rescattering, so that pure IA. At forward angles one notes a small increase of a
one finally ends up with a smaller increase of the differentialfew percent, but the increase gains steadily with larger angles
cross section that, however, is still noticeable at 90° and foyielding at 180° an enhancement of by a factor of about 2.
larger angles. Thus the lighter resonances become more inBut in view of the strong forward peaking of the differential
portant via rescattering than their role in the IA, so that theircross section, the overall effect seems to be quite small.
effect on the differential cross section is comparable to tHHowever, this is misleading because the forward region is
S11(1535). But for higher energies their influence decreases
and the rescattering process is dominated bySh€1535), 12 . . . 12 ; : :
as one already notices in the differential cross section for E,=660 MeV E,=680 MeV
E,=700 MeV at#=90°. In view of what has been said 1k 1 1k
about the dominance of exchange in the rescattering con-
tribution in [5] we have evaluated the separate rescatterings ,,
contributions fromsr and 5 exchange for two energies, one *
closer to threshold and the other near the maximum of the ,,[————] oo — |
total cross section. The results are presented in Fig. 17. One
readily notices the dominance af exchange whereas ex- 08 ; . i 08 i i ]
change plays only a minor role although a non-negligible 0 45 90 135 180 0 45 90 135 180
one. Furthermore, while near threshold both contributions Bc.n fded] Oc.n [ded]
interfere constructively they exhibit a destructive interfer- FiG. 18. Relative effect of MEC operators on the differential
ence at higher energies. cross section ofi(y, »)d. Notation of the curves: dotted: ratio of
The effect of the pure MEC operators added to the IA iS|A + static = and » MEC to IA, full: ratio of IA+ all retarded
shown in Fig. 18 as a ratio. The total pure MEC effect turnsrescattering mechanisms MEC + RNN2] and RS;N[2]
out to be very small at forward angles of the differential graphs to IA+ all retarded rescattering mechanisms.
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FIG. 19. Relative effect of all two-body operators on the differ-  FIG. 20. Summary of all contributions to the differential cross
ential cross section of the coherent reaction. Notation of the curvesection ofd(+y, »)d and comparison to experiment. The data points
full: ratio of the complete calculation to IA. are taken fron{1]. Notation of the curves: dashed: IA, full: com-

plete calculation, i.e., IA MEC+ retarded rescattering, including

suppressed in the total cross section, so that in fact a sizeadf2¢ combination of MEC and rescattering.
increase remains as is discussed below. In Fig. 20 we com- . .
pare our results also with the experimental dat41df The energy, 7.00 MeV. A quick glance reveals that_ the different
description of the data is quite satisfactory, although the exgontflbutlons from resonance, Born, rescatter'lng, and MEC
perimental errors are quite large, and for a more stringent tegp@nifest themselves in quite different ways in the various
of the theory data of higher accuracy is needed. We furtherobservables. The resonance contribution dominateB,in

more would like to emphasize, that we did not use this data$,, andT,,. , the other contributions being of minor impor-

to fit any of our model parameters. Also we would like t0 {5 ce. Large Born contributions are foundfip,, T¢,, where
stress the fact, that the ratio phs/A,|~0.2 extracted pre- . . = Lo
' L it leads even to a sign change, andTify. . These observ-

viously from the coherent reaction is compatible with our bles exhibit also sizable to large effects from rescatterin
model. But due to the complex phase relation we can als8 | 9 9

reproduce the ratio of the elementary resonant cross sectioR®d in addition also iff,. . Finally, noticeable effects from
(on/0p)~213 extracted from the incoherent reaction.

The overall effect of two-body mechanisms can be seen 200 ‘ ' ' '
more clearly in the total cross section as shown in Fig. 21.
They are quite sizable and account for an overall increase
that even in the maximum amounts to about 10% slightly B T
shifting the maximum to lower energies. We furthermore
show in Fig. 21 also the result of a rescattering treatment in -

first order replacing th@ matrix by the potentialV. Obvi-

ously, such an approximate calculation overestimates the res-

cattering effects grossly in agreement with finding$24].
Finally, we would like to discuss the polarization observ- 50

ables that usually are more sensitive to dynamical effects. In

Fig. 22 the various effects on the linear photon asymmetry

are presented. As one naotices, two-body effects are compa- 0 : : : :

rably small although not negligible. It is interesting that a 600 650 7EOO[MZV5]O 800 850

sizable amount of the asymmetry stems from the Born terms 7

being near threshold even larger than the resonance contri- FG, 21. Total cross section of the coherent reactah— 7d

bution. The latter, however becomes more important at theor energies up t&'2°=850 MeV. Notation of the curves: dotted:

higher energies. Thus the measurement offha@symmetry  pure resonance contribution, long-dashed: 1A, short-dashed: 1A

would offer the possibility to test whether the choice of theretarded first order rescattering, full: complete calculation, i.e., IA

background terms in the present model is realistic. Target all retarded rescattering contributions- MEC+RNN 2]

and beam-target asymmetries are shown in Fig. 23 for one RXN 2].

o [nb]
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FIG. 22. Linear photon asymmetry df{ y, »)d at various pho- — =
ton energies. Notation of the curves: short dashed: pure resonan -0, go s e *lo 45 w0 ms w0 O'o 45 s0 5 o
contribution, long-dashed: IA, dotted: KA retarded rescattering, 0.1 — 0 — 1 ;
full: complete calculation. | —— n |
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MEC can be seen if3,, Ty5., To, @and Ty, . Thus, a 7
measurement of polarization observables clearly poses ¢ _ ., . . . Y i
- - 0 45 90 135 180 0 45 90 135 180 0 45 90 135 180
more detailed test of the underlying model.
0. [deg] 0. [deg] 0. .n.[deg]

FIG. 23. Target and beam-target polarization observables for
d(y,7)d atE'?"=700 MeV. Notation of the curves as in Fig. 22.

In conclusion we may state that two-body operators give

significant contributions to the total and differential crossmentioned before—the big experimental error bars prevent a
section of coherent;-meson photoproduction on the deu- concjusive comparison with experiment. We clearly need
teron. Thus these have to be considered in a detailed conata of better quality for the coherent photoproduction;of
parison with experimental data. With respect to hadronic resmesons on the deuteron. Then also the theoretical description

cattering the_retarded OBE p_otentials yield s_mall ef_fects of &f the elementary photoproduction reaction as well as the
few percent in the forward direction of the differential crosspsqronic interaction should be improved.

section, which, however, largely increase at more backward \yjith respect to the discrepancy for the isoscalar photo-

angles up to about 100 %. Thus the total cross section showsqqyction amplitude between coherent and incoherent pho-
an increase between 25% closer to threshold around 68@rduction of mesons on the deuteron, we want to em-

MeV and 10% in the maximum. Static rescattering op_eratorﬁhasiZe that the conclusions drawn[lj are not stringent.
seem to be generally much too stroisge alsd8]), showing  The problem in extracting the isoscalar amplitude from the
an opposite effect and thus should not be employed. On thgcoherent reaction lies in the fact, that one has no informa-
electromagnetic side, the pure meson exchange currents prgsn on the relative phases between proton and neutron am-
duce small effects at the forward peak of the differentialyjityde. Thus the coherent reaction is more reliable for ob-
cross section, and without combining them with hadronicigining direct access to the isoscalar amplitude. For the
rescattering terms they are largely negligible in the presenyyre, a consistent model is needed that describes dynami-
model. But in combination with hadronic rescattering theca”y meson nucleon interaction and EM meson production
MEC operators reduce the overall two-body effects sizeablyg the nucleon including at least two-pion channels. Such a
For polarization observables two-body effects turn out to bengdel should include all resonances from the beginning and

important, as there are several observables that are very segsat the intermediate meson propagation retarded.
sitive to hadronic rescattering and MEC. Measuring these

asymmetries poses a challenging task on the experimental
side. The size of two-body effects may become even larger
for the electroproduction process when entering kinematic
regions of higher momentum transfers. The description of We would like to thank Dr. M. Schwamb for reading the
the available coherent data[df] is quite good, although—as manuscript and many helpful hints, and Dr. A. Fix for

VI. CONCLUSION
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APPENDIX A:  VERTICES

Here we list the nonrelativistic vertices of our model. The
meson emission vertices of the resonances are given by

"‘ o
Uens,, = 19BNS, 7B (A1)
9enp
+ 1 - e
VeNp, T Z—OTBU'k, (A2)
Mp,,
. BND;; . Ll .
VBND,, =1 @D, 7BONN Kowp, ;K (A3)
w

where 7z denotes the elementary isospin operator
Ta= 7! 7= (A4)

The factoraDls is defined as

—1 ! —+ ! 16.9 1 A5
ap =7 = M ~(16.9m;)" (A5)

The EM excitation of the resonances is described by

_ kSll A6
USMH)/N_ N+ms y(Q)U' ( )
11
D N= MRpui o XK, (A7)
11
ko
13 >

UD13<—yN=2_rany(q)0-Dl3N- (A8)
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_ egyy,  GY(W) k\,* -
JBVy__TBVym—gVng(k) mv Xq
v
O)O(kv) 1 > > N >
———— ——(p+p’) kykyX
m\2/ 2mN(p p’)-kykyxq
o.(q) -
27 kv[(P+p)+l0><kv]] (A9)

where ky=g—K is the momentum of the vector meson.
GY(W) is the elementary propagator of the intermediate state
and contains two time orderings

1
GY(W)= — .
W—en(p)— wp(q—K)—wytie
1
+ — . (A10)

W—ey(p')—wg(q—K)—w,(a) +ie

In the deuteron this propagator is slightly more complicated,
but develops no singularities. The operatg, is the isos-

pin part of the current. For the various physical channels one
gets

(A11)

-

T Tapy™ Ty -

npy~ 70>

For the coherent reaction on the deuteron only ey
graph contributes.

APPENDIX B: TRANSITION POTENTIALS

In this appendix we list the hadronic transition potentials.

Within the framework of time ordered perturbation theory Note that the number of transition potentials increases qua-

we derived the following expression for the current operatodratically with the number of channels, i.e.,

in our case we

associated with the vector meson graphs, using vector colrave considered besides thEN-interaction three diagonal

pling only

2

VN811<—N811= (2 )32 Wy

— [GENNW) + G (W) T+ (145 2),

potentials, and six genuine transition potentials:

(B1)

2
9BND,, 2D
VNDMD13=QB( — ) 2320 TN KoN(D) Ko D) Konr(1)- K[GE"N(W) + G5 P1(W) ]+ (12),
(82)
g ’ 1
BNP BNN BP,,P
Vyp...np..=Q o1 Koy KEGENNW) + G (W) |+ (1 2), (B3)
NPy NPy B( ngn) (2720, 1-Koa K[ ( 0 (W) ]+(
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98NS, 9BND;; XD, 5. - .
Vs, —np,= OB (277)132(0 = m”aNN(l) Konr(1) - K[GENNW) + GESP13(W) ]+ (1 2), (B4)
k m
gens, 8NP, o K BNN BP,S,
Vs, —npy,,= —{g (277)32w 2m? [G (W) + G, (W) ]+ (1:2), (BS)
k
YenD,IBNP,, @ D13-> NN( )-K BNN BPyDis
Vi, up, = Qe (2) Ra(2) R 5 XG5 N W) + G5 w1+ (1-2), (B6)
( 7T) Wy T Piy
Uens, 98NN o(2) -k
Vs, o NN= B(27T)132w 2y [GBNN(W)+G5NS‘L1(W)]+(1<—>2), (B7)
k
9eND; 98NN @D, NN( BNN BNDy3
Vb NN={1g B 2m 20, M Trn(2) - Kown(2)- kT[G (W) +Gy " H(W) ]+ (1-2), (B8)
T Wy T
9enP,9BNN 1
Vi, = - o(1)-Ka(2)- K GF W) +Gg" (W) ]+ (12). (89)
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