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Abstract. Beam-target double polarization asymmetries in the 

exclusive pion photoproduction reaction from the deuteron is 

investigated at photon energies close to threshold and near the 

∆(1232)-resonance  with inclusion of nucleon-nucleon and pion-

nucleon final state interaction effects. The elementary pion 

photoproduction amplitude from the free nucleon is taken from the 

unitary isobar MAID-2003 model. The interactions in the final 

nucleon-nucleon and pion-nucleon subsystems are taken in separable 

form. The role of final-state interaction effects on double spin 

asymmetries for circularly polarized photon and both vector and 

tensor polarized deuteron are found to be important. It must be taken 

into consideration in the analysis of future experimental 

measurements. 
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1. Introduction 

Since the advent of high duty-factor accelerators, such as MAMI in 

Mainz and ELSA in Bonn (Germany) or Jefferson-Lab in Newport News 

and LEGS in Brookhaven (USA), the study of single pion production 

reaction in intermediate energy nuclear physics has been getting more 

and more attention in recent years
[1-6]

. The main goal of this study is to 

investigate the structure of hadrons in the non-perturbative domain of 

Quantum Chromo-dynamics (QCD) and therefore the nature of strong 

interactions. 
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Single and double polarization observables for the inclusive single-

pion photoproduction reaction from the deuteron have been studied by 

several authors. In Ref. [2,3], special emphasis is given for the beam-

target double spin asymmetry and the Gerasimov-Drell-Hearn (GDH) 

sum rule. Single- and double-spin asymmetries for pion photoproduction 

from the deuteron have been predicted in Ref. [7-9] without any kind of 

FSI effects. Arenhoevel and Fix
[4]

 as well as Levchuk et al.[5]
 have been 

studied the same reaction with particular emphasis to the extension to 

higher energies. Most recently, Darwish et al.[6]
 have investigated the 

inclusive pion photoproduction reaction from the deuteron with polarized 

photon beam and polarized deuteron target including FSI effects. They 

have studied the influence of various elementary amplitudes on 

observables and found that the d(γ,π)NN reaction may serve as a filter for 

elementary reactions. Unfortunately, all these approaches were restricted 

to the inclusive reaction d(γ,π)NN. However, the exclusive reaction 

d(γ,πN)N, where both the pion and the nucleon are observed in 

coincidence, is also of great importance, because of the planned 

experimental measurements at LEGS in Brookhaven National 

Laboratory. 

Therefore, the main goal of this paper is to extend our previous 

work
[10]

, in which theoretical predictions for the doubly polarized total 

and differential cross sections for the exclusive reaction d(γ,πN)N were 

given, to investigate the influence of FSI effects on the beam-target 

double polarization observables in the photon lab-energies close to pion 

threshold and near the Δ(1232)-resonance. These additional observables 

contain interference terms of the various amplitudes in different 

combinations from which one can determine all amplitudes provided one 

has measured a complete set of observables. The calculation is of high 

theoretical interest, because it provides an important test of our 

understanding of the πNN dynamics. That understanding is a prerequisite 

for reliable extraction of the pion photoproduction amplitude on the 

neutron. 

In the next section, we briefly review the model which we use in 

our calculations
[1]

. The results of the formalism to calculate the beam-

target double polarization asymmetries are presented and discussed in 

Section 3. 
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2.  Theoretical model 

Following the formulation of the previous work
[1]

, the unpolarized 

differential cross section for pion photoproduction from the deuteron is 

given by 

 

All observables are determined by the photoproduction amplitude 

. In principle, the full treatment of all interaction effects 

requires a full unitary πNN three-body calculation. However, the 

treatment of the scattering amplitude in this work is completely 

analogous to previous work
[1]

. The transition M-matrix elements are 

calculated in the frame of time-ordered perturbation theory, using the 

elementary pion photoproduction operator introduced in Ref. [12] and 

including NN- and πN-rescattering in the final state. The amplitude of the 

γd→πNN reaction is determined by the transition matrix  

 

where J
μ
(0) denotes the current operator. The total transition matrix 

element reads in this work  

 

where the first term denotes the transition matrix of the plane wave 

impulse approximation (IA) which means that the reaction will take place 

only on one of the nucleons leaving the other as a pure spectator. The 

second term represents the corresponding matrix for the NN-rescattering, 

while the third one denotes the rescattering contribution from πN-

rescattering. 

Denoting the matrix element of the elementary production on a 

nucleon by  , the amplitude of the IA-term in the deuteron lab-frame 

reads
[1]
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where |1 m',00> denotes the two-nucleon spin and isospin wave function. 

By using the information in Ref. [1], we can write the NN-

rescattering term in (3) as  

 

 
 

The conventional NN-scattering matrix is introduced with 

respect to noncovariantly normalized states. It is expanded in terms of the 

partial wave contributions  as follows 

  

 

where the purely angular function  is defined by  

  

 

The necessary half-off-shell NN-scattering matrix was 

obtained from separable representation of a realistic NN-interaction
[13]

. 

Explicitly, all S, P, and D waves were included in the NN-scattering 

matrix. 

The transition matrix element for the πN-rescattering in the final 

state has formally a similar structure as the one for NN-rescattering and 

is given by
[1]
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where we have defined 

 

The relative momentum of the final (initial) pion-nucleon subsystem 

is given, respectively, by 

 

In the present work we calculate the various beam-target double 

polarization observables for the exclusive pion photoproduction reaction 

from the deuteron using the MAID-2003 model
[12]

. It is a unitary isobar 

model for investigating single pion photo- and electroproduction off 

protons and neutrons in the energy region up to 2 GeV. This model is 

based on a non-resonant background described by Born terms and vector 

meson exchange contributions and nucleon resonance excitations 

modeled by Breit-Wigner functions 

 
Both parts, background and resonance are separately unitarized for 

each partial wave up to the 2π threshold. The Feynman diagrams for 

these terms are shown in Fig. 1. 

For the nucleon-nucleon and pion-nucleon scattering in the NN- and 

πN-subsystem, respectively, we use separable potentials from Ref. [13] 

for NN and Ref. [14] for πN. These separable potentials have played a 

major role in the development of few-body physics and widely used in 

case of the πNN system (see for example Ref. [15] and references 

therein). Therefore, for the present study of the influence of NN- and πN-

rescattering these models are good enough. 

With respect to polarization observables, we consider in this paper 

the beam-target double polarization observables for circularly polarized 
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photons and both vector and tensor polarized deuteron T10
circ

, T11
circ

, 

T21
circ

 and T22
circ

. The explicit expressions for these polarization 

observables are given in Ref. [4]. 

 

 

 

 

 

 
Fig. 1. Feynman diagrams for pion photoproduction from the nucleon. Born terms: (A) 

direct nucleon pole, (B) crossed nucleon pole, (C) pion in flight, and (D) Kroll-

Rudermann contact term; (E) vector-meson exchange (ρ and ω); resonance 

excitations  contribution: (F) direct and (G) crossed. 

3.  Results and Discussion 

Here we present and discuss the results we have predicted for the 

beam-target double polarization observables for circularly polarized 

photons and both vector and tensor polarized deuteron T10
circ

, T11
circ

, 

T21
circ

, and T22
circ

. As mentioned above, for the calculation of the NN-

rescattering contribution we have taken the separable representation of 

the realistic Paris potential from Ref. [13] and included all partial waves 

up to 
3
D3. Also, the deuteron wave function was calculated using this 

potential. Similarly, πN-rescattering is evaluated using a realistic 

separable representation of the πN-interaction from Ref. [14] and taking 

into account all partial waves up to l = 2. We have evaluated the various 

polarization asymmetries in pure plane wave impulse approximation 

alone and with inclusion of NN- and πN-rescattering. As already 

mentioned, the elementary pion photoproduction amplitude from free 

nucleons is taken from the MAID-2003 model
[12]

. 

As first, we would like to mention that the results we have obtained 

for the two charged pion channels are in general quite similar. Therefore, 

we display here the results only for the negative pion channel in addition 

to the neutral one. 

We begin the discussion of the results with the double spin 

asymmetries for circularly polarized real photons and vector polarized 

deuteron, i.e., T10
circ

 and T11
circ

, as shown in Fig. 2 (for neutral-pion 
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channel) and Fig. 3 (for negative-pion channel), respectively. In order to 

cover the energy range from threshold to the ∆(1232)-resonance region, 

we present results at photon energies close to threshold (Eγ=155 MeV) 

and near the ∆(1232)-resonance (Eγ=320 MeV). 

 

 

 

 

 

 

 

 

 

 
Fig. 2. The beam-target double polarization observables T10

circ and T11
circ for circularly 

polarized photons and vector polarized deuterons of exclusive π0-photoproduction 

from the deuteron as a function of pion angle in the laboratory frame of the 

deuteron at two different photon lab-energies using the elementary pion 

photoproduction operator from MAID-2003 [12] and including FSI effects. The 

dotted, dashed, and solid curves represent the results of IA, IA+NN, and 

IA+NN+πN, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3. Same as in Fig. 2 but for the exclusive negative-pion photoproduction channel. 
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One readily notes that a significant role of the nucleon-nucleon and 

pion-nucleon rescattering in exclusive pion photoproduction from the 

deuteron at very low energies is seen in both T10
circ

 and T11
circ

 

asymmetries (see the left two panels in Fig. 2). This contribution 

becomes very high at the peak position, while it is small at extreme 

backward pion angles. When we go to higher energies near the ∆(1232)-

resonance, one sees that the significant contribution from rescattering 

effects becomes very small and completely negligible at pion angles 

greater than 50
o
. We would like to point out that the T10

circ
 asymmetry is 

of great importance because of its use to determine the Gerasimov-Drell-

Hearn (GDH) sum rule
[16]

. 

For charged pion channels (see Fig. 3 for negative-pion production), 

one readily notes that the contribution from final state interaction effects 

are in general quite small even at photon energies close to threshold. 

Only at 320 MeV, one notes for the T11
circ

 asymmetry a contribution to 

nucleon-nucleon rescattering at extreme forward pion angles. The main 

effect comes from the nucleon-nucleon rescattering contribution, while 

pion-nucleon rescattering is almost negligible. The T11
circ

 asymmetry is 

shown to be negative for negative-pion channel, while for neutral-pion 

production it has a positive maximum around 30
o
 and a negative 

maximum around 150
o
. 

Next, we turn to the double polarization asymmetries for circularly 

polarized real photons and tensor polarized deuteron, i.e., the 

asymmetries T21
circ

 and T22
circ

, as shown in Fig. 4 (for neutral-pion 

channel) and Fig. 5 (for negative-pion channel). In contrast to the double 

polarization asymmetries for circularly polarized photon and vector 

polarized deuteron (Fig. 2), one notes here a fully different behavior for 

the asymmetries. In case of neutral pion channel (see Fig. 4, one notes 

that both nucleon-nucleon and pion-nucleon rescattering contribute. 

Their contribution is noticeable at both energies for both asymmetries. It 

is also clear that the T22
circ

 asymmetry is small in comparison to T21
circ

, in 

particular at energies close to threshold. 

For charged pion channels, one notes quite small final state 

interaction effects in contrast to neutral pion channel as displayed in Fig. 

5. Both asymmetries here are small. The T22
circ

 and T21
circ

 asymmetries 

have a peak at extreme forward angles and energies near the ∆(1232)-

resonance. They begin positive at threshold and then becomes negative 
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near the ∆(1232) region. These asymmetries are more sensitive to final 

state interaction effects. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4. The beam-target double polarization observables T21

circ and T22
circ for circularly 

polarized photons and tensor polarized deuterons of exclusive π0-photoproduction 

from the deuteron as a function of pion angle in the laboratory frame of the 

deuteron at two different photon lab-energies using the elementary pion 

photoproduction operator from MAID-2003 [12] and including FSI effects. The 

dotted, dashed, and solid curves represent the results of IA, IA+NN, and 

IA+NN+πN, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Same as in Fig. 4 but for the exclusive negative-pion photoproduction channel. 
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In summary, in this work we have explored the influence of beam-

target double polarization asymmetries in the exclusive pion 

photoproduction from the deuteron with particular emphasis on the 

influence of final state interaction in the nucleon-nucleon and pion-

nucleon subsystems of the final state. We have considered here the beam-

target double polarization observables for circularly polarized photons 

and both vector and tensor polarized deuteron T10
circ

, T11
circ

, T21
circ

 and 

T22
circ

. We found that for charged and neutral pion channels the vector 

asymmetry T10
circ

 is quite sizable in the forward and backward directions. 

This asymmetry is of great interest, because it determines the Gerasimov-

Drell-Hearn sum rule
[16]

 which planned to be tested experimentally at 

different laboratories. The other vector asymmetry T11
circ

 shows a rather 

different behavior. Considerably smaller are the tensor asymmetries 

T21
circ

 and T22
circ

, but they are a little more sensitive to final state 

interaction effects. 
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