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Abstract: Polarization observables in incoherent pion photoproduction from the deuteron are investigated in the energy region from
π-threshold up to the∆ (1232)-resonance with inclusion of allleadingπNN effects. Formal expressions for polarization observables
are derived and described by various beam, target and beam-target asymmetries for polarized photons and/or polarized deuterons. For
the elementary pion photoproduction operator on the free nucleon, a realistic effective Lagrangian approach is used which includes
seven nucleon resonances, in addition to Born and vector-meson exchange terms. The interactions in the final two-body subsystems are
taken from separable representations of realistic potentials. Results are given for the unpolarized cross sections, the doubly polarized
cross sections for parallel and antiparallel helicity states, the linear photon asymmetry, the double polarizationE-asymmetry and, the
vector and tensor deuteron asymmetries for theγd → π−pp, γd → π+nn, andγd → π0np channels. The contributions to the spin
asymmetry and the Gerasimov-Drell-Hearn (GDH) integral from separate channels are evaluated by explicit integrationup to a photon
lab-energy of 350 MeV. Effects of final-state interaction are investigated and their role in these observables are foundto be significant,
specially forπ0 production. The extracted results are compared with available experimental data and predictions of other works, and a
satisfactory agreement is obtained. The sensitivity of theγd → πNN results to the elementaryγN → πN operator is also investigated
and a considerable dependence is found. This indicates thatit can serve as a filter for different elementary operators. We expect that
the results presented here may be useful to interpret the recent measurements from the high-intensity and high duty-factor electron
accelerators MAMI, ELSA, Jefferson Lab, LEGS, and MAX-Lab.

Keywords: Meson production, Photoproduction reactions, Few-Body Systems, Polarized beams, Polarized targets, Spin observables,
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1 Introduction

The study of pseudoscalar meson production in
electromagnetic reactions on light nuclei has become a
very active field of research in medium-energy nuclear
physics with respect to the study of hadron structure. For
the following reasons the deuteron plays an outstanding
role besides the free nucleon. The first one is that the
deuteron is the simplest nucleus on whose structure we
have abundant information and a reliable theoretical
understanding, i.e., the structure of the deuteron is very
well understood in comparison to heavier nuclei.
Furthermore, the small binding energy of nucleons in the
deuteron, which from the kinematical point of view
provides the case of a nearly free neutron target, allows
one to compare the contributions of its constituents to the

electromagnetic and hadronic reactions to those from free
nucleons in order to estimate interaction effects.

Meson photo- and electroproduction on light nuclei is
primarily motivated by the following possibilities: (i)
study of the elementary neutron amplitude in the absence
of a free neutron target, (ii) investigation of medium
effects, i.e., possible changes of the production operator
in the presence of other nucleons, (iii) it provides an
interesting means to study nuclear structure, and (iv) it
gives information on pion production on off-shell
nucleon, as well as on the very important∆N-interaction
in a nuclear medium.

The major reason for studying polarization
phenomena lies in the fact that only the use of
polarization degrees of freedom allows one to obtain
complete information on all possible reaction matrix
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elements. Without polarization, the cross section is given
by the incoherent sum of squares of the reaction matrix
elements only. Thus, small amplitudes are masked by the
dominant ones. On the other hand, small amplitudes very
often contain interesting information on subtle dynamical
effects. This is the place where polarization observables
enter, because such observables in general contain
interference terms of the various matrix elements in
different ways. Thus, a small amplitude may be
considerably amplified by the interference with a
dominant matrix element.

The earliest calculations for pion photoproduction
from the deuteron were performed using the impulse
approximation (IA) [1,2]. Approximate treatments of
final-state interaction (FSI) effects within a diagrammatic
approach have been reported in Refs. [3,4,5].
Photoproduction of pions from the deuteron has been
investigated with the spectator nucleon model [6]
ignoring all kinds of FSI and two-body processes. The
NN-FSI is considered in Ref. [7] and a good agreement
with experiment was obtained. The influence ofNN- and
πN-rescattering on the unpolarized cross sections is
investigated in Refs. [8,9], whereas the role of the
N∆ -FSI in pion photoproduction from the deuteron is
investigated in [10]. It has been shown that full
calculations with the off-shell amplitudes ofNN- and
N∆ -FSI are necessary to obtain a quantitative description
of the cross sections.

Most of calculations have treated only unpolarized
observables, like the differential and total cross sections.
These cross sections provide information only regarding
the sum of the absolute squares of the amplitudes,
whereas the polarization observables allow extraction of
more information. Observables with a polarized photon
beam and/or polarized deuteron target have not been
throughly investigated. Recent years have witnessed an
increasing interest in theoretical research on meson
electromagnetic production including polarization
observables. This interest is partly due to the new
generation of high-intensity and high duty-cycle electron
accelerators, such as MAMI at Mainz and ELSA at Bonn
(Germany), JLab at Newport News (USA), and
MAX-Lab at Lund (Sweden) as well as laser
backscattering facilities such as GRAAL at Grenoble
(France) and LEGS at Brookhaven (USA) - for an
experimental overview see Refs. [11,12,13,14]. With the
development of these new facilities, it is now possible to
obtain accurate data for meson electromagnetic
production, including single and double spin-dependent
observables.

Polarization observables forπ−-photoproduction on
the deuteron via the reactiond(γ,π−)pp have been
studied within a diagrammatic approach [15]. In [8,9], the
energy dependence of the three charge states of the pion
for incoherent pion photoproduction on the deuteron in
the ∆ (1232)-resonance region has been investigated.
Results for differential and total cross sections and the
beam-target spin asymmetry which determines the

Gerasimov-Drell-Hearn (GDH) sum rule were given. In
Refs. [16,17,18], we have investigated various single-
and double-polarization asymmetries in incoherent pion
photoproduction from the deuteron without any kind of
FSI effects. We found that interference of Born terms and
the ∆ (1232)-contribution plays a significant role in the
calculations. The vector target asymmetryT11 has been
found to be very sensitive to this interference.
Furthermore, our results for the linear photon asymmetry
[18] have been compared with the preliminary
experimental data from the LEGS Spin Collaboration [14]
and major discrepancies were evident. Since a strong
influence of the FSI on the unpolarized cross sections was
found in [8,9], one might expect that the LEGS data can
be understood in terms of the FSI and possibly two-body
effects.

Therefore, we have investigated the influence of
NN-FSI on the helicity structure (Ref. [19]) and the linear
photon asymmetry (Ref. [20]) of the γd → π−pp
reaction. The differential polarized cross-section
difference for the parallel and antiparallel helicity states
has been predicted and compared with recent
experimental data from MAMI (Mainz/Pavia) [12]. It has
been shown that the effect ofNN-rescattering is much
less important in the polarized differential cross-section
difference than in the unpolarized one. It has been also
found in [20], thatNN-FSI is quite important and leads to
a better agreement with existing experimental data. In
addition, we have investigated in Ref. [21] the role of the
NN-rescattering effect on several single- and
double-polarization observables of photon and deuteron
target in π−-photoproduction from the deuteron with
polarized photon beam and/or oriented deuteron target.
The understanding of this mechanism is of great
importance to understand the basicNN interaction. Based
on the effective Lagrangian model [6], the helicity
dependence of theγN → πN reaction channels is
investigated in Ref. [22] and compared with recent
experimental data from the GDH Collaboration, and a
good agreement was obtained. The work in [9] was
improved by Arenhövelet al. [23,24] and by Levchuket
al. [25], where a better elementary production operators
provided by MAID [26] and SAID [27], respectively,
were employed and FSI effects were considered. Explicit
evaluation of the deuteron spin asymmetry and the
associated GDH sum rule were presented in said work.

The A2 and GDH Collaborations at MAMI have
undertaken a joint effort to verify experimentally the
GDH sum rule [28], measuring the difference between the
helicity components in both the total [σP − σA] and the
differential [d(σP − σA)/dΩ ] photoabsorption cross
sections, whereσP,A stands for the parallel and
antiparallel spin orientations of the photon and target
deuteron. In these experiments, circularly polarized
photons are scattered on longitudinally polarized
deuterons to determine the double polarization
asymmetry in a large kinematical range [12]. These
helicity dependent cross sections provide valuable

c© 2015 NSP
Natural Sciences Publishing Cor.



Appl. Math. Inf. Sci.9, No. 2, 527-548 (2015) /www.naturalspublishing.com/Journals.asp 529

information on the nucleon spin structure and allow to
extract information on the neutron. The knowledge of
these cross sections is also required to test the validity of
the GDH sum rule on the deuteron and the neutron as
well as to explore which are the dominant contributions to
the GDH integral. These new measurements will make
possible to test experimentally the behavior of the GDH
integral.

However, in order to explore the contributions of the
resonances, the total photoabsorption cross section does
not provide enough information. Fixing degrees of
freedom by selection of particular partial reaction
channels allows to obtain more detailed information. This
is possible with double polarization observables of the
differential cross section. The present focus of the LEGS
Collaboration is the measurement of double polarization
spin observables in photoreactions on the proton, the
neutron, and the deuteron. For instance, the beam-target
double polarizationE-asymmetry of theγd → π0np
reaction at photon lab-energyEγ = 349± 5 MeV, has
been recently measured [14]. This asymmetry will
certainly provide an important test, which, indirectly,
allows to check our knowledge on the process of pion
production from the neutron. To the best of our
knowledge, there is no calculation in the literature for the
double polarizationE-asymmetry of theγd → πNN
reaction channels.

Theoretical predictions for the unpolarized cross
sections and polarization observables of the processes
γd → π−pp, γd → π+nn, andγd → π0np, in the energy
range from π-threshold up to the∆ (1232)-resonance,
were performed in Refs. [19,20,21] and extended in Refs.
[29,30] using as elementaryγN → πN reaction a realistic
effective Lagrangian approach (ELA) from [31]. This
elementary reaction model provides a reliable description
of the π-threshold region. Numerical results for
unpolarized cross sections and various polarization
observables have been presented [29,30] where in
addition to the pure IA andNN-FSI, theπN-rescattering
is also included. Extension of our previous works [17,18,
19,20,21,22] to theπ-threshold region was given in order
to understand the dynamics of the pion photoproduction
amplitude nearπ-threshold. It was found in [29,30] that
the results for unpolarized cross sections and spin
asymmetries are strongly dependent on the elementary
γN → πN operator.

The calculations presented in this review are of high
interest in view of the extensive recent polarization
measurements from A2 and GDH@MAMI [12] and
LEGS@BNL [14] Collaborations. A theoretical
understanding of these data on the deuteron target will
provide information about the pion photoproduction from
the neutron reaction, which is not well known yet, but is
required for a complete understanding of∆ -excitations in
the pion photoproduction process.

This review is structured as follows: in the next
section we briefly outline the electromagnetic and
hadronic two-body elementary reactions which we

include in our treatment of pion photoproduction from the
deuteron. In section3, a brief review of the framework for
the reactiond(γ,π)NN in which the transition matrix
elements are calculated [8] is presented. The main results
for the γd → π−pp, γd → π+nn, and γd → π0np
reactions together with a comparison to experimental data
and other theoretical predictions are presented in section
4. In addition, the sensitivity of our results to the
elementary pion photoproduction operator is discussed
here. Finally, we close with some conclusions and an
outlook in section5. Throughout this work we use natural
unitsh̄= c= 1.

2 Elementary electromagnetic and hadronic
reactions

In this section, we will briefly describe the necessary
ingredients for the various elementary reactions which
govern the process of incoherent pion photoproduction
from the deuteron. These are the pion photoproduction
from free nucleonsγN → πN, which plays the central
part in the reaction, and hadronic two-body scattering
reactions, namely nucleon-nucleon (NN → NN) and
pion-nucleon (πN → πN) scattering, which constitute the
rescattering effects in the final state.

The elementary reactions are classified as two-body
reactions. The general form of these reactions is given by

a(pa)+b(pb)→ c(pc)+d(pd) , (1)

where pi = (Ei , pi) denotes the four-momentum of
particle “i” with i ∈ {a,b,c,d}. Particlesa andb stand for
a photon and a nucleon in the case of pion
photoproduction from free nucleons, a pair of baryons in
the case ofNN scattering, or a meson and a baryon in the
case ofπN scattering. Corresponding assignments stand
for the final particlesc andd.

Following the conventions of Bjorken and Drell [32]
the general form for the differential cross section of a
two-particle reaction in the center of mass (c.m.) system
is given by

dσ
dΩc

=
1

4π2W2

EaEbEcEd

F̃aF̃bF̃cF̃d

pc

pa

1
s

× ∑
µdµcµbµa

∣∣∣M f i
µdµcµbµa(pd,pc,pb,pa)

∣∣∣
2

with M
f i

µdµcµbµa the reaction matrix,µi denotes the spin
projection of particle “i”, andF̃i is a factor arising from the
covariant normalization of the states and its form depends
on whether the particle is a boson (F̃i = 2Ei) or a fermion
(F̃i = Ei/mi), whereEi and mi are its energy and mass,
respectively. The factors= (2sa + 1)(2sb+ 1) takes into
account the averaging over the initial spin states, wheresa
andsb denote the spins of the incoming particlesa andb,
respectively. If particlea is a real photon, thensA = 1/2
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because the real photon is a boson with two polarization
states. All momenta are functions of the invariant mass of
the two-body systemW, i.e. pi = pi(W).

For the scattering processes, it is more convenient to
use non-covariant normalization of the states and to switch
to a coupled spin representation replacing theM -matrix
by theT -matrix via

M
f i

µdµcµbµa(pd,pc,pb,pa) = (2π)3
√

F̃aF̃bF̃cF̃d

× ∑
S′µ ′

S′
SµS

CscsdS′

µcµdµ ′
S′

CsasbS
µaµbµST

f i
S′µ ′

S′
SµS

(pd,pc,pb,pa) ,
(2)

with CscsdS′

µcµdµ ′
S′

the appropriate Clebsch-Gordan coefficient.

The partial wave representation of theT -matrix reads

T
f i

S′µ ′
S′

SµS
(W,p ′,p ) = ∑

ℓ′ℓJ

Xℓ′ℓJ
S′µ ′

S′
SµS

(p̂′, p̂)T f i
ℓ′ℓJ(W, p′, p) ,

(3)
where we have introduced

Xℓ′ℓJ
S′µ ′

S′
SµS

(p̂′, p̂) = ∑
µ ′
ℓ′

µℓµJ

Cℓ′S′J
µ ′
ℓ′

µ ′
S′

µJ
CℓSJ

µℓµSµJ

×Yℓ′µ ′
ℓ′
(p̂′)Y∗

ℓµℓ
(p̂) .

(4)

Here ℓ and J denote, respectively, the orbital and total
angular momenta of the system.Yℓµ(p̂) is the spherical
harmonic, p ′ and p are the final and initial relative
momenta, respectively, and ˆp= (θp,φp).

The partial waveT-matrix is obtained as a solution of
the Lippmann-Schwinger (LS) equation [33]

T f i
ℓ′ℓJ(W, p′, p) =V f i

ℓ′ℓJ(p
′, p)

+∑
nℓ′′

2mn

∫ ∞

0
dp′′n (p′′n)

2 V f n
ℓ′ℓ′′J(p

′, p′′n)Tni
ℓ′′ℓJ(W, p′′n, p)

q2
n− (p′′n)2+ iε

,

(5)

whereV f i
ℓ′ℓJ(p

′, p) is the interaction potential between the
particles and “n” labels possible intermediate two-particle
configurations with total massMn, reduced massmn, and
with relative momentumqn =

√
2mn (W−Mn) in the

c.m. system. Now we will briefly review the different
elementary processes in some detail.

2.1 Pion photoproduction from free nucleons

To study theγd → πNN processes we first need a model
for the elementary reactionγN → πN. The model we use
for this elementary process is the one elaborated in Ref.
[31], which has been applied successfully from
π-threshold up to 1 GeV of photon energy in the
laboratory reference system.

The model is based upon an effective Lagrangian
approach (ELA) which from a theoretical point of view is
a very appealing, reliable, and formally well-established

T

γ π

N N

=

NN N

NN NN

γ

*

NN ∆N

NNN

πγ

γ π π γ

γ π

π

*

NN ∆

γ π

N

NN

γ
π

π

ρ,ω

γ π

(A)

(D) (E)

(B) (C)

(F) (G)

Fig. 1: Feynman diagrams for pion photoproduction from free
nucleons. Born terms: (A) direct nucleon pole ors-channel,
(B) crossed nucleon pole oru-channel, (C) pion in flight or
t-channel, and (D) Kroll-Rudermann contact term; (E) vector
meson exchange; resonance excitations: (F) direct ors-channel
and (G) crossed oru-channel.

approach in the energy region of the mass of the nucleon.
It includes Born terms (diagrams (A)-(D) in Fig. (1)),
vector-meson exchanges (ρ and ω , diagram (E) in Fig.
(1)), and all the four star resonances in Particle Data
Group (PDG) [34] up to 1.7 GeV and up to spin-3/2:
∆ (1232), N(1440), N(1520), N(1535),∆ (1620), N(1650),
and∆ (1700) (diagrams (F) and (G) in Fig. (1)).

In the pion photoproduction model from free nucleons
[31] it was assumed that final-state interaction (FSI)
factorize and can be included through the distortion of the
πN final-state wave function (pion-nucleon rescattering).
πN-FSI was included by adding a phaseδFSI to the
electromagnetic multipoles. This phase is set so that the
total phase of the multipole matches the total phase of the
energy dependent solution of SAID [27]. In this way it
was possible to isolate the contribution of the bare
diagrams to the physical observables. The parameters of
the resonances were extracted from data fitting the
electromagnetic multipoles from the energy independent
solution of SAID [27] applying a modern optimization
technique based upon genetic algorithms combined with
gradient based routines [31,35] which provides reliable
values for the parameters of the nucleon resonances. Once
the bare properties of the nucleon resonances have been
extracted from data, their contribution to more complex
problems can be calculated.

2.2 Nucleon-nucleon scattering

For a given NN potential V, the T-matrix of the
NN-scattering is obtained from the LS equation which in
partial wave decomposition reads

Tℓ(p
′, p;E) =Vℓ(p

′, p)

+

∫ ∞

0
dkk2 Vℓ(p

′,k)
MN

MNE− k2+ iε
Tℓ(k, p;E)

(6)
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for single channels. For the coupled channels it reads

Tℓℓ′(p
′, p;E) =Vℓℓ′(p

′, p)

+∑
ℓ′′

∫ ∞

0
dkk2 Vℓℓ′′(p

′,k)
MN

MNE− k2+ iε
Tℓ′′ℓ′(k, p;E) ,

(7)

wherep, k andp ′ are the relative three-momenta of the
two interacting nucleons in the initial, intermediate and
final state, respectively.E denotes the energy of the two
interacting nucleons in the c. m. frame and is given by
E = p2

0/MN, wherep0 is the c. m. on-shell momentum.
Using the identity

1
x− x0+ iε

= P
1

x− x0
− iπδ (x− x0) , (8)

whereP denotes the principal value integral, we get the
T-matrix elements in partial wave decomposition

Tℓ(p
′, p;E) =Vℓ(p

′, p)

+P

∫ ∞

0
dkk2 Vℓ(p

′,k)
MN

p2
0− k2

Tℓ(k, p;E)

−
1
2

iπMNp0Vℓ(p
′, p0)Tℓ(p0, p;E)

(9)

for single channels and

Tℓℓ′(p
′, p;E) =Vℓℓ′(p

′, p)

+ ∑
ℓ′′=J±1

P

∫ ∞

0
dkk2 Vℓℓ′′(p

′,k)
MN

p2
0− k2

Tℓ′′ℓ′(k, p;E)

−
1
2

iπMN p0Vℓℓ′(p
′, p0)Tℓℓ′(p0, p;E)

(10)

for coupled channels. These one-dimensional integral
equations can be solved numerically by means of a matrix
inversion algorithm which is explained in Ref. [36].

For the NN interaction in theNN-subsystem, the
separable representations of the realistic Paris potential
from [37] are used in this work. These separable
interactions represent a good approximation of the
on-shell as well as off-shell properties of the original
Paris potential and show a good fit to the modernNN data
base. Thus, the use of such a realistic potential is good
enough for our purpose.

2.3 Pion-nucleon scattering

Analogous to the case ofNN-scattering, theT-matrix for
πN scattering is obtained from the LS equation

T(p′, p;E) =V(p′, p)

+

∫ ∞

0
dkk2 V(p′,k) GπN(k,E) T(k, p;E) ,

(11)

with theπN propagator

GπN(k,E) =
1

E−Eπ(k)−EN(k)+ iε
, (12)

wherep, k andp ′ are theπN relative momentum in the
initial, intermediate and final state, respectively; andp≡|p|,

k≡|k| and p′≡|p ′|. E =
√

M2
N + p2

0+
√

m2
π + p2

0 denotes
the total collision energy with on-shell momentump0 in
the c.m. frame. For our calculations, relativistic kinematics
for both pion and nucleon are used, thus

Eπ(k) =
√

m2
π + k2 , EN(k) =

√
M2

N + k2 . (13)

The partial waveT-matrix for πN scattering is then given
by

T(p′, p;E) =V(p′, p)

+

∫ ∞

0
dkk2 V(p′,k)

G(k)

p2
0− k2+ iε

T(k, p;E) ,
(14)

where

G(k) =
[EN(p0)+EN(k)] [Eπ(p0)+Eπ(k)]
[EN(p0)+EN(k)+Eπ(p0)+Eπ(k)]

. (15)

To transform this equation into a principal value
integral equation using identity (8) to get the matrix
elements in partial wave decomposition as

T(p′, p;E) =V(p′, p)

+P

∫ ∞

0
dkk2 V(p′,k)

G(k)

p2
0− k2

T(k, p;E)

−
1
2

iπ p0G(p0)V(p′, p0)T(p0, p;E) .

(16)

This one-dimensional integral equation can be solved
numerically for a givenπN potential modelV(p′, p) by
using the matrix inversion method [36].

For the πN potential, the realistic separable
representation ofπN interaction of Nozawaet al. [38] is
used. This model is consistent with the existing unitary
description of the πNN system and treats theπN
interaction dynamically, with allS-, P- and D-wave πN
phase shifts being well reproduced below 500 MeV.

3 Theoretical treatment of theγd → πNN
reaction

3.1 Kinematics and cross section

As a starting point, we will first consider the formalism for
incoherent single pion photoproduction from the deuteron

γ(k,ε µ)+d(d)→π(q)+N1(p1)+N2(p2) , (17)
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nucleon planeN2

d π

γ

y

z

N1

θπscattering plane

Fig. 2: The kinematics of incoherent pion photoproduction from
the deuteron in the laboratory frame.

where the four-momenta of the participating particles are
indicated in the parentheses. The polarization vector of the
photon is denoted byεµ (µ =±1).

The general expression of the fivefold differential cross
section is given by [32]

d5σ =
δ 4(k+d−q− p1− p2)M2

N d3qd3p1d3p2

96(2π)5 |vγ − vd|Eγ EdE1E2ωq

× ∑
smµmd

∣∣Tsmµmd(q,p1,p2,d,k)
∣∣2 ,

(18)

where the definition of all kinematical variables and
quantum numbers is given in Ref. [8]. For the calculation
of the cross sections, the deuteron rest frame is utilized.
We have chosen a right-handed coordinate system where
the z-axis is defined by the photon momentumk and the
y-axis by k × q, where q is the pion momentum. The
kinematical situation is shown in Fig. (2). The scattering
plane is defined by the momenta of photonk and pionq
whereas the momenta of the two outgoing nucleonsp1
andp2 define the nucleon plane. As independent variables
for the characterization of the final state, the outgoing
pion momentumq = (q,θπ ,φπ ) is chosen. Furthermore,
the spherical anglesΩp = (θp,φp) of the relative
momentum p = (p1 − p2)/2 = (p,Ωp) of the two
outgoing nucleons.

The semi-inclusive differential cross section, where
only the final pion is detected without analyzing its
energy, is obtained from (18)

d2σ
dΩπ

=

∫ qmax

0
dq

∫
dΩp

ρs

6 ∑
smµmd

∣∣Tsmµmd(q, p, k)
∣∣2 ,

(19)
where the maximum pion momentumqmax is determined
by the kinematics andρs is a phase space factor.

3.2 The photoproduction amplitude

All observables are determined by the photoproduction
amplitudeTsmµmd of the electromagnetic pion production

T

T

G

T

d

tγπ

N
(a)

N

2

(1)

1

πγ

d

tγπ

N

(1)

2

π

N1
ΝΝ

γ

(b)

d

tγπ
(1)

γ

(d)

π

N1

N2

πΝ

=
d

tγπ N

N

(1)

1

2

πγ

πΝΝ

+ +

+
2

d

tγπ

N

(1)

γ

πΝ

π

N1

(c)

Fig. 3: Diagrammatic representation of theγd→ πNN amplitude
including rescattering contributions in the two-body subsystems
and neglecting all contributions of two-body meson-exchange
currents. Diagram (a): impulse approximation (IA); (b), (c) and
(d) “driving terms” fromNN- andπN-rescattering, respectively.
Diagrams when the elementary pion photoproduction operator
acts on nucleon ’2’ are not shown in the figure but are included
in the calculations. In the calculations, each diagram shown in
the figure goes accompanied by the diagram obtained by the
exchangeN1 ↔ N2.

current Jγπ between the initial deuteron and the final
πNN states. In a general frame, it is given by

Tsmµmd(q, Ωπ , Ωp) =−(−)〈q, p; sm|εµ ·Jγπ(0)|d; 1md〉 .
(20)

Introducing a partial wave decomposition, one finds for the
scattering matrix the relation

Tsmµmd(Ωπ , Ωp) = ei(µ+md−m)φπ tsmµmd(θπ , θp, φpπ) ,
(21)

whereφpπ = φp−φπ . The smallt-matrix depends only on
θπ , θp, and the relative azimuthal angleφpπ . The
elements of thist-matrix are the basic quantities which
determine unpolarized differential cross section and spin
asymmetries. If parity is conserved, the following
symmetry relation holds

ts−m−µ−md(θπ , θp, φpπ) =

(−)s+m+µ+md tsmµmd(θπ , θp,−φpπ) (22)

which leads to a corresponding relation for theTsmµmd -
matrix

Ts−m−µ−md(θp, φp, θπ , φπ) =

(−)s+m+µ+md Tsmµmd(θp,−φp, θπ ,−φπ) . (23)

Figure (3) shows the diagrammatic representation of
the scattering matrix, where the elementary pion
photoproduction operator acts on nucleon ’1’ only. All
possible diagrams when the production operator acts on
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nucleon ’2’ are not shown in this figure but are included
in the calculations. In addition, all contributions of
two-body currents are not displayed in Fig. (3). In
principle, the full treatment of all interaction effects
requires a full unitaryπNN three-body calculation. In the
present work, however, we will restrict ourselves to the
inclusion of complete rescattering in the various
two-body subsystems of the final state (diagrams (b), (c),
and (d) in Fig. (3)).

For the calculation of theTsmµmd -matrix we start from
the IA (diagram (a) in Fig. (3)) to which the contributions
from NN- andπN-rescattering (diagrams (b), (c), and (d),
respectively) are added. Then, theTsmµmd -matrix is given
by the sum

Tsmµmd = T IA
smµmd

+TNN
smµmd

+TπN
smµmd

. (24)

In the following we briefly review these terms in some
detail.

3.2.1 The impulse approximation

For the IA contribution (diagram (a) in Fig. (3)), which
describes the production on one nucleon while the other
acts as a spectator, one has

T IA
smµmd

=〈q,p, sm| [t(1)γπ + t(2)γπ ]|1md〉

=∑
m′

[〈sm|〈p1|t
(1)
γπ (WγN1)|−p2〉φm′md

(p2)|1m′〉

− (1↔ 2)] ,
(25)

where t(1)γπ and t(2)γπ denote the elementary pion
photoproduction operator from nucleon ’1’ and ’2’,
respectively,WγN1/2

the invariant energy of theγN1/2

system,p1/2 = (k − q)/2 ± p, andφmmd(p) is related to
the internal deuteron wave function in momentum space
by

φmmd(p) = ∑
L=0,2

∑
mL

iL(LmL 1m|1md)uL(p)YLmL(p̂) , (26)

whereu0(p) andu2(p) are theSandD components of the
deuteron wave function, for which the realistic Paris
potential model [39] is used.

3.2.2 TheNN-rescattering

TheNN transition matrix element (see diagram (b) in Fig.
(3)) has the form

TNN
smµmd

(k,q,p1,p2) = ∑
m′

∫
d3p ′

NN

√
E1E2

E′
1E′

2

× R̃
NN,tµ
smm′ (WNN,pNN,p ′

NN)
MN

p̃2− p′2NN+ iε
×T IA

sm′µmd
(k,q,p ′

1,p
′
2) .

(27)

The conventionalNN-scattering matrixR̃
NN,tµ
smm′ is

introduced with respect to noncovariantly normalized
states. It is expanded in terms of the partial wave
contributionsT NN,tµ

Jsℓℓ′ as follows

R̃
NN,tµ
smm′ (WNN,pNN,p ′

NN) =

∑
J

∑
ℓℓ′

F
NN,Js
ℓℓ′mm′(p̂NN, p̂

′
NN)T

NN,tµ
Jsℓℓ′ (WNN, pNN, p

′
NN) ,

(28)

where the purely angular functionFNN,Js
ℓℓ′mm′ (p̂NN, p̂′

NN) is
defined by

F
NN,Js
ℓℓ′mm′ (p̂NN, p̂

′
NN) =

∑
M

∑
mℓmℓ′

CℓsJ
mℓmMCℓ′sJ

mℓ′m
′MY⋆

ℓmℓ
(p̂NN)Yℓ′mℓ′

(p̂′
NN) .

(29)

The necessary half-off-shellNN-scattering matrix
T

NN,tµ
Jsℓℓ′ was obtained from separable representation of a

realistic NN-interaction [37]. Explicitly, all S, P, and D
waves were included in theNN-scattering matrix.

3.2.3 TheπN-rescattering

For the contribution ofπN-rescattering, two terms are
considered. The diagrammatic representation of these
terms are given by diagrams (c) and (d) in Fig. (3).

The πN transition matrix element of diagram (c) has
the form

TπN (c)
smµmd

(k,q,p1,p2) =

1
2 ∑

α ′

∫
d3p ′

2

√
ωqE2

ωq′ E′
2

∑
m2m′

2

∑
µ2µ ′

2

∑̃
t µ̃

C
t̃ µ̃
αα ′(m2,m

′
2,µ2,µ ′

2)

×
[
∑
Jℓ

F
πN
Jℓm2m′

2
(p̂πN, p̂

′
πN)T

πN, t̃ µ̃
Jℓ (WπN(p2), pπN, p

′
πN)

×G
πNN(+)
0πN (Eγd,q

′,p1,p ′
2)T IA

s′m′µ ′md
(k,q ′,p1,p ′

2)

×−(−)s+t(p1 ↔ p2)
]
,

(30)

with

C
t̃ µ̃
αα ′(m2,m

′
2,µ2,µ ′

2) =C
11

2 t̃
µµ2µ̃ C

11
2 t̃

µ ′µ ′
2µ̃

× ∑
m1

C
1
2

1
2s

m1m2mC
1
2

1
2s

m1m′
2m′ ∑

µ1

C
1
2

1
2 t

µ1µ2−µ C
1
2

1
2 t′

µ1µ ′
2−µ ′ ,

(31)

and

F
πN
Jℓm2m′

2
(p̂πN, p̂

′
πN) = ∑

mℓm
′
ℓM

C
1
2ℓJ
m2mℓM

C
1
2ℓJ
m′

2m′
ℓM

×Y⋆
ℓmℓ

(p̂πN)Yℓm′
ℓ
(p̂′πN) ,

(32)
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whereα = (smt−µ) andt̃ denotes the total isospin of the
interacting pion and nucleon. The relative momentum of
the final (initial)πN-subsystem is given by

pπN =
MNq−mπp2

MN +mπ
, p ′

πN =
MNq ′−mπp ′

2

MN +mπ
, (33)

whereq ′ = q+p2−p ′
2.

Analogous to diagram (c), theπN matrix element of
diagram (d) is given by

TπN(d)
smµmd

(k,q,p1,p2) =

1
2 ∑

α ′

∫
d3p ′′

1

√
ωqE1

ωq′′ E′′
1

∑
m1m′

1

∑
µ1µ ′

1

∑̃
t µ̃

C
t̃ µ̃
αα ′(m1,m

′
1,µ1,µ ′

1)

×
[
∑
Jℓ

F
πN
Jℓm1m′

1
( ˆ̃pπN, ˆ̃p′

πN)

× T
πN, t̃ µ̃

Jℓ (WπN(p1), p̃πN, p̃
′
πN)

×G
πNN(+)
0πN (Eγd,q

′′,p2,p ′′
1 )

× T IA
s′m′µ ′md

(k,q ′′,p2,p ′′
1 )− (−)s+t(p1 ↔ p2)

]
,

(34)

where the relative momentum of the final (initial)
πN-subsystem is given in this case by

p̃πN =
MNq−mπp1

MN +mπ
, p̃ ′

πN =
MNq ′′−mπp ′′

1

MN +mπ
, (35)

with q ′′ = k−p2−p ′′
1 .

Then the contribution fromπN-rescattering of both
diagrams (c) and (d) in Fig. (3) is given by

TπN
smµmd

= TπN(c)
smµmd

+TπN(d)
smµmd

. (36)

The half-off-shell partial wave amplitudesT πN, t̃ µ̃
Jℓ in

Eqs. (30) and (34) were found for theS, P, andD partial
waves by numerical solution of the LS-equation. In the
present calculations, these amplitudes are obtained from
the separable energy-dependentπN potential presented in
[38].

3.3 Definition of polarization observables

The cross section for arbitrary polarized photons and
initial deuterons can be computed for a givent-matrix by
applying the density matrix formalism similar to that
given for deuteron photodisintegration [40]. The most
general expression for all possible polarization
observables is given by

O = ∑
αα ′

∫
dΩp ρs t⋆s′m′ µ ′m′

d
Ωs′m′sm tsmµmd

×ργ
µµ ′ ρd

mdm′
d
, (37)

where ργ
µµ ′ and ρd

mdm′
d

denote the density matrices of

initial photon polarization and deuteron orientation,
respectively,Ωs′m′sm is an operator associated with the
observable, which acts in the two-nucleon spin space and
ρs is a phase space factor. For further details we refer to
Refs. [40,41].

As shown in Refs. [16,17,18,23] all possible
polarization observables for the pion photoproduction
reaction from the deuteron can be expressed in terms of
the quantities

Vµ
IM (q, θπ) =

√
2I +1

3

∫
dΩpρs(Eγ ,q,Ωπ ,Ωp)

× ∑
mdm′

d

(−)1−md

(
1 1 I

m′
d −md M

)

× ∑
sm

t∗smµm′
d
(q, θπ , θp, φpπ)

× tsmµmd(q, θπ , θp, φpπ) , (38)

and

WIM (q, θπ) =

√
2I +1

3

∫
dΩpρs(Eγ ,q,Ωπ ,Ωp)

× ∑
mdm′

d

(−)1−md

(
1 1 I

m′
d −md M

)

× ∑
sm

t∗sm−1m′
d
(q, θπ , θp, φpπ)

× tsm1md(q, θπ , θp, φpπ) , (39)

where we use the convention of Edmonds [42] for the
Wigner 3j-symbols.

The unpolarized cross section is given by

d3σ
dqdΩπ

= V1
00(q, θπ) . (40)

The photon asymmetry for linearly polarized photons is
given by

Σ
d3σ

dqdΩπ
= −W00. (41)

The vector and tensor target asymmetries are given by

TIM
d3σ

dqdΩπ
= (2− δM0)ℜe[iI V1

IM (q, θπ)] . (42)

The photon and target double polarization asymmetries are
given by
(i) Circular asymmetries:

Tc
IM

d3σ
dqdΩπ

= −(2− δM0)ℑm[iI V1
IM (q, θπ)] . (43)

(ii) Longitudinal asymmetries:

T l
IM

d3σ
dqdΩπ

= −iI WIM (q, θπ) . (44)
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4 Results and discussion

The discussion of our results is divided into four parts as
follows:

– First, we will discuss various polarization
observables for incoherent pion photoproduction from
the deuteron in the∆ (1232)-resonance region.
Numerical results for the three isospin channels of the
d(γ,π)NN reaction will be given. Theγd → πNN
scattering amplitude is given as a linear combination
of the on-shell matrix elements of pion
photoproduction on the two nucleons (diagram (a) in
Fig. (3)). The results of this part are obtained with the
deuteron wave function of the Paris potential [39] and
the elementary pion production operator on the free
nucleon of Schmidtet al. [6] which describes well the
γN → πN reaction channels (see Ref. [22] in which
we have presented results for the helicity dependence
of theγN → πN reaction channels in comparison with
the recent experimental data from the GDH
Collaboration [43].).

– In the second part, the influence of final-stateNN
interaction (diagram (b) in Fig. (3)) in various
polarization observables for the reactionγd → π−pp
will be studied. The understanding of this mechanism
is of great importance to understand the basicNN
interaction. The second point of interest is to analyze
the preliminary experimental data for the differential
polarized cross-section difference for parallel and
antiparallel helicity states from [12] and for the linear
photon asymmetry from LEGS [14] in order to keep
up with the development of the experimental data. For
nucleon-nucleon scattering in theNN-subsystem, we
use a specific class of separable potentials [37] which
historically have played and still play a major role in
the development of few-body physics and also fit the
phase shift data forNN-scattering. This separable
model is most widely used in the case of theπNN
system (see, for example, Ref. [44] and references
therein).

– In the third part, we will present and discuss results
for total cross section and various polarization
observables when in addition to the pure IA (diagram
(a) in Fig. (3)) andNN-FSI (diagram (b) in Fig. (3)),
the πN-rescattering (diagrams (c) and (d) in Fig. (3))
is also included. Results for the three isospin channels
of thed(γ,π)NN reaction will be given in the energy
region fromπ-threshold up to the∆ (1232)-resonance.
Extension of our previous works [17,18,19,20,21] to
the π-threshold region is presented in order to
understand the dynamics of the pion photoproduction
amplitude nearπ-threshold. For this purpose, a more
realistic elementary amplitude from Ref. [31] is used
which allows to provide a more realistic description of
the π-threshold region. For both NN- and
πN-scattering in the two-body subsystems, we use
separable representations of realistic potentials from

Refs. [37,?]. The total cross section, the doubly
polarized cross sections for the parallel and
antiparallel helicity states, the spin response of the
deuteron, i.e., the asymmetry of the total
photoabsorption cross section with respect to parallel
and antiparallel spins of photon and deuteron, the
linear photon asymmetry, target asymmetries, the
beam-target double polarizationE-asymmetry, and
the deuteron GDH integral will be discussed in this
part.

– The last part is devoted to study the sensitivity of the
results for total cross section and polarization
observables to the elementary pion photoproduction
operator on the free nucleon.
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Fig. 4: The double polarization asymmetryTℓ
20 of d(γ ,π)NN

channels as a function of pion angleθπ at various photon lab-
energies. The solid curves show the results of the IA-calculation
while the dotted curves represent the results when only the
∆ (1232)-resonance is taken into account. The left, middle and
right panels represent the results forγd → π−pp, π+nn and
π0np, respectively.

4.1 The impulse approximation

We start the discussion with a sample of results for the
longitudinal double polarization asymmetryTℓ

20 which are
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plotted in Fig. (4) as a function of emission pion angleθπ
at various photon lab-energies for all the three charge
states of the pion for the reactionγd → πNN (see also
Ref. [17]). For neutral pion production (see the right
panels of Fig. (4)), we see thatTℓ

20 has always positive
values for all photon lab-energies and emission pion
angles. For energies below and above the
∆ (1232)-resonance, the double polarization asymmetry
Tℓ

20 shows sensitivity on the Born terms, in particular for
angles between 60◦ and 120◦. Furthermore, it is apparent
that at extreme forward and backward emission pion
angles the asymmetryTℓ

20 is very small in comparison to
other angles. At 450 MeV the dominant contribution
comes from the resonance term. For the calculations of
charged pion production channels (see the left and middle
panels of Fig. (4)), we see thatTℓ

20 has negative values at
forward pion angles which is not the case at backward
angles. It is also noticeable that the contributions of Born
terms are large, in particular at energies above the
resonance region. At extreme backward angles, we see
thatTℓ

20 has small positive values.
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Fig. 5: Tensor target asymmetryT20 of d(γ ,π)NN channels as a
function of emission pion angle at various photon lab-energies.
The solid, dashed, and dotted curves correspond toγd → π−pp,
π+nn, andπ0np, respectively.

In Fig. (5) we present the results for the tensor target
asymmetryT20 as a function ofθπ [18]. Predictions for
the three isospin channels ofd(γ,π)NN at various photon
lab-energies are given. For the reactionγd → πNN at
forward and backward emission pion angles, the
asymmetryT20 allows one to draw specific conclusions
about details of the reaction mechanism. Comparing with
the results for linear photon and vector target asymmetries
[17,18] we found that for charged pion production
channels the asymmetryT20 has relatively large positive
values at pion forward angles (atθπ < 30◦) while small
negative ones are found whenθπ changes from 30◦ to
180◦. For neutral pion production channel, we see thatT20
has negative values at forward angles and positive ones at
backward angles. Only at energies above the∆ -region we
observe small negative values at extreme backward
angles.

The longitudinal double-polarization asymmetryTℓ
2+2

is plotted in Fig. (6) as a function of pion angle for all the
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Fig. 6: The double-polarization asymmetryTℓ
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Fig. 7: Photon beam asymmetryΣ for d(γ ,π−)pp reaction
in comparison with the ’preliminary’ experimental data from
LEGS@BNL Collaboration [14].

three charge states of the pion for the reactionγd → πNN
at various photon lab-energies (see also Ref. [18]). The
solid, dashed, and dotted curves correspond to
γd → π−pp, π+nn, and π0np, respectively. In general,
one readily notes that the longitudinal asymmetryTℓ

2+2
has negative values. For neutral and charged pion
production channels, it is apparent that the asymmetry
Tℓ

2+2 has qualitatively the same behavior. We see also that
the values ofTℓ

2+2 for π0 channel are greater (in absolute
value smaller) than its values forπ± channels, in
particular atθπ = 0◦. Furthermore, we noticed that the
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values ofTℓ
2+2 in the case ofπ0-production are insensitive

to the photon energy and/or pion angle, which is not the
case forπ±-production channels. It is very interesting to
examine these asymmetries experimentally.
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Fig. 10: The double-polarization asymmetryTℓ
20 for d(γ,π−)pp

as a function of photon lab-energy at fixed values ofθπ . Notation
as in Fig. (9).

The photon asymmetryΣ for linearly polarized
photons is shown in Fig. (7) (see also Ref. [18]) in
comparison with experimental data. In view of the fact
that data forπ+ and π0 production channels are not
available, we concentrate the discussion onπ−

production, for which we have taken the ’preliminary’
experimental data from the LEGS@BNL Spin
Collaboration [14]. In agreement with these preliminary
data, one can see that the predictions in the pure IA can
hardly provide a reasonable description of the data. Major
discrepancies are evident which very likely come from
the neglect of FSI effects. This means that the simple
spectator approach cannot describe the experimental data.

4.2 Influence of NN final-state interaction

Here, we discuss the influence of theNN-FSI effect on
polarization observables for the reactionγd → π−pp
only. We begin the discussion by presenting the results for
the differential polarized cross-section difference for
parallel(dσ/dΩπ)

P and antiparallel(dσ/dΩπ)
A helicity

states in pure IA and withNN-rescattering, as shown in
Fig. (8) as a function of the emission pion angle in the
laboratory frame at various photon lab-energies (see also
Ref. [19]). It is readily seen thatNN-rescattering - the
difference between the dashed and the solid curves - is
quite small, and indeed almost completely negligible at
pion backward angles. The reason for this stems from the
fact that in charged-pion production,3S1-contribution to
theNN final state is forbidden.

By comparing the results for the difference
(dσ/dΩπ)

P − (dσ/dΩπ)
A in the case ofγd → π−pp

(solid curves in Fig. (8)) with those in the case of the free
reactionγn → π−p (dotted curves in Fig. (8) and also
presented in Ref. [22] in which we have investigated the
helicity dependence of theγN → πN reaction channels),
we see that a large correction is needed to go from the
bound deuteron to the free neutron case [19]. The
difference between the two results decreases to a tiny
effect at backward angles. Figure (8) also gives a
comparison of the results for the helicity difference with
the experimental data from the GDH Collaboration [12].
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It is obvious that quite satisfactory agreement with
experiment is achieved [19]. An experimental check of
the helicity difference at extreme forward and backward
pion angles is needed. Also, an independent check in the
framework of effective field theory would be very
interesting.

Figure (9) shows a comparison of the numerical
results for the linear photon asymmetryΣ in the pure IA
(dashed curves) and withNN-rescattering (solid curves)
[20] with the preliminary experimental data from the
LEGS Spin Collaboration [14]. We see that the general
feature of the data is reproduced. However, the
discrepancy is rather significant in the region where the
photon energy close to the∆ -resonance. In the same
figure, we also show the results from the IA only (dashed
curves). It is seen that theNN-rescattering yields an about
10% effect in the region of the peak position. We found
that this is mainly due to the interference between the IA
amplitude and theNN-FSI amplitude. In agreement with
our results in the pure IA [18], one notes that the pure IA
(dashed curves in Fig. (9)) cannot describe the
experimental data. The inclusion ofNN-FSI leads at 270
MeV to a quite satisfactory description of the data,
whereas at 330 MeV theNN-FSI effect is small and
therefore differences between theory and experiment are
still evident. It is appear that our model is still not capable
of describing the measured photon asymmetry, even if
NN-FSI is included. The influence ofNN-rescattering on
the longitudinal double-spin asymmetryTℓ

20 was
investigated in our previous work [21] as a function of
photon lab-energy for fixed angles (see Fig. (10)). We see
that Tℓ

20 has very small values at forward pion angles
aroundθπ < 60◦. These values increase (in absolute value
decrease) with increasing the photon energy. At extreme
backward angles, we see thatTℓ

20 has small positive
values.

From the foregoing discussion for the polarized cross
sections and spin asymmetries [19,20,21] it is apparent
that the contribution ofNN-FSI is much important in the
energy region around the∆ -resonance, especially in the
peak position and must be considered in the analysis of the
forthcoming experiments. One notices that the inclusion
of NN-FSI leads to an overestimation by about 10% of
the plane wave results. For lower and higher energies, one
can see that theNN-FSI effect is small. This means, in
particular with respect to a test of theoretical models for
pion production amplitudes on the neutron, that one needs
a reliable description of the scattering process. Hopefully,
these predictions can be tested in the near future when the
data from the on-going experiments become available.

4.3 Effects of NN andπN-rescattering

The main goal of this section is to report on a theoretical
prediction for the total cross section and spin observables
for both the charged and neutral pion photoproduction
channels of the reactionγd → πNN in the energy region

from π-threshold up to the∆ (1232)-resonance [29,30].
We also disentangle the different contributions to the
observables from thebare elementary reaction, the
NN-rescattering, and theπN-rescattering. We are going
to extend the work in the preceding papers [17,18,22,19,
20,21] to the π-threshold region in order to understand
the dynamics of pion photoproduction amplitude near
π-threshold. The extension includes the following
important aspects:

(i) A more realistic elementary pion photoproduction
operator from Ref. [31] is used. This model based on
an effective Lagrangian approach (ELA) includes
seven nucleon resonances (∆ (1232), N(1440),
N(1520), N(1535),∆ (1620), N(1650), and∆ (1700)),
in addition to Born and vector-meson exchange terms.
It incorporates a new theoretical treatment of spin-3/2
resonances avoiding pathologies present in previous
models and also allows to provide a more reliable
description of theπ-threshold region.

(ii) The influence of bothNN- and πN-FSI effects on
unpolarized cross sections and spin asymmetries is
quantitatively studied. We consider, besides the pure
impulse approximation (IA), complete rescattering in
the final two-body subsystems, i.e. in theNN- and
πN-subsystems.

(iii) Comparison with recent experimental data and other
theoretical models is discussed.

We compare in the figures calculations with different
ingredients, showing separately the contribution from the
bare interaction and the final state interaction one. We call
impulse approximation (IA) to the bare contribution to the
observables shown in diagram (a) of Fig. (3) together with
the same diagram exchangingN1 ↔ N2. In what follows,
when we cite any diagram (a)-(c) in Fig. (3) we implicitly
mean the contributions of both the depicted diagram and
the corresponding one obtained underN1 ↔ N2 exchange.

We have to be careful with what we call IA. A truly
IA calculation (a calculation that includes only diagram
(a)) cannot employ directly the elementary amplitudes
which fit the electromagnetic multipoles ofγN → πN
process, because the effect ofπN-rescattering is included
in those fits. For example, if we use the multipoles
provided by the ELA model which fit the experimental
data, and afterwards we includeπN-rescattering, we are
not really including just diagram (a)+ diagram (c), but
rather diagram (a)+ diagram (c) + diagram (c)
calculation. Therefore, if we wish to calculate the
contribution coming just from diagram (a), the bare
contribution to the amplitude has to be extracted from the
analysis of theγN → πN, where FSI has to be removed.
This was done for instance in Ref. [31]. We name IA∗ to
the calculations where theπN-rescattering is included in
the elementary reaction. IA∗ is therefore equivalent to a
diagram (a)+ diagram (c) calculation. In section4.4 we
compare results for IA∗+rescattering and IA+rescattering
results using MAID and ELA models. We refer to the
calculation that includes diagram (b) asNN and diagram
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(c) using theπN rescattering, asπN. Therefore the full
calculation, consistent and with all the effects considered
in this work is what we refer as IA+πN+NN. Results in
Refs. [23,24,25] contain a double-counting of the
πN-rescattering because their starting point is MAID and
SAID amplitudes as elementary reaction and afterwards
they includeπN-rescattering (they perform what we call
an IA∗+πN+NN calculation).
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Fig. 11: Total cross section ford(γ ,π0)np using the
electromagnetic multipoles of set no. 2 from the effective
Lagrangian approach [31]. Left panel: results fromπ-threshold
up to the ∆ (1232)-resonance region in comparison with the
experimental data from Kruscheet al. [11]. Right panel: results
near π-threshold as a function of the excess energy aboveπ-
threshold Eγ − Ethr

γ . Curve conventions: (dotted) IA; (long-
dashed) IA+πN; (short-dashed) IA+NN; (solid) IA+NN+πN.
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Fig. 12: Same as in Fig. (11) but for d(γ ,π−)pp. Experimental
data from Benzet al.[45] (solid circles), Chiefariet al.[46] (open
circles) and Quraanet al. [47] (open square).
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Fig. 13: Same as in Fig. (11) but for d(γ ,π+)nn. Experimental
data are from Boothet al. [48]. The three-dashed curve in the
right panel denotes the ChPT prediction of Lenskyet al. [49].

4.3.1 Total cross sections

In the left panels of Figs. (11), (12), and (13) we show the
results for the total cross section fromπ-threshold up to
the ∆ (1232)-resonance region for theγd → π0np,
γd → π−pp, andγd → π+nn reactions, respectively (see
also Ref. [30]). In the right panels of the same figures our
predictions for the region nearπ-threshold as function of
the excess energy aboveπ-threshold,Eγ − Ethr

γ , in the
laboratory system, are also shown. From the comparison
with the experimental data it stems that our model
overestimates the total cross section for theπ0 channel
and slightly underestimates it for theπ+ channel,
however, on the overall, we obtain a very good agreement.
Compared to the ChPT prediction from [49] for the π+

production channel nearπ-threshold (right panel of Fig.
(13)) a good agreement is obtained when FSI is included.

The importance of rescattering in the neutral channel
is clearly addressed when the full calculation is compared
to the IA one. It is very clear from the right panels in Figs.
(11), (12), and (13) that the charged pion production
cross-sections differ significantly in magnitude from the
neutral pion ones due to the Kroll-Rudermann term
(diagram (D) in Fig. (1)) which does not contribute to the
neutral pion production reaction. We would like to
emphasize that at photon energies close toπ-threshold,
almost all the contribution to the cross sections comes
from Born terms. We observe also that the
πN-rescattering is not very important in both neutral and
charged channels in what regards to the total cross section
and that theNN-rescattering plays a central role in neutral
pion production but not so in charged pion channels. The
result on charged pion production is compatible with what
is obtained for the elementary processγN → πN where
the charged-production observables are already well
predicted without the inclusion of final state interactions
[31]. Since the contribution fromπN-rescattering is
small, the effect of multiple scattering of the pion with
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two outgoing nucleons (see diagrams (d) and (e) in Fig.
(3)) is expected to be small too (see also [50]).
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Fig. 14: The helicity dependent total photoabsorption cross
sections for the separate channels ofd(γ ,π)NN for circularly
polarized photons on a longitudinally polarized deuteron with
spin parallelσP (upper panel) and antiparallelσA (middle panel)
to the photon spin in the energy region fromπ-threshold up to the
∆ (1232)-resonance. The lower panel shows the differenceσP−
σA, i.e., the deuteron spin asymmetry of total photoabsorption
cross section. Curve conventions as in Fig. (11).

4.3.2 Helicity dependent cross sections

The results for the doubly polarized total cross sections in
the case of the IA alone and with FSI effects are shown in
Fig. (14) (from π-threshold up to the∆ (1232)-resonance
region) and Fig. (15) (nearπ-threshold region) (see also
Ref. [29]). Results are displayed in Figs. (14) and (15) as
follows: (upper panel) total photoabsorption cross
sectionsσP for circularly polarized photons on a target
with spin parallel to the photon spin; (middle panel)σA,
the same for antiparallel spins of photon and deuteron
target; (lower panel) spin asymmetryσP − σA for the
individual contributions of the different pion charge states
to the γd → πNN reaction. Several experiments to
measure the deuteron spin asymmetry are presently
underway [12]. In these experiments, deuterium serves as
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Fig. 15: Same as in Fig. (14) but in the energy region nearπ-
threshold.Eγ −Ethr

γ denotes the excess energy aboveπ-threshold
in the laboratory system.

a neutron target and quasifree kinematics is preferred in
order to minimize possible interaction effects.

Left panels in Figs. (14) and (15) show the importance
of rescattering effects in the neutral channel when the full
calculation (solid curve) is compared to the IA one
(dotted curve). The most important contribution to FSI
comes fromNN-rescattering, whilstπN-rescattering is
much smaller and is significative only inσA at photon
energies close toπ-threshold (see the left panel in Fig.
(15)). This is due to the non-orthogonality of the final
state plane wave in IA to the deuteron bound state wave
function. We also find that FSI effects are equally
important for bothσP and σA. FSI effects lead to an
overall strong reduction of the spin asymmetry in the
energy region of the∆ (1232)-resonance [29]. σP is larger
thanσA because of the∆ (1232)-excitation.

The cross sectionsσP and σA as well as the spin
asymmetryσP−σA present qualitative and quantitatively
similar behaviors for both charged pion production
channels (see also Ref. [29]). The FSI effects appear
mainly in σA at photon lab-energies close toπ-threshold
(Fig. (15)). We find that the spin asymmetryσP − σA

starts out negative due to theE0+ multipole, which is
dominant in theπ-threshold region, and has a strong
positive contribution at higher energies due to theM1+
multipole, which is dominant in the∆ (1232)-resonance
region. The effect of FSI is important for both the neutral
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and charged pion production channels in theπ-threshold
region.
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Fig. 16: The beam asymmetryΣ for linearly polarized photons
for semi-exclusiveπ0 photoproduction from the deuteron as a
function of pion angle in the laboratory frame of the deuteron
at different photon lab-energies using the electromagnetic
multipoles of set no. 2 from the effective Lagrangian approach
[31]. Curve conventions as in Fig. (11). Experimental data are
from the LEGS Collaboration (LEGS-exp-L3b) [14].

4.3.3 Beam asymmetry

In Figs. (16) and (17) we show a sample of our results for
the photon beam asymmetryΣ for π0 andπ− channels,
respectively (see Ref. [29]). This asymmetry does not
exhibit a strong effect of the rescattering contribution and
it is an excellent test of any weaknesses in the underlying
elementary reaction model.

The first effect that we observe is thatπN-rescattering
contribution is small for this observable in the energy
region under study. The influence of FSI is noticeable at
the lowest energy and forward pion angles. With
increasing photon lab-energy the effect of FSI becomes
smaller although not negligible, even at the highest
energy. In Fig. (17) we show our results forπ−

production together with the Lee-Sato calculation [51]
which is equivalent to our IA∗ calculation but using the
dynamical model developed in [52]. The Sato and Lee
model provides a result close to the one from our model
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Fig. 17: Same as in Fig. (16) but for theγd → π−pp channel.
The three-dashed curves in the bottom panels denote the results
of Lee and Sato [51] without FSI effects. Experimental data are
from the LEGS Collaboration (LEGS-exp-L3b) [14].

except at the small angles region, where a sizeable
deviation at 30 degrees is observed due to rescattering
contributions. The small angle region is sensitive to
model dependencies and rescattering effects and the
results are again more dependent on theNN-rescattering
than on theπN-rescattering. TheNN-rescattering tends to
enlarge the asymmetry in charged channels and to
decrease its value slightly in the neutral channel.

When compared to the recent model by Levchuket al.
[25] our results seem to compare better to the data from
LEGS (LEGS-exp-L3b) [14], Figs. (16) and (17), but we
have to wait until the final data are available to make a final
statement on this comparison.

4.3.4 Target asymmetries

The target asymmetriesT22, T21, andT20 for the neutral
channel are plotted in Fig. (18) (see also Ref. [30]). These
asymmetries show a large effect on the rescattering
contribution and the employed elementary reaction
model. Thus, they constitute an excellent set of
observables to test our model and to compare it to other
models. Actually, our predictions for these observables
are quite different from those by Levchuket al. [25] and
by Arenhövel and Fix [23]. Unfortunately no data are
currently available for these observables and therefore we
cannot make a comparison to experimental data.
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Fig. 18: Target asymmetriesT11, T22, T21, and T20 for
semiexclusiveπ0 photoproduction from the deuteron at photon
lab-energyEγ = 265 MeV using the electromagnetic multipoles
of set no. 2 from the effective Lagrangian approach [31]. Curve
conventions as in Fig. (11).

In charged channels (see Fig. (19)) the structure of the
target asymmetriesT22, T21, andT20 is very simple. They
all present a peak at a certain angle (T11, T22, and T21
approximately between 25 and 60 degrees, andT20 at zero
degrees) with a decreasing asymmetry towards zero for
180 degrees except for theT20 asymmetry and low-energy
T11. We find thatπN-rescattering effects are negligible.
Our results for theπ− channel are similar to the ones of
Levchuket al. [25] probably due to the fact that final state
interactions are not so important in charged channels.
However, theT21 asymmetry we calculate behaves in a
different way than those of Refs. [23,25] in the large
angle region and seems to have some model dependency
(see Figs. (9) in [23] and (21) in [25]).

4.3.5 The double polarizationE-asymmetry

There is a great deal of interest in experiments [14] to
determine the beam-target double polarization
E-asymmetry for theγd → πNN reaction channels. In
connection with this study, we provide in Fig. (20) a
sample ofE-asymmetry as a function of the emission
pion angleθπ in the laboratory frame for the individual
pion photoproduction channels (see also Ref. [29]). This
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Fig. 19: Same as in Fig. (18) but for γd → π−pp at photon lab-
energyEγ = 270 MeV.

asymmetry is given by

E(θπ) =
d(σA−σP)/dΩ
d(σA+σP)/dΩ

=
d(σA−σP)/dΩ

2(dσ0/dΩ)
, (45)

wheredσP/dΩ anddσA/dΩ represent the spin parallel
and antiparallel differential cross sections, respectively,
and dσ0/dΩ denotes the unpolarized differential cross
section. The helicity dependent cross sections are well
suited to verify the GDH sum rule, to do partial channel
analysis, and to give contributions to the double
polarizationE-asymmetry. This asymmetry appears as an
interference between the amplitudes with different
parity-exchange properties.

The helicityE-asymmetry (Fig. (20)) has qualitatively
a similar behavior for all pion photoproduction channels.
The maximum value ofE equals unity atθπ = 0◦ and
180◦. The curves begin with unity and decrease as the
pion angle increases until the minimum value is reached
at θπ ≃ 90◦. Then, it increases again to unity. The
negative values in theE-asymmetry come mainly from
higher positive contribution indσP/dΩ [29].

Figure (20) shows also that the helicityE-asymmetry
does not exhibit a strong effect of the rescattering
contribution and, therefore, it is an excellent observableto
test any weakness in the underlying elementary reaction
model. We find that FSI are sizeable in the neutral
channel, whereas in charged channels they are noticeable
only at the lowest energy. TheE-asymmetry proves to be
sensitive to the choice of the input elementaryγN → πN
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Fig. 20: The double polarizationE-asymmetry (see Eq. (45) for
its definition) as a function of the pion angle in the laboratory
frame at various photon lab-energies for the separate channels
of the reactiond(γ ,π)NN for circularly polarized photons on a
longitudinally polarized deuteron. Curve conventions as in Fig.
(11).

amplitude and to the double-counting of the
πN-rescattering [29]. We would like to point out that very
preliminary data for the helicityE-asymmetry of the
γd → π0np reaction at photon lab-energyEγ = 349± 5
MeV have been measured by the LEGS@BNL
Collaboration [14]. However, the data analysis has not yet
been completed.
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Fig. 21: The Gerasimov-Drell-Hearn integral (see Eq. (46) for its
definition) as a function of the upper integration limit for separate
channels of thed(γ ,π)NN reaction. Curve conventions as in Fig.
(11).

4.3.6 The Gerasimov-Drell-Hearn integral

Next, we discuss the GDH sum rule [28] which links the
anomalous magnetic moment of a particle to the energy
weighted integral of the spin asymmetry of the
photo-absorption cross section. For a particle of massM,
chargeeQ, anomalous magnetic momentκ , and spinS it
reads

IGDH =

∫ ∞

0

dE′
γ

E′
γ

(
σP(E′

γ)−σA(E′
γ )
)
= 4π2κ2 e2

M2 S,

(46)

whereσP(A) denote the total absorption cross sections for
circularly polarized photons on a target with spin parallel
(P) and antiparallel (A) to the photon spin. This sum rule
provides a very interesting relation between a ground
state property (κ) of a particle and its whole excitation
spectrum. Apart from the general assumption that the
integral in Eq. (46) converges, its derivation is based
solely on first principles like Lorentz and gauge
invariances, unitarity, crossing symmetry, and causalityof
the Compton scattering amplitude of a particle.
Consequently, from the experimental and theoretical
points of view, a test for various targets becomes very
important.

To present the results in a direct way, we introduce the
finite GDH integral as defined by

IGDH(Eγ ) =

∫ Eγ

0

dE′
γ

E′
γ

(
σP(E′

γ )−σA(E′
γ )
)
. (47)

In Fig. (21) we depict our results for the evaluation
of the GDH integral for the individual contributions from
the different charge states of the pion for theγd → πNN
reaction as a function of the upper integration limit. The
contributions of various pion photoproduction channels to
the finite GDH integral (Eq. (47)) up to 350 MeV and their
sum are summarized in Table (1) (see also Ref. [29]).

We find that a large positive contribution to the GDH
integral comes from theπ0-production channel, whereas
the charged pion channels give a negative but - in absolute
value - smaller contribution to the GDH integral. This
negative contribution comes from the isovector M1
transition to the1S0 state, which can only be accessed
when the spins of the photon and the deuteron are
antiparallel. The inclusion ofNN-rescattering reduces
significantly (more than a half, see Table (1)) the value of
the integral. The integral is slightly reduced by the
πN-rescattering. Contrary with what we have found in
other observables, we find that FSI effects are sizeable in
the GDH integral for both neutral and charged pion
production channels [29]. The measurement of spin
asymmetry for the various pion photoproduction channels
on the deuteron represents a stringent test of our present
theoretical understanding of theγd → πNN reaction.
Hence, the experimental programs at facilities like MAMI
at Mainz and ELSA at Bonn, concerning the GDH sum
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Table 1: Contributions of various channels for quasifree pion
photoproduction from the deuteron to the finite GDH integral
using the elementary reaction from [31] and explicitly integrated
up to a photon lab-energy of 350 MeV inµb.

Contribution π−pp π+nn π0np πNN

IA -36.08 -13.07 155.93 106.78
IA+NN -46.28 -20.37 111.04 44.39
IA+NN+πN -47.76 -20.11 109.16 41.29

rule on the deuteron are of great importance for further
progress in the field.
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Fig. 22: The helicity-dependent total photoabsorption cross
section difference (σP − σA) for the semiexclusive channels
γd→ π±NN. Curve conventions: dashed, IA∗+NN+πNc using
MAID [ 26]; solid, IA+NN+πN using the bare electromagnetic
multipoles of ELA [31]. Experimental data taken from [13].

4.4 Sensitivity to the elementaryγN → πN
amplitude

In what follows, we discuss the influence of different
choices for the input elementary pion photoproduction
operator on the results presented above for theγd → πNN
reaction channels (see Refs. [29,30] for more results). We
compare results for the helicity total and differential cross
sections, spin asymmetries, and the GDH sum rule for the
deuteron in the energy region from nearπ-threshold to
the ∆ (1232)-resonance, using as elementary reaction
amplitudes the ones provided by the ELA model from
Ref. [31] and those obtained using MAID model [26].
The results of this comparison are collected in Figs. (22),
(23), (24), and (25)).

First, in Fig. (22) we show the helicity-dependent
total photoabsorption cross section difference (σP −σA)
for the semi-exclusive channelsγd → π±NN using the
elementary operators from MAID (dashed curve) and our
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Fig. 23: Circular photon polarization asymmetry for the separate
channels of semi-exclusive pion photoproduction on the deuteron
as a function of the pion angle in the laboratory frame at
various photon lab-energies using different elementary pion
photoproduction operators and including FSI effects. Curve
conventions: dashed, IA∗+NN+πNc using MAID [26]; dotted,
IA∗+NN+πNc using the dressed multipoles of ELA [31]; solid,
IA+NN+πN using the bare electromagnetic multipoles of ELA.

ELA model (solid curve) including FSI effects. We
compare to the latest experimental data from the A2 and
GDH@MAMI Collaborations [13] and we find an
excellent agreement with data. Our ELA computation
provides a slightly better agreement than the computation
using MAID model.

In Fig. (23) we show the helicity differential cross
section differenced(σP − σA)/dΩ using the bare ELA
model (solid), using MAID model (dashed) and the
dressed ELA model (dotted) in the neutral channel. Both
results are quite different, specially at low energies. At the
peak position, we obtain larger values using MAID than
using ELA. At extreme forward pion angles, large
differences between both results is obtained. This
discrepancy is more noticeable for energies close to
π-threshold and shows up the differences among
elementary operators. The difference between the dotted
(dressed ELA) and solid (bare ELA) curves shows the
effect of πN-rescattering, which is found to be important
nearπ-threshold.

If we focus our attention on theE-asymmetry (Fig.
(24)) and GDH integral (Fig. (25)), a sizeable difference
is obtained in the energy region nearπ-threshold. Table
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Fig. 24: The double polarizationE-asymmetry as a function of
the pion angle in the laboratory frame at various photon lab-
energies for the separate channels ofd(γ ,π)NN using different
elementary pion photoproduction operators and including FSI
effects. Curve conventions as in Fig. (23).
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Fig. 25: The Gerasimov-Drell-Hearn integral as a function of the
upper integration limit for separate channels of thed(γ ,π)NN
reaction using different elementary pion photoproduction
operators and including FSI effects. Curve conventions as in Fig.
(23).

(2) displays the extracted values of the GDH integral up
to 350 MeV for all three pion photoproduction channels
and their sum for our results using MAID as elementary
reaction operator. Compared the values in Table (2) using
MAID to the values presented in Table (1) using ELA, we
find that ELA: IGDH

IA (350 MeV) = 106.78 µb whereas
MAID: IGDH

IA∗ (350 MeV) = 147.47 µb. After including
FSI effects we obtained ELA:

Table 2: Same as Table (1) but using the MAID model [26] as
elementary reaction operator.

Contribution π−pp π+nn π0np πNN

IA∗ -23.02 -3.87 174.36 147.47
IA∗+NN -28.79 -8.65 123.13 85.69
IA∗+NN+πNc -29.38 -8.68 122.67 84.61

IGDH
IA+NN+πN(350 MeV) = 41.29 µb whereas MAID:

IGDH
IA∗+NN+πNc

(350 MeV) = 84.61 µb (see also Ref. [29]).
In the charged channels the results using MAID or

ELA as elementary reaction operators are different in the
near π-threshold region, where the predicted
E-asymmetry within the ELA is - in negative sign -
smaller than those within MAID, but provide similar
results in the ∆ (1232)-region. Although both
computations provide results for the GDH integral that
differ in, approximately, a factor two, the curves
computed using MAID and ELA models displayed in Fig.
(22) are not much different, and one must look more in
deep for the reasons in the different GDH values. This
large difference in the GDH - in spite of the relatively
small dissimilarity shown in Fig. (22) - shows the large
sensitivity of the GDH integral to the choice of the
elementary operator employed. The GDH results from
two large contributions of negative and positive signs, that
cancel to a large extent in the final results. The curve
computed with the MAID model seems more
”symmetric” and hence the cancellation of the positive
and the negative contributions to the integral is larger than
for the ELA model computation which presents a larger –
in absolute value – negative part. This partial cancellation
also means that the contribution of the processes
considered in this work to the total GDH integral up to
350 MeV is relatively small compared to other
contributions. For instance in Ref. [24] a value of about
240 µb for the total GDH integral up to 350 MeV is
found. Our pionic contributions gives 42µb. The rest
should be either coherent pion production or two-nucleon
break-up. Summarizing, we can say that the MAID model
provides different predictions for polarization observables
than the ELA model, particularly at low photon energies,
and that the GDH integral provides an excellent
observable to test different pion production operators.

From the preceding discussion it is apparent that
πN-rescattering and the choice of the elementary operator
have a visible effect on spin observables. Therefore, we
have to be careful when including additional
πN-rescattering in calculations that use MAID or SAID
as elementary reaction operator.

5 Conclusions and outlook

The main topic of this work was the investigation of
polarization observables in incoherent pion

c© 2015 NSP
Natural Sciences Publishing Cor.

www.naturalspublishing.com/Journals.asp


546 E. M. Darwish: Review of Polarization Observables in Incoherent Pion...

photoproduction from the deuteron in the energy region
from π-threshold up to the∆ (1232)-resonance with
inclusion of all leadingπNN effects. Formal expressions
for polarization observables are derived and described by
various beam, target and beam-target asymmetries for
polarized photons and/or polarized deuterons. For the
elementary pion photoproduction operator on the free
nucleon, a realistic effective Lagrangian approach is used
which includes seven nucleon resonances, in addition to
Born and vector-meson exchange terms. The interactions
in the final two-body subsystems are taken from separable
representations of realistic potentials. Results are given
for the unpolarized cross sections, the doubly polarized
cross sections for parallel and antiparallel helicity states,
the linear photon asymmetry, the double polarization
E-asymmetry, the vector and tensor deuteron asymmetries
for the γd → π−pp, γd → π+nn, and γd → π0np
channels. Contributions from various channels to the spin
asymmetry and the GDH integral are evaluated by explicit
integration up to a photon lab-energy of 350 MeV. The
sensitivity to the elementaryγN → πN operator of the
results has also been investigated.

Within our model, we have found that the inclusion of
FSI effects is important for unpolarized cross sections. It
leads to a reduction (an overestimation) of the total cross
section forπ0 (π±) production.πN-rescattering appears
to be less important compared to theNN-rescattering in
both neutral and charged channels. Compared to
experimental data, we have found that the sizeable
discrepancies without rescattering are largely reduced and
that a quite good agreement with the data is achieved.
With respect to the ChPT prediction from Ref. [49] for
the total cross section ofπ+ production nearπ-threshold,
we have obtained good agreement when FSI is included.

For the polarized total cross sectionsσP and σA as
well as spin asymmetryσP−σA, we have found that the
influence of FSI stems predominantly from
NN-rescattering, whereasπN-rescattering is much
smaller and appears only inσA close toπ-threshold. In
the neutral channel, we have observed that FSI effects
lead to a strong reduction of the spin asymmetry and that
σP is larger thanσA. In charged channels, we have found
that FSI effects appear mainly inσA nearπ-threshold. We
have also found thatσP − σA starts out negative due to
the E0+ multipole, and has a strong positive contribution
at higher energies due to theM1+ multipole.

The results of spin asymmetries are found to be very
sensitive to the FSI effects, in particular in the case of the
π0 production channel. We have compared our results to
the presently available experimental data. A qualitative
and quantitative agreement with the data ofΣ -asymmetry
from LEGS [14] are obtained after including the FSI
effects. With respect to the prediction without FSI of
Lee-Sato [51] for the Σ -asymmetry ofπ−-production
channel, good agreement is found too. Regarding the
results of the E-asymmetry, qualitatively a similar
behavior for all channels is found. We have also found
that the influence of the FSI effects is strong, especially in

the neutral channel at forward angles and low energies.
The contributions of separate channels to the GDH
integral are evaluated by explicit integration up to 350
MeV. A total value of the GDH integral of
IGDH
IA+NN+πN(350 MeV) = 41.29 µb has been computed

after including FSI effects. A large positive contribution
to the GDH integral came from theπ0-production
channel whereas the charged pion channels gave a
negative but – in absolute value – smaller contribution to
the GDH integral.

We have also studied the influence of the elementary
operator on the unpolarized cross sections, polarized
cross sections, spin asymmetries, and GDH integral. All
observables, specially the spin asymmetries for both the
neutral and charged channels, are found to be very
sensitive to the elementary operator. In many cases the
deviation among results obtained using different operators
is very large. It is shown also that the processd(γ,π)NN
can serve as a filter for different elementary operators
since its cross section and asymmetry predictions show
very different values when one varies the elementary pion
production operators employed.

The GDH integral is found to be an excellent
observable to discriminate among different elementary
pion production operators. We obtain quite different
values for the GDH integral for the MAID and the ELA
models, in spite of the fact that their predictions for the
σP −σA observable seem similar (see Fig. (22)). Due to
an important cancelation of the contributions below and
above a photon energy of 260 MeV the pionic
contribution to the GDH integral up to 350 MeV
computed in this work gives 42µb, what is relatively
small compared to other contributions. The rest should be
either coherent pion production or two-nucleon break-up
[24].

Finally, we would like to point out that future
improvements of the present model (in particular, its
extension to higher energies) can be achieved by
including the next leading correction from the
intermediateNN, NN∗, andN∆ interactions. Polarization
observables in general constitute more stringent tests for
theoretical models due to their sensitivity to small
amplitudes. At this point, a much needed measurement on
the deuteron spin asymmetries will certainly provide us
with an important observable to test our knowledge of the
pion photoproduction on the neutron process and, hence,
to provide us with valuable information on the neutron
spin asymmetry in an indirect way. An independent test
within the framework of effective field theory will be also
of great interest. Moreover, the formalism can also be
extended to investigate polarization observables of pion
electroproduction on the deuteron where the virtual
photon has more degrees of freedom than the real one.
Therefore, it can be used to explore the reaction more
deeply.
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[9] E.M. Darwish, H. Arenhövel, and M. Schwamb, Eur. Phys. J.

A 17, 513 (2003).
[10] I. T. Obukhovskyet al., J. Phys. G: Nucl. Part. Phys. G29,

2207 (2003).
[11] B. Kruscheet al., Eur. Phys. J. A6, 309 (1999); B. Krusche

and S. Schadmand, Prog. Part. Nucl. Phys.51, 399 (2003); V.
Burkert and T.-S.H. Lee, Int. J. Mod. Phys. E13, 1035 (2004);
D. Drechsel and L. Tiator, Ann. Rev. Nucl. Part. Sci.54, 69
(2004); H. Dutzet al., Phys. Rev. Lett.93, 032003 (2004); K.
Helbing, Prog. Part. Nucl. Phys.57, 405 (2006).

[12] P. Pedroni, private communication; C.A. Rovelli, Diploma
thesis, University of Pavia, Italy (2002); O. Jahn, in
Proceedings of the 3rd International Symposium on the
Gerasimov-Drell-Hearn Sum Rule and its Extensions (GDH
2004), Norfolk, Virginia, June 1-5 (2004); A. Braghieri,
in Proceedings of the 10th International Conference
on the Structure of Baryons (BARYONS 2004), Ecole
Polytechnique, Polaiseau, France, Oct. 25-29 (2004); A.
Thomas and M. Martı́nez, in Proceedings of the Symposium
of Twenty Years of Physics at the Mainz Microtron (MAMI),
J. Gutenberg-Universität, Mainz, Germany, Oct. 19-22
(2005); T. Rostomyan, PhD dissertation, Gent University
(2005); H.-J. Arends, in Proceedings of the 9th Conference
on the Intersections of Particle and Nuclear Physics (CIPNP
2006), Westin Rio Mar Beach, Puerto Rico, May 30-June
03 (2006); T. Rostomyan and P. Pedroni, in 23rd Students’
Workshop on Electromagnetic Interactions, Bosen (Saar),
Germany, Sept. 3-8 (2006); A. Thomas, Eur. Phys. J. A
28, Suppl. 1, 161 (2006); M. Martı́nez, PhD dissertation, J.
Gutenberg-Universität, Mainz, Germany.

[13] J. Ahrenset al., Phys. Rev. Lett.97, 202303 (2006); Phys.
Rev. Lett.98, 039901(E) (2007).

[14] LEGS@BNL Collaboration, A.M. Sandorfi and M. Lucas,
private communication; M. Lucas, inL OWq 2001 Workshop
on Electromagnetic Nuclear Reactions at Low Momentum
Transfer, Halifax, Nova Scotia, Canada, 23-25 August, 2001.

[15] A. Loginov, A. Sidorov, and V. Stibunov, Phys. Atom. Nucl.
63, 391 (2000) [Yad. Fiz.63, 459 (2000)].

[16] E. M. Darwish, Nucl. Phys. A735, 200 (2004).
[17] E.M. Darwish, Int. J. Mod. Phys. E13, 1191 (2004).
[18] E.M. Darwish, J. Phys. G31, 105 (2005).
[19] E.M. Darwish, Prog. Theor. Phys.113, 169 (2005).
[20] E.M. Darwish, Phys. Lett. B615, 61 (2005).
[21] E.M. Darwish and A. Salam, Nucl. Phys. A759, 170 (2005).
[22] E.M. Darwish and M. El-Zohry, Phys. Scr.75, 738 (2007).
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[40] H. Arenhövel, Few-Body Syst.4, 55 (1988).
[41] B. A. Robson, The Theory of Polarization Phenomena

(Clarendon Press, Oxford, 1974).
[42] A. R. Edmonds,Angular Momentum in Quantum Mechanics

(Princeton University Press, New Jersey, 1957).
[43] J. Ahrens et al., Eur. Phys. J. A21, 323 (2004); I.

Preobrajenski, Dissertation, Institut für Kernphysik, Johannes
Gutenberg-Universität, Mainz, (2001).

c© 2015 NSP
Natural Sciences Publishing Cor.

www.naturalspublishing.com/Journals.asp
 http://www.kph.uni-mainz.de/MAID/maid2003/
 http://gwdac.phys.gwu.edu.


548 E. M. Darwish: Review of Polarization Observables in Incoherent Pion...

[44] H. Garcilazo and T. Mizutani,πNN Systems, (World
Scientific, Singapore, 1990).

[45] P. Benzet al., Nucl. Phys. B65, 158 (1973).
[46] G. Chiefari, E. Drago, M. Napolitano, and C. Sciacca, Lett.

Nuovo Cim.13, 129 (1975).
[47] M.A. Quraanet al., Phys. Rev. C57, 2118 (1998).
[48] E.C. Booth, B. Chasan, J. Comuzzi, and P. Bosted, Phys.

Rev. C20, 1217 (1979).
[49] V. Lensky, V. Baru, J. Haidenbauer, C. Hanhart, A.

Kudryavtsev, and U.-G. Meißner, Eur. Phys. J. A26, 107
(2005).

[50] I. Duck, Phys. Lett. B59, 9 (1975); J.V. Noble, Phys. Lett.
B 67, 39 (1977).

[51] T.-S.H. Lee and T. Sato, private communication.
[52] T. Sato and T.-S.H. Lee, Phys. Rev. C54, 2660 (1996); T.

Sato and T.-S.H. Lee, Phys. Rev. C63, 055201 (2001).

Eed M. Darwish
is an Associate Professor of
Physics at Sohag University,
Egypt. He received his
PhD degree in Theoretical
Nuclear Physics from
the Johannes-Gutenberg
University, Mainz, Germany
as a DAAD scholarship. Then
he became a Faculty Member

at Sohag University for six years. He became Assistant
Professor of Physics at Sohag University in 2002 and
Associate Professor in 2013. He joined Taibah University,
Saudi Arabia as an Associate Professor (on leave) in
2008. He has served as Head of Applied Physics
Department at Taibah University in 2009-2011. His
research includes work on the study of sub-nuclear
degrees of freedom in electromagnetic reactions in
few-body systems, mainly the deuteron, e.g. photo- and
electro-production of pseudo-scalar mesons on the
deuteron including polarization observables. He has
published more than 60 research papers in reputed
international journals of physics. He is referee of several
international physics journals.

c© 2015 NSP
Natural Sciences Publishing Cor.


	Introduction
	Elementary electromagnetic and hadronic reactions
	Theoretical treatment of the dNN reaction
	Results and discussion
	Conclusions and outlook

