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We discuss possible uncertainties in theoretical predictions forγd → π0d observables near threshold due to the use of different elementary
γN → πN amplitudes using an approach which is based on time-ordered perturbation theory. Results are presented for unpolarized cross
sections and all possible spin asymmetries of differential and total cross sections. Our results indicate that the estimations of the uncertainty
on theγd → π0d observables show important sensitivity to the modeling of the elementaryγN → πN operator. A comparison to presently
available experimental data is given. The results presented here are of particular interest for the evaluation of the systematic uncertainties
caused by the use of different elementary operators in the analyses ofγd → π0d measurements to extract information on the free neutron
amplitude from deuteron data.
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1. Introduction

Understanding the internal structure and reactions of nu-
clear systems from first principles was, for a long time, an
important goal of nuclear and particle physics. In this re-
gard, few- and many-body systems provide a unique labo-
ratory for studying nuclear interactions. Recent years have
witnessed interesting developments in coherent and incoher-
ent pion photoproduction on the deuteron and light nuclei,
since relevant experimental studies have been performed (see
Refs. [1–14] and references therein). These reactions can
be utilized to investigate the internal structure of hadrons in
the non-perturbative domain of Quantum Chromodynamics
(QCD) and study the behavior of nucleon resonances in the
nuclear medium.

In particular, the reactionγd → π0d may be used as an
isospin filter and it is sensitive to the coherent sum of the
proton and neutron amplitudesγp → π0p andγn → π0n,
respectively. Theγd → π0d reaction nearπ-threshold serves
also as a test of our understanding of the chiralπN dynam-
ics. The use of deuteron as an effective neutron target al-
lows one to gain abundant information on the mechanisms of
the elementary pion photoproduction off free neutron which
otherwise is not possible due to the absence of any stable,
dense, free-neutron targets. Furthermore, the deuteron repre-
sents also an ideal object for the study ofNN interactions.

So far, many studies have been carried out dealing with
the reactionγd → π0d in the photon energy region from

π-threshold up to 1 GeV in order to obtain information on
π0-photoproduction off free neutrons [15–33]. In spite of
all these great theoretical efforts, a good description of the
experimental data has not been yet found [3, 4, 6, 7]. The
disagreement between theoretical models and experimental
data may be indicative of shortcomings in the elementary
γN → πN amplitudes. It was found in Refs. [34–39] that the
γd → πNN observables nearπ-threshold are considerably
dependent on the elementaryγN → πN amplitude. During
the last decades, more realistic models for theγN → πN
amplitude have been constructed [40–48]. Therefore, the
construction of more realistic models for the investigation of
the electromagnetic pion photo- and electroproduction pro-
cesses on the deuteron and light nuclei remain challenging.

In addition, theoretical models which consider polariza-
tion observables for the reactionγd → π0d nearπ-threshold
are very rare. Indeed, polarization observables constitute
much more stringent tests of theoretical models. For instance,
the helicity dependent total cross sections with respect to par-
allel (σP ) and antiparallel (σA) spins of photon and deuteron
provide important information on the nucleon spin structure.
These cross sections are also required to test the validity of
the Gerasimov-Drell-Hearn (GDH) sum rule [49]. Further-
more, the deuteron spin asymmetryσP −σA and the helicity
E-asymmetry contain very interesting physics with respect
to the internal hadron structure. Moreover, the double spin
asymmetryT c

10 for circular polarized photons and vector po-
larized deuterons is also of great interest. It gives additional
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important information on the internal spin structure of the
deuteron and provides a direct extraction of the GDH sum
rule [49].

Therefore, the main aim of the present work is to dis-
cuss theoretical uncertainties in the analyses ofγd → π0d
observables nearπ-threshold due to the use of elementary
γN → πN amplitudes. Since the extraction of the elemen-
tary γp → π0p andγn → π0n amplitudes essentially relies
on an interpretation in terms of the plane-wave impulse ap-
proximation (PWIA), it is necessary to study its validity, i.e.,
to have a quantitative estimate of all possible mechanisms
going beyond the PWIA. However, in the present paper we
want to restrict ourselves to the PWIA while a more realistic
treatment including all possible reaction mechanisms will be
reported in a forthcoming paper. Here, we want to explore
the impact on the description of theγd → π0d observables
from the choice of the pion photoproduction amplitudes off
protons and neutrons. To the best of our knowledge, this has
not been studied previously in the literature. We also investi-
gate whether the uncertainties caused by the use of different
elementary operators for the predictions of polarization ob-
servables in theγd → πNN reaction channels [34–39] are
also seen in the analyses of the coherentπ0-photoproduction
off deuterons,γd → π0d. It was demonstrated in Ref. [1] that
the single- and double-polarization observables will allow us
to select between different models for pion photoproduction
on the nucleon.

Most recently, the sensitivity of the results for single-spin
asymmetries and the helicityE-asymmetry in theγd → π0d
reaction near threshold to the choice of the pion photopro-
duction amplitude has been investigated [33]. Unfortunately,
the results presented in that work are based on an error in
the definitions of initial and final relative momenta of the two
nucleons in the deuteron process. Because of that the corre-
sponding total energy of the photon-nucleon (γN ) subsystem
was not properly defined, but it strongly affects the predicted
results especially at photon lab-energies close toπ-threshold
and forward pion angles. Thus, the importance of theoreti-
cal uncertainties in theγd → π0d observables still requires a
more careful treatment as done in Ref. [33].

Therefore, the present work was motivated to present re-
sults for the unpolarized differential and total cross sections
as well as for all possible beam, target, and beam-target spin
asymmetries of the differential and total cross sections in the
photon energy region from nearπ-threshold to 170 MeV. As
elementary amplitudes, the one provided by the unitary iso-
bar MAID-2007 model from [46] and those obtained using
the Dubna-Mainz-Taipei dynamical model (DMT-2001) [47]
and the chiral MAID model (χMAID-2013) [48] are used.
Furthermore, we compare our results for the unpolarized
differential cross section with the experimental data from
TAPS [4]. In this comparison with experiment we concen-
trate our discussion on the unpolarized differential cross sec-
tion, because data for polarization observables are still not
available. The calculations presented in this paper are of

particular interest for the evaluation of the systematic uncer-
tainties caused by the use of different elementary operators
in the analyses ofγd → π0d measurements. These uncer-
tainties should be kept in mind when extracting information
on the free neutron amplitude from experimental data on the
deuteron.

This paper is structured as follows. In Sec. 2, we briefly
outline the theoretical framework used to describe theγd →
π0d reaction. We give the explicit expressions for theγd →
π0d observables in terms of the reducedt-matrix elements.
Subsequently, we calculate the scattering amplitude for this
reaction based on time-ordered perturbation theory. Section 3
is devoted to the main results together with a comparison with
the available experimental data. Finally, we summarize our
results in Sec. 4.

2. Theoretical framework

In this section we briefly describe the theoretical frame-
work for the coherentπ0-photoproduction reaction on the
deuteron. We would like to mention that the general for-
malism for theγd → π0d reaction has been described in
Ref. [29], and we refer the reader to that work for further
details. Here, we briefly recall the necessary notation and
definitions.

2.1. Cross section and observables

We consider the reactionγd → π0d in the photon-deuteron
(γd) center-of-momentum (c.m.). We use a coordinate sys-
tem with thez-axis along the photon momentum~k (~ez = k̂ =
~k/k), they-axis parallel to~k× ~q, and thex-axis in the direc-
tion of maximal linear photon polarization [50], in which the
pion momentum~q has spherical coordinatesθ andφ. If the
incoming photon beam is not linearly polarized, then thex-
axis may be chosen arbitrary, and there is no dependence on
the angleφ. For the deuteron states, a non-covariant normal-
ization following to the conventions of Ref. [51] is used. The
initial and final total three-momenta of the two nucleons in

FIGURE 1. Diagrammatic representation of theγd → π0d reaction
in the impulse approximation with definition of momenta in theγd
c.m. system. The spectator nucleon is on-shell.
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the deuteron are given in the c.m. system by~P = ~p1 + ~p2 = −~k and ~P ′ = ~p ′1 + ~p ′2 = −~q, respectively. For the initial and
final relative three-momenta of the two nucleons in the deuteron in the c.m. system, we obtain~pr = (~p1 − ~p2) /2 = ~p − ~k/2
and~p ′r = (~p ′1 − ~p ′2) /2 = ~p− ~q/2, respectively (see Fig. 1).

The cross section for arbitrary polarized photons and initial deuterons can be calculated for a given transitionM-matrix by
applying the density matrix formalism [50]. All different cross sections for theγd → π0d reaction have the form:

O = K
∑

m̃′
dλ̃m̃d

∑

m′
dλmd

M∗
m̃′

dλ̃m̃d
Ωm̃′

dm′
d
Mm′

dλmd
ργ

λλ̃
ρd

mdm̃d
, (1)

whereK is a kinematic factor,Mm′
dλmd

the scattering matrix,ργ (ρd) the density matrix for incoming photon (initial
deuteron) polarization,md (m′

d) the spin projection of the initial (final) deuteron, andλ = ±1 the circular photon polarization.
A polarimeter for the deuteron in the final state is described by the operatorΩ. In the present work, we setΩ = 1, because
we do not consider any polarization analysis of the final deuteron. The scatteringMm′

dλmd
-matrix is given by isolating the

azimuthal dependence as follows [17,22]:

Mm′
dλmd

(θ, φ) = ei(λ+md)φ tm′
dλmd

(θ) , (2)

where the reducedt-matrix elements are defined by separating theφ-dependence from theM-matrix elements. Parity conser-
vation gives for thet-matrix the symmetry:

t−m′
d−λ−md

= (−1)1+m′
d+λ+md tm′

dλmd
. (3)

The kinematic factorK is given in theγd c.m. frame by:

K =
1

16π2

EdE
′
d

W 2
γd

q

k
, (4)

where the deuteron energies in the initial and final states are given byEd =
√

M2
d + k2 andE′

d =
√

M2
d + q2, respectively,

with Md as deuteron mass. The absolute values of the photon and pion three-momenta in theγd c.m. frame are given,
respectively, by:

k =
1

2Wγd
(W 2

γd −M2
d ) and q =

1
2Wγd

√
[W 2

γd − (Md −mπ)2][W 2
γd − (Md + mπ)2] . (5)

The invariant energy of theγd system is given as:

Wγd = Eγ + Ed = k +
√

M2
d + k2 , = Eπ + E′

d =
√

m2
π + q2 +

√
M2

d + q2 ,=
√

M2
d + 2MdEγ , (6)

wheremπ is the neutral-pion mass.
Following the rules of Ref. [52], we write the differential cross section in terms of the unpolarized differential cross section

dσ0/dΩ and the various spin asymmetriesΣ, TIM , T c
IM , andT l

IM as follows:

dσ

dΩ
=

dσ0

dΩ

[
1 + P γ

l

{
Σ cos 2φ +

2∑

I=1

P d
I

I∑

M=−I

T l
IM cos

[
ψM − δI1

π

2

]
dI

M0(θd)
}

+
2∑

I=1

P d
I

I∑

M=0

(
TIM cos

[
M(φd − φ)− δI1

π

2

]
+ P γ

c T c
IM sin

[
M(φd − φ) + δI1

π

2

] )
dI

M0(θd)
]
, (7)

whereψM = M (φd − φ) + 2φ anddI
M0(θd) is a small rotation matrix for which the convention of Ref. [53] is used. The

photon polarization is characterized by the degree of circularP γ
c = P γ

z and linearP γ
l =

√
(P γ

x )2 + (P γ
y )2 polarization, where

thex-axis has been chosen in the direction of maximum linear polarization,i.e. P γ
x = −P γ

l andP γ
y = 0. The deuteron is

characterized by the vector and tensor polarization componentsP d
1 andP d

2 , respectively, and the orientation angles (θd, φd) of
the orientation axis of the deuteron with respect to which the density matrix of the deuteron has been assumed to be diagonal;
the elements withmd 6= m′

d will therefore vanish.
In order to express the unpolarized differential cross section and various polarization observables in terms of thet-matrix,

it is appropriate to define the two quantities [50]:

VIM =
K√
3

√
2I + 1

∑

mdm′
d

(−)1−md

(
1 1 I

m′
d −md M

) ∑

m′′
d

t∗m′′
d 1m′

d
tm′′

d 1md
, (8)

WIM = − K√
3

√
2I + 1

∑

mdm′
d

(−)1−md

(
1 1 I

m′
d −md M

) ∑

m′′
d

t∗m′′
d 1m′

d
tm′′

d−1md
, (9)
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where the convention of Edmonds [53] is used for the Wigner 3j-symbol. The explicit formal expressions for unpolarized
differential cross section and spin asymmetries can be derived as follows [28]:

(i) The unpolarized differential cross section:

dσ0

dΩ
= V00 =

K
3

∑

m′
dmd

|tm′
d1md

|2 . (10)

(ii) The linear photon asymmetry:

Σ
dσ0

dΩ
= W00 = −K

3

∑

m′
dmd

t∗m′
d1md

tm′
d−1md

. (11)

(iii) The vector target asymmetry:

T11
dσ0

dΩ
= 2=mV11 =

√
2
3
K=m

∑
md

(t∗md1−1 tmd10 + t∗md10 tmd11) . (12)

(iv) The tensor target asymmetries:

T2M
dσ0

dΩ
= (2− δM0)<eV2M for 0 ≤ M ≤ 2 ,

with

T20
dσ0

dΩ
=

K
3
√

2

∑
md

(|tmd11|2 + |tmd1−1|2 − 2 |tmd10|2) , (13)

T21
dσ0

dΩ
=

√
2
3
K<e

∑
md

(t∗md1−1 tmd10 − t∗md10 tmd11) , (14)

T22
dσ0

dΩ
=

2K√
3
<e

∑
md

t∗md1−1 tmd11 . (15)

(v) The spin asymmetries for circularly polarized photons and vector polarized deuterons:

T c
1M

dσ0

dΩ
= −(2− δM0)<eV1M , for 0 ≤ M ≤ 1

with

T c
10

dσ0

dΩ
=

K√
6

∑
md

(|tmd11|2 − |tmd1−1|2) , (16)

T c
11

dσ0

dΩ
= −

√
2
3
K<e

∑
md

(t∗md1−1 tmd10 + t∗md10 tmd11) . (17)

(vi) The spin asymmetries for circularly polarized photons and tensor polarized deuterons:

T c
2M

dσ0

dΩ
= −(2− δM0)=mV2M , for 0 ≤ M ≤ 2

with

T c
21

dσ0

dΩ
=

√
2
3
K=m

∑
md

(t∗md10 tmd11 − t∗md1−1 tmd10) , (18)

T c
22

dσ0

dΩ
= −2K√

3
=m

∑
md

t∗md1−1 tmd11 . (19)

Because the quantityVI0 is real according toV∗IM = (−)M VI−M under complex conjugation, the spin asymmetryT c
20

vanishes identically.
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(vii) The spin asymmetries for linearly polarized photons and vector polarized deuterons:

T l
1M

dσ0

dΩ
= iW1M , for − 1 ≤ M ≤ 1,

with

T l
10

dσ0

dΩ
=

√
2
3
K=m

∑
md

t∗md11 tmd−11 , (20)

T l
11

dσ0

dΩ
= −

√
2
3
K=m

∑
md

t∗md1−1 tmd−10, (21)

T l
1−1

dσ0

dΩ
=

√
2
3
K=m

∑
md

t∗md11 tmd−10 . (22)

(viii) The spin asymmetries for linearly polarized photons and tensor polarized deuterons:

T l
2M

dσ0

dΩ
= W2M , for − 2 ≤ M ≤ 2,

with

T l
20

dσ0

dΩ
=
√

2
3
K<e

∑
md

(t∗md10 tmd−10 − t∗md11 tmd−11) , (23)

T l
21

dσ0

dΩ
=

√
2
3
K<e

∑
md

t∗md10 tmd−11 , (24)

T l
2−1

dσ0

dΩ
=

√
2
3
K<e

∑
md

t∗md10 tmd−1−1 , (25)

T l
22

dσ0

dΩ
= − K√

3

∑
md

t∗md1−1 tmd−11 , (26)

T l
2−2

dσ0

dΩ
= − K√

3

∑
md

t∗md11 tmd−1−1 . (27)

We would like to mention that forθ = 0 andπ the spin asymmetriesT c
IM = 0 for M 6= 0 andT l

IM = 0 for M 6= 2
because in that case the angleφ is undefined or arbitrary and, therefore, the differential cross section cannot depend onφ.

The deuteron spin asymmetry with respect to circularly polarized photons and the deuteron spin oriented parallel (P) and
antiparallel (A) to the photon spin is related to the spin asymmetryT c

10 according to [54]:

d(σP − σA)
dΩ

=
√

6
dσ0

dΩ
T c

10 . (28)

As mentioned in the Introduction, the asymmetryT c
10 is of special interest, because it is related to the spin asymmetryσP −σA

which determines the GDH sum rule [49].
The general form of the total cross section with inclusion of photon and deuteron polarization effects is obtained from

Eq. (7) by integratingdσ/dΩ over the pion spherical angledΩ and reads [54]:

σ(P γ
l , P γ

c , P d
1 , P d

2 ) = σ0

[
1 + P d

2 T̃20
1
2
(3 cos2 θd − 1) + P γ

c P d
1 T̃ c

10 cos θd + P γ
l P d

2 T̃ l
22 cos(2φd)

√
6

4
sin2 θd

]
, (29)

where the unpolarized total cross sectionσ0 and the corresponding spin asymmetriesσ0 T̃20, σ0 T̃ c
10 andσ0 T̃ l

22 are given by:
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σ0 =
∫

dΩ
dσ0

dΩ
, (30)

σ0 T̃20 =
∫

dΩ
dσ0

dΩ
T20 , (31)

σ0 T̃ c
10 =

∫
dΩ

dσ0

dΩ
T c

10 , (32)

σ0 T̃ l
22 =

∫
dΩ

dσ0

dΩ
T l

22 . (33)

2.2. Theγd → π0d amplitude

Next, the transition matrix elementsMm′
dλmd

are calculated
in the frame of time-ordered perturbation theory. The impulse
approximation (IA), in which the reaction will take place only
on one of the two nucleons in the deuteron leaving the other
as a pure spectator, usually serves as the starting point to
calculate the amplitude for electromagnetic pion production
on the deuteron [16] or, in general, on a nucleus. It corre-
sponds to a direct embedding of the elementaryγN → πN
amplitudes into the two-nucleon system. In our framework,
we restrict the calculation of the transition matrix elements
Mm′

dλmd
to IA in order to study the dependence of results

for theγd → π0d observables on the elementary pion photo-
production operator.

The production operatortdγπ for the deuteron process is
obtained from the elementary operatortγπ by:

tdγπ = t(1)γπ ⊗ 11(2) + 11(1) ⊗ t(2)γπ . (34)

The upper index refers to the nucleon on which the elemen-
tary operator acts. This means thattdγπ contains pure sin-
gle nucleon terms. The transitionM-matrix of coherentπ0-
photoproduction on the deuteron has the following form:

Mm′
dλmd

(~k, ~q) = 2
∫

d3p

(2π)3
ψ†m′

d

(
~p− ~q

2

)

× 〈~p− ~q | t(1)γπ | ~p− ~k〉ψmd

(
~p−

~k

2

)
, (35)

whereψmd
(~p) denotes the deuteron wave function andt

(1)
γπ

the elementaryγN → πN operator.
For the intrinsic part of the deuteron wave function we

use the ansatz:

ψmd
(~p ) =

∑

L=0,2

∑
mLmS

(LmL1mS |1md)

× uL(p) YLmL(p̂)χmS ζ0 . (36)

The last two termsχmS andζ0 denote spin and isospin wave
functions, respectively. TheS and D components of the
deuteron wave function (DWF) are given byu0(p) andu2(p),

respectively. In the present work, we compute the radial
deuteron wave functionsuL(p) using the realistic and high-
precision Bonn full model [55].

For the elementaryγN → πN amplitude, we take the
π-production operator from the unitary isobar MAID-2007
model introduced in Ref. [46]. This model is based on Born
terms,ρ andω vector-meson exchange contributions, and 13
four-star nucleon resonance excitations. It describes well the
elementaryγN → πN amplitude and agrees with experi-
mental observations very well. The MAID-2007 model is
parameterized in terms of invariant amplitudes and therefore
allows one to evaluate the transition deuteron amplitude in
any frame of reference.

To study the uncertainties caused by the use of differ-
ent elementary pion photoproduction operators in the anal-
yses ofγd → π0d observables, the dynamical DMT-2001
model [47] and theχMAID-2013 model [48] are used. The
DMT-2001 model is a unitary dynamical model based on
a non-resonant background described by Born terms and
vector-meson exchange contributions in thet-channel (ρ and
ω) and the following 8 four-star nucleon resonances in the
s-channel: P33(1232), P11(1440), D13(1520), S11(1535),
S31(1620), S11(1650), F15(1680), and D33(1700). The
DMT-2001 model describes the pion photo- and electropro-
duction observables in terms of photon and nucleon degrees
of freedom and provides a very good description of experi-
mental data in the near-threshold region. TheχMAID-2013
model for studying pion photo- and electroproduction on the
nucleon in the near-threshold region has been constructed in
relativistic chiral perturbation theory and included all multi-
pole amplitudes up to and including`=4 or, in other words,G
waves. This model provides a comprehensive description of
the elementary process on the free nucleon up to photon ener-
gies of 170 MeV in the laboratory frame. The details of each
of the used models (MAID-2007, DMT-2001, andχMAID-
2013) can be found in their original works in Refs. [46–48]
and therefore will not repeated here.

3. Results and discussions

In this section, we explore the sensitivity of the results for
unpolarized cross sections as well as all various beam, target,
and beam-target spin asymmetries of theγd → π0d reac-
tion near threshold to the elementary pion photoproduction
amplitude. For this purpose, we use for the elementary reac-
tion amplitudes three different realistic models. These mod-
els are the MAID-2007 [46], DMT-2001 [47], andχMAID-
2013 [48]. For the deuteron wave function, we use the re-
alistic and high-precision Bonn full model [55]. We discuss
the energy and angular dependences of the results for these
observables and give a comparison of the obtained results
with the available experimental data. In all the upcoming
figures, the dashed, dotted, and solid curves represent the re-
sults using MAID-2007 [46], DMT-2001 [47], andχMAID-
2013 [48] models for the elementary operator, respectively.
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FIGURE 2. (Color online) The differential cross section for the reactionγd → π0d using different elementary operators and the DWF from
Bonn full potential. The dashed, dotted, and solid curves represent the results using the MAID-2007, DMT-2001, andχMAID-2013 models
for the elementary operator, respectively. Results atEγ = 144 MeV are multiplied by the factor in the parentheses.

3.1. Differential and total cross sections

First, we show in Fig. 2 the energy and angular depen-
dences of the results for unpolarized differential cross sec-
tion, dσ0/dΩ, using different elementaryγN → πN ampli-
tudes. We see that thedσ0/dΩ results with different elemen-
tary amplitudes are quite different especially at forward pion
angles. The differences between the results with various ele-
mentary amplitudes decrease with increasing pion angle until
they become very small atθ = 180◦. When the dashed curve
(MAID-2007) is compared with both the dotted (DMT-2001)
and solid (χMAID-2013) curves, one can see that these dif-
ferences are very obvious at forward pion angles and show
up the discrepancies among elementary amplitudes. In this
case, the calculateddσ0/dΩ within the MAID-2007 model is
smaller than those within DMT-2001 andχMAID-2013. At
extreme backward pion angles, we see that the curves rep-
resent the results ofdσ0/dΩ using MAID-2007, DMT-2001,
andχMAID-2013 are very close to each other and thus the

FIGURE 3. (Color online) The unpolarized total cross section for
the reactionγd → π0d as a function of photon lab-energy using
different elementary operators and the DWF from Bonn fullNN
potential. Curve conventions as in Fig. 2.

influence of elementary operators ondσ0/dΩ is negligible in
this case. This means that thedσ0/dΩ results are sensitive to
the choice of the elementary amplitude at forward pion an-
gles.

Figure 3 shows the results for the unpolarized total cross
section,σ0, for the reactionγd → π0d as a function of the
photon energy in the laboratory system,Eγ , using different
elementary operators. The importance of the choice of el-
ementary amplitude is clearly addressed when the calcula-
tion with the MAID-2007 (dashed curve) is compared to the
DMT-2001 (dotted curve) andχMAID-2013 (solid curve)
curves. It is very clear that the results using MAID-2007
model differ significantly from the DMT-2001 andχMAID-
2013 ones. However, theσ0 results using DMT-2001 and
χMAID-2013 models are close to each other. We would like
to point out that the MAID-2007 model is based on a single
channel approach, whereas the DMT-2001 model is based on
coupled channels. This is an important difference between
both models.

3.2. Single-spin asymmetries

Now, we focus our attention on the single-spin asymmetries
of polarized photons (Σ) or polarized deuterons (T11, T20,
T21, andT22) for ~γd → π0d andγ ~d → π0d, respectively.
We present in Fig. 4 the results for the linear photon asymme-
try Σ at different photon lab-energies as a function of emis-
sion pion angleθ in theγd c.m. frame. In general, one can
see the results forΣ remain same qualitatively but quanti-
tatively slightly changed. Figure 4 shows that the photon
Σ-asymmetry has dominately negative values in the photon
energy domain of the present work. One displays also that
the Σ-asymmetry decreases with increasing pion scattering
angle until a minimum close toθ ' 130◦ at Eγ = 144 MeV
is reached. This minimum is shifted towards lower pion an-
gles with increasing the photon lab-energy. Then the pho-
ton asymmetryΣ increases with increasing pion angle until
it reaches zero atθ = π. It is also noticeable from Fig. 4 that
the photon asymmetryΣ vanishes atθ = 0◦ and180◦, be-
cause in that case the differential cross section cannot depend
on the azimuthal angleφ, since atθ = 0 andπ the angleφ
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FIGURE 4. (Color online) Same as in Fig. 2 but for the photonΣ-asymmetry with linearly polarized photons and unpolarized deuterons.

FIGURE 5. (Color online) Same as in Fig. 2 but for the deuteron asymmetries with vectorT11 and tensorT2M (M = 0, 1, 2) polarized
deuterons and unpolarized photons.
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is undefined or can be arbitrary. At extreme forward and
backward emission pion angles, one notes that the photon
Σ-asymmetry is relatively small in comparison to the results
whenθ varies from60◦ to 150◦.

We found that the asymmetryΣ is sensitive to the ele-
mentary amplitude, especially in the peak region where size-
able differences are obtained in the pion angle range from
60◦ to 150◦. It has a minimal value aroundθ ' 135◦ in the
case ofχMAID-2013 (solid curve) and it is shifted towards
lower pion angles in the case of DMT-2001 (dotted curve)
and MAID-2007 (dashed curve). It is also very obvious that
the computations with different elementary amplitudes are
quite different with, in absolute size, a largerΣ-asymmetry
predicted usingχMAID than the ones obtained with DMT
and MAID models. This discrepancy shows up the differ-
ences among elementary pion photoproduction operators and
means thatΣ is very sensitive to the choice of the elementary
amplitude, in particular in the vicinity of the peak.

For polarization observables with polarized deuteron tar-
gets and unpolarized photon beams, we present in Fig. 5 the
sensitivity of the results for the vectorT11 and tensorT2M

(M = 0,1,2) deuteron spin asymmetries for the reaction
γ ~d → π0d to the choice of elementary pion photoproduc-
tion amplitude. We see that the results forT11 asymmetry
exhibit qualitatively similar behaviors for different elemen-
tary pion photoproduction operators. TheT11 asymmetry is
sensitive to the imaginary parts of the scattering amplitudes
and its values vanish identically atθ = 0 andπ. This asym-
metry depends on the relative phase of the matrix elements

as can be seen from Eq. (12). It would vanish for a constant
overall phase of thet-matrix. One can also see that the re-
sults using different elementary operators are quantitatively
rather different even at forward and backward pion angles.
This discrepancy displays the differences among elementary
pion photoproduction operators which means that theT11-
asymmetry is sensitive to the choice of the elementary ampli-
tude.

The results for tensor deuteron spin asymmetriesT2M

(M = 0,1,2) are also shown in Fig. 4. In general, we see
that the results for these asymmetries at the lowest photon
energy,Eγ = 144 MeV, are rather different than the results
at higher photon energies, especially in the case ofT22 asym-
metry. The results forT20 andT21 asymmetries using various
elementary amplitudes exhibit qualitatively, but not quantita-
tively, similar behaviors. One can see that the results using
different elementary operators are quantitatively rather dif-
ferent, which means that these spin asymmetries are slightly
sensitive to the choice of the elementary amplitude. When the
photon energy increases, we see that the curves represent the
results ofT20 andT21 using various elementary amplitudes
are close to each other and thus the influence of elementary
operators onT20 is small in this case. TheT22 asymmetry
indicates at photon energies greater than 144 MeV that it has
an oscillatory shape. In contrast to theT20 andT21 cases,
we find that the results forT22 asymmetry using different el-
ementary amplitudes exhibit qualitatively and quantitatively
different behaviors and show up the sensitivity of its results
to the elementary amplitude.

FIGURE 6. (Color online) Same as in Fig. 2 but for the beam-target double-spin asymmetries with circularly polarized photons and vector
polarized deuterons.
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FIGURE 7. (Color online) Same as in Fig. 2 but for the beam-target double-spin asymmetries with circularly polarized photons and tensor
polarized deuterons. Results for theT c

22 asymmetry are multiplied by the factor in the parentheses.

FIGURE 8. (Color online) Same as in Fig. 2 but for the beam-target double-spin asymmetries with linearly polarized photons and vector
polarized deuterons. Results for theT l

1−1 asymmetry are multiplied by the factor in the parentheses.
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FIGURE 9. (Color online) Same as in Fig. 2 but for the beam-target double-spin asymmetries with linearly polarized photons and tensor
polarized deuterons. Results for theT l

2−1 andT l
2−2 asymmetries are multiplied by the factor in the parentheses.
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3.3. Beam-target double-spin asymmetries

Here, we report the numerical results for the beam-target dou-
ble spin asymmetries for~γ ~d → π0d reaction near threshold.
We start with the results forT c

10 andT c
11 asymmetries with

circular polarized photons and vector polarized deuterons as
shown in Fig. 6 as functions of pion angle in theγd c.m.
frame at the same photon lab-energies as mentioned before
in the case of single-spin asymmetries. We see that the re-
sults forT c

10 andT c
11 at different photon lab-energies remain

same qualitatively but quantitatively slightly changed. The
T c

10 andT c
11 asymmetries behave the same asT20 andT21

ones, respectively. Figure 6 displays that theT c
10 asymmetry

has values between−1 and 1. It begins negative atθ = 0◦

and increases with increasing pion angle until a maximum
value atθ ' 90◦. Then, it rapidly falls down to negative val-
ues when increasing the pion angles. The maximum value of
T c

10 is shifted towards higher pion angles atEγ = 144 MeV.
As mentioned in the Introduction, the spin asymmetryT c

10

determines the GDH sum rule [49]. TheT c
11 results vanish at

θ = 0 andπ and indicate that it has an oscillatory shape.
The T c

10 and T c
11 results using different elementary opera-

tors are quantitatively rather different at the lowest photon
energy, which means that these asymmetries are sensitive to
the choice of the elementary amplitude close to threshold. By
increasing photon energies, the curves represent the results
of T c

10 and T c
11 using different pion production amplitudes

are close to each other and thus a small dependence of these
asymmetries on the elementary operators is obtained.

Figure 7 shows the results for the beam-target double spin
asymmetriesT c

21 andT c
22 for circularly polarized photons and

tensor polarized deuterons. A quick glance reveals that the
results forT c

21 andT c
22 are negative and vanish atθ=0 and

π. In contrast to the vector spin asymmetriesT c
10 andT c

11, it
is obvious from Fig. 7 that the tensor spin asymmetriesT c

21

andT c
22 are much more sensitive to the choice of elementary

amplitude. Figure 7 shows also that the sensitivity ofT c
21 and

T c
22 results to the elementary pion photoproduction amplitude

is very important, especially in the pion angle range between
30◦ and 120◦.

In Fig. 8 we present our results forT l
10, T l

1+1, andT l
1−1

double spin asymmetries with longitudinal polarized photons
and vector polarized deuterons. In general, we see that these
double spin asymmetries are sensitive to the elementary am-
plitude, especially in the pion angle range between 30◦ and
150◦. The asymmetryT l

10 is smaller than the other ones and
it differs in size between the results with different elemen-
tary amplitudes. This emphasizes the very important depen-
dence of theT l

10 results on the elementary amplitude. As
discussed in Refs. [31, 38], the vector asymmetriesT l

1M are
considerably small forπ0 production near threshold. Figure 8
displays also that the difference between the results forT l

10

andT l
1−1 asymmetries usingχMAID-2013 model and both

DMT-2001 and MAID-2007 increases with increasing pho-
ton lab-energy, which indicates that these spin asymmetries
are very sensitive the choice of the elementaryγN → πN
amplitude.

The results for the beam-target double spin asymmetries
T l

20, T l
2+1, T l

2+2, T l
2−1, andT l

2−2 with longitudinal polarized
photons and tensor polarized deuterons are shown in Fig. 9.
We see that these spin asymmetries are also affected by the
choice of various elementary amplitudes, especially at pho-
ton energies close to threshold. The sensitivity of the results
for these asymmetries to the elementary amplitude is very
obvious at the lowest photon energy,Eγ = 144 MeV, and
decreases with increasing photon energy. This sensitivity is
much more obvious in the case ofT l

20 andT l
2−1 asymme-

tries since the differences between the results with various
elementary operators are significant, in particular in the peak
region. TheT l

2±2 asymmetries are sensitive to both the real
and the imaginary parts of the scattering amplitudes.

Figure 10 shows the results for the beam-target double-
spin asymmetriesσ0 T̃20, σ0 T̃ c

10 andσ0 T̃ l
22 of the total cross

section as functions of the photon lab-energy. We see that
the results for these asymmetries with different elementary
amplitudes are quite different. The differences between the

FIGURE 10. (Color online) Same as in Fig. 3 but for the beam-target double-spin asymmetriesσ0 T̃20, σ0 T̃ c
10 andσ0 T̃ l

22 of the total cross
section.
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FIGURE 11. (Color online) Same as in Fig. 2 but for the doubly polarized differential cross sections for parallel (upper part) and antiparallel
(middle part) spins of photon and deuteron and their difference (lower part). Results atEγ = 144 MeV are multiplied by the factor in the
parentheses.

results with various elementary amplitudes increase with in-
creasing photon lab-energy. When the dashed curve (MAID-
2007) is compared with both the dotted (DMT-2001) and
solid (χMAID-2013) curves, one can see that these differ-
ences are obvious and show up the discrepancies among el-
ementary amplitudes. The calculatedσ0 T̃20, σ0 T̃ c

10, and
σ0 T̃ l

22 within MAID-2007 model is, in absolute size, smaller
than those within DMT-2001 andχMAID-2013. At photon
energies close to threshold, we see that the curves represent
the results ofσ0 T̃20, σ0 T̃ c

10, andσ0 T̃ l
22 using MAID-2007,

DMT-2001, andχMAID-2013 models are close to each other
and thus the influence of elementary operator on these spin
asymmetries is negligible in this case.

3.4. Helicity-dependent cross sections and E-
asymmetry

Next, we present in Fig. 11 the results for the doubly polar-
ized differential cross sections for parallel (upper part) and
antiparallel (middle part) spins of photon and deuteron as
functions of pion angle in the c.m. frame at various photon

lab-energies using different elementary amplitudes. These
polarized differential cross sections are given by

dσP

dΩ
=

dσ0

dΩ

[
1 +

1√
2
T20 +

√
3
2
T c

10

]
, (37)

dσA

dΩ
=

dσ0

dΩ

[
1 +

1√
2
T20 −

√
3
2
T c

10

]
. (38)

In Fig. 11 we also present an important physical observable
which is the differenced(σP − σA)/dΩ (lower part) that
has a direct relation with the GDH sum rule [49]. The re-
sults displayed show the contribution of eachdσP /dΩ and
dσA/dΩ on the difference. Since their values have opposite
behavior with increasingθ, we can see that the difference
has negative values at small pion angles0◦ < θ < 30◦ be-
cause ofdσA/dΩ has the larger contribution in this range of
pion angles. Thereafter, forθ ranges between30◦ and90◦,
d(σP − σA)/dΩ starts to increase and behaves the same as
dσP /dΩ. Forθ > 90◦, the values ofd(σP −σA)/dΩ start to
decrease due todσA/dΩ which has larger contribution again.
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FIGURE 12. (Color online) Same as in Fig. 3 but for the doubly polarized total cross sections for parallel (left panel) and antiparallel (middle
panel) spins of photon and deuteron and their difference (right panel).

We would like to mention that the threshold region is dom-
inated by the pion production with spin1/2, which makes
the antiparallel termdσA/dΩ larger than the parallel one
dσP /dΩ. The estimated values ofd(σP − σA)/dΩ close
to threshold atEγ = 144 MeV are rather small compared to
their values at higher energies under consideration.

As for thedσP /dΩ results (upper part in Fig. 11), we ob-
serve that the results are sensitive to the choice of elementary
amplitude at the peak region since we obtain smaller values
using MAID-2007 than using DMT-2001 andχMAID-2013.
At extreme forward and backward pion angles, similar results
are obtained and the sensitivity ofdσP /dΩ results to the el-
ementary amplitude is negligible. In the case ofdσA/dΩ
results (middle part in Fig. 11), we see that the influence of
dσA/dΩ on the elementary amplitude is similar to the case
of unpolarized differential cross section. One can see that
the differences amongdσA/dΩ results using different ele-
mentary amplitudes are very obvious at forward pion angles
and the calculation within the MAID-2007 is smaller than
those within DMT-2001 andχMAID-2013 but provides sim-
ilar results at extreme pion backward angles. This discrep-
ancy shows up the differences among elementary amplitudes.
The computations of the differential spin asymmetry with re-
spect to circularly polarized photons and oriented deuterons,
d(σP −σA)/dΩ, (lower part in Fig. 11) shows that the sensi-
tivity to the choice of elementary amplitude is also impor-
tant in the peak position. This means that the difference
d(σP − σA)/dΩ is also sensitive to the choice of the ele-
mentary amplitude.

Figure 12 shows the results for the helicity-dependent to-
tal cross sections for the~γ ~d → π0d reaction as functions of
photon lab-energies using different elementary amplitudes.
Results are displayed as follows: (left panel) total cross sec-
tion σP for circularly polarized photons on a deuteron tar-
get with spin parallel to the photon spin; (middle panel)σA,
the same for antiparallel spins of photon and deuteron; (right
panel) spin asymmetryσP − σA. We see that the cross sec-
tions σP and σA as well as the deuteron spin asymmetry
σP − σA present similar behaviors for all elementary am-

plitudes used in the present work. Compared the calculation
with the MAID-2007 (dashed curve) to the DMT-2001 (dot-
ted curve) andχMAID-2013 (solid curve) ones, we clearly
address the importance of the choice of elementary ampli-
tude. We see that the results using MAID-2007 model differ
from the DMT-2001 andχMAID-2013 ones. We also find
that the results forσP − σA starts out negative due to the
E0+ multipole, which is dominant in the threshold region.
The influence of elementary amplitude is important inσP ,
σA, andσP − σA. We would like to emphasize here that
several experiments to measure the deuteron spin asymmetry
σP − σA are presently underway [3,8,9].

During the recent years, there is a considerable interest
in experiments [1–7] to measure the double polarization ob-
servableE for the~γ ~d → π0d reaction. This asymmetry is
given by

E(θ) =
d(σA − σP )/dΩ
d(σA + σP )/dΩ

=
d(σA − σP )/dΩ

2dσ0/dΩ
. (39)

In Fig. 13 we present the results forE-asymmetry as a func-
tion of the emission pion angleθ in the γd c.m. frame at
four fixed values of the incident photon lab-energy. We see
that theE-asymmetry has qualitatively a similar behavior
for all incident photon lab-energies considered. Its maxi-
mum equals unity atθ = 0◦ and180◦. The curves begin
with unity and decrease as the pion angle increases until a
minimum value atθ ' 120◦ is reached. Then, it increases
again to unity. The minimum value is shifted towards lower
pion angles with increasingEγ . The negative values in the
E-asymmetry come mainly from higher positive contribu-
tion in dσP /dΩ. As mentioned in Refs. [22, 34], the beam-
target double polarizationE-asymmetry is an excellent ob-
servable to test any weakness in the underlying elementary
pion photoproduction model. Figure 13 shows that the helic-
ity E-asymmetry is sensitive to the choice of the elementary
γN → πN amplitude at incident photon lab-energies close
to threshold. When the photon energy increases, we see that
the sensitivity of the results forE-asymmetry to the choice
of the pion photoproduction operator is rather small.
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FIGURE 13. (Color online) Same as in Fig. 3 but for the double polarizationE-asymmetry.

3.5. Comparison with experimental data

We close this section by comparing our results with the avail-
able experimental data. In fact, several experiments to mea-
sure both single and double polarization observables for co-
herentπ0-photoproduction on the deuteron are presently un-
derway. Unfortunately, no data are currently available for
these polarization observables in the kinematic region under
consideration in the present work and therefore we cannot
make a comparison to experimental data for polarization ob-
servables. Thus, in the present work we compare the cal-
culated results for the unpolarized differential cross section
with the available data.

Figure 14 shows a comparison between our results for the
unpolarized differential cross sectiondσ0/dΩ at two values
of photon lab-energies (Eγ = 151.4 and171.8 MeV) and
the experimental data from TAPS [4]. One readily sees, that
the estimated results fordσ0/dΩ using different elementary
amplitudes underestimate the experimental data at backward
pion angles. The results with theχMAID-2013 model (solid
curve) are the nearest one to the experimental data in this
case. At forward pion angles andEγ = 151.4 MeV, an over-

estimation of the results usingχMAID-2013 and DMT-2001
elementary amplitudes is found. But the results fordσ0/dΩ
using MAID-2007 model underestimate the last three data
points at high angles. AtEγ = 171.8 MeV and for forward
pion angles, a good agreement with the experimental data is
also obtained. In this case, the shape given by MAID model is
consistent with data lacking only in strength. We would like
to mention that the elementary operators considered in the
present work use some values of resonance photocouplings
which especially in case of neutron are not yet well under-
stood, and fitting these values to the data could improve the
agreement between theory and experiment.

We would like to point out that even at the PWIA level
studied in the present work, there are also uncertainties due to
the deuteron wave function, since one is involving large mo-
mentum components of the deuteron. Therefore, in Fig. 15
we present results fordσ0/dΩ using different deuteron wave
functions in comparison with the experimental data from
TAPS [4]. For this purpose, we use the deuteron wave
functions of the Bonn full [55] (solid curve), CD-Bonn [56]
(dashed curve), and Paris [57] (dotted curve)NN potentials.
These potentials are exceedingly employed for numerical es-

FIGURE 14. (Color online) The unpolarized differential cross section forγd → π0d in comparison with the experimental data from
TAPS [4]. Curve conventions as in Fig. 2.
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FIGURE 15. (Color online) The unpolarized differential cross section forγd → π0d usingχMAID-2013 elementary amplitude in compar-
ison with the experimental data from TAPS [4]. The dotted, dashed, and solid curves represent the results using the Paris, CD-Bonn, and
Bonn-full NN potentials for the deuteron wave function, respectively.

timations of electromagnetic reactions on the deuteron, give a
precise characterization of theNN scattering data and phase
shifts, and used to characterize the range of theNN interac-
tion.

It is clear from Fig. 15 that the results using the deuteron
wave function of the Paris potential is smaller than those us-
ing CD-Bonn and Bonn full potentials. AtEγ = 151.4 MeV,
we note an overestimation of the results using CD-Bonn and
Bonn full potentials atθ < 60◦, whereas a good agreement
with the experimental data using the Paris potential is ob-
tained in this case. On the contrary, a good agreement be-
tween the results using CD-Bonn and Bonn full potentials
and the experimental data is obtained atEγ = 171.8 MeV
and forward pion angles. The results using the Paris potential
underestimate the experimental data in this case. At back-
ward pion angles, we see that the results using variousNN
potentials underestimate the experimental data. The origin of
the differences obtained using various realistic deuteron wave
functions maybe due to the tensor force between two nucle-
ons. It is well-known that a practical measure for the strength
of the tensor-force component contained in a nuclear poten-
tial is the predictedD-state probability of the deuteron,PD

(see, for example, Refs. [58,59]). ThePD values for theNN
potentials used in this work are 4.85% for CD-Bonn, 4.25%
for Bonn full, and 5.77% for Paris. The difference in these
values ofPD is related to the different tensor part of theNN
potentials. The dependence of theγd → π0d anded → e′d′

observables on theD-state component of the deuteron wave
function was investigated in Refs. [20] and [60], respectively.
It was found that theD-wave contribution becomes visible at
backward scattering angles.

The obtained discrepancies between our estimations for
dσ0/dΩ and the experimental data can be attributed to the ne-
glected contributions from two-body effects in the transition
M-matrix. It was found in Refs. [16, 61] that the influence
of intermediate first-order pion rescattering and the two-loop
diagram which includesπN andNN rescattering in the in-

termediate state are very important at photon energies near
threshold. In addition, the meson-exchange current effects
were found to be quite significant for coherentπ+ photopro-
duction on3He in Ref. [62].

From the preceding discussions it is apparent that the
choice of the elementary amplitude has a visible effect on
unpolarized cross sections as well as on various beam, tar-
get, and beam-target spin asymmetries in theγd → π0d
reaction near threshold. Summarizing, we can say that the
MAID-2007 model provides different predictions for all pos-
sible observables inγd → π0d than theχMAID-2013 and
DMT-2001 models and that these observables provide excel-
lent test object for different elementary operators.

4. Summary and outlook

The main topic of this article was to discuss theoretical un-
certainties in the analyses ofγd → π0d observables near
threshold due to the use of elementaryγN → πN ampli-
tudes using a model which is based on time-ordered pertur-
bation theory. As input we have used the realistic MAID-
2007 model [46] for the elementary amplitude and the high-
precision Bonn fullNN potential [55] for the deuteron wave
function. We have presented results for the unpolarized dif-
ferential and total cross sections as well as for all possible
beam, target, and beam-target spin asymmetries of the dif-
ferential and total cross sections in the photon energy region
from nearπ-threshold to 170 MeV. In particular, we have
studied the sensitivity of the calculated results to the choice
of elementary pion photoproduction amplitude. For this pur-
pose, we have used in addition to the MAID-2007 model [46]
the realistic elementary amplitudes from DMT-2001 [47] and
χMAID-2013 [48] models. We have also compared our cal-
culations with the available experimental data.

We have found that the estimations of the uncertainty
on theγd → π0d observables show important sensitivity
to the modeling of the elementaryγN → πN operator. In
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many cases the deviation among results obtained using dif-
ferent elementary amplitudes is very large. It may be pos-
sible that the background contribution from the crossed nu-
cleon pole amplitude plays a significant role in the results
presented in this work, because the relative importance of di-
rect and crossed nucleon pole amplitudes grows below the∆-
resonance region. The direct nucleon pole amplitude always
interferes constructively with the∆-resonance one, whereas
the crossed nucleon pole amplitude interferes constructively
for energies below the∆-resonance region. The differences
found in the predictions ofγd → πNN observables [34–39]
using different elementary operators are also seen here in the
results forγd → π0d observables. The calculated results
for the unpolarized differential cross section using different
elementary amplitudes are compared with the experimental
data from TAPS [4]. A satisfactory agreement between the-
ory and experiment is obtained only at forward pion angles.
At backward pion angles, the calculations underestimate the
experimental data and a disagreement is obtained.

The results presented above highlight the sensitivity of
γd → π0d observables to the choice of pion photoproduction
amplitude. The obtained differences in the numerical results
for γd → π0d observables with various elementary operators
can be attributed to the numerical account for the off-shell
effects when the elementary nucleon amplitude is embedded
into the deuteron process. In fact, it is difficult to give pre-
cise quantitative account for these off-shell effects, because
the equivalence existing in the on-shellγN → πN operator

is broken in deuteron calculations when one nucleon or both
of them are off their mass shells.

In summary, we conclude that the calculated results are of
particular interest for the evaluation of the systematic uncer-
tainties caused by the use of different elementary operators in
the analyses ofγd → π0d measurements. The calculated dif-
ferential cross section does not described the TAPS data [4]
at backward angles. This discrepancy between theory and
experiment maybe resolved by considering the neglected ef-
fects from two-body mechanisms in the transitionM-matrix.
To study the influence of these reaction mechanisms on the
γd → π0d observables, a more realistic treatment includ-
ing all possible reaction mechanisms will be reported in a
forthcoming paper [63]. An independent evaluation in the
framework of effective field theory would also be very inter-
esting. On the experimental side, precise measurements of
γd → π0d observables can check these predictions and also
provide a rigorous test of theoretical models.
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