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Incoherent pion photoproduction on the deuteron with polarization
observables. II. Influence of final state rescattering
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Incoherent pion photoproduction on the deuteron is studied for photon energies from threshold up to 1 GeV,
with special emphasis on polarization observables. The elementary γN → πN amplitude is taken from the
MAID model. We investigate the influence of final state interactions on total and semi-exclusive cross sections
�d( �γ , π )NN by including complete rescattering in the final NN and πN subsystems. For charged-pion production
the influence of NN rescattering is moderate whereas πN rescattering is almost negligible. Much stronger
influences of NN rescattering are seen in neutral-pion production, which are due to the elimination of a significant
spurious coherent contribution in the impulse approximation. Sizable effects are also found in some of the beam,
target, and beam-target asymmetries of the differential cross section.
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I. INTRODUCTION

Photoproduction of pions on the deuteron has two main but
complementary points of interest. The first one is to obtain
information on the elementary reaction on the neutron by use
of the deuteron as an effective neutron target. A prerequisite
for this is that one has reliable control of off-shell and medium
effects. To minimize such effects, quasi-free kinematics is
preferred. The second, but not secondary, aspect is just the
influence of a nuclear environment on the production process,
for the study of which off-quasi-free kinematics is better suited.

Pion photoproduction on the deuteron has been studied
quite extensively over the past 50 years, starting with early
work in Refs. [1–3]. The role of final state interaction (FSI)
was investigated by Laget [4,5], who applied a diagrammatic
approach. The influence of FSI effects were found to be quite
small for charged-pion photoproduction compared with the
neutral channel. A satisfactory agreement with experimental
data was achieved for π− production [6]. Subsequently, these
results were confirmed by Levchuk et al. [7] for the d(γ, π0)np
reaction for which the elementary photoproduction operator of
Blomqvist and Laget [3] was used. This work was improved
and extended to charged-pion production channels in Ref. [8],
in which a more realistic elementary production operator from
the SAID [9] and MAID [10] multipole analyses was taken
and NN rescattering included, based on the Bonn r-space
potential [11]. The influence of NN FSI was confirmed, and
good agreement with experimental data was achieved. In the
threshold region a sizable effect from πN rescattering was
noted in Ref. [12] that arises from intermediate charged-
pion production with subsequent charge-exchange rescattering
on the spectator nucleon. The influence of NN and πN

rescattering on polarization observables has been investigated
in Ref. [7] for the Gerasimov-Drell-Hearn (GDH) sum rule in
the π0np channel as well as in Ref. [13] for target asymmetries
in the π−pp reaction.

FSI effects in incoherent pion photoproduction were also
studied by Darwish et al. [14]. The same approach was
then applied to the spin asymmetry with respect to circularly
polarized photons and vector-polarized deuterons [15], which

determines the much-discussed GDH sum rule [16]. However,
the approach was limited to the �(1232)-resonance region in
view of a relatively simple elementary production operator,
based on an effective Lagrangian approach from Schmidt
et al. [17]. A puzzling result of this work was that the
influence of the FSI on the total cross sections for charged-pion
production resulted in a slight decrease in the �-resonance
region in contrast to previous work [4,5,8], in which a slight
increase was found. Recently, this work was extended in a
series of papers [18–22] to a study of various polarization
asymmetries of the semiexclusive differential cross section
for �d( �γ , π )NN . The semiexclusive beam asymmetry � for
linearly polarized photons and the target asymmetries TIM with
respect to polarized deuterons were considered in Ref. [18]
and beam-target asymmetries in [19], in both cases only in the
impulse approximation (IA). FSI effects were subsequently
discussed in Refs. [20–22]. Unfortunately, many of these
results are based on incorrect expressions for polarization
observables, as pointed out recently in Ref. [23], in which
a thorough derivation of these observables is given.

Thus the present work was motivated first to use a better
elementary production operator from the MAID model [10],
allowing one to go to higher photon energies and also to
give a more reliable description of the threshold region.
Second, we would like to clarify the role of the FSI in view
of the above-mentioned differences in the role of FSI effects.
Third, the increasing importance of polarization observables
requires a more thorough and reliable treatment as done
in Refs. [18–22]. In the present work we consider again,
besides the IA, complete rescattering in the final two-body
subsystems, i.e., in the NN and πN subsystems. Results on
the spin asymmetry of the total cross section, based on the
present approach, and its contribution to the GDH sum rule
have already been reported in Ref. [24].

In the next section we briefly review the basic formalism
for the general differential cross section with inclusion of
polarization observables as derived in Ref. [23]. Furthermore,
the essential ingredients for the calculation of the T matrix
in the IA and the rescattering contributions are described here.
The results on the unpolarized differential cross section for the
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FIG. 1. Kinematics of pion photoproduction on the deuteron in
the laboratory system.

semiexclusive process �d( �γ , π )NN as well as all beam, target,
and beam-target asymmetries are presented and discussed in
Sec. III together with a comparison with existing data. Finally,
we conclude in Sec. IV with a summary and an outlook. The
separation of the various asymmetries of the semiexclusive
differential cross section are discussed in Appendix A, and a
modified IA is given in Appendix B.

II. THE FORMALISM

To begin with, we briefly outline the kinematic framework
of the reaction under study, namely

γ (k, �εµ) + d(pd )→π (q) + N1(p1) + N2(p2), (1)

defining the notation of the four-momenta of the participating
particles. The circular polarization of the photon is denoted
by �εµ (µ = ±1). For the description of cross sections and
polarization observables we take as our reference frame
the laboratory frame and as independent variables for the
characterization of the final state the outgoing pion momentum
�q = (q, θq, φq) and the spherical angles �p = (θp, φp) of
the relative momentum �p = ( �p1 − �p2)/2 = (p,�p) of the
two outgoing nucleons. The coordinate system is chosen as
right handed with the z axis along the photon momentum
�k. According to the convention of Ref. [23], we distinguish
in general three planes: (i) the photon plane spanned by
the photon momentum and the direction of maximal linear
photon polarization, which defines the direction of the x axis;
(ii) the pion plane, spanned by photon and pion momenta,
which intersects the photon plane along the z axis with an
angle φq ; and (iii) the nucleon plane spanned by total and
relative momenta of the two nucleons. It intersects the pion
plane along the total momentum of the two nucleons (see
Fig. 1). In case the linear photon polarization vanishes, one
can choose φq = 0 and then photon and pion planes coincide.

A. The T matrix

All observables are determined by the T-matrix elements of
the electromagnetic pion production current Jγπ between the
initial deuteron and the final πNN states:

Tsms,µmd
(q,�q,�p) = −(−)〈�q, �p; sms |�εµ · �Jγπ (0)| �d; 1md〉,

(2)

where s and ms denote the total spin and its projection on
the relative momentum of the outgoing two nucleons and md

FIG. 2. Semiexclusive differential cross section dσ/dTN in the
IA with respect to the equivalent nucleon laboratory kinetic energy
TN of NN scattering for three photon energies, Eγ = 250, 500, and
800 MeV.

correspondingly denotes the deuteron spin projection on the
chosen z axis. As is shown in Ref. [23], the dependence on φq

can be split, i.e.,

Tsmsµmd
(q,�q,�p) = ei(µ+md−ms )φq tsmsµmd

(q, θq, θp, φpq ).

(3)

Thus the small t matrix depends on, besides q, θq , and θp, only
the difference of the azimuthal angles of �q and �p, i.e., on φpq =
φp − φq . The small t-matrix elements are the basic quantities
that determine the differential cross section and asymmetries.
The latter are listed explicitly in Ref. [23].

For the calculation of the T matrix we start from the IA
to which the contributions from NN and πN rescattering are
added. Possible two-body contributions to the electromagnetic
interaction are neglected. Thus the treatment is completely
analogous to previous work on incoherent π and η photopro-
duction on the deuteron [14,25], to which the reader is referred
for formal details. Then the T matrix is given by the sum

Tsmsµmd
= T IA

smsµmd
+ T NN

smsµmd
+ T πN

smsµmd
. (4)

For the IA contribution, which describes the production on one
nucleon while the other acts as a spectator, one has

T IA
smsµmd

= 〈�q, �p, sms | [tγ π (1) + tγ π (2)]|1 md〉
=

∑
m′

s

[〈sms | 〈 �p1|tγ π (WγN1 )| − �p2〉

×φm′
smd

( �p2)|1 m′
s〉 − (1 ↔ 2)], (5)

where tγ π denotes the elementary pion photoproduction
operator, which we take from the MAID model, WγN1 is the
invariant energy of the γN system, �p1/2 = (�k − �q )/2 ± �p,
and φmsmd

( �p ) is related to the internal deuteron wave function
in momentum space by

〈 �p, 1ms |1md〉(d) = φmsmd
( �p )

=
∑

L=0,2

∑
mL

iL(LmL1ms |1md )

× uL(p)YLmL
(p̂). (6)

In view of the fact that for neutral pion production the major
influence of NN rescattering arises from the nonorthogonality
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FIG. 3. Total cross section for pion photoproduction on the deuteron. Notation of curves: dashed: IA; solid, IA + NN and πN rescattering;
dash-dotted, corresponding elementary cross section; for π0 production, the dotted curve describes the modified IA.

of the final NN plane wave to the deuteron ground state, we
considered in addition a modified IA amplitude, for which the
deuteron component is projected out from the final plane wave
(see Appendix B for details).

The two rescattering contributions have a similar structure:

T NN
smsµmd

= 〈�q, �p, sms |tNNGNN [tγ π (WγN1 )

+ tγ π (WγN2 )]| 1 md〉, (7)

T πN
smsµmd

= 〈�q, �p, sms |tπNGπN [tγ π (WγN1 )

+ tγ π (WγN2 )]|1 md〉, (8)

where tNN and tπN denote respectively the NN and πN scatter-
ing matrices and GNN and GπN denote the corresponding free
two-body propagators. For the actual evaluation, the scattering
matrices are expanded into partial waves, and the expansion
is then truncated at a certain angular momentum such that
convergence is achieved.

B. The differential cross section including polarization
asymmetries

The general fivefold differential cross section d5σ/

dqd�qd�p including beam and target polarization has been
derived in Ref. [23], and we refer to this work for details.
In this work we are interested in the semiexclusive reaction
�d( �γ , π )NN in which only the produced pion is detected. This
means integration of the fivefold differential cross section
over �p, yielding as the semiexclusive differential cross

section [23]

d3σ

dqd�q

= d3σ0

dqd�q

(
1 + P

γ

l

{
�̃l cos 2φq +

2∑
I=1

P d
I

×
I∑

M=−I

T̃ l
IM cos[Mφqd − 2φq − δI1π/2]dI

M0(θd )

}

+
2∑

I=1

P d
I

I∑
M=0

(
T̃ 0

IM cos[Mφqd − δI1 π/2]

+P γ
c T̃ c

IM sin[Mφqd + δI1 π/2]
)

dI
M0(θd )

)
, (9)

where φqd = φq − φd . Explicit expressions for the asymme-
tries �̃l, T̃IM, and T̃

c/ l

IM are listed in the appendix of Ref. [23].
Furthermore, the photon polarization is characterized by the
degree of circular polarization P

γ
c and the degree of linear

polarization P
γ

l , where the x axis has been chosen in the
direction of maximum linear polarization. The deuteron target
is characterized by four parameters, namely the vector- and
tensor-polarization parameters P d

1 and P d
2 , respectively, and

by the orientation angles θd and φd of the deuteron orientation
axis with respect to which the deuteron density matrix has
been assumed to be diagonal.

We would like to point out that in forward and back-
ward pion emission the following asymmetries vanish at

FIG. 4. Total cross section near thresh-
old for π+ and π 0 photoproduction on the
deuteron. Notation of curves: dashed, IA; dash-
dotted, IA + NN rescattering; solid, IA + NN and
πN rescattering; dotted in the right-hand panel,
modified IA.
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FIG. 5. Polarization asymmetries σ0 T
0
20, σ0 T

c

10, and σ0 T
l

22 of the total cross section for π− (upper panels) and π 0 photoproduction
(lower panels) on the deuteron. Notation of curves: dashed, IA; solid, IA + NN rescattering; for π0 production, dotted curve describes the
modified IA.

θq = 0 or π :

�̃l = 0, T̃
0,c

IM = 0 for M �= 0, and T l
IM = 0 for M �= 2,

(10)

FIG. 6. Semiexclusive differential cross section for π− photo-
production on the deuteron. Notation of curves: dashed, IA; solid,
IA + NN rescattering; dash-dotted elementary process n(γ, π−)p;
dotted in lower left-hand panel, IA from [8].

because of helicity conservation, i.e., in this case the cross
section should not depend on φq .

In the next section we present results for the case in
which only the direction of the outgoing pion is measured,
not its momentum. Then the corresponding differential cross

FIG. 7. Semiexclusive differential cross section for π0 pho-
toproduction on the deuteron. Notation of curves: dashed, IA;
dotted, modified IA; solid, IA + NN rescattering; dash-dotted, average
elementary process on neutron and proton.
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FIG. 8. Photon asymmetry �l for the three charge states of semiexclusive single-pion photoproduction on the deuteron. Notation of curves:
dashed, IA; dotted, modified IA for π 0 production; solid, IA + NN rescattering.

section d2σ/d�q is given by an expression formally analogous
to Eq. (9), in which the unpolarized cross section and
asymmetries are replaced with

d3σ0

dqd�q

→ d2σ0

d�q

=
∫ qmax(θq )

qmin(θq )
dq

d3σ0

dqd�q

, (11)

d3σ0

dqd�q

�̃l(q, θq ) → d2σ0

d�q

�l(θq)

=
∫ qmax(θq )

qmin(θq )
dq

d3σ0

dqd�q

�̃l(q, θq), (12)

d3σ0

dqd�q

T̃ α
IM(q, θq ) → d2σ0

d�q

T α
IM(θq)

=
∫ qmax(θq )

qmin(θq )
dq

d3σ0

dqd�q

× T̃ α
IM(q, θq ), α ∈ {0, l, c}. (13)

The upper and lower integration limits are given by

qmax(θq) = 1

2b

(
a ω cos θq + Eγd

√
a2 − 4b m2

π

)
, (14)

qmin(θq) = max

{
0,

1

2b

(
a ω cos θq − Eγd

√
a2 − 4b m2

π

)}
,

(15)

where

a = W 2
γ d + m2

π − 4 m2
N, (16)

b = W 2
γ d + ω2 sin2 θq, (17)

W 2
γ d = md (md + 2 ω), (18)

Eγd = md + ω. (19)

Finally, in the total cross section only a few polarization
observables survive, namely, one has [23]

σ
(
P

γ

l , P γ
c , P d

1 , P d
2

) = σ0

[
1 + P d

2 T
0
20

1

2
(3 cos2 θd − 1)

+P γ
c P d

1 T
c

10 cos θd + P
γ

l P d
2 T

l

22

× cos(2φd )

√
6

4
sin2 θd

]
, (20)

where the unpolarized total cross section and asymmetries are
given by

σ0 =
∫

d�q

∫ qmax(θq )

qmin(θq )
dq

d3σ0

dqd�q

, (21)

σ0 T
α

IM =
∫

d�q

∫ qmax(θq )

qmin(θq )
dq

d3σ0

dqd�q

T̃ α
IM, (22)

with α ∈ {0, l, c}. This concludes the formal part.
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FIG. 9. Target asymmetries T 0
IM for semiexclusive π− photoproduction on the deuteron. Notation of curves the same as in Fig. 8.

III. RESULTS AND DISCUSSION

For the calculation of the NN-rescattering contribution we
have taken the separable representation of the realistic Paris
potential from Ref. [26] and included all partial waves up to
3D3. The deuteron wave function was also calculated with this
potential. In principle, any other realistic potential, e.g., the
Bonn r-space potential [11], could be used as well, because
the results do not depend sensitively on the potential model,
as was found in Ref. [14]. However, one comment is in order
with respect to the question of whether the use of such a
nonrelativistic NN potential can be justified in view of the
high energies involved, because the potential is fit to NN-
scattering data up to nucleon laboratory kinetic energies of
TNN = 330 MeV only. However, even up to TNN = 500 MeV,

it reproduces the phase shifts reasonably well because the
inelasticity parameters are still small. Since the calculation
of NN rescattering requires NN-scattering amplitudes also at
considerably higher energies, for which we still use the same
separable representation, we might expect some serious error.
On the other hand, the size of this error depends on the relative
size of that part of the phase space at which the energy of
the NN subsystem exceeds the region of validity. To estimate
the corresponding error, we present in Fig. 2 the cross section
dσ/dTN as a function of the equivalent nucleon kinetic lab
energy TN of NN scattering. One readily notes that even for
a photon energy of 800 MeV the dominant part of the cross
section corresponds to nucleon laboratory kinetic energies of
less than 500 MeV. Thus the use of such a realistic potential is
justified.
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FIG. 10. Target asymmetries T 0
IM for semiexclusive π+ photoproduction on the deuteron. Notation of curves the same as the in Fig. 8.

Similarly, πN rescattering is evaluated by use of a realistic
separable representation of the πN interaction from Ref. [27]
and with all partial waves up to l = 2 taken into account. We
have evaluated the semiexclusive differential cross section,
including the various polarization asymmetries in the IA
alone and with the inclusion of NN and πN rescattering.
As already mentioned, the elementary pion photoproduction
amplitude is taken from the MAID2003 model as parametrized
in terms of invariant amplitudes defined in Ref. [28]. For
this purpose we assume on-shell conditions for the pion and
the active nucleon in the final state. Then we determine the
initial four-momentum pi of the active nucleon by assuming
four-momentum conservation at the elementary vertex, i.e.,
pi = q + pf − k.

A. Total cross sections

We begin the discussion of the results with the total cross
sections for the three charge states displayed in Fig. 3, where
we have plotted in addition the corresponding elementary cross
section for comparison. The threshold region is separately
plotted in Fig. 4.

One readily notes that for charged-pion production the
rescattering effects are in general quite small. Only when
close to threshold do they lead to a sizable enhancement (see
left-hand panel of Fig. 4), mainly by NN rescattering, while
πN rescattering is almost negligible.

The significant role of the NN FSI in photoproduction of
mesons at very low energies has been noted previously in
Refs. [5,25,29,30]. We mention here only that this effect has a
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A. FIX AND H. ARENHÖVEL PHYSICAL REVIEW C 72, 064005 (2005)

FIG. 11. Target asymmetries T 0
IM for semiexclusive π 0 photoproduction on the deuteron. Notation of curves the same as in Fig. 8.

kinematical rather than a dynamical origin. As pointed out in
Ref. [25], in the IA the energy needed for pion production be-
low the free nucleon threshold is provided exclusively through
the high momentum of a nucleon moving toward the incoming
photon. As a result, the IA predicts an anomalous suppression
of the cross section, because of a small probability of finding a
nucleon with high momentum in the deuteron wave function.
Thus NN rescattering provides a mechanism to balance the
strong mismatch between the momentum needed to produce
the pion and the characteristic internal nucleon momentum
in the deuteron, so that the strong suppression appearing
in IA can be avoided. The same reasoning is true for the
π0 channel. However, in this case the subsequently mentioned
role of orthogonality turns out to be very important, so that the

resulting FSI effect becomes destructive already at 10 MeV
and higher above threshold.

At higher energies, near and above the maximum, the cross
sections of charged-pion production are reduced by the FSI by
a few percent. Therefore the main difference to the elementary
cross section comes from the Fermi motion, leading to a slight
reduction and a shift of the maximum, and a broadening of the
whole distribution. As one can see in Fig. 3, the result of these
features is that the energy-integrated cross section,

I (E) =
∫ E

Eth

σ (Eγ )dEγ , (23)

as a function of the upper integration limit E, is preserved over a
wide energy region. In other words, the integral at E = 1 GeV
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FIG. 12. Beam-target asymmetries T c
IM for circularly polarized photons and polarized deuterons for semiexclusive π− photoproduction on

the deuteron. Notation of curves the same as in Fig. 8.

has approximately the same value for the reaction on the free
nucleon and on the deuteron. Concerning the role of the FSI
in the π± channels at higher energies, one can assume that the
interaction between the emitted particles leads basically to a
redistribution of events in phase space, so that in the absence
of absorption the overall yield of particles does not change and
the FSI effect in the total cross section remains insignificant. It
is, however, not the case for the near-threshold region where, as
discussed above, the IA amplitude turns out to be anomalously
suppressed in the available phase space.

One notes quite large FSI effects, in contrast to charged-
pion production, from NN rescattering in π0 production, as
displayed in the right-hand panel of Fig. 3. However, these
effects are mainly due to the elimination of the spurious
coherent contribution in the IA. That is nicely demonstrated

by the results for the modified IA, also shown in Fig. 3,
where the deuteron wave-function component in the final
plane wave is projected out (see Appendix B for details). The
additional rescattering contributions beyond the orthogonality
effect are comparable with what was found in charged-pion
production, except near threshold, where one finds a much
smaller influence of the FSI. With respect to the elementary
cross section, one notes a sizable reduction for incoherent
π0 production on the deuteron, because part of the strength
goes to the coherent channel d(γ, π0)d. The spurious admix-
ture of the coherent channel in the IA cross section was also
discussed in Ref. [31].

The polarization observables of the total cross section are
shown in Fig. 5 only for π− and π0 production since the
ones for π+ and π− production are quite similar. The vector
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FIG. 13. Beam-target asymmetries T c
IM for circularly polarized photons and polarized deuterons for semiexclusive π0 photoproduction on

the deuteron. Notation of curves the same as in Fig. 8.

asymmetry for circularly polarized photons σ0 T
c

10 (middle
panels), which governs the spin asymmetry of the GDH
sum rule, reproduces the results reported in Ref. [24]. The
sensitivity to the FSI is weak, similar to the total cross sections.
The tensor asymmetries for π− production are sizable in the
near-threshold region, exhibiting a sharp peak in absolute

values. σ0 T
0
20 reaches a second, quite broad maximum

above the � resonance, while σ0 T
l

22 remains small. The FSI is
more notable than in the total cross section. For π0 production,
the tensor asymmetries show quite a different behavior
compared with that of π− production. They are quite small
in general, almost vanishing in the near-threshold region. Fur-
thermore, they show huge FSI effects beyond the orthogonality
effect.

B. Differential cross section

Angular distributions are shown in Fig. 6 for π− production
and in Fig. 7 for π0 production. As for the total cross section,
one notes for π− production a small size of rescattering
effects. At the lowest energy (250 MeV) they decrease the
cross section at forward angles and increase it in the backward
direction. At 350 MeV one finds a slight enhancement near the
maximum, while at the two higher energies a sizable decrease
is found only in the extreme forward direction. For comparison,
we show also the elementary cross sections, and again the
smoothing effect of the Fermi motion is apparent.

Comparing our calculation with the predictions of
Refs. [5] and [8] we note a significant disagreement for the
IA at forward angles. At Eγ = 500 MeV our IA cross section
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FIG. 14. Beam-target asymmetries T l
1M for linearly polarized photons and vector polarized deuterons for semiexclusive π− photoproduction

on the deuteron. Notation of curves the same as in Fig. 8.

exhibits a visible rise that is governed mainly by the pion
photoelectric term in the elementary amplitude. At the same
time the calculations of Ref. [8] (see dotted curve in the lower
left-hand panel of Fig. 6 at Eγ = 500 MeV) predict a strong
reduction in the same angular region, so that the corresponding
IA result at θπ = 0 is about 10 times smaller than ours.

A possible reason of this discrepancy has been discussed in
Ref. [14]. Namely, it was claimed in Ref. [8] that the drastic
reduction of the cross section compared with the elementary
reaction is a manifestation of the Pauli principle, leading to
a strong suppression of the pp states in the region of small
relative momenta in this subsystem. On the contrary, we would
like to note that this suppression takes place only in the triplet
state (s = 1) of the emitted protons, whereas the singlet part
(s = 0), in which the processes on the individual nucleons can
coherently enhance each other, peaks at θπ = 0, similar with
the elementary cross section. The resulting angular distribution
shows some reduction at forward angles, compared with the
elementary reaction, which, however, is not as large as that
exhibited by the triplet part only and is therefore much smaller
compared with the prediction of Refs. [5,8].

On the other hand, inclusion of the FSI leads in Refs. [5,8]
to a significant increase at small angles compared with the
IA cross section, whereas in our case the effect of FSI is

small and destructive. It is therefore interesting to note that
the difference between the full results of the present work (see
Fig. 24 in Subsec. III.G) and of Ref. [8] is rather small, so that
both models describe the data equally well.

As was mentioned above, in the π0 channel the orthogonal-
ity effect appears so that the role of the FSI is approximately
determined by the fraction of the coherent reaction γ d → π0d

in the inclusive π0 photoproduction. Figure 7 demonstrates
the huge spurious contribution of the coherent process in the
IA that is eliminated when the modified IA is applied. This
result could be expected because the effect of orthogonality
should be especially visible in the region of small pion angles,
where the momentum transferred to the nucleons is minimal
and the overlap between initial and final wave functions is
most important. The additional FSI effects are quite small. It
is only at 350 MeV that one notes a slight increase of the cross
section near the maximum around 60◦ and at 780 MeV a more
sizable increase.

C. Beam asymmetry for linearly polarized photons

Next we turn to the beam asymmetry �l displayed in
Fig. 8 for the three charge states at various energies in the
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FIG. 15. Beam-target asymmetries T l
1M -for linearly polarized photons and vector-polarized deuterons for semiexclusive π0 photoproduction

on the deuteron. Notation of curves the same as in Fig. 8.

�-resonance region and above. In all of these asymmetries one
notes a relatively small influence from the FSI. We consider
first the results for π− production in the top panels of Fig. 8. For
the lowest three energies the photon asymmetry �l is negative.
It is quite small below the � region and increases considerably
in absolute size with increasing energy, becoming quite broad
around 350 Mev but more forward peaked at 500 Mev.
At the highest energy of 780 MeV one notes a different
behavior. The deep minimum in the forward direction turns
into a broad positive distribution above 40◦. The three lowest
energies are also representative for π+ production (middle
panels of Fig. 8). However, at the highest energy the asym-
metry remains negative, but exhibits a secondary minimum
around 90◦.

The �l asymmetry for π0 production, shown in the lowest
panels of Fig. 8, exhibits quite a different behavior compared
with that of charged-pion production. One finds a broad,
structureless, and sinus-shaped negative distribution with a
maximum around 80◦–90◦ with increasing amplitude by about
a factor of 2 going from 250 to 500 MeV. At 780 MeV the width
of the distribution becomes smaller and the minimum moves
toward forward angles. In general also here the influence of
rescattering is small. It is mainly due to the removal of the
spurious coherent contribution. The relatively largest influence
appears at the lowest energy of Eγ = 250 MeV.

Compared with the results in Refs. [18,19,21], here one
readily notes quite substantial differences for both charged-
and neutral-pion production, both in angular behavior and
also in absolute size, in particular at higher energies. For
π− production a larger influence of the FSI is found in Ref. [22]
that we cannot confirm. Furthermore, �l does not vanish in
Ref. [22] at θq = 0 and π as it should, although it is small.
Strangely enough, the authors mention this feature as a notable
effect. The origin of these differences is not clear. In any
case, the comparison suffers from the questionable formal
expressions used for the calculation of �l that, moreover, differ
in the various publications [18,21,22].

D. Target asymmetries for oriented deuteron

The target asymmetries T 0
IM are shown in Figs. 9–11 for the

three charge states, respectively. In view of the similarity of
the asymmetries for the two charge states, except for T 0

11 at
780 MeV, we restrict the discussion to π− and π0 production.
In general FSI effects are again small; the largest appear in
T 0

21. The vector asymmetry T 0
11 is positive up to 500 MeV

and shows a broad distribution over the whole angular
range. However, at 780 MeV an oscillatory behavior develops
with sizable amplitude. It is only at the lowest energy of
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FIG. 16. Beam-target asymmetries T l
2M for linearly polarized photons and tensor-polarized deuterons for semiexclusive π− photoproduction

on the deuteron. Notation of curves the same as in Fig. 8.

Eγ = 250 MeV that one notes some notable influence at
forward angles from the FSI. With respect to Refs. [18,19,22]
we find an opposite sign, a smaller amplitude, and also a
somewhat different angular behavior.

The tensor target asymmetry T 0
20 exhibits a pronounced

sharp peak at 0◦ and a rapid falloff with increasing angles,
remaining quite small above 30◦. The results are similar
to those of Refs. [18,19,22] except that, in contrast to the
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FIG. 17. Beam-target asymmetries T l
2M for linearly polarized photons and tensor-polarized deuterons for semiexclusive π0 photoproduction

on the deuteron. Notation of curves the same as in Fig. 8.

small negative values of Refs. [18,19] at backward angles,
we find small positive values. Moreover, we find smaller FSI
influences at backward angles than those in Ref. [22]. T 0

21
peaks at small angles around 20◦ for Eγ = 250 MeV, which
disappears at the three higher energies, becoming a broader

distribution with a considerably smaller size. The FSI shows
some notable influence. Again we find significant differences
from Refs. [18,19] with respect to shape, size, and FSI effects,
in particular at the lowest energy. Finally, T 0

22 exhibits a
prominent peak in the forward direction that becomes sharper
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FIG. 18. Total cross section for π− (left-
hand panel) and π 0 photoproduction (right-hand
panel) on the deuteron. Solid curves: IA + NN
and πN rescattering. Experimental data from
Benz et al. [6] and from Asai et al. [32] for π−

production and from Krusche et al. [33] for π 0

production.

and moves toward smaller angles with increasing photon
energy. This is in qualitative agreement with Refs. [18,19],
although the size is different and our FSI effects are much
smaller.

The target asymmetries for π0 production in Fig. 11 show
quite a different behavior compared with that of charged-pion
production. The structure of T 0

11 changes significantly with
energy. While at Eγ = 250 MeV one finds a maximum around
130◦, one notes a forward negative minimum and a backward
positive maximum at Eγ = 350 MeV, at Eγ = 500 MeV a
broad and quite flat negative distribution, and finally at
780 MeV a forward maximum and a negative minimum around
80◦. The tensor asymmetries are much more sensitive to the
FSI. This is particularly apparent in T 0

20 exhibiting a forward
negative minimum in the IA that turns into a positive forward

FIG. 19. Differential cross section for π 0 production on the
deuteron as a function of the lab photon energy for fixed pion
angles in the equivalent γN c.m. system. The cross section is plotted
per nucleon. Notation of curves: solid, full calculation multiplied
by the factors in parentheses; dashed, MAID prediction for the sum
1/2[dσ (π 0p) + dσ (π 0n)].

peak when the FSI is switched on. Also T 0
21 shows such a

drastic influence from the FSI. T 0
22 is much smaller than for

charged-pion production and shows an oscillatory behavior.
FSI effects are noticeable again. For these asymmetries the
differences from the results of Refs. [18,19] are again quite
significant.

E. Beam-target asymmetries for circularly polarized photons

Next we discuss the double-polarization asymmetries T c
IM

for circularly polarized photons and oriented deuterons. They
are in a certain sense complementary to the target asymmetries
T 0

IM because, while one is the real part, the other is the
imaginary part of the basic quantities V 1

IM as defined in
Ref. [23]. Since the results for the two charged pions are
again in general quite similar, we display the results only for
π− in Fig. 12 and for π0 in Fig. 13. In contrast to what has been
claimed in Ref. [19], all of them are nonvanishing. As a side
remark, although T c

10 should vanish according to Ref. [19], a
nonvanishing spin asymmetry is reported in Ref. [20]. For both
π0 and π−, the vector asymmetry T c

10 is quite sizable in the
forward and backward directions and also around 90◦ for π0.
It is this asymmetry that determines the GDH sum rule. The

FIG. 20. Total cross section near threshold for π+ photoproduc-
tion on the deuteron. Solid curve, IA + NN and πN rescattering.
Experimental data from Booth et al. [35].
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FIG. 21. Semiexclusive differential cross
section d3σ/d�π dEnn for π+ photoproduc-
tion on the deuteron at a fixed pion angle
as a function of the relative energy Enn of
the final two neutrons. Solid curves, IA + NN
rescattering. Experimental data from Köbschall
et al. [37].

influence of the FSI is quite marginal, in particular for π−. For
both charge states the energy dependence is weak. The other
vector asymmetry, T c

11, shows a rather different behavior. For
π− it is predominantly negative with a slight preference of the
backward direction, especially at higher energies, while for π0

it has a positive maximum around 30◦ and a negative minimum
around 150◦, almost independent of the energy. Considerably
smaller are the tensor asymmetries T c

21 and T c
22, but they are

a little more sensitive to the FSI. This is particularly apparent
for T c

21 in π0 production above the �-resonance region.

F. Beam-target asymmetries for linearly polarized photons

The beam-target asymmetries T l
IM for linearly polarized

photons and polarized deuterons for π− and π0 production are
shown in Figs. 14–17. These asymmetries are also very similar
for the two charge states π− and π+. The vector asymmetries
T l

1M do not vanish at all, as claimed in Ref. [18]. They are
small for π− at the lowest energy of Eγ = 250 MeV, but
become sizable for the higher energies (see Fig. 14). They are
considerably smaller for π0 production, as shown in Fig. 15,

FIG. 22. Semiexclusive differential cross section for π− pho-
toproduction on the deuteron. Solid curves, IA + NN rescattering.
Experimental data from Benz et al. [6].

but more sensitive to the FSI. Of the corresponding tensor
asymmetries in Figs. 16 and 17, T l

22 is by far the largest for
both charge states π− and π0, exhibiting a pronounced forward
peak that becomes slightly sharper with increasing energy. The
size decreases significantly when going from T l

22 to T l
2−2. By

the way, they are certainly not equal, as claimed in Ref. [18].
While T l

2−2 is restricted to vanish at θq = 0 and π , this is not
the case for T l

22. For π− production one notes some the FSI
effects in T l

2±1, whereas for π0 quite drastic influences from
the FSI can be seen, leading even to a sign change in some of
them. A comparison to the results in Ref. [18] makes no sense
because of the above-mentioned wrong formal expressions
in Ref. [18].

G. Comparison with experiment

We now turn to a comparison with experimental data, where
available. Figure 18 shows the total cross sections for π−
and π0 production. The agreement with experimental data

FIG. 23. Semiexclusive differential cross section for π0 photo-
production on the deuteron. Cross section and the pion angle θ∗

π refer
to the equivalent γN c.m. system of the corresponding reaction on
the nucleon. Solid curves, IA + NN rescattering. Experimental data
from Krusche et al. [33].
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FIG. 24. Differential cross section and lin-
ear photon polarization asymmetry for semiex-
clusive π− photoproduction on the deuteron.
Notation of curves: dashed, IA; dotted, IA from
Lee and Sato [40]; solid, IA + NN rescattering.
The data are for the differential cross section
from Benz et al. [6] and for the linear pho-
ton asymmetry from the LEGS Collaboration
(LEGS-exp.L3b) [39].

for π− production is satisfactory, although not perfect. The
theory is a little high in the maximum but low in the dip
region between the � and the second resonance region. For
π0, one notes some slight overshooting in the maximum
and a sizable overestimation above the � in the second
resonance region. This discrepancy was already discussed in
Ref. [33], where it was noted that the smearing and damping
of the second resonance peak can hardly be explained by
the Fermi motion effect alone. According to our results, the
broadening of the resonance structure in pion production on
the deuteron is quite significant. This effect is readily seen
in Fig. 19, where we present differential cross sections for
π0 production on the deuteron as functions of the photon
energy for a fixed pion angle. The cross section refers to the

FIG. 25. Linear photon polarization asymmetry for semiexclusive
π− photoproduction on the deuteron at constant pion emission
angle θπ = 80◦ as a function of photon energy. Notation of curves:
dashed, IA; solid, IA + NN rescattering. The data are from the LEGS
Collaboration (LEGS-exp.L3b) [39].

equivalent γN c.m. system, where the nucleon is at rest in the
deuteron. The solid curves are our full calculation multiplied
by energy-independent factors, whose values are listed in the
various panels. One readily sees that the Fermi motion and to
some extent the FSI lead to the disappearance of the resonance
structure. The ratio of the theoretical cross section to the
experimental result is about 1.75, except for cos θ∗

π0 = −0.9,
where it is about 3. However, the origin of this factor is unclear.

One possible source could be the neglected interaction of
nucleon, resonances with the spectator nucleon, which might
result in a broadening of the resonances that is due to additional
inelastic processes. In fact, within a simple model calculation
for the � resonance a significant lowering of the total cross
section from such an interaction was found in Ref. [34]. A
further source could be the neglected inelasticity of the final NN
interaction at higher energies. On the other hand, the question
arises as to why the same lowering is not observed in the π−
photoproduction in which the agreement with the data is quite
satisfactory.

The threshold region is shown in Fig. 20 for π+ production.
Good agreement with the data is achieved, comparable in
quality with a recent precision calculation in chiral pertur-
bation theory [36]. The crucial role of the NN FSI at low
energies, leading to a strong enhancement over the IA, is
further demonstrated by the differential cross section with
respect to the relative energy of the two final neutrons in π+
production in Fig. 21 for two different kinematical situations,
pion emission in a more forward (left-hand panel) and in a
more backward direction (right-hand panel). The 1S0 state of
nn scattering near threshold, a manifestation of the so-called
antibound state as companion to the deuteron, is nicely
resolved and also quite well reproduced by the theory if NN
rescattering is included. A similar result has been reported
in Ref. [38].
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FIG. 26. Linear photon polarization asymmetry for semiexclusive π0 photoproduction on the deuteron. Solid curves, IA + NN rescattering.
Experimental data are from the LEGS Collaboration (LEGS-exp.L3b) [39].

With respect to differential cross sections, a comparison for
π− production is exhibited in Fig. 22 and for π0 production in
Fig. 23. For π− production one notes a satisfactory agreement
with experimental data from Benz et al. [6], whereas for π0

production one finds for the three highest energies a slight
overestimation of the theory in the maximum and at forward
angles an underestimation.

A comparison with data on the unpolarized semiexclusive
differential cross section from Benz et al. [6] and on �l

from the LEGS Collaboration (LEGS-exp.L3b) [39] for π−
production is shown in Fig. 24 for two energies near the �

region. One notes very little influence from the FSI and quite
a good agreement of the theoretical description with the data.
Our results on �l are similar to the IA calculation of Lee and
Sato [40], but at variance with Ref. [21] in which a larger FSI
effect was quoted. However, the latter results are questionable
for reasons mentioned above. Another comparison for �l

with data from the LEGS Collaboration [39] is exhibited in

Fig. 25 for constant pion emission angle as a function of
the photon energy. In this case the size is underestimated
by the theory, although the FSI shifts the results for the IA
in the right direction, but not enough. A much better, almost
perfect, agreement with respect to �l is shown in Fig. 26 for
π0 production.

Finally, we show in Fig. 27 for π− production a compar-
ison between theory and experiment for the semiexclusive
differential spin asymmetry d2(σP − σA)/d�q with respect
to circularly polarized photons and the deuteron spin oriented
parallel (P) or antiparallel (A) to the photon spin. This
spin asymmetry is related to the beam-target asymmetry T c

10
according to

d2(σP − σA)

d�q

=
√

6
d2σ0

d�q

T c
10. (24)

Compared with the predictions in Ref. [20] here we find
the depth of the minimum at 0◦ almost independent of the

FIG. 27. Circular photon polarization asymmetry for semiexclusive π− photoproduction on the deuteron. Notation of curves: dashed, IA;
solid, IA + NN rescattering; dash-dotted, corresponding elementary cross section.
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energy and a small positive asymmetry between 30◦ and
60◦. This spin asymmetry has been measured by the A2
Collaboration [41]. However, the analysis of the data is not
yet complete. Preliminary data were shown in Ref. [20]
without authorization and thus are not shown here. Compared
with these, the agreement is quite satisfactory, although in
the angular region, where the data are available, the spin
asymmetry is very small, almost compatible with zero. Thus
it would be very desirable to have additional data at more
forward angles, for which the theoretical asymmetry exhibits
a pronounced minimum. This concludes the discussion of
results.

IV. CONCLUSION AND OUTLOOK

In this work we have explored the role of polariza-
tion observables in incoherent pion photoproduction on the
deuteron with particular emphasis on the influence of final state
interaction in the NN and πN subsystems of the final state.
In the unpolarized total and semiexclusive differential cross
section d2σ/d�q , in which only the direction of the produced
pion is measured, the influence of final state rescattering is
quite small for charged-pion production for photon energies
up to 1 GeV. For π0 production the influence is much larger.
However, the dominant part of the FSI effect arises from the
removal of a spurious coherent contribution in the IA when
NN rescattering is switched on. This is demonstrated by a
modified IA, in which the deuteron wave-function component
in the final NN plane wave is projected out. The remaining FSI
effect is comparable with charged-pion production.

As polarization observables we have considered all beam,
target, and beam-target asymmetries of the semiexclusive
differential cross section. Many of them are quite sizable,
in particular the photon asymmetry �l and the various
vector asymmetries. The tensor asymmetries are in general
considerably smaller. They are often quite insensitive to final
state rescattering. Only a few, T21, and T c

21, show a larger
influence in charged-pion production.

A very interesting and still open question concerns the
disagreement between theoretical and experimental results
for γ d → π0np in the second resonance region. Although
our calculation explains the strong smearing of the resonance
structure, the data are overestimated by about a factor of 1.5
(see Figs. 18 and 19). It is hoped that new measurements of
the ratio

R = dσ (γ, π0n)

dσ (γ, π0p)
(25)

for quasi-free photoproduction on neutrons and protons can
clarify the situation. The old data from Refs. [42,43], pointing
to R = 1 in the second resonance region, seem to be in
disagreement with the results of Ref. [33].

Future theoretical improvements should be devoted to the
inclusion of two-body effects in the photoproduction ampli-
tude, e.g., the interaction between a resonance and the spectator
nucleon, inclusion of inelasticities in the NN interaction, and
the role of relativistic effects at higher energies. The problem
of off-shell effects for the elementary amplitude is another

unsolved task. Furthermore, there is an urgent need for a
unified description of single- and double-pion production.
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APPENDIX A: SEPARATION OF POLARIZATION
ASYMMETRIES

In this appendix we discuss how the various polarization
asymmetries of the semi-inclusive differential cross section
can be separated by a proper variation of the photon polar-
ization parameters (P γ

l and P
γ
c ), the deuteron polarization

parameters (P d
1 and P d

2 ), the polarization angles (θd and φd ),
and the dependence on the pion azimuthal angle φq , similar
to what has been described in [44]. To this end we write the
differential cross section of Eq. (9) as follows:

S
(
P

γ

l , P γ
c , P d

1 , P d
2

) = S0
[
1 + P d

1 AV
d + P d

2 AT
d

+ P
γ

l

(
Al

γ + P d
1 AlV

γd + P d
2 AlT

γ d

)
+ P γ

c

(
P d

1 AcV
γd + P d

2 AcT
γd

)]
, (A1)

with S0 = S(0, 0, 0, 0) as the unpolarized differential cross
section. Furthermore, we introduce as generalized single-
polarization A asymmetries

AV
d (θq, φqd, θd ) = T̃ 0

11(θq) sin φqd d1
10(θd ), (A2)

AT
d (θq, φq, φqd, θd ) =

2∑
M=0

T̃ 0
2M (θq) cos(Mφqd ) d2

M0(θd ), (A3)

Al
γ (θq, φq) = �̃l(θq) cos 2φq, (A4)

and double-polarization A asymmetries

AlV
γd (θq, φq, φqd, θd ) =

1∑
M=−1

T̃ l
1M (θq)

× sin(Mφqd − 2 φq) d1
M0(θd )

=
1∑

M=−1

T̃ l
1M (θq)[sin(Mφqd )

× cos(2 φq) − cos(Mφqd )

× sin(2 φq)] d1
M0(θd ), (A5)

AlT
γ d (θq, φq, φqd, θd ) =

2∑
M=−2

T̃ l
2M (θq)

× cos(Mφqd − 2 φq) d2
M0(θd )

=
2∑

M=−2

T̃ l
2M (θq)[cos(Mφqd ) cos(2 φq)

+ sin(Mφqd ) sin(2 φq)] d2
M0(θd ),

(A6)
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AcV
γd (θq, φqd, θd ) =

1∑
M=0

T̃ c
1M (θq) cos(Mφqd ) d1

M0(θd ), (A7)

AcT
γd (θq, φqd, θd ) =

2∑
M=1

T̃ c
2M (θq) sin(Mφqd ) d2

M0(θd ). (A8)

Each of these generalized A asymmetries is a function of θq

and of some of the variables φq, φqd , and θd . The first step
is to isolate them by evaluating linear combinations of cross
sections for different values of the appropriate polarization
parameters (P γ

l,c, P
d
1,2). For example, Al

γ is obtained from the
cross-section difference for unpolarized deuterons and lin-
early polarized photons (P γ

l > 0) minus the unpolarized one
(P γ

l = 0), i.e.,

Al
γ = 1

P
γ

l S0

[
S
(
P

γ

l , 0, 0, 0
) − S0

]
. (A9)

The others can be obtained by the following linear combina-
tions of cross sections:

AV
d = 1

2 P d
1 S0

[
S
(
0, 0, P d

1 , P d
2

)
− S

(
0, 0,−P d

1 , P d
2

)]
, (A10)

AT
d = 1

2 P d
2 S0

[
S
(
0, 0, P d

1 , P d
2

)
+ S

(
0, 0,−P d

1 , P d
2

) − 2 S0
]
, (A11)

AcV
γd = 1

4 P
γ
c P d

1 S0

[
S
(
0, P γ

c , P d
1 , P d

2

)
− S

(
0,−P γ

c , P d
1 , P d

2

) − S
(
0, P γ

c ,−P d
1 , P d

2

)
+ S

(
0,−P γ

c ,−P d
1 , P d

2

)]
, (A12)

AcT
γd = 1

4 P
γ
c P d

2 S0

[
S
(
0, P γ

c , P d
1 , P d

2

)
− S

(
0,−P γ

c , P d
1 , P d

2

) + S
(
0, P γ

c ,−P d
1 , P d

2

)
− S

(
0,−P γ

c ,−P d
1 , P d

2

)]
, (A13)

AlV
γd = 1

2 P
γ

l P d
1 S0

[
S
(
P

γ

l , 0, P d
1 , P d

2

)
− S

(
0, 0, P d

1 , P d
2

) − S
(
P

γ

l , 0,−P d
1 , P d

2

)
+ S

(
0, 0,−P d

1 , P d
2

)]
, (A14)

AlT
γ d = 1

2 P
γ

l P d
2 S0

[
S
(
P

γ

l , 0, P d
1 , P d

2

)
− S

(
0, 0, P d

1 , P d
2

) + S
(
P

γ

l , 0,−P d
1 , P d

2

)
− S

(
0, 0,−P d

1 , P d
2

) − 2 P
γ

l Al
γ S0

]
. (A15)

Two of the generalized A asymmetries in Eqs. (A2)–(A8) yield
directly one asymmetry each, namely �̃l from Al

γ and T̃ 0
11 from

AV
d , i.e.,

�̃l = Al
γ (φq = 0), (A16)

T̃ 0
11 =

√
2 AV

d (φqd = π/2, θd = π/2). (A17)

One could also obtain �̃l from taking for linearly polarized
photons the cross-section difference of pions in the photon
plane to pions perpendicular to this plane, i.e.,

�̃l = 1

P
γ

l

S
(
P

γ

l > 0, 0, 0, 0
)|φq=0 − S

(
P

γ

l > 0, 0, 0, 0
)|φq=π/2

S
(
P

γ

l > 0, 0, 0, 0
)|φq=0 + S

(
P

γ

l > 0, 0, 0, 0
)|φq=π/2

.

(A18)

The remaining general asymmetries AT
d and A

(l/c)(V/T )
γ d contain

linear combinations of the asymmetries T̃ 0
2M and T̃

l/c

IM . To
separate the latter, one can exploit the dependence of the
A asymmetries on the angular variables φq, φqd , and θd .
One achieves this, following the analogous problem in
deuteron electrodisintegration [44], by observing that the
general functional form of an A asymmetry is

AI (φq, φqd, θd ) =
I∑

M=−I

αIM(φq, φqd )dI
M0(θd ), (I = 1, 2),

(A19)

where

αIM(φq, φqd ) = cIM(φq) cos Mφqd + sIM(φq) sin Mφqd ,

(A20)

and the φq-dependent functions cIM(φq) and sIM(φq) have
either the form

a0 + a1 cos φq + a2 cos 2φq (A21a)

or

b1 sin φq + b2 sin 2φq. (A21b)

One should note that for A
c(V/T )
γ d , the φq dependence is absent,

i.e., cIM ≡ 0 or sIM ≡ 0, and the sum over M in Eq. (A19) runs
from 0 through I. For a given I the M components αIM(φq, φqd )
of the asymmetry AI (φq, φqd, θd ) can be separated by a proper
choice of θd that exploits the properties of the small dI

M0
functions. For I = 1 (vector asymmetries), taking θd = 0 or
π/2, i.e., d1

M0(0) = δM0 or d1
M0(π/2) = M/

√
2, yields α10 or

α11, respectively, and for the tensor asymmetries (I = 2) one
may first choose θd = 0, yielding with d2

M0(0) = δM0 directly
α20. The latter being determined, then by setting θd = π/4
and π/2, one can obtain the remaining two terms α21 and
α22. For the separation of α21 and α22 one can also choose
θd = θ0

d = arcos (1/
√

3) together with φqd and φqd + π . Then
the sum and difference of the corresponding asymmetries
result in α21 and α22, respectively.

In the next step, to separate the two contributions cIM and
sIM in Eq. (A20), one can take first φqd = 0, giving cIM,
and then φqd = π/(2M) for M �= 0, which yields directly
sIM. The remaining separation of the coefficients an or bn in
Eqs. (A21) is then achieved by the appropriate choices of φq .
This completes the separation.

APPENDIX B: A MODIFIED IMPULSE APPROXIMATION

For incoherent π0 photoproduction in the IA, the NN
final state is described by a plane wave | �p, sms〉 that is not
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orthogonal to the deuteron wave function. Thus the IA matrix
element contains a spurious contribution from coherent π0

photoproduction, the size of which is governed by the overlap
between the plane wave and the deuteron wave function, which
is just the deuteron wave function in momentum space [see
Eq. (6)]:

φmsmd
( �p ) = 〈 �p, 1ms |1md〉(d) �= 0, (B1)

whereas, if the interaction between the nucleons is properly
taken into account, the overlap with the final NN-scattering
wave vanishes. Therefore one can expect that a large fraction
of NN-rescattering effects in incoherent π0 photoproduction
arises from the elimination of the spurious coherent contribu-
tion.

One can avoid this spurious contribution by applying a
modified IA, in which one uses a modified NN final state wave
function, in which the deuteron wave-function component is

projected out by the replacement:

| �p, 1ms〉 → | �p, 1ms〉 −
∑
md

|1md〉(d)〈1md | �p, 1ms〉

= | �p, 1ms〉 −
∑
md

|1md〉(d) φ∗
msmd

( �p ). (B2)

This means the following replacement for the IA matrix
element:

〈 �p, 1ms |T |1md〉(d) → 〈 �p, 1ms |T |1md〉(d)

−
∑
m′

d

φmsm
′
d
( �p ) (d)〈1m′

d |T |1md〉(d).

(B3)

The matrix element (d)〈1m′
d |T |1md〉(d) corresponds to the one

for coherent pion photoproduction γ d → π0d in the off-shell
region. The comparison of the original IA with the modified
IA reveals then what fraction of the whole FSI effect arises
from the nonorthogonality.
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