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Abstract

Based on a prior effective Lagrangian model on single pion photoproduction from the nucleon, suc-
cessfully tested in total and differential cross sections, the helicity dependence from the interaction of
circularly polarized photons and a longitudinally polarized nucleon target is studied in the energy range
from π-threshold through the ∆(1232)-resonance region. The doubly polarized total and differential
cross section differences for parallel σ3/2 and antiparallel σ1/2 helicity states are predicted and compared
with recent experimental data. We show that the results are sensitive to interferences among different
contributions to the process and, thus, represent a complementary test of the theoretical model. A quite
satisfactory agreement with recent experimental data from the GDH-collaboration is obtained.
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1. Introduction

Since the advent of high duty-factor accelerators, such as MAMI in Mainz and ELSA in Bonn (Germany),
JLab in Newport News and LEGS in Brookhaven (USA) or MAX-Lab in Lund (Sweden), the study of single
pion production reaction in intermediate energy nuclear physics has been getting more and more attention
in recent years (see for example [1–7] and references therein) with respect to the study of hadron structure
in the non-perturbative domain of Quantum Chromodynamics (QCD) and therefore the nature of strong
interactions. With the developments of these new facilities, it is now possible to obtain accurate data for
meson electromagnetic production, including spin-dependent observables.

The difference in the helicity components of total photoabsorption cross section, which determine the
Gerasimov-Drell-Hearn (GDH) sum rule, has been measured recently at the Mainz MAMI accelerator, in the
energy range from pion threshold up to 800 MeV [8–11]. The study of the helicity structure of pseudoscalar
meson photoproduction processes has become of great interest in the field of intermediate energy nuclear
physics. The spin asymmetry of the total photoabsorption cross section is of particular interest since it
deserves detailed investigations for the various pion production channels. The reason for this is that this
asymmetry contains very interesting physics with respect to the hadronic structure of the system.

The main goal of the present paper is to report on a theoretical prediction for the helicity structure of
single pion photoproduction channels from the nucleon in the ∆-resonance region. We carry out an analysis
of recently published experimental data using double polarization techniques. As stated in [5], such data is
very suitable for detailed studies of the production mechanism and properties of excited nucleon resonances.

The work of this paper is organized as follows. In Section 2, we briefly outline the effective Lagrangian
model of Schmidt, et al. [12], which we use in our calculation. In Section 3, we present and discuss our
results for polarized total and differential cross sections together with a comparison with recent experimental
data from the GDH-collaboration [13, 14]. Finally, we conclude and summarize our results in Section 4.
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2. The Model

In this section we outline the pion photoproduction operator of Schmidt, et al. [12], which we use in the
analysis of this work. The T -operator describing transitions between asymptotically free states is given in
terms of the interaction Hamiltonian Hint between all the involved particles as follows [15]:

T = Hint +Hint
1

E −H0 + iε
T , (1)

where H0 is the free Hamiltonian. The on-shell matrix element Tfi of (1) is given in terms of the Hamilton
operator Hint by

Tfi = 〈f |T |i〉 = 〈f |Hint|i〉+
∑
α

〈f |Hint|α〉
1

E − Eα + iε
Tαi , (2)

where the energy eigenvalues Eα are given by

H0|α〉 = Eα|α〉 . (3)

Making a one-iteration approximation and keeping terms from the second order we obtain the following
expression for the Tfi-matrix:

T
(2)
fi = 〈f |Hint|i〉+

∑
α

〈f |Hint|α〉
1

E −Eα + iε
〈α|Hint|i〉 . (4)

The complete Fock space of the system contains N -, πN -, ππN -, NNN̄-, πNNN̄ -, ∆-, π∆-, etc., states.
For the process in our case, forms of the initial photon-nucleon state|i〉 and the final pion-nucleon state

|f〉 are specified by the asymptotical states as

|i〉 = |N, γ; �p1smstmt, �k�ε(mγ)〉 , (5)
|f〉 = |N ′, π; �p2s′ms′t′mt′ , �qµ〉 , (6)

where �p1, �p2, �k and �q are the momenta of initial and final nucleon, photon and meson, respectively. The
isospin projection of the produced pion is given by µ, the polarization vector of the incoming photon by �ε
and mt and mt′ are the isospin projection of the initial and final nucleon, respectively. The states of all
particles are covariantly normalized. The individual terms of the Tfi-matrix for pion photoproduction on the
free nucleon are shown diagrammatically in Figure 1. In the following, we will evaluate the full interaction
Hamiltonian of (4) in more details.

The general form of the interaction Hamiltonian of the involved particles, i.e. nucleon, ∆(1232), pion and
photon is described by the operator Hint which is given by

Hint = Hem +HπN +HπN∆ , (7)

where Hem, HπN and HπN∆ are the Hamiltonians of the electromagnetic interaction, the πN -coupling
and the coupling of the ∆(1232)-resonance to the πN system, respectively. In the following, we begin by
evaluating the Hamiltonians which describe the interaction between pions, nucleons and photons as well as
the contribution of the ∆(1232)-resonance.

2.1. The Electromagnetic Interaction

The electromagnetic interaction Hem contains the coupling of the photon field to the free nucleon, pion
and ∆ fields

Hem = HγN +Hγπ +HγπN +HγN∆ . (8)
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Figure 1. Diagrams for the γN → πN reaction: (a) the Kroll-Rudermann graph, (b) and (c) the two time-ordered
contributions to the direct and crossed nucleon pole graph, (d) and (e) the two time-ordered contributions to the
pion pole graph, (f) and (g) the Z-graphs and (h) and (i) the ∆(1232) resonance graphs.

The Hamiltonian corresponding to the absorption of a photon at a nucleon or a pion are given, respectively,
by

HγN = −e
∫
d3xΨ̄(�x) �A(�x) · �γΨ(�x) (9)

and

Hγπ =
1
2

∫
d3x

∑
µ

(−)µieµ �A(�x)
[(
�∇Φµ (�x)

)
Φ−µ (�x)−

(
�∇Φ−µ (�x)

)
Φµ (�x)

]
, (10)

where �A(�x), Ψ(�x) and Φµ(�x) are the field operators of the photon, nucleon and pion, respectively. �γ represent
the Dirac matrices and e denotes the elementary charge.

Using field quantization, the matrix elements are given by

〈N ′; �p2m′
t|HγN |N, γ; �p1mt, �k�ε〉 = −(2π)3δ3(�p2 − �p1 − �k)

1
2MN

〈m′
t |

(
ê (�p2 + �p1) + i (ê+ κ̂)�σ × �k

)
· �ε | mt〉

(11)

and

〈π; �q ′µ′|Hγπ|π, γ; �qµ,�k�ε〉 = −(2π)3δ3(�q ′ − �q − �k)δµµ′eµ(�q + �q ′) · �ε , (12)

where MN is the nucleon mass and �σ are the Pauli spin matrices. ê and κ̂ denote nucleon charge and
anomalous part of the nucleon magnetic moment, respectively.

In addition to the matrix elements of (11) and (12), the following matrix element of Hπγ between a state
of two-pion and one photon is considered

〈π, π′; �qµ, �q ′µ′|Hπγ |γ;�k�ε〉 = −(2π)3δ3(�q ′ + �q − �k)δ−µµ′eµ(�q + �q ′) · �ε . (13)

This matrix element will be used later in the construction of the amplitude of diagrams (d) and (e) in Figure
1. The pionic current terms, which are given in (12) and (13), contribute only to the photoproduction of
charged pions.

The γπN Hamiltonian is given by

HγπN =
ifπN

mπ

∑
µ=±1,0

∫
d3xΨ̄(�x)�γ · �A(�x)γ5

[
ê, τ+

µ

]
Ψ(�x)Φµ(�x) , (14)
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where mπ is the pion mass and �τ represent the isospin matrices. We used the πN coupling constant
f2

πN

4π
= 0.0735 which is given in [16] by fitting the πN scattering data. The γπN Hamiltonian is linear in

photon and pion fields. This leads to a vertex, in which both photon and pion couple to the nucleon. The
matrix element of HγπN is given by

〈N ′, π; �p2m′
t, �qµ|HγπN |N, γ; �p1mt, �k�ε〉 = (2π)3δ3(�p2 + �q − �p1 − �k)

ifπN

mπ
〈m′

t | �σ · �ε
[
ê, τ+

µ

]
| mt〉 . (15)

This matrix element contributes only to the photoproduction of charged pions.
Now, we evaluate the fourth term in (8). In the description of the γN∆-vertex one has to take into

account the magnetic dipole M1 and a possible electric quadrupole E2 excitation of the ∆ resonance

HγN∆ = HM1
γN∆ +HE2

γN∆ . (16)

Since the strength of the electric quadrupole excitation E2 is much smaller than the magnetic dipole one
(see for example [17, 18]) we will neglect it in this work. Following Wilhelm and Arenhövel [17] and Weber
and Arenhövel [19], the γN∆ vertex reads

HγN∆ =
ieGM1

∆N (WπN )
2MN

�σ∆N · (�k ×�ε) τ∆N,0 . (17)

Here, WπN denotes the invariant mass of the πN -subsystem and it is given by

WπN = EN(qc.m.) + ωπ(qc.m.) , (18)

where EN =
√
M2

N + q2c.m. and ωπ =
√
m2

π + q2c.m. with the center of mass pion momentum being qc.m.. The
transition spin (isospin) operator �σN∆ = �σ†∆N (�τN∆ = �τ †∆N) is normalized as

〈3
2
|| σ∆N(τ∆N ) ||

1
2
〉 = −〈1

2
|| σN∆(τN∆) ||

3
2
〉 = 2 . (19)

The energy dependent and complex coupling GM1
∆N(WπN ) is given as in [17] by

GM1
∆N (WπN ) =

{
µM1(WπN )eiΦ

M1(WπN ) for WπN > mπ +MN

0 else
, (20)

where µM1(WπN ) is given by

µM1(WπN ) = µ0 + µ2

(
q∆
mπ

)2

+ µ4

(
q∆
mπ

)4

(21)

and the phase ΦM1(WπN ) by [20]

ΦM1(WπN ) =
q3∆

a1 + a2q2∆
. (22)

q∆ is the on-shell pion momentum in the πN center of mass frame on the top of the resonance, i.e., when
the invariant mass WπN of the πN state equals the mass of the ∆ resonance

WπN = ωπ(q∆) +EN(q∆) = M∆ . (23)

It is given by

q∆ =

√
(W 2

πN −m2
π −M2

N)
2 − 4m2

πM
2
N

4W 2
πN

. (24)

The free parameters µ0 = 4.16, µ2 = 0.542, µ4 = −0.0757, a1 = 0.185 fm−3 and a2 = 4.94 fm−1 are fitted
to the experimental data for the M3/2

1+ -multipole of pion photoproduction [21, 17], i.e. the parameters have
chosen consistent with the Born terms in the M1 channel. Due to the use of a constant ∆ mass in the ∆
propagator we had to increase GM1

∆N from [17] by a factor of 1.15 to fit the experimental M3/2
1+ multipole.
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2.2. The πN Interaction

The πN interaction operator in pseudovector coupling is given by

HπN = −fπN

mπ

∫
d3xΨ̄(�x)�γ · γ5�τ ·Ψ(�x)�∇�Φ(�x) . (25)

This operator is linear in the pion field operator �Φ(�x). Therefore, only one pion can be produced or absorbed
at the πN -vertex. Thus, only two possible diagrams contribute. The evaluation of these two graphs yields
the matrix elements

〈N ′, π; �p2m′
t, �qµ|HπN |N ; �p1mt〉 = −(2π)3δ3(�p2 + �q − �p1)

ifπN

mπ
〈m′

t | �q · �στ+
µ | mt〉 (26)

for the emission of a pion and

〈N ′, π; �p2m′
t, �qµ|HπN |N, π1, π2; �p1mt, �q1µ1, �q2µ2〉 = −(2π)6 2ifπN

mπ

×
[
δ3(�p2 − �q1 − �p1)δ3(�q − �q2)δµµ2ω�q2(−)µ1 〈m′

t | τµ1�q1 · �σ | mt〉
+ δ3(�p2 − �q2 − �p1)δ3(�q − �q1)δµµ1ω�q1 (−)µ2 〈m′

t | τµ2�q2 · �σ | mt〉
]

(27)

for the absorption of a pion, where ω�qi
=

√
m2

π + q2i is the energy of the pion with momentum �qi.

2.3. The πN∆-Vertex

Here, we will evaluate the πN∆-vertex which contribute to the amplitude of the ∆-resonance. For the
πN∆-vertex we use [17, 19]

HπN∆ = − i

mπ
F∆(q2) (−)µ �τN∆,−µ �σN∆ ·�q . (28)

We have introduced a hadronic monopole form factor:

F∆(q2) = fπN∆
Λ2

∆ + q2∆
Λ2

∆ + q2
. (29)

The coupling constant f2
πN∆
4π

= 1.393 and the cutoff Λ∆ = 315 MeV are fixed in [17, 22] to fit the πN
scattering phase shift in the P33 channel and are also used in this work.

Using the Hamilton operator (7) and taking into account all possible intermediate states |α〉 in (4), one
can calculate the on-shell Tfi-matrix for pion photoproduction on the nucleon by constructing the lowest
order diagrams as shown in Figure 1. The quality of the model can be judged by a comparison with the
MAID analysis [23], the Mainz dispersion analysis [24] and the VPI analysis from the SAID program [21] as
shown in Figure 1 of [25], and quite a good agreement was achieved.

3. Results and Discussion

In this section, we will classify our discussion into two classes. In the first class, we offer the results for
polarized total cross sections for circularly polarized photons on a longitudinally polarized nucleon target
with spin parallel σ3/2 and spin antiparallel σ1/2 to the photon spin for the different pion photoproduction
channels in comparison with the available experimental data. Results for the helicity difference σ3/2 −σ1/2,
i.e., the spin asymmetry of the nucleon, will be also presented and discussed in this class. In the second class,
we present and discuss the results for polarized differential cross section difference (dσ/dΩ)3/2 − (dσ/dΩ)1/2

for the four isospin channels. In our comparison with experiment, we concentrate our discussion on π0- and
π+-production on the proton since data for π0- and π−-production on the neutron are not available with
respect to the absent of any free neutron targets.
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3.1. Polarized Total Cross Section

We start the discussion with the presentation of our results in Figures 2 through 5, of cross sections
for circularly polarized photons on a longitudinally polarized nucleon target with spin parallel σ3/2 (upper
parts: left), spin antiparallel σ1/2 (upper parts: right) to the photon spin and the spin asymmetry σ3/2−σ1/2

(lower parts). The solid curves show the results of the full calculation, i.e., when both the Born terms and
the contribution from the ∆-resonance are taken into account. The dashed curves denote the results when
only the contribution from the Born terms is considered. The dash-dotted curves display the results when
the contribution from the ∆-resonance is neglected and the anomalous magnetic moment of the nucleon is
vanishing, i.e., T∆

fi = 0 and κN = 0. The helicity dependent total cross sections give valuable information on
the nucleon spin structure and allow the determination of the dominant contribution to the GDH integral.

In general, one sees qualitatively a different behaviour for polarized total cross sections in case of the
charged (Figures 2 and 4) and the neutral (Figures 3 and 5) pion production channels. In the case of π+-
production on the proton (Figure 2), one can see that σ3/2, σ1/2 and their difference σ3/2 − σ1/2 have a
peak at energy in the region of the ∆(1232)-resonance. In case of the π0-production on the proton (Figure
3), one notes that σ3/2, σ1/2 and their difference σ3/2 − σ1/2 have also a peak at energy in the region of the
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Figure 2. Total photoabsorption cross sections for circularly polarized photons on a longitudinally polarized nucleon
target with spin parallel σ3/2 (upper part: left) and antiparallel σ1/2 (upper part: right) to the photon spin for the
reaction �γ�p → nπ+ as a function of photon lab-energy. Lower part shows the difference of the total cross sections. The
solid (dashed) curve shows the results using the Born terms with (without) the ∆-resonance contribution. The dash-
dotted curve shows the results of Born terms when κN = 0. The experimental data are from the GDH-collaboration
[13, 14].
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Figure 3. Same as in Figure 2, but for the �γ�p → pπ0 channel.

∆(1232)-resonance, which comes mainly from the contribution of the ∆-excitation. Qualitatively, one notes
that σ3/2 and σ1/2 have a similar behaviour in the case of π0- and π+-production on the proton.

It is also clear from the dashed curves in Figures 2 through 5 that the contribution from Born terms is
small, in particular when both the photon and the nucleon have parallel spins. Obviously, from the GDH
sum rule relation,

πe2κ2
N

2M2
N

=
∫ ∞

ωthr

σ3/2(ωγ)− σ1/2(ωγ)
ωγ

dωγ , (30)

that for κN �= 0, the particle possesses an internal structure. However, the opposite is not in general true. A
particle having a vanishing or very small κN need not be point-like or nearly point-like. When the anomalous
magnetic moment of the nucleon goes to zero, one observes that σ3/2 is smaller than σ1/2 and therefore the
spin asymmetry σ3/2 − σ1/2 has negative values. In contrast to the neutral pion channels, we see that the
spin asymmetry σ3/2−σ1/2 for charged pion production channels starts with negative values. These negative
values come from higher values in σ1/2.

In comparison with the most recent experimental data from the GDH-collaboration [13, 14], it is inter-
esting to note that σ3/2 has good agreement, but small discrepancies are found in the case of σ1/2, especially
in the peak region. The agreement of our results for the spin asymmetry σ3/2 − σ1/2 with the GDH data
[13, 14] is good. Only at energies in the ∆-region a small underestimation is found which result from an
overestimation in σ1/2.

Figures 4 and 5 show the results for total photoabsorption cross sections of π−- and π0-production on
the neutron, respectively. Because the neutron has a short lifetime, free neutron targets are not available for
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Figure 4. Same as in Figure 2, but for the �γ�n → pπ− channel.

the study of the neutron channels, and thus one shows no comparison of our predictions with experimental
data in Figures 4 and 5. In case of the π0-production on the neutron (Figure 5), one notes that σ3/2, σ1/2

and their difference have a peak at energy in the region of the ∆(1232)-resonance. It is also clear from the
dashed curves that the contribution from Born terms is negligible, in particular in the case of σ3/2. When
the anomalous magnetic moment of the nucleon goes to zero, one observes that σ3/2 and σ1/2 and therefore
the spin asymmetry σ3/2 − σ1/2 vanish.

In the case of π+- and π−-production (see Figures 2 and 4, respectively), we see that in the energy
region close to threshold the polarized total cross section σ1/2 is much greater than σ3/2. Therefore, the
helicity difference σ3/2 − σ1/2 (see the lower parts in Figures 2 and 4) becomes negative and changes much
more strongly than the unpolarized total cross sections (compare with the results of unpolarized total cross
sections presented in [25]). The reason for that stems from the fact that, in the energy region close to
threshold, the pion production reaction is dominated by the s-wave (intermediate states with spin 1

2 ). These
states contribute only to the polarized cross section σ1/2. On the contrary, in the energy region of the
∆(1232)-resonance, it is clear from the upper part of Figures 2 and 4 that the polarized total cross section
σ1/2 is much smaller than σ3/2 since the transition in this case is essentially M1. Therefore, the helicity
difference σ3/2 − σ1/2 is found to be large and positive in this case. The reason for that comes from the
fact that in the energy region of the ∆(1232)-resonance (intermediate state with spin 3

2
) both helicity cross

sections contribute.
We would like to close with a short discussion on the dash-dotted curves in Figures 2 through 5 which

indicate the results using a very simple model for pion photoproduction on the nucleon. In this model we put
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Figure 5. Same as in Figure 2, but for the �γ�n → nπ0 channel.

a zero value for the anomalous magnetic moment of the nucleon, i.e., κN = 0, and neglect the contribution
from the ∆-resonance, i.e., T∆

fi = 0. As a result one sees that the production of the π0-meson is suppressed
very strongly. In the case of π0-production on the neutron, it disappears completely. The reason for that
stems from the fact that the neutron is a neutral particle and therefore the photon can attack with the
production of the π0-meson only on the anomalous magnetic moment, which was switched off in this very
simple model. This suppression of the cross section does not arise however with the charged pions, the
amount of σ3/2, σ1/2 and hence σ3/2 − σ1/2 becomes larger still.

3.2. Polarized Differential Cross Section

Next, we consider the polarized differential cross section difference d(σ3/2−σ1/2)/dΩ, as shown in Figures
6 through 9, as a function of the emission pion angle θπ in the c.m. system at nine different values of photon
energies in the lab-frame. As in the case of polarized total cross sections, the solid curves show the results
when both Born terms and the contribution from the ∆-resonance are taken into account, the dashed curves
denote the results when only the contribution from Born terms is considered and the dash-dotted curves
display the results when the contribution from the ∆-resonance is neglected and the anomalous magnetic
moment of the nucleon is vanishing. One notes that the helicity difference d(σ3/2 − σ1/2)/dΩ has a peak
at θπ � 90◦ for all energies. It is obvious from the dashed curves that the contribution from Born terms
is approximately negligible since a very strong reduction in the helicity difference appears. As in the case
of polarized total cross sections, the results when T∆

fi = 0 and κN = 0 vanish in the case of neutral pion
channels and therefore the dash-dotted curves are not seen. At extreme forward and backward pion angles,
it is very obvious that the helicity difference is vanishing.

In the case of charged pion production channels (Figures 6 and 8), one sees that the situation is similar
to the case of polarized total cross section. The dashed curves in these two figures demonstrate the impor-
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Figure 6. The helicity difference d(σ3/2 −σ1/2)/dΩ of polarized differential cross sections for the reaction �γ�p → nπ+

as a function of pion angle in the c.m. frame at nine different values of photon lab-energy. The experimental data
are from the GDH-collaboration [13, 14]. Notation of curves as in Figure 2.

tance of Born terms. At extreme forward and backward pion angles, it is very obvious that the difference
d(σ3/2−σ1/2)/dΩ has negative values which come mainly from higher positive values in (dσ/dΩ)1/2. For π0-
production on the proton (Figure 7) and neutron (Figure 9), one observes small negative values at extreme
backward angles which stem from small positive values in (dσ/dΩ)3/2.

Figure 6 displays that the results for polarized differential cross section difference d(σ3/2 − σ1/2)/dΩ for
the reaction �γ�p→ nπ+ are in good agreement with the recent experimental data from [13, 14], in particular
at high energies. A small overestimation at small energies, especially in the peak region, is found. Figure
7 shows the results for the helicity difference of the reaction �γ�p → pπ0 in comparison with the data from
[13, 14]. One readily sees that discrepancies are obtained in this case, in particular at small energies. At
energies above the region of the ∆-resonance, a very small deviation is obtained. An experimental check
of these predictions at extreme forward and backward pion angles is needed. Furthermore, an independent
evaluation in the framework of effective field theory would be very interesting.

The calculations we have predicted in the present work are just an example of the type of studies that one
can make, in the same way that other energies, angles or kinematical cuts can be implemented, and it serves
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Figure 7. Same as in Figure 6, but for the �γ�p → pπ0 channel.

as an example of the strong dependence on interferences that is obtained from such kinds of polarization
experiments.

4. Summary

In this paper, we have presented theoretical predictions of the helicity dependence for the interaction
of circularly polarized photons with longitudinally polarized nucleon target, �γ �N → πN . We have used a
well tested theoretical model successfully applied in the evaluation of several unpolarized observables. The
helicity dependent total and differential cross sections give valuable information on the nucleon spin structure
and allow the determination of the dominant contribution to the GDH integral.

The main conclusions of this work are summarized as follows. In the case of total photoabsorption cross
sections for circularly polarized photon on a longitudinally polarized nucleon target with spin parallel σ3/2,
spin antiparallel σ1/2 to the photon spin and the spin asymmetry σ3/2 − σ1/2, we obtained qualitatively
a similar behaviour for the polarized total cross sections in the case of charged pion production channels,
whereas a totally different one is seen in the case of neutral channels. The threshold region is dominated
by the s-wave pion production that can only contribute to the cross section σ1/2. In the ∆(1232)-resonance
region, we found that the helicity difference σ3/2 − σ1/2 became large and positive. In comparison with
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Figure 8. Same as in Figure 6, but for the �γ�n → pπ− channel.

experiment, we found that the σ3/2 curve has a good agreement with experiment; but in the case of σ1/2

curve, especially in the peak region, small discrepancies are found. The agreement of the results for spin
asymmetry σ3/2 − σ1/2 is found to be good. Only at energies in the ∆-region, a small underestimation is
found which stems from an overestimation in σ1/2.

With respect to the results for differential photoabsorption cross section difference d(σ3/2 − σ1/2)/dΩ,
we observed a peak when θπ � 90◦ in the case of charged and neutral pion production channels. When the
photon energy was increasing, the top of this peak changed from higher to smaller values. Small negative
values for the helicity difference appear only at extreme backward angles, which came from small positive
values in (dσ/dΩ)3/2. At extreme forward and backward pion angles, we found that the helicity difference
d(σ3/2 − σ1/2)/dΩ had negative values which came from positive values in (dσ/dΩ)1/2. In comparison with
experimental data, discrepancies are obtained in the case of π0-production on the proton, especially at small
energies. At energies above the region of the ∆-resonance, a very small deviation has been obtained. For
π+-production on the proton, we found that the results were in good agreement with experiment. Small
discrepancies were found only at small energies, especially in the peak region.

This work could be continued by further refinement of the pion production operator. Modifying this
operator above the two pion threshold may improve our results for the spin asymmetry and the corresponding
GDH sum rule for the nucleon [26]. This may also result in a better agreement between experimental data
and theoretical predictions.
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Figure 9. Same as in Figure 6, but for the �γ�n → nπ0 channel.
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