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The contribution of single-pion photoproduction channels to the spin
response of the nucleon, i.e. the asymmetry of photoabsorption cross sec-
tions with respect to parallel and antiparallel spins of photon and nucleon,
is calculated over the region of the ∆(1232)-resonance adopting an effec-
tive Lagrangian model for the reaction amplitude. Furthermore, the con-
tribution from separate pion photoproduction channels to the Gerasimov–
Drell–Hearn integral is explicitly evaluated by integration up to a photon
lab-energy of 550 MeV. In addition, the double polarization E asymme-
try for the individual pion photoproduction channels is predicted. A quite
satisfactory agreement with recent experimental data from the GDH Col-
laboration is obtained.

PACS numbers: 25.20.Lj, 13.60.Le, 11.55.Hx

1. Introduction

The Gerasimov–Drell–Hearn (GDH) sum rule [1,2] is one of several dis-
persive sum rules that connect the Compton scattering amplitudes to the
inclusive photoproduction cross sections of the target under investigation.
Being based on such universal principles as causality, unitarity and gauge
invariance, these sum rules provide a unique testing ground to study the
internal degrees of freedom that hold the system together. The GDH sum
rule connects the anomalous magnetic moment (a.m.m.) of a particle κ with
the energy-weighted integral from π-threshold up to infinity over the spin
asymmetry of the total photoabsorption cross section, i.e., the difference of
the total photoabsorption cross sections for circularly polarized photons on
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a longitudinally polarized target with spin parallel σP and antiparallel σA

to the photon spin

IGDH(∞) =
πe2κ2

M2
S =

∞
∫

ωthr

dωγ

ωγ

(

σP(ωγ) − σA(ωγ)
)

, (1)

where the integral runs over the photon energy in the laboratory frame, ωγ ,
from the lowest threshold ωthr to infinity. The a.m.m. κ can be read off the
relation between the total magnetic moment ~µ and the spin ~S of a particle
in its center-of-mass (c.m.) frame, ~µ = e

M (Q+ κ) ~S, where eQ is the charge
and M is the mass of the particle. The elementary charge e is defined by
e2/4π = 1/137.

Because the left-hand side (lhs) of (1) is positive, we can draw the quali-
tative conclusion that the photon prefers to be absorbed with its spin parallel
to the target spin. Of course, the sum rule is much more quantitative. The
same agent that is responsible for the a.m.m. on the lhs of (1) must also
lead to an appropriate energy dependence of the helicity difference of the
cross sections, σP − σA, such that the sum rule is fulfilled. However, keep
in mind one caveat: A basic assumption in deriving (1) is that σP − σA

vanishes sufficiently fast such that the integral converges.
Having followed through to this point, the reader may well ask whether

we can ever be sure that the GDH sum rule is fulfilled. In a sense we cannot,
because ultimately physical questions can only be answered by experiment,
and no experiment will ever decide whether an infinite integral converges or
diverges in the mathematical sense. However, we should view such questions
from a more physical standpoint. First, the GDH sum rule is an ideal testing
ground, because the lhs of (1) is given by ground state properties and, in
the case of the nucleon, is known to at least eight decimal places. The result
is 204.8 µb for the proton and 233.2 µb for the neutron [3, 4]. Thirty years
ago, the first estimation for the right-hand side (rhs) of (1) were 261 µb
for the proton and 183 µb for the neutron [5]. Over the following years
the predictions moved even further away from the sum rule values despite
an improving data basis, simply because these data were not sensitive to
the helicity difference of the inclusive cross sections. Many explanations for
the apparent violation of the sum rule followed, but in view of the more
recent experimental evidence we have no intention to deliberate about these
models.

Albeit more than thirty years old today, the GDH sum rule still lacks a
direct experimental check, since both beam and target have to be polarized
and a wide range of photon energies has to be covered, which presents an
enormous challenge. Recently, several experiments to test the GDH sum
rule both on the proton and on the neutron are now performed or planned
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at different laboratories (MAMI, ELSA, and LEGS) [6–9]. This makes the
study of the GDH sum rule becomes of great interest in the field of inter-
mediate energy nuclear physics. The verification of the GDH sum rule is an
important check of our knowledge of the γN interaction and also an impor-
tant comparison test for nucleon models. Furthermore, the spin asymmetry
of the total photoabsorption cross section, entering into the GDH sum rule,
is of particular interest.

The importance of polarization observables cannot be overstated. In
the case of photoproduction of a single pseudoscalar meson, four complex
amplitudes are required to describe the process. Since one phase will always
remain ambiguous, this means that seven ‘numbers’ are required at each
kinematic point. The differential cross section provides information only on
the sum of the absolute squares of these amplitudes. Polarization observables
allow extraction of more information, including phases.

Therefore, the main goal of this paper is to report on an evaluation of the
GDH sum rule for the nucleon by explicit integration of the GDH integral
up to a photon energy of 550 MeV using a reliable pion photoproduction op-
erator and including the individual contributions from the different charge
states of the pion. Their total sum to the spin asymmetry for pion photo-
production on the nucleon will also be evaluated. This asymmetry is a very
important quantity which deserves detailed investigations for the various
channels. The reason for this is that this asymmetry contains very interest-
ing physics with respect to the hadronic structure of the system describing
its optical activity which reflects an internal screw-like or chiral structure.
Besides spin asymmetry and the GDH sum rule, the double polarization
asymmetry E will also be discussed. These polarization asymmetries are an
essential ingredient in the interpretation of various meson production reac-
tions in terms of the various resonances that contribute to the processes as
real or virtual intermediate states.

The rest of this article is organized as follows. In the next section we
give the formal expressions for the pion photoproduction amplitude that we
use as a main tool in our calculations. In Sec. 3 we present the value of
the GDH sum rule for the nucleon (proton or neutron). The main results
together with a comparison with recent experimental data will be presented
and discussed in Sec. 4. Finally, we conclude our results in Sec. 5.

2. The theoretical model

As a starting point, we will consider first the model which we use for
studying pion photoproduction on the nucleon

γ(k,~ǫ) + N(p1) → π(q) + N(p2) , (2)
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where we have defined the notation of the four-momenta for the participat-
ing particles. The polarization vector of the photon is denoted by ~ǫ. In this
work, the effective Lagrangian model of Schmidt et al. [10] will be used. This
model contains, beside the standard pseudovector Born terms, the resonance
contribution from the ∆(1232)-excitation. The individual tree-level contri-
butions to the scattering amplitude are shown in Fig. 1. In the following, we
give the formal expressions for these two terms explicitly. We refer to [10]
for further details.
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Fig. 1. The tree-level Feynman diagrams for γN → πN : (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.

A solid, dashed and wavy line represents a nucleon, pion and photon, respectively.

2.1. The Born terms

First, we consider the nonresonant amplitudes. These are referred to as
the Born terms and they are dominant at low energy and for charged pion
photoproduction still provide 50% of the cross section in the energy region
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of the ∆(1232)-resonance. Using graphs (a) to (g) in Fig. 1 the following
expression for the matrix element of the Born terms is found [10]

TB
fi = (2π)3δ3(~p2 + ~q − ~p1 − ~k)

ifπN

2mπ

[

2~σ · ~ǫ
[

ê, τ †
µ

]

−

(

τ †
µ~σ · ~q

(

2(~p2 + ~q) · ~ǫ ê + i~σ · ~k × ~ǫ (ê + κ̂N )
)

E~p2+~q(ω~q + E~p2
− E~p2+~q)

+

(

2~p2 · ~ǫê + i~σ · ~k × ~ǫ(ê + κ̂N )
)

τ †
µ~σ · ~q

E
~p2−~k

(E~p2
− E

~p2−~k
− ωγ)

)

+
2~q · ~ǫ~σ · (~q − ~k)

ω~q−~k

(

1

ω~q − ω~q−~k − ωγ
+

1

ωγ − ω~q−~k − ω~q

)

[

ê, τ †
µ

]

+2MNω~q~σ · ~ǫ

(

τ †
µê

E~p2+~q(E~p2+~q + E~p2
+ ω~q)

+
êτ †

µ

E~p2−~k(E~p2−~k + E~p2
− ωγ)

)]

, (3)

where E~p =
√

M2
N + ~p 2 and ω~p =

√

m2
π + ~p 2 are the energies of a nucleon

and a pion with momentum ~p, respectively. MN and mπ are the nucleon
and pion mass, respectively. The isospin projection of the produced pion is
given by µ. ~σ are the Pauli spin matrices. ~τ are the isospin matrices. ê
and κ̂N denote nucleon charge and anomalous part of the nucleon magnetic
moment, respectively. These are isospin operators of the nucleon and are
given by

ê =
e

2
(1+ τ0) ,

κ̂N =
e

2
[κp (1+ τ0) + κn (1− τ0)] , (4)

where κp = 1
2(κs + κv) = 1.79 and κn = 1

2(κs − κv) = −1.91 are the
anomalous magnetic moments of the proton and the neutron in units of
nuclear magnetons, respectively, and κs = −0.12 and κv = 3.70. Here, we

used the πN coupling constant
f2

πN

4π = 0.0735 which is given in [11] by fitting
the πN scattering data.
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2.2. The ∆(1232)-resonance term

The dominant non-Born contribution for photon energies up to 500 MeV
is that of the P33 pion–nucleon resonance, the ∆(1232)-resonance. Using the
nonrelativistic form of the ∆ propagator, the various diagrams involving an
intermediate ∆(1232) (see graphs (h) and (i) in Fig. 1) can be calculated.
The following expression for the s and u channel contributions in the c.m.
frame is obtained [10]

T∆
fi = (2π)3 δ3(~p2 + ~q − ~p1 − ~k)

×

[

F∆

(

q2
)

mπ

efπN∆GM1
∆N (WπN )

2
√

E~p1
E~p2

{τ †
µ, τ0} −

1
2

[

τ †
µ, τ0

]

3

×
~σN∆ · ~q~σ∆N · ~k × ~ǫ

WπN − M∆ + i
2Γ∆(WπN )

+
F∆ (0)

mπ

efπN∆GM1
∆N (0)

2
√

E~p1
E~p2

{

τ †
µ, τ0

}

+ 1
2

[

τ †
µ, τ0

]

3

×
~σ∆N · ~k × ~ǫ~σN∆ · ~q

E~p2
− ωγ − E∆

~p2−~k

]

, (5)

where M∆ = 1232 MeV is the mass of the ∆-resonance. Here WπN denotes
the invariant mass of the πN -subsystem and it is given by

WπN = EN (qc.m.) + ωπ(qc.m.) . (6)

The transition spin (isospin) operator ~σN∆ = ~σ†
∆N (~τN∆ = ~τ †

∆N ) is normal-
ized as

〈

3
2 ||σ∆N (τ∆N )|| 1

2

〉

= −
〈

1
2 ||σN∆(τN∆)|| 3

2

〉

= 2 . (7)

The energy dependent and complex coupling GM1
∆N (WπN ) is given as

in [12] by

GM1
∆N (WπN ) =

{

µM1(WπN )eiΦM1(WπN ) for WπN > mπ + MN

0 else
,

(8)
where µM1(WπN ) is given by

µM1(WπN ) = µ0 + µ2

(

q∆

mπ

)2

+ µ4

(

q∆

mπ

)4

(9)
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and the phase ΦM1(WπN ) by

ΦM1(WπN ) =
q3
∆

a1 + a2q
2
∆

. (10)

q∆ is the on-shell pion momentum in the πN c. m. 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∆ . (11)

It is given by

q∆ =

√

(

W 2
πN − m2

π − M2
N

)2
− 4m2

πM2
N

4W 2
πN

. (12)

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 M
3/2
1+ -

multipole of pion photoproduction [11, 12].
As in [10] we have introduced a hadronic monopole form factor

F∆(q2) = fπN∆

Λ2
∆

+ q2
∆

Λ2
∆

+ q2
. (13)

The coupling constant
f2

πN∆

4π = 1.393 and the cutoff Λ∆ = 315 MeV are fixed
in [12,13] to fit the πN scattering phase shift in the P33 channel and is also
used in the calculations of this work.

3. The GDH sum rule for the nucleon

The GDH sum rule for the nucleon, i.e., for proton and neutron, offers a
good experimental field of study in nuclear physics. It gives also a possibility
of studying problems which might arise in a quite simple system before
studying the GDH sum rule for a more complicated systems (deuteron or
3He). In the reaction on the nucleon, all absorptive processes for proton and
neutron can be quite simply involved in the value of the GDH integral. This
gives the possibility to examine indirectly at least the theoretical results of
the GDH sum rule. In addition, one can obtain very fast an indication about
how good and reliable the used models are.

In the following, one must first distinguish clearly between the GDH sum
rule

IGDH
N (∞) =

πe2κ2
N

2M2
N

(14)
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and the value of the GDH integral

IGDH
N (∞) =

∞
∫

ωthr

σP(ωγ) − σA(ωγ)

ωγ
dωγ . (15)

This distinction is very important since the value of the GDH sum rule in
(14), which depends only on observables which are already measured, is a
model independent value. On the other hand, the used model enters explic-
itly in the calculation of the GDH integral in (15). Then, the absorption
cross sections of polarized photons must be calculated.

Before one calculates the contributions of different absorptive processes
to the GDH sum rule, one must first compute the constant in (14). This
constant depends only on the static properties of the nucleon. Using these
properties, one can compute the values of the GDH sum rule for both proton
and neutron. Since proton and neutron have large anomalous magnetic
moments, one finds correspondingly large GDH sum rule predictions for
them, i.e.,

IGDH
p (∞) = 204.8 µb and IGDH

n (∞) = 233.2 µb . (16)

Although this sum rule is known for more than 35 years, it has never been
evaluated by a direct integration of experimental data on σP − σA.

There has been much interest in recent years in testing the GDH sum rule
by determining the integral in (15). Direct experimental data on the spin-
dependent photoproduction cross section has become available recently [14].
However, many of the published tests in the literature rely on theoretical
models for the photoproduction helicity amplitudes which are only partially
constrained by unpolarized photoproduction data [11, 15, 16].

4. Results and discussion

In this section we will classify our discussion into four classes. In the first
one, we offer the results for spin asymmetry σP −σA for circularly polarized
photons on a longitudinally polarized nucleon target with spin parallel σP

and spin antiparallel σA to the photon spin for the individual pion pho-
toproduction channels in comparison with experiment. Predictions for the
polarized differential cross section difference (dσ/dΩ)P − (dσ/dΩ)A in com-
parison with the available experimental data will be discussed in the second
class. In the third class, we present our results for the double polarization
asymmetry E. In the last one, an explicit evaluation of the nucleon GDH
integral for the four pion production reactions as a function of the upper
limit of integration will be discussed.



The Spin Response of the Nucleon and Its Implication . . . 471

In comparison with experimental data 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 absence
of any free neutron targets. In what follows, the solid curves depict the
results of the full calculations, i.e., when both the Born terms and the con-
tribution from the ∆-resonance were taken into account. The dashed curves
denote the results when only the contribution from the Born terms was con-
sidered. The dotted curves displayed the results when the contribution from
the ∆-resonance was neglected and the anomalous magnetic moment of the
nucleon is zero.

4.1. The spin asymmetry

We start the discussion with presenting our results for the spin asymme-
try

∆σ = σP − σA (17)

as depicted in Fig. 2 for the individual pion photoproduction channels. The
helicity dependent total cross sections give valuable information on the nu-
cleon spin structure and allow the determination of the dominant contribu-
tion to the GDH integral.

It is obvious from Fig. 2 that the charged pion production channels
(see right panels) have qualitatively a similar behaviour, whereas a totally
different behaviour is seen for the neutral channels (see left panels in Fig. 2).
The spin asymmetry ∆σ has a peak at energy in the region of the ∆(1232)-
resonance which comes mainly from the contribution of the ∆-excitation.
The dashed curves indicate also that the contribution from Born terms is
small, in particular when both the photon and the nucleon have parallel
spins. It is obvious from (1) that for κN 6= 0 the particle possesses an
internal structure. However, the opposite is not true, in general. 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 σP is smaller than σA [17] and therefore ∆σ has negative
values. On the other hand, one observes that the spin asymmetry σP−σA do
vanish for π0-production on the neutron when κN = 0. It is also clear from
the dashed curves that the contribution from Born terms is negligible in this
case. We see also that the helicity difference ∆σ starts with negative values
in the case of charged pion channels which is not the case for neutral ones.
These negative values come mainly from higher values in σA for charged
pion photoproduction channels.

In the case of π+- and π−-production channels, we see that the helic-
ity difference ∆σ fluctuates much more strongly than the total cross sec-
tions. The threshold region is dominated by the s-wave pion production,
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Fig. 2. Difference of helicity dependent total cross sections ∆σ = σP−σA as a func-

tion of photon lab-energy for different pion production channels. The solid (dashed)

curves show the results using the Born terms with (without) the ∆-resonance con-

tribution. The dotted curves show the results of the Born terms when κN = 0.

The experimental data are from the GDH Collaboration [14].

i.e., intermediate states with spin 1
2 that can only contribute to the cross

section σA. In the region of the ∆(1232)-resonance with spin 3
2 , both helicity

cross sections contribute, but since the transition is essentially M1, we find
σP/σA ≃ 3, and the helicity difference ∆σ becomes large and positive. We
observe that the large background of nonresonant photoproduction in the
total cross section has almost disappeared in the helicity difference, i.e., the
background is “helicity blind”.

The dotted curves in Fig. 2 display the results using a very simple model
for pion photoproduction on the nucleon. In this model we put a zero value
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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 even 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 σP, σA and hence ∆σ becomes still
larger.

Now, we compare our results for the spin asymmetry σP − σA with
experimental data from the GDH collaboration [14]. It is clear from the
top two panels in Fig. 2 that the agreement of our results for the spin
asymmetry with these experimental data is quite satisfactory. Only at the
energies in the ∆-region a small underestimation is found which results from
an overestimation in σA.

4.2. The helicity difference (dσ/dΩ)P − (dσ/dΩ)A

Next we consider the polarized differential cross sections difference

∆(dσ) =
( dσ

dΩ

)P
−
( dσ

dΩ

)A
(18)

as shown in Fig. 3 for the individual pion production channels as a function
of emission pion angle θπ in the c.m. system at photon lab-energy of ωγ = 370
MeV. In the case of π0-production on the proton and neutron, one observes
small negative values at extreme backward and forward pion angles which
stem from small positive values which appear in (dσ/dΩ)P [17]. We have to
remember that the contribution of the Born terms in the case of the charged
pion photoproduction reactions is not negligible and has a large contribution
in the ∆(1232)-region. These terms play an important role in the case of
low photon energies. For charged pion production channels (see the right
two panels in Fig. 3), one sees that the situation is similar to the case of
(dσ/dΩ)P. The dashed curves demonstrate the importance of the Born
terms. At extreme forward and backward pion angles, it is very obvious
that the helicity difference ∆(dσ) has negative values which come mainly
from higher positive values in (dσ/dΩ)A. As in the case of polarized total
cross sections, the dotted curves in Fig. 3 display the results when κN = 0
and T∆

fi = 0. Here, one sees also that the production of the π0-meson is

suppressed very strongly. It disappears even completely in the case of π0-
production on the neutron. This suppression does not arise with the charged
pions.
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Fig. 3. Difference of helicity dependent differential cross sections ∆(dσ) = ( dσ
dΩ

)P −

( dσ
dΩ

)A as a function of pion angle in the c.m. frame for different pion production

channels at ωγ = 370 MeV. Lines description as in Fig. 2. The experimental data

are from the GDH Collaboration [14].

We close this section by comparing our results for the helicity difference
∆(dσ) with the recent experimental data from the GDH collaboration [14]
as shown in the top two panels of Fig. 3. In the case of ~γ~p → pπ0 reaction,
discrepancies are obtained. An experimental check of these predictions at
extreme forward and backward pion angles is needed. The agreement be-
tween our prediction for the helicity difference ∆(dσ) and the experimental
data from [14] in the case of ~γ~p → nπ+ reaction is quite satisfactory.

4.3. The double polarization asymmetry E

The double polarization asymmetry E is defined as

E(θπ) =
( dσ

dΩ )A − ( dσ
dΩ )P

( dσ
dΩ )A + ( dσ

dΩ )P
=

( dσ
dΩ )A − ( dσ

dΩ )P

2( dσ
dΩ )unpol

, (19)
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where ( dσ
dΩ )unpol denotes the unpolarized differential cross section. In Fig. 4

the behaviour of the helicity E-asymmetry is plotted as a function of emis-
sion pion angle θπ in the c.m. frame for individual pion photoproduction
channels at photon lab-energy of ωγ = 370 MeV. Fig. 5 shows the helicity
E-asymmetry as a function of photon energy in the laboratory frame
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Fig. 4. The helicity E-asymmetry (see (19) for its definition) as a function of pion

angle in the c.m. frame for different pion production channels at ωγ = 370 MeV.

Lines description as in Fig. 2.

E(ωγ) =
σA − σP

σA + σP
=

σA − σP

2σtot
, (20)

where σtot denotes the unpolarized total cross section. In both figures, the
full curves represent the results of the full calculations, the dashed curves
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Fig. 5. Energy dependence of the double polarization asymmetry E (see (20) for

its definition) for different pion photoproduction channels. Lines description as in

Fig. 2.

represent the results in which the contribution from the ∆-resonance was
set to zero and the dotted curves represent the results in which both the
contribution from the ∆-resonance and the anomalous magnetic moment of
the nucleon were set to zero. The difference between the full and dashed
curves indicates the sensitivity of this observable to the contribution from the
∆(1232)-resonance. As is clearly seen in these, the influence of the ∆(1232)-
resonance is strong, especially in the case of neutral pion photoproduction
channels. In contrast to this, one notes for the charged pion channels a
much closer behaviour between the full calculations and the ones when the
∆-resonance was set to zero.

One notes also that the helicity E-asymmetry has qualitatively a similar
behaviour for all pion photoproduction channels, although the maximum
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value of E equals unity at θπ = 0◦ and 180◦. The curves begin with unity
and decrease by increasing the pion angle up to a minimum value at θπ ≃ 90◦

and then increase again to unity. The negative values in E come mainly from
higher positive contribution in (dσ/dΩ)P. As in the case of polarized total
and differential cross sections, the dotted curves in Figs. 4 and 5 display the
results when κN = 0 and T∆

fi = 0. One sees also here that the production

of the π0-meson is suppressed very strongly and disappears even completely
in the case of π0-production on the neutron.

4.4. The GDH integral

In this section we present the results for our evaluation of the GDH inte-
gral as depicted in Fig. 6 for the individual contributions from the different
charge states of the pion for the γN → πN reaction. Their total sum to
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Fig. 6. The GDH integral as a function of the upper limit of integration for different

pion production channels. Lines description as in Fig. 2.
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the GDH sum rule is shown in Fig. 7. It is obvious that a large positive
contribution to the GDH sum rule comes from the π0-production channels,
whereas the charged pion channels give a negative but — in absolute size —
smaller contribution to the GDH value.
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Fig. 7. Summation of contributions of the four pion photoproduction channels to

the nucleon GDH sum rule as a function of the upper integration energy. Lines

description as in Fig. 2.

Up to an energy of 500 MeV, one finds for the total contribution of the
single-pion photoproduction channels a value

IGDH
N (500MeV) = 202.3µb . (21)

The upper integration limit of 500 MeV is chosen, because in this work,
we consider only single-pion production. In comparison with the value
IGDH
N (500MeV) = 243.1µb of Hanstein et al. [16], we found a small de-

viation. It is worthwhile first to point out that the model in [16] contains
not only the Born and the ∆-resonance terms but also contributions from
other resonances are considered.

Also, we have evaluated the GDH integral using a very simple model for
pion photoproduction on the nucleon. This can be achieved if the anoma-
lous magnetic moment of the nucleon goes to zero in our calculations, i.e.,
κN = 0, and the contribution from the ∆-resonance vanishes, i.e., T∆

fi = 0.

Looking to the left-hand side of (1) one can directly expect that, the value
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of the GDH integral goes to zero using these substitutions. The value
IGDH
N (500MeV) = −219.2µb is obtained in this case (see also the dotted

curve in Fig. 7).
Furthermore, we have also evaluated explicitly the GDH integral for the

nucleon by integrating the difference of the two total photoabsorption cross
sections with photon and nucleon spins parallel and antiparallel up to a pho-
ton energy of 550 MeV. For the GDH value from explicit integration up to
550 MeV, one finds for the total contribution of the single-pion photopro-
duction channels the value

IGDH
N (550MeV) = 190.4µb . (22)

A very interesting and important result is the large negative contribution
from the charged pion production channels and the large positive contribu-
tion comes from the neutral channels to the GDH value. Hopefully, this low
energy feature of the GDH sum rule could be checked experimentally in the
near future.

5. Conclusions

The main subject of this paper was the investigation of the helicity struc-
ture of the partial cross sections and their contributions to the GDH sum
rule for the nucleon. Contribution from single pion photoproduction has
been explicitly evaluated. For the γN → πN photoproduction amplitude,
an effective Lagrangian model is used which contains, beside the standard
pseudovector Born terms, the resonance contribution from the ∆(1232)-
excitation.

In the case of spin asymmetry σP−σA, we obtained qualitatively a simi-
lar behaviour for the polarized total cross sections in the case of charged pion
channels, but a totally different one is seen in the case of neutral channels.
In comparison with experiment, we found that the spin asymmetry σP −σA

has a quite satisfactory agreement. Only at energies in the ∆-region a small
underestimation is found which stems from an overestimation in σA. With
respect to the results for the helicity difference (dσ/dΩ)P−(dσ/dΩ)A, we ob-
served a peak when θπ ≃ 90◦ in the case of charged and neutral pion produc-
tion channels. In comparison with experiment, discrepancies are obtained in
the case of π0-production on the proton. For π+-production on the proton,
a quite satisfactory agreement with experiment has been found. Regarding
the results for the double polarization asymmetry E, we found that E has
qualitatively a similar behaviour for all pion photoproduction channels. It
is equal to unity at θπ = 0◦ and 180◦. We found also that the influence of
the ∆(1232)-resonance is strong, especially for neutral pion photoproduction
channels. When κN = 0 and T∆

fi = 0 we found that the production of the
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π0-meson is suppressed very strongly and disappears even completely in the
case of π0-production on the neutron. Finally, the contributions of separate
channels of single-pion photoproduction to the GDH integral have been ex-
plicitly evaluated by integration up to photon lab-energy of 550 MeV. The
total value of the GDH-integral of IGDH

N (550 MeV) = 190.4 µb has been
found. We found that a large positive contribution to the GDH integral
cames from the π0-production channels whereas the charged pion channels
gave a negative but — in absolute size — smaller contribution to the GDH
value.

The studies we have discussed here will serve as the basis for further
investigations including polarization observables in a more complete way.
For instance, this work could be continued by further refinement of the pion
production operator above the two pion threshold. This may result in a
better agreement between experimental data and theoretical predictions.

We wish to thank the members of the GDH Collaboration at Mainz,
Germany for providing us with their experimental data. We would also like
to thank Prof. M.M. Mustafa for useful discussions.
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