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The first measurement of the helicity dependence of the photoproduction cross section of single neutral

pions off protons is reported for photon energies from 600 to 2300 MeV, covering nearly the full solid

angle. The data are compared to predictions from the SAID, MAID, and BnGa partial wave analyses.

Strikingly large differences between data and predictions are observed, which are traced to differences

in the helicity amplitudes of well-known and established resonances. Precise values for the helicity

amplitudes of several resonances are reported.
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The spin structure of the proton has been of topical
interest since the discovery that the quark spins constitute
an unexpectedly small fraction of the proton spin [1].
Deep inelastic scattering experiments have revealed
gluonic contributions to the proton spin to be consistent
with zero, at least within the admittedly large errors [2].
At low energies, a different aspect of the proton spin
structure is tested by a comparison of the helicity depen-
dence of the total �p cross section integrated over all
photon energies

R1
0 dE�ð�3=2 � �1=2Þ=E�, with the proton

magnetic moment [3], a relation which is known as the
Gerasimov-Drell-Hearn (GDH) sum rule [4,5]. The sub-
scripts denote the total helicity, h ¼ 1=2 for photon and
proton spin antialigned, h ¼ 3=2 for both spins aligned.
The GDH integral sums over all energies and all final states.
A breakdown of the GDH integral into exclusive final states
can provide a link between inclusive properties of the
proton such as its magnetic moment and the contributions
of specific nucleon resonances to the GDH integral.

In this Letter, we report the first measurement of the
double polarization observable

E ¼ ðd�d�Þ1=2 � ðd�d�Þ3=2
ðd�d�Þ1=2 þ ðd�d�Þ3=2

(1)

for the exclusive reaction �p ! p�0 in the energy range
from 600 to 2300 MeV and compare the results with
predictions of well-established partial wave analyses
(PWA) such as SAID [6,7], MAID [8], and BnGa [9].
The double polarization observable G [10], governing the
correlation between linearly polarized photons and longi-
tudinally polarized target protons, revealed remarkable
differences in the predictions of the three partial wave
analysis groups even in the well-studied second resonance
region around E� ¼ 750 MeV [11]. Here, we extend the

covered energy regime to 2.3 GeV for the double polariza-
tion observable E. So far, data on E are published up to
780 MeV for a limited angular range [12,13]; further data
from CLAS exist and were reported at a conference [14].
The experiment was carried out using the tagged photon

beam of the Electron Stretcher Accelerator ELSA at Bonn
[15]. Photons with circular polarization [16]

P� ¼ 4x� x2

4� 4xþ 3x2
Pe� ; with x ¼ E�

Ee�
; (2)

were produced by scattering a 2.4 GeV beam of longitudi-
nally polarized electrons with polarization Pe� off a
bremsstrahlung target. The electrons were deflected by a
magnet into a tagging hodoscope that defines the energy
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of the bremsstrahlung photons. The electron polarization
(Pe� � 0:60) was monitored in a Møller polarimeter [17].
The photon beam impinged on a butanol (C4H9OH)
target, which was polarized by dynamic nucleon polariza-
tion [18]. An average polarization of PT � 0:71 was
obtained.

Particles produced by photoproduction off the target
were detected in a 4� geometry using several subdetectors.
The target was surrounded by an inner scintillating fiber
detector designed to detect charged particles [19] and by
the CsI(Tl) Crystal Barrel detector [20]. A forward calo-
rimeter of 90 CsI(Tl) crystals and a TAPS wall of 216
BaF2 crystals [21] completed the calorimeter setup in the
forward direction. For charged particle detection, both
forward calorimeters were equipped with plastic scintilla-
tion counters in front of the crystals. With this setup, the
four-momenta of neutral mesons decaying into photons
could be determined by measuring their energies and
directions from the target center to the shower center.
The reaction �p ! p�0 ! p�� was reconstructed by a
series of kinematic cuts. Events with exactly two photons
and a proton were used. The latter was demanded in order
to suppress background from reactions off neutrons. For
the proton candidate, only a hit in one of the charged
particle detectors was required to include also low-energy
protons, which did not reach the calorimeter. The invariant
mass of the two photons and the missing mass was calcu-
lated, and a �2� cut around the �0 and the proton mass
was applied. The azimuthal angle between the direction
of proton and meson was asked to be 180� within a �2�
window (coplanarity). To remove untagged events origi-
nating from photons below the tagging threshold (due to
random coincidences), the beam photon energy was also
calculated from the reaction and compared to the measured
photon energy. Finally, a time coincidence was required
between the tagger hit and the reaction products, and
random time background was subtracted.

The helicity-dependent differential cross section for
the photoproduction of neutral pions off longitudinally
polarized protons can be written as

d�

d�
¼ d�0

d�
ð1� PTP�EÞ: (3)

When a C4H9OH target is used, unpolarized (u) free pro-
tons (f) as well as nucleons bound (b) in carbon or oxygen
contribute to the count rate, in addition to the polarized (p)
free protons. For the same number of beam photons for
both photon helicities and under the assumption that
(unpolarized) nucleons bound in carbon have the same
response to impinging photons as nucleons bound in
oxygen, we get for beam and target polarized in the same

direction the yield N3=2 ¼ Nf;p
3=2 þ Nf;u þ Nb and in oppo-

site direction N1=2 ¼ Nf;p
1=2 þ Nf;u þ Nb, which leads to

E ¼ N1=2 � N3=2

N1=2 þ N3=2

1

d

1

P�PT

: (4)

The bound nucleons are taken into account by the dilution
factor d ¼ Nf=ðNf þ NbÞ. It was determined by an addi-
tional measurement using a carbon foam target with
approximately the same density, size, and environment as
the carbon and oxygen part of the butanol target. The
fraction of carbon (and oxygen) in butanol was then deter-
mined using two alternative methods [22]: by fitting a) the
missing mass and b) the coplanarity distribution outside of
the signal of the free protons. The resulting scaling factor
sðE�Þ for each energy bin was then used to determine

dðE�; ��Þ ¼
NC4H9OHðE�; ��Þ � sðE�ÞNCðE�; ��Þ

NC4H9OHðE�; ��Þ : (5)

Figure 1 shows on the left the total cross section �0 and its
decomposition into the two helicity components �0 ¼
1=2ð�1=2 þ �3=2Þ. The latter cross sections were calculated

FIG. 1 (color). The total cross section �0 [28] plotted together with its two helicity components (left) and �3=2 � �1=2 (right) as a
function of E�. The error bars give the statistical errors, and the systematic errors are shown as a dark gray band.
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from the values for E reported below—and extrapolated
into the unmeasured angular bins by the BnGa-PWA—
and the total cross section �0 (from the BnGa-PWA). The
figure reveals important details of the spin structure of the
photoexcitation of the proton; �1=2 and�3=2 evidence quite

different structures. Both cross sections show a peak atW�
1500 MeV in �1=2 and, slightly shifted, at W�1520 MeV

in �3=2. The latter peak can be assigned to Nð1520Þ3=2�
and its large helicity coupling to h ¼ 3=2. The lower
mass peak cannot be solely due to Nð1535Þ1=2�: contribu-
tions from other resonances or from background ampli-
tudes, e.g., in the 1=2� partial wave, must be significant.
Nð1680Þ5=2þ contributes nearly only to�3=2, where a clear

peaking structure is observed. A broad structure at W �
1900 MeV is very visible in the �3=2 excitation curve and

seems to be absent in�1=2. Photons in the E� � 1500 MeV

range may excite some of the resonances with spin
J ¼ 1=2; . . . ; 7=2 in the W ¼ 1900–2000 MeV mass
region. Their contribution is also well visible in the cross
section difference �3=2 � �1=2 ¼ �E � 2� in Fig. 1 on the

right. Obviously, they are preferentially excited by the A3=2

helicity amplitude.
The helicity asymmetry E in Eq. (4) is a function of the

pion production angle ��. Figure 2 shows selected results.
There are very significant changes in these distributions as
a function of energy. Obviously, the quantity E is very
sensitive to the contributions from baryon resonances. The
lowest incident photon energy bin covers the part of the
region with positive E. The shape indicates a strong
contribution from the JP ¼ 1=2� and JP ¼ 3=2� partial
waves, with Nð1535Þ1=2� and Nð1520Þ3=2� being the
dominant resonances in this energy range. The asymmetry
in the angular distribution reflects the presence of several
weakly contributing resonances, such as Nð1440Þ1=2þ and
�ð1232Þ3=2þ. The next bin, E� ¼ 960–1100 MeV, covers

Nð1680Þ5=2þ. Together with the JP ¼ 1=2� partial wave,
it produces a W-shaped angular distribution. The strong
forward-backward asymmetry signals contributions from
other partial waves, among which the D33 partial wave
including �ð1700Þ3=2� plays an important role. We have
split the fourth resonance region from 1350 to 1650 MeV
into three 100MeV slices. The basic structure remains over
the full energy range, which suggests a sizeable contribu-
tion from a JP ¼ 7=2þ resonance, which would lead to a
three minima structure in the angular distribution. There
are only relatively small differences when the three energy
bins are compared:�ð1950Þ7=2þ seems to be the dominant
contribution. The highest mass bin exhibits strong struc-
tures but no clear pattern; several resonances seem to make
comparable contributions to the data.

Next we compare the data in Figs. 1 and 2 with predic-
tions from SAID (SN11 and CM12 [6,7]), MAID [8], and
BnGa2011-02 [9]. In addition, a fit to the data within
BnGa-PWA (BnGa2011-02E) is shown. First, we note

that all PWAs give a reasonable description of ��p!p�0
.

But we find large and unexpected discrepancies already at
rather low energies, in the region of the four-star reso-
nancesNð1440Þ1=2þ,Nð1535Þ1=2�, andNð1520Þ3=2�. In
the �ð1950Þ7=2þ region, MAID and SAID show a striking
enhancement at cos�� � �0:45. In the MAID on-line
version, the enhancement disappears when the helicity
couplings of the Nð1520Þ3=2� are reduced by a factor
of 4. Nð1520Þ3=2�, however, is the only resonance in
this partial wave; hence, such a large effect, which is
presumably due to interference with other partial waves,
is unexpected. In SN11, this structure is smaller than that in
MAID and is further reduced in CM12. The origin of the
structure, also visible in the SAID prediction, remains
unclear. None of the fits reproduces the data over the full
angular range. However, BnGa2011-02 required only a
slight adjustment of free parameters to get close to the
data points (solution BnGa2011-02E). For examples, see
Table I. It compares selected results on low-mass excita-
tions of the nucleon for MAID and for the two latest
solutions from SAID and BnGa, respectively. One formal
difference is remarkable between MAID and SAID on the
one hand and BnGa on the other hand: masses, widths, and
branching ratios are fixed from �N elastic scattering in
MAID and SAID. This approach excludes the possibility of
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FIG. 2 (color). The helicity asymmetry E as a function of
cos�� for selected E� bins. PWA predictions: black dashed

curve, BnGa2011-02; blue solid curve, MAID; red solid curve,
CM12; red dashed curve, SN11. Fit to the data points
(BnGa2011-02E): black solid curve.
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photoproduction providing more than the photocouplings
of resonances. Results of the multichannel BnGa-PWA
demonstrate, however, the importance of including infor-
mation from photon-induced and especially double polar-
ization measurements for the determination of nucleon
resonance parameters in general.

Finally, we come back to the GDH integral. The con-
tribution of single �0 production to the GDH integral is
evaluated. The total GDH integral up to 2.9 GeV was
determined to I2:9tot ¼ 226� 5stat � 12syst �b [23–27]; the
results were summarized in Ref. [3]. Here, a contribution
of 27:5 �b had been subtracted to account for the descrip-
tion of the very low-energy region byMAID [8]. Restricted
to a maximum energy of 2.3 GeV, the total integral results
in 227� 5stat �b, and we find 159� 8stat �b for the con-
tribution of single �0 production. Up to 0.6 GeV photon
energy, this contribution amounted to 156� 8stat �b:
above �ð1232Þ, there is practically no contribution of
single �0 production to the GDH integral.

Summarizing, we have reported the first measurement
of the helicity-dependent photoproduction cross section
for photons at E� ¼ 0:6–2:3 GeV with nearly full solid

angular coverage. The observable E is shown to be highly
sensitive to the contributions from s-channel resonances.
Even after many years of studying the simplest photo-
production reaction �p ! p�0, the new data reveal very
significant discrepancies in comparison with model pre-
dictions. As expected, it is obvious that a fit to differential
cross sections and to single polarization observables alone
is not sufficient to arrive at unambiguous solutions.
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