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The photoproduction of the ! meson has been studied at GRAAL from threshold up to a photon energy
of 1.5 GeV. The differential cross sections and beam asymmetries have been measured precisely at all
angles. The total cross section is also obtained. Systematic enhancements of the differential cross section
at large angles and nonzero beam asymmetries at intermediate angles provide clear evidence for s- and
u-channel resonant processes. The data are compared to the results of hadron and quark models.
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The quark model predicts a large number of nucleon
resonances which have not yet been observed [1]. Since the
most used reaction for their study was pion-nucleon scat-
tering, one could infer that these so-called ‘‘missing reso-
nances’’ may couple weakly to this channel. In this Letter
we report on the study of the nucleon resonances via !
meson photoproduction on the proton. This channel is in-
teresting for several reasons. First, there is no nucleon reso-
nance well-established decaying by ! emission. Second,
the threshold of ! photoproduction lies in the third reso-
nance region, which is less explored than the first two.
Third, from the sparse data in the literature [2– 4] and a
new generation experiment [5], evidence for resonance
excitations in �p! !p is still not obvious. Because of
the t-channel dominance at forward angles, a backward
angle measurement is needed to pin down decisive signals
for resonance excitations. Since the ! meson has isospin
zero, only the isospin-1=2 nucleon resonances can couple
to the !N channel. This simplifies the interpretation of the
data because there is no contribution from isospin-3=2
resonances. Also, we can measure � beam asymmetries
and it is known that polarization observables are generated
by interference terms and can therefore reveal small con-
tributions. Finally, theoretical models are available for the
interpretation of the results [6–11].

At GRAAL, a tagged and linearly polarized photon
beam is available to study ! production from threshold
(1.1 GeV) up to 1.5 GeV [12]. The beam is produced by
backscattering a laser beam on the electron beam
(6.04 GeV and 200 mA) in the European Synchrotron
Radiation Facility (ESRF) ring. A UV line of the laser is
used, which produces a photon beam with a flat energy
spectrum from 0.6 up to 1.5 GeV. The beam is linearly
polarized with a rate P, deduced from QED calculation,
ranging from 86% at threshold to 98% at the maximum
energy. The large acceptance detector allows the detection
of the ! meson by its main decays into �����0 and �0�
with branching ratios of 89.1% and 8.7%, respectively. In
06=96(13)=132003(4)$23.00 13200
the central part of the detector, for 25 � � � 155 degrees,
a barrel of 32 scintillators provides a veto for a bismuth
germanate (BGO) ball calorimeter of 32 sectors and
15 crowns. In the frontal part, for 1 � � � 25 degrees,
there is a double wall of scintillators backed by a lead-
scintillator shower wall [12]. A liquid hydrogen target of
6 cm is used.

In the analysis of �p! p! with !! �0�, three pho-
tons are requested in the BGO ball and one charged particle
in the central or the forward part. For �p! p! with !!
�����0, two photons are requested in the BGO ball and
three charged particles in the central or the forward part,
with at least one charged particle detected in the central
part. The detection of photons is restricted to the BGO ball
in order to take advantage of its energy resolution ( � 3%)
[13] in the detection of electromagnetic showers, which is
much better than the resolution of the forward shower wall
[14]. For the ! three pion decay all the phase space is
explored and the branching ratio is high. This channel is
therefore preferred for the quantitative study, while the
decay into �0� is analyzed for consistency and checking.

Concerning the identification of the �p! p! with
!! �����0, for each event the four energy and mo-
mentum conservation laws were used. In these equations
the known quantities are the direction and energy of the
incident photon given by the tagging system and of the
�0-meson reconstructed from the BGO calorimeter. The �
and� angles of the proton and the 2 charged pions are also
known from the cellular geometry of the detector. Solving
3 out of the 4 equations, one deduces the magnitude of the
momenta p of the 3 charged particles. By combining for
each particle the deduced p and the measured �E from the
barrel or the time of flight (TOF) from the double wall, and
looking at the location in a calibrated bidimensional
(�E� p) or (TOF� p) plot, the type of particle can be
identified. The fourth equation is used to determine the best
vertex position along the axis of the target, which improves
the determination of the �-angles of the particles detected
3-1 © 2006 The American Physical Society
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FIG. 1. Differential cross sections of �p! p!. The GRAAL
data for !! �����0 are shown as solid circles. For a con-
sistency check of the angular distribution pattern, the GRAAL
data for the !! �0� channel have been plotted with open
triangles at the E� � 1:246–1:281 GeV bin. The vertical dashed
lines indicate the kinematical limits in �t. The calculations of
Zhao are solid lines. The open circles are data from Ref. [5]. The
dashed lines are the calculation of Penner and Mosel [10]. The
two dotted curves are calculations of Oh et al. [8] and the dot-
dashed curve, of Titov and Lee [9].
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in the central detector and consequently the resolution of
the invariant mass of the 3 pions. At this stage of analysis,
the selected events are pure �p! p�����0 events. They
originate from 3 possible reactions: (i) �p! p! with
!! �����0, (ii) �p! p� with �! �����0, and
(iii) the 4-body phase space reaction �p! p�����0.
The events of reaction (ii) can be completely removed
by a cut around the invariant mass of the �. Only the events
of the nonresonant 4-body reaction (iii) constitute a real
problem and the only way to minimize their contribution is
the decomposition of the invariant mass spectrum of
3 pions into a sharp peak (FWHM � 35 MeV) from the
! meson and a smooth background from the 4-body chan-
nel under the peak. The shapes of the peak and of the
background are taken from simulations. Within the re-
action kinematics, the background-to-peak height ratio
varies from 10% to 30% and the decomposition error
from 3% to 8%.

This method of decomposition is applied to each group
of events after having sorted the data according to the
kinematics of the 2-body reaction �p! p!. In order to
extract the differential cross section d�=d�jtj� for �p!
p!, where t is the Mandelstam variable, the events are
sorted into 300 kinematical intervals, corresponding to
10 bins in E� and 30 bins in t. To extract the beam
asymmetry � as a function of E� and the scattering angle
�c:m:
! (c.m. referring to the center-of-mass frame), the data

are sorted, for each of the vertical and horizontal beam
polarizations, into 336 kinematical intervals, correspond-
ing to 4 bins in E�, 7 bins in �c:m:

! , and 12 bins in the
azimuthal angle �!. After these decompositions, the num-
ber of! events obtained in each kinematical interval needs
to be corrected by the detection efficiency using the simu-
lation calculation.

The simulation calculation uses the code LAGGEN of
GRAAL which consists of an event generator followed
by tracking with GEANT3 from the CERN library. In the
event generator, we use an energy spectrum with Compton
shape for the gamma beam and a differential cross section
for ! meson photoproduction based on a 2-body phase
space. As to the distribution of the 3 pions from ! decay, a
phase space distribution in the rest frame of !, and a
distribution induced by a double polarization (beam-vector
meson) [15,16] are used. With the simulation calculation,
an efficiency table ��E�; jtj� is calculated. An essential
check is that the values in the table do not change signifi-
cantly (with respect to the statistical errors) between the
two types of distributions of the 3 pions in the rest frame of
!. Since the whole phase space is covered by the accep-
tance of the detector, the cross sections are extracted
without extrapolation, requiring only efficiency correc-
tions, (average efficiency � 0:10).

In order to extract the beam asymmetry ��E�;�
c:m:
! �, the

method used previously in single pseudoscalar meson pho-
toproduction is applied [12,17–19]. For ! events falling
13200
into each kinematical interval (E�;�c:m:
! ), the distribution

of N��� is plotted, where � is the angle between the
production plane of ! meson and the horizontal plane.
This gives two distributions NV��� and NH��� corre-
sponding to the beam vertical and horizontal polariza-
tion directions, respectively. The ratio R��� � 2NV���=
	NV��� � NH���
 is fitted by the expression 1�
P� cos�2��, from which the beam asymmetry � is de-
duced. Another essential check with the simulation is that
R��� does not significantly depend on the detection effi-
ciency for the above mentioned two types of distributions
of the decay products of the! in its rest frame. The success
of these two checks comes from the averaging out due to
the large number of possible directions of the ! decay
products spread through the detector acceptance (5 inde-
pendent kinematical variables in the ! rest frame).

The GRAAL data of the �p! p! reaction with !!
�����0, corresponding to a total of 86 000 pure! events,
are displayed in Figs. 1–4, together with some of the
existing world data.

Recently, for the search of the missing resonances,
several theoretical models have been developed in ! me-
son photoproduction and were particularly interested in the
beam asymmetry results from the GRAAL data. All these
models took the nonresonant amplitudes of the ! channel
3-2
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from previous investigations at higher energies and calcu-
lated the resonant amplitudes from effective Lagrangians.
Titov and Lee took the N� ! �N and N� ! !N coupling
constants fixed by the empirical helicity amplitudes and the
vector-meson dominance model [9]. Penner and Mosel,
analyzing the photon- and pion-induced reactions devel-
oped a unitary coupled-channel Lagrangian including the
! production channel [10,11]. Zhao et al., within a quark
model approach built on the SU�6� � O�3� basis, used the
quark vector-meson coupling [6,7] and resonance contri-
butions from the s and u -channels. Oh et al. [8] took the
resonance parameters from a quark model by Capstick and
Roberts [20].

In Fig. 1, the differential cross section d�=d�jtj� is
shown as a function of �t for 10 beam energy bins. The
experimental data are plotted as dots with statistical error
bars. The systematic errors, not shown in the figure, come
from the flux determination (3%) and the background
subtraction [21]. The data exhibit, at low jtj values, a fast
decrease which is characteristic of t-channel exchanges
[22] and, at high jtj, a cross-section enhancement which
is the signature of s- and u-channel transitions. The model
of Zhao et al. [6,7], plotted in a continuous line, satisfac-
torily reproduces the trends of our data.

We show in the same figure (plotted in open circles)
some of the results of Barth et al. [5] which match ap-
proximately our beam energy bins, together with the cal-
culations of Penner and Mosel (plotted in a dashed line),
which included in their database the data of Barth et al.
[10]. These results do not exhibit the characteristic pattern
seen in our results, especially near threshold. Nevertheless,
they show at high jtj values a clear deviation from the
exponential decrease of the t-channel exchange. Such a
deviation is also confirmed by the two dotted curves given
0
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FIG. 2. Total cross section of �p! p!. The GRAAL data are
shown as solid circles. The old data are: diamonds from Ref. [2],
stars from Ref. [3], triangles from Ref. [4], and open circles from
Ref. [5]. The calculations by Zhao are shown with several lines:
solid for the full calculation, and other line types for contributing
terms. The thicker dashed line is the calculation of Penner and
Mosel [10].

13200
by the model of Oh et al. [8] and the dot-dashed curve
given by the model of Titov.

In Fig. 2, the total cross section is shown. The GRAAL
data (solid dots), are obtained by the integration of the
differential cross sections given in Fig. 1. The error bars
come mainly from the uncertainty at the limits of the
integration. The systematic error of 5% is not shown.
Similar to the previous existing data (shown with empty
symbols), a strong rise at threshold is seen in GRAAL data.
Moreover, a bump structure appears near threshold before
the total cross section levels off to a value of � 7:5�b at
1.45 GeV. The model of Zhao et al. (solid line) satisfac-
torily reproduces the GRAAL data, and, in particular,
among its different transition processes (shown in the
figure) the resonant term is dominant near threshold and
remains sizeable up to E� � 2 GeV. The same structure is
also seen in the results of Barth et al. [5] plotted in open
circles and in the calculation of Penner and Mosel [10]
(shown by the heavy dashed line), where the enhancement
near threshold is attributed by the authors to P11�1710� and
P13�1900� contributions.

In Figs. 3 and 4 the beam asymmetry � data are pre-
sented with dots as a function of �c:m:

! for 4 bins of beam
energy, together with the predictions or the fit results of the
various theoretical models. The errors on the experimental
values of � come from fitting the R��� distribution with
the expression 1� P� cos�2��. The systematic errors, not
shown in the figure, come from the polarization (3%) and
from the background subtraction [21]. The experimental
values of � are found negative and large at intermediate
angles. They are the convincing signal of s- and u-channel
transitions, particularly the excitation of nucleonic reso-
nances. Because of helicity conservation of the dominant
pion exchange and small diffractive contribution (e.g.,
Pomeron exchange) near threshold, the beam asymmetry
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FIG. 3. Beam asymmetry of �p! p! for 4 bins of beam
energy. The GRAAL data are shown as solid circles. The thick
line is the calculation of Titov et al. at 1.175 GeV [9]. The thin
continuous and dashed lines are the predictions of Penner and
Mosel calculation [10] for positive and negative signs of the
coupling g!	�. The dotted lines are the calculation of Shklyar
et al. [11].
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� would be vanishing without the helicity-violating s- and
u-channel transitions, particularly the excitation of
resonances.

In Fig. 3, the results of hadronic models are shown. The
thick continuous line represents the result of Titov et al.
calculated at 1.175 [9]. The authors attribute the sizeable
negative asymmetry to the interference between the non-
resonant and resonant amplitudes. The dominant resonant
contribution comes from the excitation of F15�1680� state,
whereas smaller contributions come from D13�1520�,
S11�1650�, and P13�1720� states. Also in the same figure,
are plotted the predictions of the Penner and Mosel model
[10], in thin continuous and dashed lines for the positive
and negative sign of the coupling g!	�, respectively. The
predictions agree better with the data at higher energy.
From the figure, no decisive conclusion can be drawn to
extract the sign of the coupling. The authors have found in
their calculation of ! photoproduction a clear dominant
contribution from the P11�1710� and smaller ones from
P13�1720� and P13�1900� states. The calculation by
Shklyar et al. [11] using the model of Penner and Mosel
but allowing several resonances to contribute in ! produc-
tion is shown in dotted lines. Big changes in shape and size
are seen, rendering a poorer agreement with the experi-
mental results.

In Fig. 4, our beam asymmetry data are presented with
the interpretation by Zhao et al. who give, with solid lines,
the full calculation results and, with other line types, the
results when one single resonance is switched off (keeping
the relative strengths of the remaining resonances as im-
posed by the quark model). So, some of the resonances,
e.g.,D13�1520�, P13�1720�, F15�1680�, are found to play an
13200
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indispensable role, and some effects due to the F15�2000�
are also seen. In particular, the model suggests that
P13�1720� plays an important role near threshold despite
a small branching ratio 0.002 while the P13�1900� and
F15�2000� have sizeable branching ratios, 0.1 and 0.4, but
small contributions to the cross section.

To summarize, the photoproduction of the ! meson has
been studied at GRAAL from threshold up to E� �
1:5 GeV. Strong signals indicating resonance excitations
are observed in this channel via the precise measurements
over a wide angular range of the differential cross sections
and, for the first time, of the beam asymmetries.

The comparison of these data to hadron and quark model
results shows that contributions from on-shell and off-shell
resonances are both required. In particular, two poorly
known resonances, P13�1900� and F15�2000�, are found
to have sizeable decay branching ratios into !N. It is
expected that the present data will trigger the improvement
of the existing models.
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