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For the reaction γ p → ωp, differential cross sections, photon beam asymmetries, and spin density matrix
elements have been measured in the BGOegg experiment at the SPring-8 LEPS2 beamline by using a large
acceptance electromagnetic calorimeter. A 1.3–2.4 GeV photon beam with high linear polarization has enabled
a precision measurement of photon beam asymmetries � and polarized spin density matrix elements ρ1

1−1 over
a wide angular range, especially above the total energy of about 2 GeV for the first time. The measured ρ1

1−1

indicates the dominance of s-channel resonances even at higher energies. The � values at backward angles are
not reproduced by the existing partial-wave analysis in the highest-energy region, providing new constraints to
the contribution of nucleon resonances with high spins.

DOI: 10.1103/PhysRevC.102.025201

I. INTRODUCTION

The internal structure of nucleons is a longstanding issue to
understand the dynamics of quarks and gluons in the confine-
ment regime. The mass spectra of nucleon resonances are ex-
pected to provide information on the composition of hadrons
[1]. While the low-lying states are successfully explained by
constituent quark models and lattice QCD calculations, highly

excited states are not well reproduced by theoretical attempts
yet, indicating mass deviations and missing resonances. It is
definitely desired to establish such high-mass resonances from
the experimental side. These efforts will enhance progress in
the understanding of interquark forces, diquark correlations,
and so on [2].

Nonstrange nucleon resonances have been extensively ex-
amined through various experiments of πN scattering and
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π electro- and photoproduction [3]. However, the discrimi-
nation between different isospin states, namely nucleon and
� resonances (N∗s and �∗s, respectively), is difficult for
excited states in the system of a pion (I = 1) and a nucleon
(I = 1/2). In contrast, photoproduction of the ω meson, which
has an isoscalar nature, provides a good opportunity to probe
I = 1/2 N∗s only. In addition, the natural width of the ω

meson is narrow, so that the reaction process of γ p → ωp
can be unambiguously identified with a kinematic fit by using
a proton target.

Therefore, ω-photoproduction data have been collected
with a liquid hydrogen target in the BGOegg experiment at
the SPring-8 LEPS2 beamline. We have measured differential
cross sections and photon beam asymmetries by using a high-
intensity photon beam with linear polarization. Simultaneous
measurement of these observables offers a way to differen-
tiate individual N∗ contributions, because many states with
high spins and wide widths overlap with each other in the
mass range above the so-called “third resonance” region [4].
We have also obtained spin density matrix elements, which
express the decay pattern of a vector meson like ω. For
N∗ resonances, their spin information can be examined with
reaction mechanisms through the unpolarized elements ρ0

00
and ρ0

1−1 as well as the polarized element ρ1
1−1.

In the following part of this article, the experimental setup
and analysis procedure are described in Secs. II and III,
respectively. Then, the results for differential cross sections,
photon beam asymmetries, and spin density matrix elements
are shown in Sec. IV, followed by discussions in Sec. V.
Finally, Sec. VI presents a summary.

II. EXPERIMENT

This section gives a brief explanation of the experimental
setup. More details are described in Ref. [5].

The experiment to study ω photoproduction was conducted
by using a large solid angle electromagnetic calorimeter,
called BGOegg, and associated detectors for charged par-
ticles. The BGOegg calorimeter consists of 1320 bismuth
germanate (BGO) crystals, surrounding a target in the polar
angle range from 24◦ to 144◦. Neighboring BGO crystals
with energy deposits were connected as a cluster around the
highest-energy crystal. The energy resolution for γ ’s is 1.3%
at 1 GeV [6], which is the world’s best in a sub-GeV energy
region. Inside the BGOegg calorimeter, 30 slats of 453-mm-
long inner plastic scintillators (IPS) were installed side by side
in a ring-shape around the photon beam axis. The charge of a
particle hitting the BGOegg calorimeter was determined by
examining the existence of an IPS hit in the direction of the
reconstructed cluster.

The forward acceptance hole of the BGOegg calorimeter
was covered by a planar drift chamber (DC) to detect charged
particles. The DC is made in a hexagonal shape with six drift
planes, whose inscribed circle has a diameter of 1280 mm.
There are three directions for anode wires with an azimuthal
angle difference of 60◦. The direction of charged particles
coming from a 1.6-m-upstream target was measured by fitting
a straight line to four or more DC hits and the target center.

A liquid hydrogen (LH2) target was installed at the center
of the BGOegg calorimeter. Liquefied hydrogen was filled
inside a 54-mm-length polyimide film cell, which was con-
nected to a refrigerator system located about 0.8 m upstream
through a long cylindrical copper pipe. This target was ex-
posed to a photon beam produced by laser Compton scattering
with the maximum energy of 2.4 GeV [7]. The distance from
the Compton scattering point to the target reached 125 m.
Although most of this space was occupied by a long vac-
uum pipe for photon beam transportation, the transmission
rate to the target was 0.772 due to end-window materials,
an x-ray shield, and short air spaces. The contamination of
e+e− conversions in the photon beam was removed by using
a 3-mm-thick plastic scintillator (UpVeto counter), located
just upstream of the target refrigerator system. The pho-
ton beam incident on the LH2 target was linearly polarized
with high degrees by taking over the laser polarization of
approximately 98%.

The energies of beam photons were measured event by
event with a tagging detector (tagger), which detected recoil
electrons from laser Compton scattering. The tagger was
placed at the downstream exit of a SPring-8 bending magnet
to analyze the momenta of recoil electrons with their hit po-
sitions at two walls of plastic scintillating fibers. The photon
beam energy can be tagged in the range above 1.3 GeV, which
is limited by the tagger acceptance. The tagger also has 8-mm-
wide plastic scintillators for triggers. Only one recoil electron
track was accepted at the timing of BGOegg calorimeter hits,
after confirming a good reconstruction pattern with two-wall
fiber and trigger scintillator hits. The flux of the photon beam
and its integrated number during an experimental period were
derived by counting hits at the tagger trigger scintillators. The
total number of photons reached 3.586 × 1012 in the present
analysis after correcting for inefficiencies due to electron
filling patterns at SPring-8 [8].

III. DATA ANALYSIS

A. Event selection

Event selection conditions are basically the same as those
in the published article on π0 photoproduction [5], except
for identifying ω mesons in the π0γ -decay mode, whose
branching fraction is 0.0840 ± 0.0022 [9]. Thus, events with
three neutral clusters were selected as signal candidates, if
the time differences of these clusters were less than 10 ns.
Clusters whose central crystal was found at the most-forward
or most-backward edge of the BGOegg calorimeter were not
used, to avoid insufficient measurement of cluster energies.
The minimum energy of individual clusters was required to
be 30 MeV to remove accidental hits. The shape of clusters
provides additional information about the type of calorimeter
hits. There were unusually shaped clusters due to unrelated
reaction products from upstream materials. Events having
such a cluster were omitted when the effective cluster size
[5] was larger than 20 mm. Small energy-leak clusters, corre-
sponding to the split-offs of an electromagnetic shower, were
identified by their characteristics such as a shorter distance to
a main cluster, a smaller energy, a smaller number of cluster

025201-2



DIFFERENTIAL CROSS SECTIONS, PHOTON BEAM … PHYSICAL REVIEW C 102, 025201 (2020)

Entries  73655

 invariant mass [MeV]γ0π

600 700 800 900 1000

E
ve

nt
s 

/ 2
 M

eV

0

500

1000

1500

2000

2500

Entries  73655

(a)

E
ve

nt
s 

/ 5
 M

eV

0

10

20

30

40

50 <1870 MeVc.m.1840<E

0.8−<c.m.
ωθ0.9<cos −(b)

 invariant mass [MeV]γ0π

600 700 800 900 1000
E

ve
nt

s 
/ 5

 M
eV

0

10

20

30

40

50
0

<2290 MeVc.m.2260<E

0.8−<c.m.
ωθ0.9<cos −(c)

FIG. 1. Distributions of π 0γ invariant mass. Panel (a) shows the distribution for the whole selected sample, while panels (b) and (c) are
examples of fits with signal and background functions in two kinematical bins, whose conditions are displayed in each panel.

member crystals, and an unusual shape with a larger effective
size. These conditions were determined by a Monte Carlo
(MC) simulation, whose source package was developed for
the BGOegg experiment based on GEANT4 [10]. The identified
leak clusters were combined with the main cluster to sum
up their energies. As a result, the number of signal events
increased by 13.5% even after requiring a condition that there
be no more than three neutral clusters. This rate of increase is
consistent with the MC simulation result.

A proton in the final state was detected at either the
BGOegg calorimeter or the DC. Only the proton-emission
angle was measured (no particle identification). Because the
momentum of a backward-going proton was low due to the
large ω mass, a time-of-flight effect was taken into account
for the time windows of the BGOegg-calorimeter and IPS
hits. The IPS timing and energy deposit, which were read out
only from the upstream ends, were calibrated depending on
the polar angle of each charged cluster. At the DC, the χ2

probability of a straight-line fit was required to be larger than
0.01. The left-right ambiguity of DC hits and the removal
of outlier hits with large residuals were judged based on the
χ2 probability. Finally, the total number of charged tracks
was limited to one, except for special treatments for e+e−
conversions at the target and proton interactions at BGO
crystals near the DC [5].

After measuring all the final-state particles, a four-
constraint (4C) kinematic fit was performed by assuming
the reaction γ p → ωp → π0γ p → γ γ γ p. We treated the
following 13 quantities as measured variables: the photon
beam energy, the z-position of a reaction vertex, the energies
of three γ ’s, and the polar and azimuthal angles of these γ ’s
and a proton. Conservation of the four-momentum between
the initial and final states was required by using the above vari-
ables with resolution inputs and an unmeasured variable for

the magnitude of the proton momentum. The invariant mass of
two γ ’s was constrained to the nominal value of the π0 mass,
while the best combination of the two γ ’s was chosen from
three possibilities based on a χ2 probability of the kinematic
fit. The π0γ invariant mass was not constrained to the ω mass
because of its natural width. The final sample was selected by
requiring the χ2 probability, whose distribution was flat for
signals, to be greater than 0.02.

B. Signal yield extraction

About 74 000 events remain in the final sample. As shown
in Fig. 1(a), the π0γ -invariant-mass distribution includes a
broad background component under a signal peak. Contam-
ination of the background component happens because of
no constraint on the ω mass in the kinematic fit. It has
been confirmed that this background component is dominated
by the reaction γ p → π0π0 p with one γ escaping into the
forward acceptance hole of the BGOegg calorimeter.

The number of ω-photoproduction signals was obtained by
fitting signal and background functions to the π0γ -invariant-
mass spectra in individual kinematical bins of the center-
of-mass energy and the ω polar angle, which were used
in the derivation of differential cross sections, photon beam
asymmetries, and spin density matrix elements. The signal
function was represented by a Voigt function, where the width
of a Breit-Wigner component was fixed to the natural width of
the ω-meson mass (8.49 MeV/c2). The convoluted mass reso-
lution was also predetermined by smoothening the resolutions
obtained from Voigt function fits with free resolution parame-
ters in all the kinematical bins. The predetermined function
provides a mass resolution of 9–12 MeV/c2 depending on
the center-of-mass energy. Background template spectra were
prepared in individual kinematical bins by fitting third-order
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polynomial functions to the π0γ -invariant-mass distributions
generated by MC simulations of the reaction γ p → π0π0 p.
Here, several processes including the production of nonreso-
nant π0π0 p, π0�+, π0N (1520)+, etc., were simulated, and
the generated samples were added after scaling their relative
contributions by a separate analysis of the real data with
four-γ detection.

Fittings of the signal and background functions were per-
formed by using a maximum likelihood method. Figures 1(b)
and 1(c) show examples of the fit results in two kinematical
bins. In the fits, means and vertical scales were varied for
the signal functions, while only scales were adjusted for the
background template spectra. The ω-photoproduction yields
were evaluated from the scales of fitted signal functions in
individual kinematical bins. A sum of the extracted signal
yields reaches about 37 000 events.

C. Efficiency estimation

The geometrical acceptance and the efficiencies due to
the detector responses and the physical processes in materi-
als were evaluated by the realistic MC simulation with the
BGOegg experimental setup. The γ p → ωp → π0γ p events
were generated with the energy dependence proportional to
the photon beam energy spectrum of laser Compton scat-
tering. The angular distribution of final-state particles were
isotropic at first. The same event selection conditions as those
in the real data analysis were applied to the generated sample
for the acceptance measurement.

Acceptance factors measured by using the above MC sam-
ple must be corrected, reflecting true angular and energy dis-
tributions inside the individual kinematical bins. The realistic
distributions were taken into account in the simulation sample
by adopting the measured differential cross sections and the
ω-decay angular distributions described by experimental val-
ues of the spin density matrix element ρ0

00. New acceptance
factors with the updated MC sample were used at the next step
of cross-section and decay-asymmetry measurements. This
procedure was iterated until the acceptance factors became
stable within approximately 1%. The obtained acceptance fac-
tors are typically around 50% for the ω detection at backward
angles, and they decrease at forward angles. The ω mesons are
reasonably detectable up to cos θ c.m.

ω ≈ 0.8.
The efficiencies that cannot be simulated by the MC pack-

age were separately estimated from the real data. Tagger
detection and reconstruction efficiencies, proton detection
efficiencies at the BGOegg calorimeter and the DC, and the
survival rate after overvetoing extra charged particles due to
the e+e− conversions of beam photons at the target were
individually evaluated by using clean samples of photopro-
duction reactions with tight event selection, as described in
Ref. [5]. The e+e− conversion of γ ’s from the ω decay occurs
at the target and detector materials, resulting in a 5−13% loss
depending on the ω polar angle when requiring no IPS hits for
γ clusters. This effect was simulated by the MC package, but
the estimated efficiencies were further corrected based on the
measurement using real data to quantify imperfect inclusion
of materials in the simulation. The data acquisition efficiency
of accepted to triggered events was also evaluated to be about

95%. The trigger condition was defined by the coincidence of
a tagger hit and two or more hits in 1320 BGO crystals.

IV. RESULTS

A. Differential cross section

Differential cross sections were measured at the total ener-
gies (E c.m.) of 1810–2320 MeV with a bin size of 30 MeV. The
range of ω-emission angles in the center-of-mass frame was
divided into 0.1-step bins in cos θ c.m.

ω . Regions of insensitive
acceptance, corresponding to the most-forward ω produc-
tion, were omitted from the measurement. In the individual
kinematical bins, the signal yields obtained in Sec. III B
were corrected by the acceptance factors and efficiencies in
Sec. III C as well as the branching fractions of the decays
ω → π0γ and π0 → γ γ [9]. Then, the corrected yields of
ω photoproduction were divided by the luminosities, which
were given by multiplying the numbers of protons in the LH2

target and photons in the incident beam.
The number of beam photons measured by the tagger

was contaminated with electromagnetic shower hits, which
originated from low-energy recoil electrons colliding with the
walls of the storage ring and a tagger shielding box. Therefore,
the photon count based on the tagger was reduced by 4.2%.
The reduced number of photons was divided into the total-
energy bins, following the differential cross section of laser
Compton scattering [11]:

dσ

dk
= 2πr2

e a

kmax

(
[1 − ρ(1 + a)]2

[1 − ρ(1 − a)]2
+ ρ2(1 − a)2

1 − ρ(1 − a)
+ 1

)
, (1)

where ρ = k
kmax

and a = m2
e

m2
e +4Eekinj

by using a photon beam
energy k, its maximum value kmax, the injected laser energy
kinj, the electron storage ring energy Ee, and the electron mass
me. The constant re denotes the classical electron radius. A
digitization of the tagger energy measurement by using finite-
size scintillating fibers slightly influences the actual signal
counts in the individual energy bins, whose boundaries do not
match with those of fibers. The number of beam photons in
each bin was corrected at a few percent level on the basis of a
toy MC simulation. The incident photon counts on the target
were finally obtained by multiplying with the transmission
rate of the photon beam as described in Sec. II. The transmis-
sion rate was further modified by an energy-dependent factor
coming from a beam path shift against a collimator (see Eq.
(1) of Ref. [5]).

The systematic uncertainties of measured differential cross
sections were estimated in the same way as those in Ref. [5]
for individual kinematical bins by taking into account the
following sources: uncertainties for the energy-dependent
transmission (2.8−4.1%), acceptance variation due to ob-
served photon beam position shifts (0.1−6.0%), variation of
acceptance-corrected yields depending on the χ2 probability
cut in the kinematic fit (0.6−7.8%), and the accuracy of
the target thickness (1.3%). In addition, uncertainties for the
extracted signal counts were evaluated by changing the func-
tional forms in the fits to the π0γ -invariant-mass distributions.
In one case, the resolution parameter of a Voigt function
to reproduce the signal shape was left free, resulting in the

025201-4



DIFFERENTIAL CROSS SECTIONS, PHOTON BEAM … PHYSICAL REVIEW C 102, 025201 (2020)

FIG. 2. Differential cross sections of the reaction γ p → ωp. The BGOegg results are shown by solid blue circles with statistical
uncertainties. The histograms indicate systematic uncertainties. The open squares, open crosses, and open triangles come from other
experimental results by the CLAS [12], LEPS [13], and LEPS-NTPC [14] Collaborations, respectively. The open circles and open stars
are two independent results from Refs. [15,16], respectively, by the CBELSA/TAPS Collaboration. The overlaid lines represent the existing
results of a partial-wave analysis by the Bonn-Gatchina group [17,18].

systematic uncertainties of 0.0−6.9%. In another case, an
alternative background shape was adopted by using a second-
order polynomial function instead of a template spectrum, giv-
ing the uncertainties of 0.1−6.4%. Finally, overall systematic
uncertainties were estimated in the range of 4.0−11.7% by
taking the square roots of quadratic sums.

The measured differential cross sections dσ/d� are shown
by solid blue circles in Fig. 2. The statistical and system-
atic uncertainties are indicated by vertical bars and hatched
histograms, respectively. For comparison with the existing
experimental data, the results from the CLAS [12], LEPS
[13,14], and CBELSA/TAPS [15,16] Collaborations were si-
multaneously plotted with open symbols. Because the energy-
binning method is quite different among the BGOegg and
those experiments, the data to be plotted were chosen by
requiring the average values of the E c.m. bins to be the closest
to the present analysis.

The BGOegg results are obtained in a wide angular range,
including the most-backward acceptance, for the photon beam
energies of 1.3 < Eγ < 2.4 GeV. They have energy and polar

angle dependence similar to that from the other experiments.
In some kinematical regions, there are discrepancies in mag-
nitude compared with the CLAS results, which have precise
cross-section values in E c.m. bins of 10 MeV. In contrast
to the CLAS measurement, which is less sensitive in the
most-backward region, the two previous LEPS measurements,
obtained at extremely backward angles, are consistent with
the present results. These data have been measured in Eγ

bins of 100 and 125 MeV for the range above 1.5 GeV. The
two results from the CBELSA/TAPS experiment have been
obtained in Eγ bins of 50 MeV. In Ref. [15], the differential
cross sections were measured up to Eγ = 2 GeV, using less
precise angular bins for backward ω emission. By contrast,
the analysis in Ref. [16] adopted a cos θ c.m.

ω bin size of 0.1 for
the range of Eγ < 2.5 GeV, while the statistical uncertainties
were comparable to or slightly larger than those in Ref. [15].

In Fig. 2, the experimental data are compared with a
theoretical calculation by using an existing partial-wave anal-
ysis (PWA) framework by the Bonn-Gatchina group [17,18].
The PWA curves generally reproduce the forward rise of the
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FIG. 3. Photon beam asymmetries of the reaction γ p → ωp. The BGOegg results are shown by solid blue circles with statistical
uncertainties. The open diamonds, open triangles, open squares, and solid stars come from other experimental results by the GRAAL [19],
LEPS-NTPC [14], CLAS [20], and CLAS-FROST [18] Collaborations, respectively. The overlaid lines represent the existing results of a
partial-wave analysis by the Bonn-Gatchina group [17,18].

differential cross sections due to t-channel contributions, but
the data points at intermediate and backward angles are not
well described by them. This must come from difficulties
of PWA for vector mesons and the differences between the
existing experimental data.

B. Photon beam asymmetry

The photon beam asymmetry � is defined by the degree
of skewness from an isotropic distribution of azimuthal ω-
emission angles φ relative to the linear-polarization vector
of the photon beam. The � was evaluated from a fit of
A(1 − Pγ � cos 2φ) to the measured φ distribution. Here A and
Pγ denote a free parameter and the polarization of the photon
beam, respectively. The φ dependence of ω-photoproduction
yields was plotted in eight azimuthal-angle bins without any
acceptance correction because of the symmetric geometry of
the detectors. The signal yields were derived in the same way
as the differential cross-section measurement except for the
restriction of the proton detection area: for a proton detected
at the DC, the distance of the hit point from the photon
beam axis was required to be less than 600 mm to avoid
artificial asymmetry due to the hexagonal shape of the DC.
The photon beam asymmetries were obtained in six bins for
both −1 < cos θ c.m.

ω < 0.8 (a bin size of 0.3) and 1810 <

E c.m. < 2320 MeV (a 60-MeV bin for the lowest energies and
90-MeV bins for the remaining range).

In the measurement of photon beam asymmetries, system-
atic uncertainties may arise from unexpected small asymme-
tries of the detector geometry and ambiguities of the measured
photon beam polarization. We have collected data with two
linear-polarization directions, which are aligned vertically
or horizontally in the laboratory frame. The influence of a
possible detector asymmetry was examined by measuring

the photon beam asymmetries independently with those two
data sets. This source finally dominates the overall system-
atic uncertainties. The ambiguities of polarization direction
and degree occur for the measurement of the injected laser
light, whose polarization transfers to the photon beam. Such
measurement uncertainties were evaluated to be relatively
small. Moreover, additional uncertainties come from analysis
procedures, including the background function variation in
the π0γ -invariant-mass fit and the azimuthal angle binning in
the � extraction fit. They are comparable to or less than the
uncertainties due to the small detector asymmetry measured
using the two polarization data as mentioned above. In total,
systematic uncertainties were estimated by the square root
of the quadratic sum of the above estimates, resulting in the
values of 0.014–0.064 for �. Forward-angle bins show larger
uncertainties.

The photon beam asymmetries � obtained from the present
analysis are shown by solid blue circles in Fig. 3. The mea-
sured data points are plotted at the mean cos θ c.m.

ω values
of event entries in individual polar angle bins. In Fig. 3,
other experimental results from the GRAAL [19], LEPS [14],
and CLAS [18,20] Collaborations are overlaid with different
symbols. These results have been provided in finer energy
bins: 12–14 MeV for the data points from Ref. [20] and
40–60 MeV for the others. They are plotted in the panel
whose central E c.m. value is nearest to the energy bin of each
measurement.

The present results by the BGOegg experiment statisti-
cally agree with the other experimental results. Precise �

values in a wide angular range were obtained for the first
time above a total energy of about 2.1 GeV. Although the
LEPS results exist up to E c.m. ≈ 2.3 GeV, they are limited to
the extremely backward region corresponding to cos θ c.m.

ω <

−0.8. The GRAAL and CLAS experiments provide data in
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FIG. 4. Spin density matrix elements ρ1
1−1 (upper row), ρ0

1−1 (middle row), and ρ0
00 (lower row) of the reaction γ p → ωp → π 0γ p. The

BGOegg results are shown by solid blue circles with statistical uncertainties. The open squares and open circles come from other experimental
results by the CLAS [12] and CBELSA/TAPS [16] Collaborations, respectively.

a wide angular range but for total energies E c.m. � 1940 and
2100 MeV, respectively. The recent CLAS measurement with
a frozen-spin target has extended the total energy range up
to 2196 MeV, but with larger statistical uncertainties at the
highest energies. The solid curves in Fig. 3 show the existing
PWA results calculated by the Bonn-Gatchina group [17,18].
The calculation reproduces the present results except for the
highest-energy bin.

C. Spin density matrix elements

In photoproduction of a vector meson like ω, its decay
angular distribution arising from the meson polarization state
is influenced by helicity amplitudes. Therefore, we have addi-
tionally measured decay asymmetries or spin density matrix
elements, which are sensitive to the spin information of s-
channel N∗ resonances and the ratio of s-, u-, and t-channel
contributions. It is also important to evaluate the spin density
matrix element ρ0

00, which represents the unpolarized decay
asymmetry in the polar angle direction, for the measurement
of the geometrical acceptance factors to derive differential
cross sections, as described in Sec. III C. The correct kinemat-
ical dependence can be obtained through iterative feedback for
the MC simulation sample.

For ω photoproduction with a linearly polarized photon
beam, the π0γ -decay angular distribution W π0γ (�π,
) is

expressed in the following forms after the integration over
azimuthal and polar angles [21]:

W π0γ (�) = 3

8

[
1 + cos2 � + ρ0

00(1 − 3 cos2 �)
]
, (2)

W π0γ (�,
) = 1

2π

[
1 − �

π0γ

� cos 2� − Pγ �
π0γ

b cos 2


+ Pγ �
π0γ

d cos 2(� − 
)
]
, (3)

where �π , �, and � denote the solid, polar, and azimuthal an-
gles of π0 in the ω rest frame, respectively. Here � is defined
with respect to the reaction plane. 
 is the angle between the
linear-polarization vector and the reaction plane. In Eq. (2),
the polar angle distribution of π0 mesons is characterized
by the spin density matrix element ρ0

00. On the other hand,
the azimuthal angle distribution is governed by unpolarized
and polarized decay asymmetries �

π0γ

� and �
π0γ

d , which are
expressed as −ρ0

1−1 and −ρ1
1−1, respectively, by spin density

matrix elements. The polarized decay asymmetry becomes
weaker proportionally to the linear-polarization degree Pγ of

a photon beam. �
π0γ

b indicates the photon beam asymmetry
of azimuthal ω-emission angles as described in Sec. IV B.
In this section, we have extracted ρ0

00, ρ0
1−1, and ρ1

1−1 by
fitting Eqs. (2) and (3) with integration over their unrelated
angle variables.
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The measured spin density matrix elements are shown
by solid blue circles in Fig. 4. These matrix elements have
been derived in the Adair frame, which is defined in the
ω rest frame but whose z axis is taken along the incident
photon beam in the center-of-mass frame [22]. In all the
measurements, the total energies and polar angles were binned
in the same way as for the photon beam asymmetries. The spin
density matrix element ρ1

1−1 was obtained from the azimuthal
angular dependence of π0 in the ω → π0γ decay with respect
to the linear-polarization vector of the photon beam. In this
procedure, no acceptance correction was made under the
assumption of detector symmetry. In contrast, the geometrical
acceptance factors were taken into account for ρ0

1−1 and ρ0
00,

which were measured from the azimuthal and polar angular
distributions of π0 in the ω decay with respect to the reaction
plane and the z axis, respectively. The correction by the photon
beam polarization Pγ was done for ρ1

1−1, but not for ρ0
1−1

and ρ0
00.

The spin density matrix element ρ1
1−1 corresponds to

the pion asymmetry �π measured by the CBELSA/TAPS
Collaboration [23]. We obtained small absolute values for
this polarized decay asymmetry, as already seen in the �π

measurement. Our measurement provides new data with good
precision for the photon beam energies greater than 1.7 GeV
(E c.m. = 2018 MeV). The systematic uncertainties for ρ1

1−1
were estimated by taking into account the same sources as
in the photon beam asymmetry measurement. The estimated
uncertainties vary in the range of 0.02–0.07, where the lower-
energy region gives a larger value.

The unpolarized elements ρ0
1−1 and ρ0

00 were measured
by the CLAS [12] and CBELSA/TAPS [16] Collaborations
before the present analysis. In Fig. 4, these values are plotted
with the BGOegg results on the panel whose mean energy is
closest to their measured bin. Our measurement shows that
the E c.m. and cos θ c.m.

ω dependence is close to the other exper-
imental results. As the sources of systematic uncertainties for
these spin density matrix elements, we consider their possible
variation due to different angular binning in the azimuthal
or polar direction as well as possible changes of extracted ω

yields depending on the use of different background functions.
Finally, the systematic uncertainties were estimated to be
0.01–0.03 and 0.01–0.04 for ρ0

1−1 and ρ0
00, respectively.

V. DISCUSSIONS

In comparison with the case of π0 photoproduction, there
are difficulties in the identification of nucleon resonances
from ω photoproduction because its vector nature has a
spin of 1 and the number of available data is limited. The
Bonn-Gatchina PWA has suggested the importance of the
N (1720)3/2+ resonance near threshold based on the data
from CBELSA/TAPS [16], CLAS [20], CLAS-FROST [18],
etc. However, other analyses have claimed major contribu-
tions from N (1680)5/2+, N (1700)3/2−, or N (1710)1/2+
[20,24,25] instead of N (1720)3/2+. At higher energies, reso-
nance contributions from 1/2−, 1/2+, 3/2+, 3/2−, 5/2+, or
7/2− partial waves have been suggested in the mass range
of 1.9–2.2 GeV with variations depending on the analyses
[16,18,25]. To get rid of this controversial situation, further
data are definitely needed, including new information on spin

FIG. 5. Total energy dependence of the measured differential
cross sections for three cos θ c.m.

ω bins. The BGOegg results are shown
with statistical uncertainties only.

observables. For example, the CLAS-FROST Collaboration
has recently conducted a new PWA based on their double-
polarization experiments [26]. Furthermore, our measure-
ments of photon beam asymmetries and spin density matrix
elements ρ1

1−1 provide first-time results with high accuracy
over wide polar angles and higher energies exceeding E c.m. ≈
2 GeV. A simultaneous derivation of the beam and decay
asymmetries with differential cross sections and other spin
density matrix elements will be helpful to increase the exper-
imental database of observables for ω photoproduction.

As shown in Fig. 2, differential cross sections measured
by the present analysis are close to other experimental results
except that the CBELSA/TAPS experiments provide higher
values at backward angles. Although the most-forward accep-
tance is lacking, the forward rise due to t-channel exchange
contributions is clearly seen. There is a broad bump structure
at intermediate polar angles. The present results give slightly
larger values compared with the CLAS measurement in this
polar angle region, and the reason for this discrepancy is not
yet known. Note that the differential cross sections of π0

photoproduction are consistent between the two experiments
over a wide angular range, as seen in Ref. [5]. Figures 5(a)
and 5(b) show that the differential cross sections at inter-
mediate and backward angles decrease as the total energy
increases. On the other hand, those at extremely backward
angles stop decreasing above E c.m. ≈ 1.95 GeV, as recognized
from Fig. 5(c). Although backward rises of the differential
cross sections are seen at higher energies in Fig. 2, u-channel
contributions are expected to be relatively small as discussed
in Refs. [14,25]. In Fig. 5(c), the clear bump structure as seen
in Ref. [14] is not observed, but multiple s-channel resonances
with high spins may possibly contribute at backward angles,
as mentioned in the beginning of this section.
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FIG. 6. Total energy dependence of the measured photon beam
asymmetries for two cos θ c.m.

ω bins. The BGOegg results are shown
with statistical uncertainties only.

The measured photon beam asymmetries show large ab-
solute values at intermediate polar angles, in the same way
as other experimental results (see Fig. 3). This must be
caused by the interference between t-channel exchange pro-
cesses and s-channel resonance contributions, as discussed
in Refs. [18–20,23]. On the other hand, the asymmetries
are close to zero in the forward region where a dominance
of t-channel contributions is expected. Our results generally
agree with the precise values from the CLAS Collaboration
[20]. In the low-energy bins (E c.m. = 1840 and 1915 MeV),
there are discrepancies between the CLAS and GRAAL [19]
results. Our � values are closer to the CLAS results in
the second-lowest-energy bin, while it is hard to clarify the
consistency with either result in the lowest-energy bin due to
the large statistical uncertainties of our data. Measurements
in the highest-energy bin (E c.m. = 2275 MeV) provide first-
time results over a wide polar angle range, as mentioned
in Sec. IV B. Moreover, the present results in the second-
highest-energy bin (E c.m. = 2185 MeV) improve statistical
uncertainties, compared with the CLAS-FROST results [18].
Already existing solutions from the Bonn-Gatchina PWA are
consistent with our results up to E c.m. = 2230 MeV, but the
new data points in the highest-energy bin are not reproduced
by the Bonn-Gatchina calculation, especially at backward
angles, where the experimental � values are close to zero.
Figure 6 shows the total energy dependence of �’s mea-
sured in the present analysis for intermediate [panel (a)] and
backward [panel (b)] angles. For the intermediate polar angle
region, the absolute values become gradually smaller at higher
energies. At the most-backward angles, the � values are found
to have a bump structure around a total energy of 2100–2150
MeV, as discussed in Ref. [14]. Our new results should shed
light on the controversial situation for high-spin states with
masses above approximately 1.9 GeV/c2, as commented in
the beginning of this section.

The polarized spin density matrix element ρ1
1−1 provides

new information on reaction mechanisms in ω photoproduc-
tion. It becomes +0.5 and −0.5 in the cases of purely ex-
changing a pomeron and a pion in the t-channel, respectively.
On the other hand, s- and u-channel contributions return
ρ1

1−1 = 0. This spin density matrix element represents the
azimuthal decay asymmetry of the ω → π0γ decay relative to
the photon beam polarization direction, so that it corresponds
to the pion asymmetry �π measured by the CBELSA/TAPS
Collaboration [23] up to Eγ = 1700 MeV. In the overlapping
energy region (1300 < Eγ < 1700 MeV, or the three lower-
energy bins in the upper row of Fig. 4), both BGOegg and
CBELSA/TAPS results consistently show that the values of
ρ1

1−1 or �π are close to zero over a wide angular range and
that they slightly increase as the ω meson is emitted at more-
forward angles. Our results in the three higher-energy bins are
new and indicate the dominance of s-channel resonances even
at these energies. A decrease of the ρ1

1−1 values as a function
of the total energy is also observed at forward angles.

The unpolarized spin density matrix elements ρ0
1−1 and ρ0

00
are sensitive to double and single helicity-flip amplitudes in ω

photoproduction, respectively. They have been measured by
the CLAS [12] and CBELSA/TAPS [16] Collaborations at
the photon beam energies including the range of the BGOegg
experiment, as shown in the middle and lower rows of Fig. 4.
For both elements, our measurements show the values con-
sistent with the other experimental results, although they are
influenced by statistical uncertainties larger than the CLAS
results. The measured ρ0

1−1 is close to zero for all kinemat-
ical bins and possesses small nonzero values depending on
the polar angle of ω-meson emission. The ρ0

00 shows large
values at intermediate angles, while an increase toward higher
energies is seen at backward angles. The observed behaviors
of the helicity-flip amplitudes surely reflect the contributions
of N∗ resonances.

VI. SUMMARY

We measured differential cross sections, photon beam
asymmetries, and spin density matrix elements ρ1

1−1, ρ0
1−1, ρ0

00
for the reaction γ p → ωp, where the ω meson was detected
in the ω → π0γ → γ γ γ -decay mode. A linearly polarized
photon beam in the energy range of 1.3–2.4 GeV was ob-
tained at the SPring-8 LEPS2 beamline and injected onto a
54-mm-thick LH2 target. The three γ ’s in the final state were
measured by a large acceptance electromagnetic calorimeter
of the BGOegg experiment to identify the ω mesons in their
invariant mass distribution. A signal sample was selected
based on a kinematic fit, along with the information about the
four-momenta of the γ ’s, the direction of a final-state proton
detected at the BGOegg calorimeter or at the DC, and the
photon beam energy measured by the tagger. Signal counts
were finally evaluated by a maximum likelihood fit of a Voigt
function and template background shapes.

The above observables were derived in kinematical bins of
total energies and ω polar angles, covering 1810–2320 MeV
and −1 � cos θ c.m.

ω � 0.8. Our results mostly reproduce the
existing data in the overlapping kinematical regions. Differ-
ential cross sections at extremely backward angles do not
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decrease as the total energy increases, in contrast with the
monotonic decreasing behaviors at other backward and in-
termediate angles. This may indicate one or more high-mass
N∗ resonances having high spin, which are still controversial
under the current situation of ω-photoproduction analyses. We
obtained photon beam asymmetries and spin density matrix
elements ρ1

1−1 up to the total energies exceeding about 2 GeV,
where the observables with a linearly polarized photon beam
were previously unexplored. In the highest-energy bin, the
photon beam asymmetries of backward-angle ω photopro-
duction deviate from the existing PWA calculation, indicat-
ing new constraints for high-spin resonances. The measured
ρ1

1−1 values were close to zero, suggesting the dominance of
s-channel resonances even at higher energies. The unpolarized
spin density matrix elements ρ0

1−1 and ρ0
00 also provide spin

information of resonances through helicity-flip amplitudes.
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