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We report the measurement of differential cross sections for ω and η′ photoproduction from
protons at backward angles (−1.0 < cos �X

C.M < −0.8) using linearly polarized photons at
Eγ = 1.5–3.0 GeV. The differential cross sections for ω mesons are larger than the predicted
u-channel contribution based on amplitude analysis in the energy range 2.0 ≤ √

s ≤ 2.4 GeV.
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1. Introduction

Measurements of meson photoproduction provide a good tool to study nucleon resonances. Many
nucleon resonances have been identified from experimental and theoretical studies of the πN scat-
tering and π photoproduction. It is well known that a large number of missing resonances predicted
by the constituent quark model remain to be discovered [1–3]. Some of the missing resonances may
not be observed due to the weak coupling to the pion. However, there is a possibility of observing
these missing resonances via the photoproduction of other strongly coupled mesons. Recently, the
differential cross section and polarization variables of η, η′, and ω mesons have been measured in
experiments like CB-ELSA, GRAAL, and CLAS with large acceptance spectrometers [4–9]. Partial
wave analysis (PWA) of their results indicates a significant contribution from nucleon resonances in
the differential cross section of meson photoproduction at large scattering angles (�X

C.M ∼ π/2) at√
s ∼ 2 GeV, although the list of resonances depends on the models.
At backward angles in the center-of-mass system, it is expected that the contribution from the

u-channel exchange of Regge poles becomes significant. The differential cross section from the
u-channel baryon exchange is expected to obey a power law behavior of s. In general, the differential
cross section from the u-channel is much smaller than the one from the t-channel meson exchange.
On the other hand, the angular distribution of mesons from nucleon resonances could have a rapid
change at forward and backward angles when the nucleon resonances have high angular momenta.
The contribution of nucleon resonances with high angular momenta tends to be stronger at forward
and backward angles than at intermediate angles. Therefore, the differential cross section at back-
ward angles is sensitive to nucleon resonances with high angular momenta and becomes a good tool
to identify and search for these resonances. A bump structure in the s dependence of the differential
cross section of η at very backward angles has been observed at SPring-8/LEPS [10].

A new measurement was carried out at SPring-8/LEPS with a time projection chamber (TPC) to
detect decay products. In comparison with the previous LEPS experiment, background events of ω

and η′ signals were reduced substantially by using the TPC [10]. In addition, the incident photon
energy, Eγ , was extended to 3.0 GeV by using a new deep-UV laser. In this paper, we report the
differential cross sections of ω and η′ photoproduction at backward angles (−1.0 < cos �X

C.M <

−0.8) from protons in the energy range Eγ = 1.5–3.0 GeV. The beam asymmetry is also reported
for the ω photoproduction.

2. Experiment

The experiment was carried out at the SPring-8/LEPS facility [11]. A linearly polarized photon beam
in the energy range from 1.5 to 3.0 GeV was produced by backward Compton scattering (BCS) from
the head-on collision between laser photons and 8 GeV electrons in the storage ring. Both 355 nm
and deep-UV 257 nm lasers were used to produce Compton-scattered photons in the range of 1.5
to 2.4 GeV and 1.5 to 3.0 GeV, respectively. The energy of a scattered photon was determined by
measuring the recoil electron from Compton scattering by a tagging counter. The energy resolution
for the photon beam was about 15 MeV. We used a liquid hydrogen (LH2) target with a length of
15 cm and a diameter of 40 mm. The data were accumulated with 0.6 × 1012 photons from 1.5 to
2.4 GeV at the target with the 355 nm laser, and with 0.4 × 1012 photons from 1.5 to 3.0 GeV with
the 257 nm laser, respectively [13]. Half of the data with the 355 nm laser (1.5–2.4 GeV) were taken
with vertically polarized photons and the other half with horizontally polarized photons. The data
with the 257 nm laser (1.5–3.0 GeV) were taken only with vertically polarized photons.
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The LEPS forward spectrometer consisted of a dipole magnet, four multiwire drift chambers, a
start counter (SC) just downstream of the target, a silica-aerogel Čerenkov counter (AC), and a time-
of-flight (TOF) hodoscope placed downstream of the tracking detectors. In the measurement, one
multiwire drift chamber was used instead of a silicon-strip vertex detector, unlike in the previous
LEPS experiments. The angular coverage relative to the photon beam of the forward spectrometer
was about ±0.25 rad and ±0.12 rad in the horizontal and vertical directions in the laboratory system,
respectively. The TPC surrounding the target was installed inside a solenoid magnet. The main dif-
ference between the TPC and the one used in the previous LEPS experiment was the shape [12]. The
TPC had a hexagonal hole in the center with a side length of 69 mm to install the LH2 target. The
TPC had an active volume of hexagonal cylinder shape with a side length of 225 mm and a height
of 750 mm. The azimuthal and polar angular coverages of the TPC were 2π and 0.35–2.25 rad in the
laboratory system, respectively. The TPC volume was filled with the P10 gas (Ar:CH4 90%:10%).
The signals from the TPC were read through rectangular cathode pads with a length of 56 mm and
150 mm. The typical spatial resolutions were 200–400 µm in the pad plane and 400–4000 µm in the
beam direction depending on the direction of charged tracks. Six scintillation counters surrounded
the target inside the TPC and twelve scintillation counters were placed outside of the TPC. We used
a triple coincidence signal among the tagging counter and inner and outer counters as the trigger
signal. This trigger signal corresponded to at least one charged particle track with pT ≥ 0.09 GeV/c
in the TPC acceptance. The trigger efficiency saturated at about 94% in the geometrical acceptance
of the scintillation counters.

3. Analysis

The photoproduction of the ω and η′ mesons was measured via the following decay modes:

γ p → pω → pπ+π−π0 (1)

γ p → pη′ → pπ+π−η. (2)

Protons were measured by the LEPS forward spectrometer. Charged pions were detected in the TPC.
π0 or η mesons were identified by missing mass information to select the reactions (1) and (2). It
was required that the number of reconstructed charged tracks in the TPC was one or two. The num-
ber of reconstructed electron tracks in the tagging counter was required to be one. Protons were
selected by the mass reconstructed from momentum and TOF information within 4σ of the nom-
inal value. The proton momentum was required to be more than 0.7 GeV/c because the ω and η′

mesons were produced only in this range. Figure 1(a) shows the reconstructed mass square of posi-
tive charged particles as a function of momentum. Admixture of tracks from particles misidentified
as protons was estimated to be negligible (<0.5%). The momentum resolution for protons was about
1%. Figure 1(b) shows the measured mean value of the energy deposition per pad (d E/dx) in the
TPC of positive charged particles. The tracks with d E/d X below the threshold depending on their
momentum were identified as pions. The dashed line in Fig. 1(b) shows the threshold line for pion
identification with >98% efficiency. Although the cut for pion identification was not tight, tracks
from particles misidentified as pions were suppressed since a proton was already detected in the
forward spectrometer. The pions with pT ≥ 0.08 GeV/c were only reconstructed because of the cen-
ter hole in the TPC. The momentum resolution for the pions was 4%–25%, strongly depending on
momentum and polar angle of pions. A reaction point was determined as the intersection of a track
reconstructed in the spectrometer and a track in the TPC. The spatial resolution of the reaction point
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(a) (b)

Fig. 1. (a) 2D scatter plot of mass squared and momentum of positive charged particles measured by the
spectrometer. The dashed line shows the boundary for proton identification. (b) 2D scatter plot of the energy
deposition and momentum for positive charged particles measured by the TPC. The dashed line shows the
boundary for pion identification.

along the z direction was 2.6 mm. Events generated in the target were selected by the determined posi-
tion of the reaction point. The effects of acceptance, efficiency, and resolution of the spectrometer
and the TPC were evaluated using a Monte Carlo simulation with the GEANT3 code [14].

The systematic uncertainty in the cross section due to the target thickness including the target
shape, fluctuations of the temperature, and pressure of the liquid hydrogen was estimated to be 2%.
The systematic error of the photon number normalization was estimated to be 3% for data collected
with the 355 nm laser and 4% for data with the 257 nm laser, respectively. This includes fluctuation
of proton yield per photon and transmission ratio of the photon beam. The systematic error due to
contamination from the events from the SC and the target cell was 1%. The systematic uncertainty due
to the efficiency of proton detection was 4%, including geometrical acceptance (3%), wire efficiency
(1%), and proton identification efficiency (2%). The systematic uncertainty due to the pion detection
was 4%.

Figure 2(a) shows a missing mass spectrum for the γ p → pX reaction (MM(p)), where the pho-
ton energy is from 2.125 to 2.375 GeV and the scattering angle of protons is 0.90 < cos �P

C.M <

1.00. The spectra of missing mass squared for the γ p → pπ±X and γ p → pπ+π−X reactions
(MM2(p, π±) and MM2(p, π+, π−)) are also shown in Figs. 2(e) and (f), respectively. Since the
trigger requires at least one charged particle in the TPC acceptance, the peaks of η and π0 mesons
are not observed in Fig. 2(a), unlike the previous measurement [10]. The amount and/or the spec-
trum shape of other components are also modified due to the trigger in comparison with the previous
measurement. Although the peak of the ω mesons overlaps with that of the ρ mesons, the ω signals
can be separated from the ρ signals by identification of the decay products. To select the ω and η′

signals, selection cuts were applied by using MM2(p, π±) and MM2(p, π+, π−). Figures 2(b) and
(c) show the MM(p) distribution with the ω and η′ selection cuts, respectively. The details of the
ω and η′ selection cuts are summarized in Table 1. Figure 2(d) shows the MM(p) distribution with
an inverse η′ selection cut. In the inverse η′ selection cut, MM2(p, π+, π−) is used to reject the η′

signal. This plot was prepared for the demonstration of understanding of the background shape.
We used the ω and η′ selection cut for the evaluation of yields of the ω and η′ mesons. Background

for the ω and η′ signals consisted of several reactions. To evaluate these contributions, possible reac-
tions contributing to the MM(p) distribution were generated in an event generator. The missing mass
distributions of these reactions were determined by using Monte Carlo simulation. The relative yield
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Fig. 2. Missing mass spectra for events with 2.125 < Eγ < 2.375 GeV and 0.90 < cos �P
C.M < 1.0. The cir-

cles represent the experimental result. The red solid lines represent the sum of all contributions. The light blue
lines represent the sum of the contributions without ω and η′ contributions for panels (b) and (c), respectively.
The blue dashed, dashed spaced, dotted, and chain lines represent non-resonant 2, 3, 4, and 5 π production,
respectively. The magenta, green, black, and yellow lines represent ω, ρ, η′, and φ, respectively. (a) MM(p). (b)
MM(p) with the ω selection cut. (c) MM(p) with the η′ selection cut. (d) MM(p) with the inverse η′ selection
cut. (e) MM2(p, π± X). (f) MM2(p, π+, π−). C.M; Cener of Mass, MC; Monte-Carlo.

of each reaction was deduced by minimizing the χ2 between the superposition of the determined
distributions and the experimental data (a template fit). Events including non-resonant pions (from 2
to 5) and one proton were generated in the free N-body space as background components. Photopro-
ductions of η, η′, ρ, ω, and φ mesons were also generated as known resonances. The intrinsic width
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Table 1. Summary of the ω, the η′, and the inverse η′ cut.

Cut (GeV2/c4) MM2(p, π±) MM2(p, π+, π−)

ω 0.05 < X < 0.44 −0.15 < X < 0.19
η′ 0.40 < X < 0.72 0.24 < X < 0.36
inverse η′ 0.40 < X < 0.72 0.10 < X < 0.24, 0.36 < X < 0.50

of each meson was given according to the PDG [1]. The missing mass distribution of each meson was
obtained by applying the GEANT3 simulation for the generated meson. Since the contribution from
K 0�+ photoproduction is negligible, it was not included. The distributions of MM(p), MM2(p, π±),
MM2(p, π+, π−), and MM(p) with a loose ω selection cut (0.1 < MM2(p, π±) < 0.4 GeV2/c4)
were used as the constraint of the template fit simultaneously. While the amount of ρ is important for
signal counting of ω, the separation of ρ and ω is difficult in the MM(p) and MM2(p, π+, π−) distri-
butions. The loose ω selection cut was applied to identify the ω peak. The distribution of MM(p) with
the loose ω selection cut was included in the fit to avoid the ρ/ω ambiguity. Events were put in pho-
ton energy bins with an interval of 62.5 MeV and proton scattering angle bins with a 0.05 cos �P

C.M
interval. The template fit was performed for each bin on the photon energy and on the proton scat-
tering angle. The reduced χ2 was 0.9 at minimum and 2.9 at maximum, depending on the angular
and energy bins. The contribution of each reaction in the fitting is shown in Figs. 2(a), (e), and (f),
where the red solid lines represent the sum of all contributions and should be compared with the
experimental results.

The MM(p) distributions with the ω and η′ selection cuts in each reaction were superposed accord-
ing to the relative yields in the fitting result. The background shapes in the MM(p) distributions with
the selection cuts were determined as the superposition except the resonances corresponding to the
selection cuts (ω or η′). The background shapes were normalized by template fits with the background
and signal shapes of the MM(p) distributions with the selection cuts. The determined background
and the contribution of each component are shown in Figs. 2(b), (c), and (d). In Figs. 2(b), (c), and
(d), the light blue solid lines represent the determined background and the red solid lines represent
the sum of all contributions. The sum of all contributions reproduces the experimental results suc-
cessfully, including the result with the inverse cut (Fig. 2(d)). The yields of the ω and η′ signals were
extracted by subtraction of the background. The yields were corrected by the number of photons,
the number of target protons, and the efficiency of determining differential cross sections. The effi-
ciency includes the branching ratios, the trigger efficiency, the efficiency of the event selection, the
acceptance and efficiency of pions, the acceptance and efficiency of protons, and the efficiency of the
selection cuts. The typical efficiency of the ω mesons was 23% at −1.00 < cos �ω

C.M < −0.95 and
9% at −0.85 < cos �ω

C.M < −0.80, respectively. The typical efficiency of the η′ mesons was 6% at

−1.00 < cos �
η′
C.M < −0.80.

The systematic uncertainty due to the trigger efficiency was 5%, including the uncertainty caused
by the acceptance of the trigger counters (4%) and the uncertainty of the efficiency within the
acceptance (3%). The systematic uncertainty due to the efficiency of the ω and η′ selection cuts
was estimated from the effect of varying the cut boundary and applying loose selection cuts. It
was determined to be 3%. The systematic uncertainty due to the background shapes was estimated
from the effect of varying the fit conditions (without the 5π reaction, reducing the fit constraint,
the strategy of minimizing χ2, and a combination of these). It was determined to be 3% and 5%
for ω and η′, respectively. Since there were only vertical polarization data in Eγ = 2.4–3.0 GeV,
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the effect of polarization on the efficiency was included in the systematic uncertainty for this
energy range. The effect on the efficiency was evaluated by Monte Carlo simulation as a func-
tion of beam asymmetry. The beam asymmetry in Eγ = 2.4–3.0 GeV was assumed be less than
0.2. The systematic error due to the effect of polarization was 2–7% depending on the scattering
angles.

4. Results and discussion

Figure 3 shows the differential cross sections for ω production as a function of
√

s. Each panel
shows the result at the ω scattering angle regions ((a)–(d)) and the u interval ((e) and (f)). In
−0.9 < cos �ω

C.M < −0.8, the results of CLAS are consistent with the present result, although the
results of SAPHIR and CLAS are not consistent with each other [4,15]. The previous results of
LEPS are also consistent with the present result [10]. The differential cross section decreases as

√
s

increases above
√

s ∼ 2.3 GeV in all the scattering angle bins. The dashed lines in Figs. 3(e) and
(f) represent the result of a power law fit for the Daresbury results [17]. The smooth lines in Fig. 3
represent theoretical calculations, which do not include the s-channel contribution of nucleon reso-
nances [19]. This calculation is based on the meson exchange model and considers the π , η, σ , and
nucleon exchanges. A phenomenological form factor at the ωNN vertex was also introduced. The
parameters in these calculations (coupling constants and cut-off parameters) were tuned to repro-
duce the Daresbury result, which had a kinematic range of Eγ = 2.8–4.8 GeV and backward and
forward scattering. It almost reproduces the Daresbury results, except the very steep s−8 depen-
dence at −0.2 < u < −0.1 GeV2. Since the ω production in the kinematic range of the Daresbury
results is governed by the u-channel process, the extrapolation of the calculation to the LEPS energy
range could be interpreted as the u-channel contribution.

The LEPS result shows that the present
√

s dependence of dσ/d� is different from the theoretical
calculation and the power law behavior for

√
s ≤ 2.4 GeV. This implies that the present

√
s depen-

dence is difficult to explain by only the u-channel process, and that there is a significant s-channel
contribution from nucleon resonances in this energy range. The LEPS and Daresbury results start
showing power law behavior in

√
s ≥2.4 GeV, which is expected in the u-channel process. To iden-

tify the possible nucleon resonances involved, we made a comparison between the present results and
the theoretical calculation. The present results show a broad excess of dσ/d� at 2≤ √

s ≤2.4 GeV
compared with the theoretical calculation at −0.95 < cos �ω

C.M < −0.80. The result of the Breit–
Wigner fit for the excess depends on the ω scattering angle: its peak and width are 2.25±0.04 GeV
and 0.25–0.55 GeV, respectively. The possible candidates with high angular momentum are the
G17(2190), H19(2220), and G19(2250), all of which have 4-star states [1]. Since all of these can-
didates have high angular momentum, the angular distributions of these resonance decays could
change rapidly at backward angles. This could account for the excess, which becomes smaller at the
most backward scattering angle bin. The coupling of the G17(2190) to pω decay is supported by
the PWA of γ p → pω at CLAS [1,16]. The difference between the present data and the theoretical
curve can be interpreted as the influence of the G17(2190). However, this interpretation still does not
explain the dip structure at 2≤ √

s ≤2.1 GeV and −1.00 < cos �ω
C.M < −0.95. The interpretation

of the present results may require more than just the contribution of the G17(2190). It is useful for the
identification of nucleon resonances with high angler momentum to include very backward angles in
the PWA. It is worth mentioning that the very steep s dependence of ω dσ/du at u ∼ −0.15 GeV2,
seen in the Daresbury data, is not observed in the LEPS energy range [17].
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Fig. 3. Differential cross sections for ω photoproduction as a function of
√

s. The black circles are the present
results. Shaded bars represent systematic uncertainty. The red triangles, blue squares, and blue stars are the
experimental results from SAPHIR, CLAS, and Daresbury, respectively [4,15,17]. Smooth lines represent
theoretical calculation and dashed lines represent the result of a power law fit for the Daresbury results [19].

The photon beam asymmetry (�) is also sensitive to nucleon resonances. � has been measured as
Pγ � cos 2φ = (Nv − Nh)/(Nv + Nh), where Nv and Nh are the ω yields with the vertically and hor-
izontally polarized photons, respectively [18]. Pγ is the polarization degree of the photon beam, and
φ is the proton azimuthal angle. The scattering angle of ω is −1.00 < cos �ω

C.M < −0.80 in this mea-
surement. The ω selection cut (Fig. 2(b)) and a missing mass cut of 0.75 < MM(p) < 0.81 GeV/c2

were used for the ω selection. The amount of background was evaluated in the same way as the anal-
ysis of the cross section. The � of the background was estimated from the interpolation between
� of the neighboring mass region of the ω signal. Systematic uncertainty due to the background
contribution includes the uncertainty in the � of the background and the uncertainty of S/N ratios.
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Fig. 5. Differential cross sections for η′ photoproduction as a function of
√

s. Shaded bars represent sys-
tematic uncertainty. The black circles are the present results. The blue squares are the CB-ELSA results [7].
Smooth lines represent the theoretical calculation by F. Huang in Ref. [21]. Dotted lines represent the u-channel
contribution in Ref. [21].

The systematic uncertainty in the measurement of laser polarization is δ� = 0.02. Figure 4 shows
the measured � of ω production as a function of

√
s. � becomes large at 2 <

√
s < 2.2 GeV and

vanishes rapidly at
√

s > 2.23 GeV. This result also suggests that there is an influence of nucleon
resonances on ω photoproduction at

√
s ∼ 2.1 GeV. The region with the large � is different from

the peak position of the dσ/d�. It is expected that PWA analysis including the � measurement may
clarify the resonances involved in ω photoproduction.

Figure 5 shows the differential cross sections for η′ production as a function of
√

s. Each panel
shows the result at the η′ scattering angle regions. The results of CB-ELSA in −1.0 < cos �

η′
C.M <

−0.8 are also shown in Fig. 5 [7]. The results of CB-ELSA are consistent with the present result.
The uncertainty of dσ/d� is reduced substantially and a bump structure at

√
s ∼ 2.35 is revealed

in the present results. The bump structure at
√

s ∼ 2.35 GeV appears clearer in the most backward
scattering angle bin, −1.0 < cos �

η′
C.M < −0.90. A small bump at 2.25 GeV found in the previous

LEPS result can be seen by slightly changing the energy binning in −0.9 < cos �
η′
C.M < −0.80,
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though there is a discrepancy between the present and the previous LEPS results [10]. The confir-
mation of the small bump at 2.25 GeV requires much higher statistics than the present data. The
theoretical calculation is also shown in Fig. 5. This calculation is based on an effective Lagrangian
approach, considering the resonances of S11, P11, and P13 [21]. Various parameters, such as the res-
onance mass and width, in this calculation are tuned to reproduce the various experimental results
of the γ N → η′N , N N → N Nη′, and π N → η′N reactions. The dotted lines in Fig. 5 show the
u-channel contribution in the theoretical calculation in Ref. [21]. It should be mentioned that the
theoretical u-channel contribution at

√
s > 2.35 GeV is just an extrapolation. The N Nη′ coupling

constant gN Nη′ in this calculation was assumed to be 1.0. If we compare the present result with
the u-channel contribution at

√
s > 2.4 GeV, gN Nη′ = 1 seems to be a reasonable assumption. The

dominant contribution at backward angles is from nucleon resonances at
√

s < 2.10 GeV and the√
s ∼ 2.35 GeV region, according to the comparison between the LEPS result and the u-channel

contribution. Currently, the list of resonances involving η′ production strongly depends on models
[20,21]. Since the rapid change at only backward angles may indicate resonance with high angu-
lar momentum, PWA including the present result will provide important information to reduce the
model dependence.

5. Summary

In summary, the ω and η′ photoproduction from protons at backward angles has been measured at
Eγ = 1.5–3.0 GeV at the SPring-8/LEPS facility. The ω and η′ mesons were identified by detect-
ing forward-scattered protons in the spectrometer and detecting pions from meson decay in the time
projection chamber surrounding the target. The differential cross sections for ω mesons are larger
than the expected u-channel contribution in the range 2.0 ≤ √

s ≤ 2.4 GeV. Although a contribu-
tion from the G17(2190) resonance is a possible explanation for this excess in the ω differential
cross sections, a partial wave analysis including the present data is important to identify the possible
resonances. A bump structure in the

√
s dependence of the differential cross sections for η′ mesons

was observed at
√

s ∼ 2.35 GeV. PWA including the present result will also be useful to reveal the
resonances involving η′ production.
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