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Abstract

K+ photoproduction and π0 photoproduction have been measured by linearly
polarized photons from 1.5 GeV to 2.4 GeV at the SPring-8/LEPS facility.
Differential cross sections and photon beam asymmetries for the γp → K+Λ,
γp → K+Σ0, and γp → pπ0 reactions have been obtained.
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1 Introduction

The spectroscopy of N* and ∆* resonances has been studied both experi-
mentally and theoretically. Many baryon resonances were found and their
characteristics were determined at the total energy, W < 1.7 GeV [?]. How-
ever many higher-mass resonances are still not well established, which are
called “missing resonances” [1, 2]. A huge number of baryon resonances are
predicted in the constituent quark models, but only a part of these expected
resonances is experimentally observed [2]. Identification of the missing reso-
nances is important to understand the quark-gluon structure of a nucleon.

Quark model studies suggest some of these missing resonances may couple
to strange channels, such as KΛ and KΣ channels [2]. Λ and Σ0 hyperons
have the isospins of 0 and 1, respectively. Accordingly, intermediate states of
K+Λ have the isospin 1

2
whereas intermediate states of K+Σ0 can have both

the isospins of 1
2

and 3
2
. It is very interesting to study the γp → K+Λ and

γp → K+Σ0 reactions to further our understanding of the role that nucleon
resonances play in non-pionic reactions.

Valuable information on baryon resonances has been obtained primarily
from the studies of pion channels. There still remains a possibility to obtain
new information on baryon resonances in pion photoproduction by measuring
polarization observables at high energies. Some weakly excited resonances
are obscured due to other strong resonances which have large decay widths,
making it difficult to demonstrate their existence only from the cross section
data. Alternatively, polarization observables are useful to extract such hidden
resonances [3].

At very forward (backward) angles, the production mechanism is expected
to be dominated by t-channel (u-channel) contributions. In general, differ-
ential cross sections of meson photoproduction are well described using a
simple equation of s2α(t)−2 (s2α(u)−2) on basis of the Regge theory at high
energies Eγ > 3 GeV [4,5]. Unfortunately, the applicability of Regge theory
is not well demonstrated at lower energies due to the lack of experimental
data at backward angles. Such experimental data are obtained at the LEPS
facility with photons at Eγ =1.5 – 2.4 GeV, and provide a good means to
understand the reaction mechanism. We measured K+ photoproduction in
t-channel kinematics, and π0 photoproduction in u-channel kinematics.

2 Experiment

The experiment was carried out at the Laser-Electron-Photon beam line
of the Super Photon ring 8-GeV facility (SPring-8/LEPS) [6, 7]. A multi-
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GeV photon beam was produced by backward-Compton scattering (BCS)
between Ar-ion laser photons with a 351-nm wave length and the circulating
8-GeV electrons in the storage ring. The linearly polarized photon beam was
obtained from the BCS process with linearly-polarized laser photons. The
polarization of the photon beam was about 95% at the maximum energy,
2.4 GeV and about 55% at the lowest energy, 1.5 GeV. The photon beam
energy was determined by measuring the recoil electron energy from Compton
scattering with a tagging counter which consisted of 2 layers of a combination
of a hodoscope and a silicon strip detector. The photon energy resolution
was 15 MeV in root-mean-square (RMS). The photon intensity, integrated
from 1.5 GeV to 2.4 GeV, was 5×105/s. Half of the data was taken with
vertically polarized photons and the other half with horizontally polarized
photons. A liquid hydrogen target with a thickness of 5.6 cm was used.

Charged hadrons were detected by the LEPS spectrometer covering for-
ward angles. The spectrometer consisted of a plastic-scintillation start counter
(SC), a silica-aerogel Čerenkov counter (AC), a silicon vertex detector, a
dipole magnet, three multi-wire drift chambers, and a time-of-flight (TOF)
wall. The field strength of the dipole magnet was 0.7 T at its center. The
angular coverage of the spectrometer was about ±0.4 rad and ±0.2 rad in
the horizontal and vertical directions, respectively. The SC determined the
trigger timing for the data acquisition system. The AC with a refractive
index of 1.03 was used to reject e+e− events at the trigger level.

Charged particles were momentum analyzed by using information from
the silicon vertex detector and the three drift chambers. Tracks fitted within
a 98% confidence level were accepted for further analysis. The TOF mea-
surement was performed by using the RF signal from the 8-GeV electron
storage ring as the start timing and signals of 40 plastic scintillators in the
TOF wall as the stop timing. The particle mass was determined using the
momentum, the path length and the time-of-flight.

After selecting K+ particles in the spectrometer, the missing mass of
the γp → K+X reaction was calculated. The left plot in figure 1 shows
the missing mass spectrum of K+ photoproduction. Peaks corresponding
to Λ(1116), Σ0(1193) and hyperon resonances are observed. In the analysis
of π0 photoproduction, protons were selected and the missing mass of the
γp → pX reaction was obtained to identify π0 particles. The missing mass
spectrum for the γp → pX reaction is shown in the right plot of figure 1.
Peaks due to π0, η and ω/ρ0 photoproduction are observed.

The spectrometer acceptance, including the efficiency for detectors and
track reconstruction, was obtained using a Monte Carlo simulation with the
GEANT3 code. The systematic uncertainty of the target thickness, due to
fluctuations of the temperature and pressure of the liquid hydrogen, was esti-
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Figure 1: Left; Missing mass of the γp → K+X reaction. Right; Missing
mass square of the γp → pX reaction.

mated to be 1.0%. The systematic error of the photon number normalization
was 3.0%. The systematic uncertainty of the aerogel Čerenkov counter (AC)
due to accidental vetoes and δ-rays was measured to be lower than 1.6%.

3 Results

3.1 K+ photoproduction

Figure 2 shows the experimental results of the differential cross sections and
the photon beam asymmetries as a function of cosΘc.m. for the K+Λ and
K+Σ0 reactions. The signs of the photon beam asymmetries for both reac-
tions were found to be positive. The positive sign means that K+ particles
are emitted preferentially in the orthogonal direction to the photon polariza-
tion. In both reactions the photon beam asymmetry increases with increasing
photon energy and shows an angular distribution flat below W = 2.0 GeV.
Compared to the K+Λ channel, the photon beam asymmetries for the K+Σ0

channel exhibits a flatter dependence on angle.

The LEPS data of differential cross sections connect smoothly to the
CLAS data. It is seen that the K+Λ cross section increases at forward
angles while the K+Σ0 cross section decreases except for the low energy re-
gions of W = 1.947 and 2.029 GeV. The experimental data for the K+Λ
and K+Σ0 reactions are compared with Mart and Bennhold’s model calcu-
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Figure 2: Angular dependence of photon beam asymmetries (left) and dif-
ferential cross sections (right) for the γp → K+Λ and γp → K+Σ0 reactions.
Closed circles are LEPS data and open triangles are CLAS data. Dot-dashed,
dashed and solid curves are the theoretical calculations with the Regge model,
the Feynman diagram and the mixing model of the Regge model and the
Feynman diagram, respectively [8].

lation in figure 2. The mixing model calculation agrees with the data for
the K+Λ reaction while the calculation of the Feynman diagram only agrees
with the data for the K+Σ0 reaction. The calculations of the Feynman di-
agram increase as the scattering angle becomes smaller, then they drop at
cosΘc.m. >0.85 for both reactions. The model calculation without inclusion
of Regge amplitudes cannot explain the observed angular distributions for
the K+Λ reaction. The Regge model calculation shows steep increase for the
K+Λ while it drops for the K+Σ0 at cosΘc.m. >0.9. In the Regge model, the
K exchange contribution is large for the K+Λ but is small for the K+Σ0 at
forward angles. In the high energy data measured at W > 3.2 GeV at SLAC,
the K+Λ shows a forward peak but the K+Σ0 does not [9]. This result was
discussed in terms of the dominance of the K exchange for the K+Λ [5]. In
our data the same feature is seen at W = 2.1 to 2.3 GeV.
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3.2 π0 photoproduction

Figure 3 shows differential cross sections as a function of the π0 scattering
angle. The cross sections measured in the present experiment agree mostly
with previously published data [10–12]. The data show a backward peaking
at cosΘc.m. < –0.85 above 1.9 GeV while the data do not show the backward
peaking below 1.9 GeV. The backward peaking suggests that the u-channel
contribution is not negligibly small. The u-channel nucleon exchange process
is expected to produce the backward peaking at high energies.
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Figure 3: Differential cross sections as a function of the π0 scattering angle,
cosΘc.m.. The closed circles are the results of the present analysis. Only sta-
tistical errors are plotted. Most of them are smaller than the size of symbols.
The open squares, open stars and open circles are the GRAAL data [10],
the ELSA data [11], and the Bonn data in 1979 [12], respectively. The solid
and dotted curves are the results of the SAID [13] and the MAID2007 [14],
respectively.

The LEPS data mostly agree with the SAID results. A small enhance-
ment structure appears around cosΘc.m. = –0.7 at Eγ = 1.85–1.95 GeV in
the LEPS data which have not been clearly observed in the previous data
due to the poor statistics. The enhancement is well reproduced by the SAID
analysis. However, the SAID calculations do not reproduce the backward
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peaking at Eγ = 1.9–2.0 GeV. The MAID2007 results overestimate the data
at cosΘc.m. > –0.9 and underestimate the data at the most backward angles.
The discrepancy becomes larger as the photon energy goes higher. Further
improvement of the theoretical calculations will be expected at higher ener-
gies and backward angles by including the present data.
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Figure 4: Differential cross sections as a function of the total energy,
√

s, for
the γp → π0p reaction. The closed circles are the results of the present anal-
ysis. The curves are the fitting results of As−x for the data at

√
s <2.1 GeV,

where A and x are fitting parameters [4].

Figure 4 shows differential cross sections as a function of the total energy,√
s at eight bins of u− umax [GeV2]. The maximum value, umax, occurs when

the proton goes forward at 0◦ from the photon beam direction. The energy-
dependent slope of the cross sections for π0 production has been determined
for the first time in this energy region. The curves are the results of fitting
the data from

√
s = 1.93 GeV (the lowest energy) to 2.1 GeV using a function

of As−x. The slope parameter, x, obtained from the fitting is indicated in
each plot.

The slope parameter, x, becomes smaller at larger | u−umax |. The LEPS
photon energy sits in the transition region from nucleon-meson degrees of
freedom to quark-gluon degrees of freedom. The cross sections are known
to approximately follow the constituent counting rules above the resonance
region and at large scattering angles [15]. If the scaling starts in this photon
energy region, the data should follow the counting rule, s2−n. The quantity
n is the total number of interacting photon and quarks. The value n is 9 for
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π0 photoproduction. The data becomes closer to the scaling behavior, s−7,
at the larger | u − umax | where the momentum transfer is large. Although
the LEPS photon energy is slightly lower than the onset of scaling, the LEPS
data provide information on the early onset of scaling.

The differential cross sections sharply decrease for
√

s below 2.1 GeV.
Above 2.1 GeV, the cross sections do not agree with the fitting curves deter-
mined by the data at lower

√
s. In order to explain the current data in the

u channel kinematics, new mechanisms would be necessary.
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Figure 5: Photon beam asymmetries Σ as a function of the π0 scattering
angle, cosΘc.m.. The closed circles are the results of the present analysis.
The other plots are the data from other facilities, ¤ [16], 4 [17], ◦ [18], ∗ [19].
The solid and dotted curves are the SAID results [13] and the MAID2007
results [14], respectively. The dashed curves are the calculations of the Born
(non-resonant) term by the SL model [20].

The photon beam asymmetry is sensitive to the interference of different
diagrams. Resonances can be studied from the photon beam asymmetry com-
bined with cross section data. Figure 5 shows the photon beam asymmetries.
The photon asymmetries indicate a bump structure around cosΘc.m. = −0.8
at Eγ < 1.8 GeV. Two bumps are observed around cosΘc.m. = 0 and 0.75 in
the data from other facilities. A similar angular distribution of the photon
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asymmetries has been obtained at Eγ < 1.5 GeV by the GRAAL collabo-
ration [10]. The MAID2007 calculation including 13 resonances reproduces
these bump structures. The SAID calculation agrees with the photon beam
asymmetry data, and reproduces the bump structures up to Eγ = 1.8 GeV,
even though the LEPS data are not used for a fit in the analysis. Therefore,
below 1.8 GeV, the LEPS data are explained by the well-known resonances.

The angular distribution changes above Eγ = 1.8 GeV as well as the
differential cross sections. A strong angular dependence appears at Eγ >
2.0 GeV; The photon asymmetries show a dip structure around cosΘc.m. =
–0.8, and the data drop to a negative sign, and then rise up to a positive
sign. The discrepancy between the LEPS data and the SAID results becomes
large at Eγ = 1.8–2.0 GeV. The SL model with the Born terms only shows
a positive sign and does not reproduce the dip structure. To explain this
strong angular dependence, new mechanism or new resonances are required.
There are some candidates of resonances above 2.0 GeV.

4 Summary

K+ photoproduction and π0 photoproduction have been studied by using
linearly polarized photons at the SPring-8/LEPS facility with 1.5–2.4 GeV.
Differential cross sections and photon beam asymmetries have been mea-
sured. The differential cross sections for the γp → K+Λ reaction rise at
forward angles while the cross sections for the γp → K+Σ0 reaction drop.
The exchanged meson in t-channel will be studied using the LEPS data at
forward angles.

The differential cross sections for π0 photoproduction at Eγ > 1.9 GeV
show a backward peaking. It is suggested that the u-channel contribution
is important. In addition, photon beam asymmetries have been obtained.
Above 2.0 GeV, a strong angular distribution is found around cosΘc.m. = –0.8.
In order to explain this structure, the presence of new high-mass resonances
combined with the u-channel diagrams is required.
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