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Photoproduction of �(1405) and �0(1385) on the proton at Eγ = 1.5–2.4 GeV
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Differential cross sections for γp → K+�(1405) and γp → K+�0(1385) reactions have been measured in
the photon energy range from 1.5 to 2.4 GeV and the angular range of 0.8 < cos(�) < 1.0 for the K+ scattering
angle in the center-of-mass system. This data is the first measurement of the �(1405) photoproduction cross
section. The line shapes of �(1405) measured in �+π− and �−π+ decay modes were different with each other,
indicating a strong interference of the isospin 0 and 1 terms of the �π scattering amplitudes. The ratios of
�(1405) production to �0(1385) production were measured in two photon energy ranges: near the production
threshold (1.5 < Eγ < 2.0 GeV) and far from it (2.0 < Eγ < 2.4 GeV). The observed ratio decreased in the
higher photon energy region, which may suggest different production mechanisms and internal structures for
these hyperon resonances.
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I. INTRODUCTION

Recently, the photoproduction of � and �0 hyperons off
protons has been studied with high-statistics data [1–4], mainly
motivated by missing resonances that could couple to the KY
channels [5]. The authors of Ref. [5] also predicted nucleon
resonances that couple to the KY ∗ channels, K�(1385) and
K�(1405). In addition to searching for missing resonances,
it is of interest to study the internal structure of hyperon
resonances. The �0(1385) hyperon is firmly established as
a q3 baryon. On the contrary, the internal structure of the
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�(1405) hyperon is ambiguous. In the quark model, �(1405)
is assigned as a p-wave q3 baryon [6]. However, it is also
widely discussed as a candidate for a meson-baryon molecular
state [7–9] or a q4q̄ pentaquark baryon [10]. An overview of
the study of the �(1405) before the year 1998 can be found
in Ref. [11]. Recent lattice calculations also reported a non-q3

structure for the �(1405) [12,13]. Based on the meson-baryon
molecular picture of the �(1405), a model calculation using
the chiral Lagrangian and unitary coupled-channels approach
succeeded to dynamically generate the mass spectrum of
�(1405) [9]. The same model also predicted a second pole
for the �(1405) with a mass of 1.425 GeV/c2, which strongly
couples to K̄N [14], and experimental evidence for this second
pole has been reported [15,16]. It is important for the study
of the internal structure of the �(1405) to measure the pole
position and width of this hyperon resonance from the invariant
mass distribution. To extract this information using the �π

final state, one has to take into account the effect of the
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interference between the isospin 0 and 1 amplitudes of the
�π interaction [9] and the interference between the s-wave
and p-wave amplitudes [17].

The cross section of hyperon photoproduction depends on
its production mechanism and the form factor of the hyperon.
Photoproduction of �0(1385) has been measured by the CLAS
Collaboration at TJNAF with a photon energy range of 1.5–
3.8 GeV [18] and by old bubble chamber experiments [19,20].
A theoretical calculation by Oh et al. [21] using an effective
Lagrangian was then compared with the preliminary data
of total cross section by the CLAS experiment, and the
contributions from nucleon resonances were discussed. Ex-
perimentally, the �(1405) has been studied in meson-induced
and proton-induced reactions so far [15,22–24]. However,
understanding of the photoproduction of �(1405) is very
limited because of the lack of experimental data. Theoretically,
Nacher et al. [9] predicted the cross section of �(1405)
photoproduction to be 5 µb/GeV at the peak of the invariant
mass spectrum of �(1405) using the chiral unitary model. Lutz
and Soyeur calculated the differential cross section for the
sum of �(1385) and �(1405) photoproduction using a chiral
coupled-channels effective model [25]. In both theoretical
calculations, the effect of the interference with the p-wave
amplitude was neglected. Experimentally, the contribution
of the p-wave amplitude can be studied by increasing the
photon energy from the production threshold. In this article,
the differential cross section of �(1405) photoproduction and
its comparison with that of �0(1385) are reported for the first
time. The cross section was measured in two photon energy
bins: near production threshold region and far from it.

II. EXPERIMENTAL PROCEDURE AND SETUP

The experiment was carried out at the Laser-Electron
Photon facility at SPring-8 (LEPS) [4,26]. The data were
collected using two different experimental setups, referred to
hereafter as data set (I) and data set (II). Photoproduction
of � and �0 has been studied at LEPS using high-statistics
data with a liquid-hydrogen target [data set (I) [4]]. The
statistics of this data set were sufficiently high to determine
the differential cross sections accurately for the ground state
� and �0 hyperons. Nevertheless, in principle, it is impossible
to separate �(1405) and �0(1385) from a missing mass
of γp → K+Y ∗ reactions, MM(K+), because the intrinsic
widths of these resonances, 36 MeV/c2 for �0(1385) and
50 MeV/c2 for �(1405), are much larger than their mass
difference. To distinguish these two, a time projection chamber
(TPC) was used for data set (II) together with the LEPS
spectrometer to facilitate the detection of the decay products of
these hyperon resonances. Using this data set, the production
ratio between �0(1385) and �(1405) was fixed from the
yields of �0(1385) and �(1405) measured from their �π0

and �±π∓ decay modes, respectively. The absolute values
of the differential cross sections were then obtained from the
MM(K+) distribution measured in data set (I) with the input
of the production ratio between �0(1385) and �(1405) in the
common detector acceptance of the two data sets.

At LEPS, photons with a maximum energy of 2.4 GeV
are produced by Compton back-scattering of laser photons
with a wavelength of 351 nm from the 8-GeV electrons in the
SPring-8 storage ring. To measure the energy of each photon,
the recoiling electrons were momentum analyzed by a bending
magnet of the storage ring and detected by a tagging counter
(tagger) inside the ring.

Forward-going K+’s from the γp → K+X reaction were
detected in the LEPS spectrometer, which consisted of a
dipole magnet, a silicon-strip vertex detector, three multiwire
drift chambers, a start counter (SC) just downstream of
the target, and a time-of-flight (TOF) hodoscope placed
downstream of the tracking detectors. Electron-positron pairs
were vetoed by an aerogel Čerenkov detector just after the SC.
Figure 1(a) shows a schematic drawing of the LEPS spectrom-
eter. More details of the LEPS spectrometer can be found in
Ref. [4].

The TPC, shown in Fig. 1(a), was used for data set (II) to
detect the decay topology of low-momentum hyperons, � and
�±, originating from the decay of Y ∗ hyperon resonances.
Cylindrical targets of CH2 and carbon with a diameter of
24 mm and lengths of 47 mm (CH2) and 22 mm (carbon)
were placed inside the TPC. The TPC had an active volume
of cylindrical shape with a radius of 200 mm and a length of
770 mm, which was filled with P10 gas (Ar:CH4 90%:10%).
The TPC was immersed in a solenoidal magnetic field of 2 T.
The signals from the TPC were read through 1055 cathode pads
that were arranged in 14 circular rows and were amplified by
preamplifiers and shaping amplifiers. The wave form of each
signal was digitized by flash ADC with 10-bit resolution and
a 40-MHz sampling rate. The typical spatial resolutions were
found using cosmic ray tracks to be ∼400 µm in pad plane and
∼700 µm in the z direction. Details on the TPC can be found
in Ref. [27].

The TPC was surrounded by 10 scintillation counters to
detect charged particles passing through the active volume of
the TPC. Six scintillation counters were equipped on the sides
of the TPC, and the remaining 4 were placed between the TPC
and the LEPS spectrometer [Fig. 1(c)]. The trigger used for this
analysis was a coincidence among the tagger, the SC, the TOF
wall, and any 2 of the 10 scintillation counters surrounding the
TPC. The aerogel Čerenkov veto counter was also include at
the trigger level.

III. ANALYSIS

First, the analysis for the production ratio between
�0(1385) and �(1405) using data set (II) is described,
followed by the determination of the absolute values of the
differential cross sections using data set (I). The ratio of the
production cross section between �0(1385) and �(1405) was
obtained from the following two reactions:

γp → K+�0(1385) → K+�π0 → K+pπ−π0, (1)

and

γp → K+�(1405) → K+�±π∓ → K+nπ+π−. (2)
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TPC

FIG. 1. (a) Schematic top view
of experimental apparatus. (b)
Schematic view of the TPC and
trigger counters. (c) Schematic
view of the trigger counters placed
between the TPC and the LEPS
spectrometer.

The yield of �0(1385) production was measured from
reaction (1) because �(1405) is prohibited from decaying into
�π0 by isospin conservation. Because the detectors were not
sensitive to photons, π0’s were measured through the missing
mass technique. The contamination of �0(1385) in reaction
(2) was estimated from the yield measured in reaction (1). The
yield of �(1405) production was extracted from reaction (2)
after subtracting the contamination of �0(1385) production.
The production ratio was obtained after taking into account
detector acceptance and the decay branches of these hyperons.
The differential cross sections of �0(1385) and �(1405)
production were then obtained in two photon energy bins:
1.5 < Eγ < 2.0 GeV and 2.0 < Eγ < 2.4 GeV.

For this analysis, events of the type γp → K+X were
selected by identifying a K+ in the LEPS spectrometer.
After reconstructing the mass of the each track from the
momentum and TOF information, a 4σ cut was used to select
the K+’s taking into account the momentum-dependence of
the mass resolution [4]. To reject kaons that decayed within the
spectrometer, events were required to have a χ2 probability for
track fitting of greater than 0.02. Events produced at the nuclear
target were selected by their closest points between the K+
track and the beam axis. For the photon energy measurement,
we required a single electron track be reconstructed by the
tagging counter. The numbers of events surviving the K+
selection cuts are summarized in Table I.

To study the �0(1385) production, we required the fol-
lowing cut conditions: (i) selection of a K+ in the LEPS
spectrometer, (ii) identification of a proton and a π− in the
TPC, and (iii) selection of those events for which the mass of a
(pπ−) pair corresponds to that of the �. The numbers of events
which survived these cuts are shown in Table I. To match the
acceptance of the LEPS spectrometer between data sets (I)

TABLE I. Number of events after selection cuts.

Events
(CH2)

Events
(C)

Cut by the LEPS spectrometer
K+ selection 1.39 × 105 7.38 × 104

K+ decay-in-flight rejection 1.30 × 105 6.88 × 104

Vertex selection at the target 1.26 × 105 6.68 × 104

One recoil electron in the tagging counter 1.12 × 105 5.92 × 104

Cut by the TPC for �0(1385)
Proton and π− identification by TPC 5.45 × 104 2.81 × 104

� selection 2.69 × 104 1.46 × 104

Cut by the TPC for �(1405)
π+ π− selection in TPC 4.92 × 104 2.46 × 104

MM2(K+pπ−) < −0.05 (GeV/c2)2 3.33 × 104 1.73 × 104

Neutron selection 6.46 × 103 2.59 × 103

χ 2 probability cut of C2-fit 2.98 × 103 7.96 × 102
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FIG. 2. (a) Correlation plot of the energy deposition and momentum/charge for charged particles measured by the TPC. Solid lines and
dashed line show boundaries for π− and proton selection, respectively. (b) The invariant mass spectrum of (pπ−) pairs.

and (II), the scattering angle of the K+ in the center-of-mass
frame, �KCM , was required to be 0.8 < cos(�KCM ) < 1.0.

The candidate tracks of a (pπ−) pair were identified
from the truncated mean of the energy deposition (dE/dx)
measured by the pads of the TPC. Figure 2(a) shows a
correlation plot between dE/dx and momenta of charged
particles detected in the TPC for events where a K+ was found
in the LEPS spectrometer. Protons and π−’s were selected by
the dashed and solid curves, respectively. Figure 2(b) shows the
invariant mass spectrum of (pπ−) pairs, M(pπ−). The mass
and width (σ ) were obtained from a Gaussian fit to the data to
be 1115.4 ± 0.4 MeV/c2 and 3.9 ± 0.5 MeV/c2, respectively,
and are consistent with the value of the mass listed in the
PDG [28] and the expected width of 4.0 MeV/c2 determined
by a Monte Carlo (MC) simulation. The events in the hatched
area were retained for the analysis of �0(1385) production.

First, the yield of �0(1385) was extracted from the peak
in the missing mass spectrum of the γp → K+X reaction for
events which the mass of a (p π−) pair corresponded to that

of the �. The spectrum for free protons was obtained from
the spectrum for CH2 by subtracting the one for carbon after
normalizing each spectrum by the number of photons and the
number of carbon nuclei in each target. Before the subtraction,
the spectrum for carbon was smoothed by smearing the
photon energies with the experimental resolution to reduce the
effect of statistical fluctuations. For each event, the photon
energy was smeared by Gaussian random numbers with a
width of 15 MeV, and the missing masses were calculated
using the smeared photon energies. Figures 3(a) and 3(b)
show the MM(K+) spectrum for free protons in CH2 for
two photon energy bins: 1.5 < Eγ < 2.0 GeV and 2.0 <

Eγ < 2.4 GeV, respectively. From these spectra, the masses
of the �(1116) and �0(1192) were obtained as 1115 ± 2
MeV/c2 and 1192 ± 3 MeV/c2, respectively, in agreement
with the PDG values. The observed widths (RMS) of �(1116)
were 19 ± 2 MeV/c2 and 27 ± 2 MeV/c2 for 1.5 < Eγ <

2.0 GeV and 2.0 < Eγ < 2.4 GeV, respectively, which are
consistent with the expected values of 19 MeV/c2 and
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FIG. 3. MM(K+) distribution after the � selection cut for two photon energy bins: (a) 1.5 < Eγ < 2.0 GeV and (b) 2.0 < Eγ < 2.4 GeV,
respectively.
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24 MeV/c2 obtained by the MC simulation for each photon
energy bin. Those of �0(1192) were also consistent with
expected values determined by the MC simulation. For the
resonance around 1.4 GeV/c2, we assumed a Breit-Wigner
shape, neglecting any distortion due to the small contamination
of �(1405). The effect of this contamination is considered
below. The mass of the �0(1385) was found from a Breit-
Wigner fit with a linear background assumption to be 1375 ±
10 MeV/c2 and 1386 ± 7 MeV/c2 for 1.5 < Eγ < 2.0 GeV
and 2.0 < Eγ < 2.4 GeV, respectively. The observed widths
(FWHM) were 53 ± 29 MeV/c2 and 63 ± 24 MeV/c2 for
1.5 < Eγ < 2.0 GeV and 2.0 < Eγ < 2.4 GeV, respectively.
These values are consistent with the value of the width obtained
using the MC simulation (50 MeV/c2 in both photon energy
regions) within the statistical error.

To obtain the yield of �0(1385), two background contribu-
tions were investigated:

γp → K+�(1405) → K+�0π0 → K+�γπ0

→ K+pπ−γπ0, (3)

and

γp → K+�(1405)/�0(1385) → K+�+π−

→ K+p π0 π−. (4)

The background from reaction (3) was estimated from
the missing mass of the γp → K+pπ−X reaction,
MM(K+pπ−), where X = π0 for �0(1385) production and
X = π0γ for �(1405) production. Figure 4(a) shows the
distribution of missing mass squared, MM2(K+pπ−), for
free protons in the CH2 target for events which passed the
� selection cut and a �(1405)/�0(1385) selection cut of
1.3 < MM(K+) < 1.45 GeV/c2. The peak at 0.018 (GeV/c2)2

corresponds to the square of the π0 mass. The solid and
hatched histograms show the expected spectra determined
from MC simulation for �0(1385) production and for the
background reaction (3), respectively. The normalization
factors for these spectra were determined by fitting to the data.

The contamination from reaction (3) was found to be 8% of
the number of events in the �0(1385) mass region.

The remaining contamination from reaction (4) was es-
timated from the yield of �+ in the missing mass of the
γp → K+π−X reaction, MM(K+π−), for events in the
�0(1385) mass region that were rejected by the � selection
cuts. The resulting spectrum for MM(K+π−) is shown in
Fig. 4(b). The solid curve shows the spectrum of MM(K+π−)
generated by a MC simulation of the background reaction (4)
and events caused by a proton or a π+ misidentified as a K+ by
the LEPS spectrometer. The acceptance of the � rejection cut
was calculated using the MC simulation, and the contribution
from reaction (4) was found to be about 12% of the number of
events in �0(1385) mass region. The yield of �0(1385) was
obtained by subtracting the contamination from reactions (3)
and (4) and was found to be 255 ± 55 events and 525 ± 111
events for 1.5 < Eγ < 2.0 GeV and 2.0 < Eγ < 2.4 GeV,
respectively.

Next, the production of �(1405) was measured using
the γp → K+�(1405) → K+�±π∓ → K+π+π−n reac-
tion. The following cut conditions were imposed: (i) selection
of a K+ in the LEPS spectrometer, (ii) identification of a π+
and a π− in the TPC, (iii) rejection of events where a proton
was misidentified as a π+ in the TPC, (iv) selection of a neutron
in the missing mass of the γp → K+π+π−X reaction, and
(v) selection of events with a good χ2 probability of kinematic
fit assuming neutron and �± masses. The numbers of events
remaining after these cuts are shown in Table I.

The candidate tracks of a (π+ π−) pair were again identified
by the energy deposition in the TPC combined with the
momentum information. The π+ selection boundaries were
the same as those for the π−’s as indicated by the solid
lines in Fig. 2(a). The rate at which protons are misidentified
as π+’s increases for the high momentum region, because
dE/dx for these protons becomes small and the proton band
cannot be separated from the pion band. These protons were
produced by either the γp → K+�0(1385) → K+�π0 →
K+pπ−π0 reaction or γp → K+�(1405) → K+�+π− →
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FIG. 4. (a) The spectrum of MM2(K+pπ−). The solid and hatched histograms are the expected spectra for �0(1385) and �(1405)
photoproduction, respectively, as determined by the MC simulation. (b) MM(K+π−) distribution after the � rejection cut and �(1405)
selection cut, 1.3 < MM(K+) < 1.45 GeV/c2.
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for the background reaction of
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generated by the MC simulation.
The expected spectrum from the
signal of �(1405) production
generated by the MC simulation
is displayed as the dashed
histogram. (b) MM(K+π+π−)
for the γp → K+π+π−X

reaction. (c) Correlation plot of
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assumption. The solid line shows
the boundary for the �+/�−

selection cuts. (d) MM(K+π−)
(solid) and MM(K+π+) (dashed)
after the �+ selection cut and the
�− selection cut, respectively.

K+pπ0π− reaction. In both reactions, the missing mass of
the γp → K+pπ−X reaction, MM(K+pπ−), corresponds to
the π0 mass. Thus, these background events can be eliminated
by rejecting π0’s in MM(K+pπ−). Figure 5(a) shows the
distribution of the square of MM(K+pπ−), where all π+
candidates were assumed to be protons and assigned the proton
mass. Closed circles show the experimental data. The arrows
indicate the PDG value of the π0 mass squared and the cut
point for π0 rejection. The enhancement of the spectrum
at the π0 mass due to the background reactions is clearly
visible. The solid histogram shows the expected spectrum for
the background reaction of �0(1385) → �π0 → pπ−π0 as
generated by the MC simulation. The contamination from
this reaction was reduced by requiring MM2(K+pπ−) <

−0.05 (GeV/c2)2. The expected spectrum from the signal
of �(1405) production as generated by the MC simulation
is displayed as the dashed histogram. The acceptance of
the cut MM2(K+pπ−) < −0.05 (GeV/c2)2 for �(1405) was
estimated to be 85% by the MC.

Neutrons in �(1405) → �±π∓ → π+π−n decay were
identified from the missing mass of the γp → K+π+π−X

reaction. Figure 5(b) shows MM(K+π+π−) for events that
survived cut conditions (i) to (iii). A peak corresponding to
the neutron mass is observed over a broad background. This
background consists of events where a proton or a π+ was
misidentified as a K+ by the LEPS spectrometer, and the
distribution of these background events is shown as the dashed
line in Fig. 5(b). The contamination of this background into

the neutron mass region was estimated to be 8%. The mass
peak position and width obtained from a Gaussian fit were
945 ± 1 MeV/c2 and 19 ± 2 MeV/c2, respectively. The width
was consistent with the expected value of 20 MeV/c2 obtained
by the MC simulation, but the mass peak was shifted slightly.
Events within ±3σ of the mass peak were kept for further
analysis.

A kinematic fit with two constraints (C2-fit),
MM(K+π+π−) = M(n) and MM(K+π±) = M(�∓),
was applied to purify the �(1405) production events and to
separate its �+π− and �−π+ decay modes. The kinematic fit
was applied twice for each event, once with the �+π− decay
assumption and again with the �−π+ decay assumption.
Figure 5(c) shows the correlation of the χ2 probability of C2-fit
between the �−π+ assumption [prob(χ2)�−] and �+π−
assumption [prob(χ2)�+] for events that survived the event
selection criteria of (i) to (iv) and the cut [prob(χ2)�+ > 0.1
or prob(χ2)�− > 0.1]. Events with a (�+π−) pair should
have larger values for the χ2 probability with the �+π− decay
assumption than with the �−π+ decay assumption. As shown
in Fig. 5(c), events with large prob(χ2)�+ and prob(χ2)�− are
exclusive. In this way, we could distinguish the two decay
modes using the χ2 probability of the C2-fit. The �+π−
decay events were selected by requiring prob(χ2)�+ > 0.1
and prob(χ2)�+ > prob(χ2)�− , whereas the �−π+ decay
events were selected by requiring prob(χ2)�− > 0.1 and
prob(χ2)�− > prob(χ2)�+ . The solid line in Fig. 5(c)
shows the boundary of the �+/�− selection cut. The
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FIG. 6. Missing mass for the γp → K+X reaction. (a) K+�+π− final state. (b) K+�−π+ final state. Solid lines in (a) and (b) show fit
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open circles show spectra obtained by this work and by a previous measurement [29], respectively.

misidentification rate of �+ and �− using the above
procedure was estimated to be 12% using MC simulation.
The distributions of MM(K+π±) are shown in Fig. 5(d).
The solid histogram is MM(K+π−) and the dashed one is
MM(K+π+). The masses of �+(1189) and �−(1197) were
determined via a Gaussian fit to the data to be 1191 ± 1
MeV/c2 and 1199 ± 1 MeV/c2, respectively. The measured
widths of �+(1189) and �−(1197) were 20 ± 1 MeV/c2 and
16 ± 1 MeV/c2 and are consistent with the expected value of
17 MeV/c2 as estimated by MC.

The measured spectra of the �(1405) for the �+π− and
�−π+ modes were compared with each other and with
spectra from a previous measurement [29]. In the previous
measurement, both a K+ and a charged pion were detected
in the LEPS spectrometer. However, in this work, a K+
was detected in the LEPS spectrometer, and two charged
pions were measured by the TPC. Therefore, these two
measurements differ in the angle between the K+ and the pion.
Figures 6(a) and 6(b) show the spectrum of MM(K+) after the
�+ and �− selection cuts, respectively. The spectra obtained
by this work are shown as closed circles. Open circles show
the unnormalized spectra from the previous measurement [29].
The �(1520) peak visible in these spectra was fitted using a
Breit-Wigner function atop the phase space distribution of
nonresonant (K+�π ) production. The solid lines show the fit
results. The mass peak positions are 1520 ± 2 MeV/c2 in the
�+π− decay mode and 1517 ± 2 MeV/c2 in the �−π+ decay
mode. Thus, the mass of �(1520) is consistent with the PDG
value in each decay mode. The peak position of the �(1405)
in �−π+ was consistent with the PDG value of 1405 MeV/c2.
However, the peak structure in the �+π− mode was not clear.
The decay mode dependence of the line shapes of �(1405)
is likely due to strong interference between isospin 0 and 1
amplitudes of the �π interaction, as discussed in Ref. [9]. The
apparent difference for the line shape of the �(1405) in the
�−π+ decay mode between the current work and the previous
measurement will be discussed in the next section. The isospin
interference term is canceled by summing the spectra of the
�+π− and �−π+ modes. The summed spectrum was obtained

after correcting for the decay branch of �+ → pπ0 (∼52%),
and the result is shown in Fig. 6(c). Closed and open circles
show the spectra measured by this work and by the previous
one, respectively, where the normalization for the spectrum
by the previous measurement was determined by fitting in the
range of 1.34 < MM(K+) < 1.47 GeV/c2. The χ2/ndf was
1.4. Thus, the line shape of �(1405) after the sum is consistent
with the one from the previous measurement.

The yield of �(1405) was extracted by fitting the theoretical
spectrum of Nacher et al. [9] to the peak in the combined spec-
trum of the �+π− and �−π+ modes. The combined spectrum
is shown as closed circles in Fig. 7 for 0.8 < cos(�KCM ) < 1.0
and two photon energy ranges: 1.5 < Eγ < 2.0 GeV (a)
and 2.0 < Eγ < 2.4 GeV (b). The spectra were corrected
for the detector acceptance and were normalized using the
differential cross section of K+�(1116) production measured
from data set (I) [4] in each photon energy bin. The spectra
were fitted with the distribution for K+�(1405),K+�(1520),
and nonresonant (K+�π ) production as determined by MC
simulation. The strength of each reaction was obtained by
the fitting, with the assumption that the ratio of the yields of
nonresonant (K+�π ) production in the two photon energy
regions is proportional to the phase volume. The solid curves
show the spectra of �(1405) calculated by Nacher et al.,
and the dashed lines show the distribution for nonresonant
(K+�π ) production. The contamination from (K∗0�+) pro-
duction was measured using the invariant mass distribution
of (K+π−) pairs in the 2.0 < Eγ < 2.4 GeV region, and the
expected spectrum of (K∗0�+) production generated by the
MC simulation is shown as the dot-dashed line in Fig. 7(b). The
open circles show the spectrum of K+�0(1385) production
with normalization determined from the yield found above.
The fit results are shown as the solid histograms. The χ2/ndf

for the fits were 1.8 and 1.7 for photon energy of 1.5 <

Eγ < 2.0 GeV and 2.0 < Eγ < 2.4 GeV, respectively. The
theoretical spectrum of Nacher et al. is seen to be consistent
with the experimental data in the low photon energy region. A
second fit was performed using a different theoretical spectrum
due to Kaiser et al. [8] derived from an effective Lagrangian.
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The fit results did not change significantly, and this theoretical
model is also seen to be consistent with the experimental
data. In the high-photon-energy region, the line shape of
�(1405) is unclear, and the yield of �(1405) extracted by
fitting depends on the estimation of the background reaction.
A more conservative yield estimation will be discussed later.

After correcting for the detector acceptance and decay
branches of the hyperon resonances, the production ratios of
�(1405) to �0(1385) were obtained as �∗/�∗ = 0.54 ± 0.17
and 0.084 ± 0.076 for 1.5 < Eγ < 2.0 GeV and 2.0 < Eγ <

2.4 GeV, respectively. The systematic uncertainties due to the
detection efficiency of the TPC, the target thickness, and the
number of photons were canceled out in the ratio.

Finally, the absolute values of the differential cross sec-
tions of �(1405) and �0(1385) production off protons were
measured from data set (I) using the production ratio of these
two hyperons determined above. The event selection criteria
were the same as for the analysis of the γp → K+�/�0

production reactions. Details can be found in Ref. [4]. The
angular coverage for forward going K+’s was matched with
that of data set (II) by selecting the overlapping region,
0.8 < cos �KCM

< 1.0.
Figure 8 shows MM(K+) from the liquid hydrogen target

for 0.8 < cos �KCM < 1.0 and the two photon energy ranges,
1.5 < Eγ < 2.0 GeV (a) and 2.0 < Eγ < 2.4 GeV (b) in

data set (I). The experimental data (open circles) were fitted
with distributions for �(1405) (hatched), �0(1385) (dotted),
�(1520) (dot-dashed), and background reactions (dashed).
The background reactions considered were nonresonant
(K+�π ), (K+�π ), (K+K−p), and φ-meson production. The
normalization factor of each background spectrum was deter-
mined by fitting, and the sum of these background spectra are
shown. The spectral shape of �(1405) was assumed to be the
one of the theoretical calculation by Nacher et al. [9]. A linear
background was introduced to explain the background events
at the threshold of (K+�π0) production, 1.25 GeV/c2, where
the contribution from K+�0 production was negligible. These
background events might be caused by the mismeasurement
of the photon energy or the K+ momentum or near threshold
enhancement of (K+�π0) production which was not included
in the MC simulation. The main systematic uncertainties due
to this background were estimated to be +1.0

−27 % and +8.1
−0.94%

for 1.5 < Eγ < 2.0 GeV and 2.0 < Eγ < 2.4 GeV, respec-
tively, by fitting with various slope parameters of the linear
background and without the linear background. The other
sources of systematic uncertainties are summarized in Table
II. The differential cross sections of �(1405) production were
found to be dσ/d(cos θ ) = 0.43 ± 0.088(stat.)+0.034

−0.14 (syst.)
µb and 0.072 ± 0.061(stat.)+0.011

−0.0056(syst.) µb for 1.5 < Eγ <

2.0 GeV and 2.0 < Eγ < 2.4 GeV, respectively. Those

TABLE II. The sources of systematic uncertainties for the measurement of differential cross sections.

The sources of uncertainties 1.5 < Eγ < 2.0 GeV 2.0 < Eγ < 2.4 GeV

Background around (K+�π ) threshold +1.0
−27 % +8.1

−0.94%
The sources of uncertainties 1.5 < Eγ < 2.4 GeV
Thickness of the liquid H2 target 1.0%
Number of photons 1.2%
Photon transmission efficiency 3.0%
Accidental veto by the aerogel Čerenkov counter 1.6%
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of �0(1385) production were 0.80 ± 0.092(stat.)+0.062
−0.27 (syst.)

µb and 0.87 ± 0.064(stat.)+0.13
−0.067(syst.) µb for 1.5 < Eγ <

2.0 GeV and 2.0 < Eγ < 2.4 GeV, respectively.

IV. DISCUSSION

The observed mass spectra of �(1405) in �+π− mode
and in �−π+ mode shown in Fig. 6 are distinct, which is
understood to be due to the interference between the isospin 0
and 1 amplitudes [9]. In addition, the line shapes of �(1405)
in the �−π+ decay mode measured by this work and by
the previous work are different with each other as shown
by the closed and open circles in Fig. 6(b). The photon
energy and the scattering angles of the K+ were the same in
these two measurements. However, the range of polar angles
for the pion with respect to the momentum vector of the
�(1405) was quite different. In the previous measurement,
both a K+ and a charged pion were detected in the LEPS
spectrometer. The direction of the �(1405) is opposite to
that of the K+ in the center-of-mass frame, and thus, the
direction of the pion relative to the �(1405),�π�∗ , is near
180◦. According to MC simulation, 90% of events fall in the
range of cos(�π�∗) < −0.4. In this work, a K+ was detected
in the LEPS spectrometer and charged pions were measured
in the TPC, which covers the side of the target and can access
the entire range of �π�∗ . Thus, the angles of the momentum
vector of the pion relative to the direction of the �(1405) in the
center-of-mass frame were distributed over a much wider range
than in the previous measurement. Therefore, the difference
of the line shapes between the two measurements might be
explained by an angular dependence of the interference term
of the � π -scattering amplitudes.

The production ratios of �(1405) to �0(1385) and
the differential cross sections for the photoproduction of
these hyperon resonances were obtained for photon ener-

gies in the region near production threshold, 1.5 < Eγ <

2.0 GeV, and above, 2.0 < Eγ < 2.4 GeV, for K+ scattering
angles in the range 0.8 < cos �KCM < 1.0. The production
ratios of �(1405) to �0(1385) were obtained as �∗/�∗ =
0.54 ± 0.17 and 0.084 ± 0.076 for 1.5 < Eγ < 2.0 GeV and
2.0 < Eγ < 2.4 GeV, respectively. The production of �(1405)
decreased in the higher photon energy region with respect
to that of �0(1385). However, the spectrum of �(1405)
in the higher photon energy region was unclear [as shown
in Fig. 7(b)], and the yield of �(1405) found by fitting
depends on the estimation of the strength of the background.
To obtain a more conservative estimate, the integral of
the invariant mass distribution was considered. First, the
strength in the range of 1.33 < MM(K+) < 1.44 GeV/c2,
including �(1405),�0(1385), and all background reactions,
was compared in two photon energy bins. The ratios of this
combined strength to �0(1385) production were 0.80 ± 0.23
and 0.50 ± 0.14 for 1.5 < Eγ < 2.0 GeV and 2.0 < Eγ <

2.4 GeV, respectively. The production cross section for
�0(1385) slightly increases in the higher photon energy region,
and the contributions of the (K+�π ) and (K∗0�+) production
also increase for higher photon energy as the phase volume
increases. Therefore, even in the conservative estimation,
the cross section of �(1405) production should decrease
remarkably. Next, to estimate the cross section of �(1405)
production, we subtracted the contamination of �0(1385)
and K∗0 production. Although the amplitude of �(1405)
production can interfere with these background amplitudes, we
subtracted the square of �0(1385) and K∗ amplitudes because
a theoretical model calculating such an interference term is not
available. However, we note that the contribution of �0(1385)
is not negligible even in the lower photon energy region, and a
theoretical study of the interference with the p-wave amplitude
is necessary. The ratios of the sum of �(1405) and nonresonant
(K+�π ) production to �0(1385) production were 0.65 ± 0.19
and 0.35 ± 0.12 for 1.5 < Eγ < 2.0 GeV and 2.0 < Eγ <
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2.4 GeV, respectively. Thus, the production of �(1405) relative
to �0(1385) is seen to decrease in the higher photon energy
region even without any specific knowledge of the (K+�π )
contribution.

To gauge the effect of the form factor of �(1405), the
momentum transfer was calculated in each photon energy re-
gion. The four-momentum transfer, t , was ∼ − 0.22(GeV)2 for
photon energy of 1.5 < Eγ < 2.0 GeV and ∼ − 0.20(GeV)2

for 2.0 < Eγ < 2.4 GeV. The momentum transfer in the two
photon energy bins is similar, so our measurement is not
sensitive to the t dependence of the �(1405) cross section.
Thus, the reduction of �(1405) production is likely related to
some other details of the production mechanism. The observed
differential cross sections of �0(1385) photoproduction of
∼0.8 µb in the two photon energy bins are consistent with the
effective Lagrangian calculation of Oh et al. [21] (0.6–1.1 µb).
The differential cross section of �(1405) production was
obtained to be ∼0.4 µb in 1.5 < Eγ < 2.0 GeV and 0.8 <

cos �KCM
< 1.0. Nacher et al. predicted the �(1405) pro-

duction cross section as ∼0.8 µb at Eγ = 1.7 GeV in −1 <

cos �KCM < 1. Although the angular dependence of the cross
section is unknown, the order of magnitude of the �(1405)
production cross section is consistent with the theoretical
prediction.

In summary, we have measured the photoproduction of the
�0(1385) and �(1405) hyperon resonances from the γp →
K+Y ∗ reaction in the photon energy of 1.5–2.4 GeV and in the
polar angle range of 0.8 < cos �KCM < 1.0. The production of
�0(1385) was measured in the (K+�π0) final state to which
�(1405) is prohibited to decay by isospin conservation. The
�(1405) hyperon was measured in the (K+�±π∓) final state,
where the contamination from �0(1385) was estimated from
the (K+�π0) final state. The line shapes of the �(1405)

in �+π− and �−π+ mode were different, which indicates
strong interference between isospin 0 and 1 amplitudes. The
combined spectrum shape of the �+π− and �−π+ modes,
for which the interference term was canceled, was consistent
with the theoretical calculation by Nacher et al. [9] and Kaiser
et al. [8].

The production ratios of �(1405) to �0(1385) were
determined to be 0.54 ± 0.17 and 0.084 ± 0.076 for 1.5 <

Eγ < 2.0 GeV and 2.0 < Eγ < 2.4 GeV, respectively. The
ratio decreased in the higher photon energy region, which may
suggest that the production mechanisms and form factors of
�(1405) photoproduction are largely different from those of
�0(1385).

The differential cross sections of �0(1385) and �(1405)
photoproduction were obtained in the two photon energy
bins, 1.5 < Eγ < 2.0 GeV and 2.0 < Eγ < 2.4 GeV, and
in the range of K+ polar angle of 0.8 < cos �KCM < 1.0.
The observed differential cross sections were consistent with
theoretical calculations in order of magnitude. However, in
view of our limited statistics, further data are needed for
more quantitative discussions, which will be available in future
experiments at SPring-8/LEPS or TJNAF.
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