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We have carried out exclusive measurements for the photoproduction of an 7 meson from a
proton target with an egg-shaped calorimeter made of BGO crystals (BGOegg) and forward charged-
particle detectors at the SPring-8 LEPS2 beamline. The differential cross sections and photon beam
asymmetries of the yp — np reaction are measured in a center-of-mass energy (W) range of 1.82—
2.32 GeV and a polar angle range of —1.0 < cos 8, < 0.6. The reaction is identified by selecting
a proton and two 7’s produced by an n-meson decay. The kinematic fit method was employed to
select the reaction candidate with the confidence level larger than 1%. A bump structure at W
= 2.0-2.3 GeV in the differential cross section is confirmed at extremely backward n polar angles,
where the existing data are inconsistent with each other. This bump structure is likely associated
with high-spin resonances that couple with s§ quarks. The results of the photon beam asymmetries
in a wide n polar angle range are new for the photon beam energies exceeding 2.1 GeV. These results
are not reproduced by the existing partial wave analyses. They provide an additional constraint to
nucleon resonance studies at high energies.

I. INTRODUCTION
range below 1.8 GeV [2].

spectrum to a certain extent, especially in the energy
However, the predicted reso-

Most of the information about baryon resonances was
obtained through 7N scattering and photoproduction ex-
periments with the help of partial wave analyses (PWASs).
The currently observed mass spectra in the center-of-
mass energy (W) region of 1-3 GeV is summarized in
Tables 80.1 and 80.2 of the Ref. [1]. So far, constituent
quark models are successful in reproducing the mass

nance masses are often not consistent with experimental
results. For instance, the Roper resonance N(1440)1/2%
is calculated to have a mass larger than the first negative
parity baryon N(1535)1/27 in the quark models [3]. In
addition, at the energies above W = 1.8 GeV, the number
of experimentally established resonances is smaller than
that of predicted states. The mass spectra are sensitive
to the hadron structure beyond the existing constituent



quark models. Therefore, in order to have a better un-
derstanding of QCD at low energies, it is necessary to
clarify the mass spectra from the experimental side.

In the 7N scattering experiments, an energized pion
beam excites a nucleon to a higher state, but the excited
states are influenced by the flavors of constituent quarks
in the pion. In contrast, the photoproduction experi-
ments use a high-energy photon beam which can couple
to a quark-antiquark pair of any flavor, and the photon
is able to produce excited states whose coupling to the
7N scattering is weak. In addition, a photon beam can
be highly polarized, providing an advantage in obtaining
the spin information of intermediate resonances. Pho-
toproduction experiments are thus getting more popular
in modern baryon studies. Here the photoproduction of
an 7 meson is a prime example of such research sub-
jects. The n meson photoproduction has a reasonably
large cross section and it offers an attractive capability
of coupling with the ss component in an s-channel baryon
resonance. Moreover, the 17 meson is an isoscalar particle
and therefore can only couple to isospin 1/2 resonances.
The n photoproduction works as an isospin filter for the
complex baryon resonance spectrum.

Several experimental results of the 1 photoproduction
on the proton around W = 2 GeV have been published
in the last two decades. The LEPS collaboration re-
ported differential cross sections of the n photoproduc-
tion at backward polar angles in 2009 [4]. Measurements
of differential cross sections in a wide angular region were
also published by the CLAS [5] and CBELSA/TAPS [6]
collaborations in 2009. The CLAS and CBELSA/TAPS
experiments also showed the result of the photon beam
asymmetries in 2017 [7] and 2020 [§], respectively. The
LEPS collaboration has claimed the existence of a bump
structure in the differential cross section above W = 2
GeV at the backward 7 angles. A similar structure was
also seen in the CLAS and CBELSA /TAPS experiments.
However, the shapes and strengths of the bump struc-
ture in their differential cross sections are significantly
inconsistent with each other, causing a controversial sit-
uation. In particular, the LEPS and CBELSA/TAPS
experiments show differential cross sections larger than
the CLAS result in the bump region. The LEPS data
were obtained by a missing mass analysis with the de-
tection of only a forward proton in the final state of
the reaction. The measured angular region was limited
to cosf!, < —0.6. Therefore a systematic compari-
son with other experiments in the wide angular region is
difficult. The CLAS experiment has achieved high statis-
tical precision and wide angular coverage with the detec-
tion of both an n meson and a proton in the final state.
However, the acceptance at the extremely backward an-
gles, which are the main focus for the study of the bump
structure, is limited to above cosd! , = —0.855. The
CBELSA /TAPS experiment covers a wide angular region
including the missing backward n angles of the CLAS ex-
periment. Nevertheless, their differential cross sections
have relatively larger statistical uncertainties than the

other experimental results. In addition, the differential
cross sections of the CBELSA /TAPS experiment are sys-
tematically larger than those of the CLAS measurement
in wide energy and angular bins.

In this article, we report our results on the differen-
tial cross sections and photon beam asymmetries of the
1 photoproduction in a wide polar angle region —1 <
cos@! . < 0.6. Both a proton and an 1 meson decay-
ing into two 7’s are detected so that we can examine
the nature of the bump structure with the clear identifi-
cation of n-photoproduction signals. At the most back-
ward angles, the data were collected with high statistics
to achieve more reliable studies that could not be ever
done by the previous experiments. The beam asymme-
try data for the total energies above 2.1 GeV is presented
for the first time thanks to the highly polarized pho-
ton beam, whose linear polarization is more than 90%
above W = 2.1 GeV. This new data will provide cru-
cial information for partial wave analyses including the
bump study. Several neutral-meson photoproduction re-
actions can be measured simultaneously by using the
large-acceptance calorimeter, called BGOegg, for a com-
prehensive comparison of baryon resonance contributions
among different reaction modes. The BGOegg calorime-
ter currently has the world’s highest resolution, enabling
the acquisition of high-quality data.

This paper is organized as follows; In Section II, we
describe our experimental setup. The data-analysis pro-
cedures are provided in Section III. In Section IV, the
method to obtain the differential cross sections and pho-
ton beam asymmetries are presented in detail. The ex-
perimental results are shown in Section V. In Section VI,
we discuss the obtained results and the comparison of
them with several PWA calculations. Section VII is the
summary of the present measurement and results.

II. EXPERIMENTAL SETUP

We carried out an experiment to study the 7 photo-
production (the BGOegg experiment) using the LEPS2
beamline at SPring-8. Details of the LEPS2 beamline are
described in Ref. [9]. Figure [1| shows the schematic view
of detectors in the BGOegg experiment.

A high-energy photon beam was produced by the back-
ward Compton scattering of 355 nm wavelength ultravi-
olet laser light from an 8-GeV electron in the storage
ring [10]. Four laser beams can be injected simultane-
ously from the oscillators whose maximum output power
was either of 16 or 24 W. The maximum energy of the
scattered photon is 2.39 GeV at the Compton edge.

The energy of a backwardly scattered photon is deter-
mined by the tagging detector system (tagger), which is
located downstream of a bending magnet of the storage
ring. The tagger consists of two layers of 1 mm-wide scin-
tillating fiber bundles and two layers of 8 mm-wide plastic
scintillators to reconstruct the track of a recoil electron
from the Compton scattering. Because the recoil electron
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FIG. 1. A schematic drawing of BGOegg experimental setup at the LEPS2 beamline (Top view).

has lost a part of the energy, its flight trajectory in the
magnetic field deviates from that of the 8-GeV electron
orbit. The recoil electron momentum can be determined
by analyzing its hit position on the tagger. The pho-
ton energy is then calculated event by event using the
4-momentum conservation law. The trigger signal for
data acquisition is formed from a coincidence signal pro-
duced by two 8-mm wide plastic scintillators in a pair
together with a requirement that at least two BGOegg
crystals have hits. The hit rate of the tagger logic sig-
nal is counted by a scaler to monitor the intensity of a
produced photon beam. The beam intensity was in the
range of 1-1.8 x10% photon/s during the experiment for
the present data set.

A scintillating counter with an effective area of 620 x
620 mm? and a thickness of 3 mm was installed just up-
stream of the BGOegg calorimeter. It was used to veto
the eTe™ pair contaminating the photon beam. The tar-
get cell, made of thin polyimide films in the form of a
cylindrical shape, is placed in the center of the BGOegg
calorimeter. A refrigerator which is connected with a hy-
drogen gas tank liquefies a part of the sealed gas, and
fills the target cell with liquid hydrogen. The measured
thickness of the target cell was 54 mm, and the center of
the target was shifted 3 mm upstream from the designed
center position due to an expansion effect of the target
cell. This small shift affects the polar angle measurement
of final reaction products and is taken into account in the
offline analysis.

The BGOegg calorimeter consists of 1320 BGO crys-
tals with 20 radiation lengths, covering polar angles from
24 to 144 degrees. The crystals are distributed into 22
layers in the polar angle direction with a ring of 60 crys-
tals each. No frame material is inserted between the crys-
tals. The energy calibration for each crystal was done by
iteration so that the invariant mass of two ~’s, one of
which deposits the largest fraction of its energy to the

calibrated crystal, has a peak at the nominal 7% mass
[1]. The energy resolution of the BGOegg calorimeter
has been evaluated to be 1.4% at the incident v energy
of 1 GeV [II]. The invariant mass resolution of the 7°
is 6.7 MeV/c? with a 20 mm thick carbon target. These
resolutions are the world’s best among the experiments
conducted in a similar energy range. The identification
of a charged or  signal for the BGOegg calorimeter hit
was performed using the inner plastic scintillator (IPS).
The IPS is composed of 30 scintillator slabs which are
453 mm long and 5 mm thick. These slabs are arranged
in a cylindrical shape around the target.

Charged particles that were emitted to the forward
open hole of the BGOegg calorimeter were detected using
a Drift Chamber (DC). The DC consists of six separated
planes. Each plane has 80 sense-wires with a wire interval
of 16 mm. These six planes are divided into three groups
by the directions of sense wires, which is tilted at an
azimuthal angle of 60 degrees relative to the other groups.
The positions of sense wires in a certain plane are shifted
by 8 mm relative to those in the other plane belonging
to the same group. The position resolution of a DC hit
on each plane is about 300 ym. The DC is located 1.6 m
downstream of the target, covering polar angles less than
21 degrees.

At the 12.5 m distance from the target, there is a Time-
of-Flight (ToF) wall to measure the momentum of a pro-
ton, which is emitted at extremely forward angles. As
shown in Fig. the ToF wall consists of 32 Resistive
Plate Chambers (RPCs), each of which is 250-mm wide
and 1000-mm long [12],[13]. There are eight readout strips
along the vertical direction in a chamber, and hit signals
are read at both top- and bottom-ends. Figure |2 shows
a size of the ToF wall and the arrangement of RPCs.
The RPCs cover the laboratory polar angles less than
6.8 degrees, which correspond to the most backward n
polar angles in the center-of-mass frame of the reaction,



FIG. 2. A 3-dimensional figure of ToF wall that is formed by 32 RPCs.

cos 07, < —0.95. The time resolution of the RPC is 60—
90 ps providing a good momentum resolution less than
1% for an incident proton of 2 GeV/c. The RPC allows
the measurement of the differential cross sections of 7
photoproduction at the most backward angles with full
kinematic information, which makes our analysis more
reliable. This extreme angular region is either inaccessi-
ble or associated with large uncertainties in other exper-
iments.

III. DATA ANALYSIS

A. Event reconstruction

The production of a beam photon by a Compton scat-
tering is identified offline if a recoil electron track is suc-
cessfully reconstructed at the tagger with strict geomet-
rical conditions. At first, the recoil electron must hit
one or two layers of the scintillating fibers and two lay-
ers of the plastic scintillators, following one of the hit
patterns that are pre-defined as possible geometrical ar-
rangement for a straight track. Secondly, tight cuts are
applied for the timing difference among plastic scintilla-
tors and scintillating fibers. The width of each fiber is
1 mm but the second fiber layer is horizontally shifted
by 0.5 mm from the first layer to achieve a fine detector
resolution. For the measurement of differential cross sec-
tions, the tagger reconstruction efficiency was evaluated
to compensate for the signal loss due to track reconstruc-
tion failure in the offline analysis, multi-track detection

in the tagger, and inefficiencies of tagger fibers. The re-
construction efficiency varies from 0.86 to 0.93 depending
on the photon beam energy. The typical uncertainty of
this reconstruction efficiency is 0.7%. A part of recoil
electrons with high momenta hit a wall structure inside
the vacuum chamber upstream of the tagger or the radi-
ation shield box containing the tagger. Such a hit gen-
erates an electromagnetic shower, which produces a fake
signal at the tagger. The shower contamination rate in
the tagger triggers was estimated to be 0.0424 £ 0.0006
[14]. This contamination was sufficiently removed offline
by the tight geometrical conditions in the tagger recon-
struction.

The photon beam energy was measured event-by-event
from the hit position of a recoil electron at the tagger
scintillating fibers. The photon beam energy was cali-
brated by using the kinematic information that was ob-
tained from the detectors other than the tagger. In the
offline analysis, it is possible to predict the photon beam
energy from the kinematic fit of the reaction vp — 797
without the tagger information. A polynomial function
was fitted to the predicted energies depending on the tag-
ger hit position in the calibration. Simultaneously, the
photon beam energy resolution was estimated to be 12.1
MeV. This resolution is predominantly influenced by the
electron beam emittance. In addition, the consistency
between the measured and predicted photon energies was
examined to evaluate the tagger reconstruction efficiency
mentioned above.

The measurement of differential cross sections needs
an accurate determination of the photon beam flux. The
photon beam flux was derived from the number of hits



at the tagger plastic scintillators (tagger trigger logic sig-
nals). The tagger trigger counting is influenced by dead
time because of a finite signal width (20 ns). The dead
time depends on the tagger trigger rate and the electron
filling pattern at SPring-8 [I5]. The typical dead time
was 10%. The integrated counts of tagger triggers used
for the present analysis reach 3.593 x 102 after correcting
the dead time.

Due primarily to the effects of pair creations at mate-
rials in the long beamline from the Compton scattering
point to the target, the number of beam photons counted
by the tagger is not equal to the number of photons reach-
ing the target. This loss must be corrected by determin-
ing the transmission rate of the photon beam. Based
on the amount of materials on the beamline, this rate
was estimated to be 0.772. Then, the ratio of 7° yields
to tagger trigger counts was monitored to examine the
run dependence of the transmission rate. It turned out
that this ratio was changed when we tuned the laser in-
jection causing a shift of the Compton scattering point.
The amount of change was greater at the lower ener-
gies, where the Compton scattering produces photons
with larger cone angles. It means that a part of scat-
tered photons cannot go through the collimator on the
beamline if the laser focal length to the Compton scat-
tering point becomes longer than the designed distance.
Therefore, the transmission rate was further corrected by
multiplying an additional factor Fi,ans, which depends on
the photon beam energy £, in GeV;

Firans(By) = 1+ 1.206 x 1072 x (2.30 — E,)
—0.1113 x (2.30 — E,)? (1)

This correction factor was evaluated by fitting a second-
order polynomial function to the energy-dependent ratio
of inclusive 70 yields to tagger photon counts after this
ratio was normalized in individual energy bins based on
the value during the period with a good Compton scat-
tering point. The beam loss was not observed at higher
energies so that this correction factor was renormalized
to 1 at the highest energy region.

Two 7’s from an 7 photoproduction reaction are de-
tected using the BGOegg calorimeter. The Moliere ra-
dius for BGO is 22.3 mm, which is a little larger than
the front size of individual BGO crystals. Therefore, an
electromagnetic shower of a ~ leaves its energy in multi-
ple crystals around a core where the v is incident. The
crystals with energy deposits are grouped into a “clus-
ter”. This cluster consists of several main crystals whose
energies are greater than the discriminator threshold at
about 10 MeV and neighboring peripheral crystals with
smaller energies. The cluster energy was a sum of all
the cluster members. The crystal with the largest en-
ergy was adopted as the core crystal of the cluster. The
cluster timing was determined by using the core crystal.
The center of a cluster was evaluated from the energy-
weighted average of hit crystal positions. A charge of the
cluster was identified by examining an IPS hit on the line

between the target and the BGOegg cluster center. Thus,
a proton from the 1 photoproduction is also detectable as
a charged particle at the BGOegg calorimeter. The de-
tection efficiency for a proton of the IPS was estimated
to be 0.9863 + 0.0009.

The DC measures only the direction of a charged par-
ticle under no magnetic field. A straight line was fitted
to each track candidate which contains five or more layer
hits. The fit was performed by taking into account drift
distances from individual hit wires and using an addi-
tional constraint by the target position. The tracks with
x? probability greater than 1% were accepted for further
analysis. The efficiency of finding a DC track, includ-
ing both detection and reconstruction efficiencies, was
estimated to be 0.9824 £ 0.0044 by analyzing photopro-
duction reactions with a forward proton independently
detected using the RPC.

A proton hit at the RPC wall is searched for around
the position that is on the extension line of the recon-
structed DC track. We obtained the hit position in the
horizontal direction from the position of the hit strip.
We evaluated the hit position in the vertical direction
from the timing difference of signals from the top- and
bottom-ends of a strip. The position resolutions in the
horizontal and vertical directions were 7.5 and 16 mm,
respectively. The reconstruction efficiency of an RPC hit
was 0.931 £ 0.023. The velocity of a charged particle
was measured from the time-of-flight (ToF) and the cor-
responding momentum was determined by assuming the
proton mass for the detected particle. Protons are well
separated from charged pions and electrons even by the
velocity information if it is combined with the measure-
ment at the BGOegg calorimeter. Figure [3| shows the
correlation between the missing energy of a ~y pair de-
tected using the BGOegg calorimeter and the velocity of
a charged particle measured using the RPC. While events
at the reconstruction level are shown by black dots, only
the proton band (red dots) remains after the kinematic
fit selection of yp — np — yyp events with the use of
both the RPC and the BGOegg calorimeter.

B. Event selection

In the present analysis, the vp — np events were ex-
tracted from the data using the liquid hydrogen target.
The 7 meson was detected using the BGOegg calorimeter
in the decay mode into 77, whose branching fraction is
0.3941 £ 0.0020 [I]. Event selection conditions are ba-
sically the same as those in the published article on 7°
photoproduction [I4].

Events that have two neutral clusters at the BGOegg
calorimeter were selected as signal candidates, if the dif-
ference between individual cluster and trigger timings
was less than 3 ns. Neutral clusters whose central crystal
was found at the most forward or backward edge layer
of the BGOegg calorimeter were unused because we were
not able to measure the correct cluster energy due to a
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The correlation between the missing energy of a v pair detected at the BGOegg calorimeter and the velocity of

a charged particle measured using the RPC. The black dots show the data before the kinematic fit but after requiring the
existence of two neutral clusters at the BGOegg calorimeter with a loose cut on the missing mass. The vertical bands come
from electron events, which are originated from the different electron bunches in the SPring-8 storage ring. The red dots are
the data after passing the 99% confidence level cut in the kinematic fit.

leak. The minimum energy of each cluster was required
to be 50 MeV in order to remove the accidental hits.

In addition to the neutral clusters, a proton was de-
tected in the wider acceptance defined by a combination
of the BGOegg calorimeter, the DC, and the RPC de-
pending on the emission angle. Proton emission angles in
the range of 24 < 0], < 144 degrees (—0.5 < cos 0 <
0.6) was covered by the BGOegg calorimeter, where the
direction was measured based on a line from the target
center to the charged cluster core. The timing and mini-
mum energy conditions of charged clusters were the same
as those of neutral clusters. Unlike the neutral cluster,
the charged clusters whose core was found at the edge lay-
ers of the BGOegg calorimeter were used because we used
only the emission angle information. Protons emitted at
the angles 6], < 21 degrees (cos 0], < —0.5) were mea-
sured using the DC. In the case of extremely forward an-
gles 07 < 6.8 degrees (cosf! < 0.95), we performed
an additional analysis by using the events where protons
were detected using both the DC and the RPC. The to-
tal number of charged tracks in a reconstructed event was
limited to 1.

After measuring all the final state particles, a kine-
matic fit was performed by assuming the reaction yp —
np — yyp. Five constraints are defined by a series of
equations describing the 4-momentum conservation be-

tween the initial and final states of the reaction and the
equality between the v invariant mass and the nominal 5
mass. The measured energy, polar and azimuthal angles
were varied within the uncertainties determined by detec-
tor resolutions. The vertex position was also floated with
the constraint of the target size. The energy and angu-
lar resolutions of v’s detected at the BGOegg calorimeter
were estimated by generating single-photon events over
the full ranges of energies and angles in the GEANT4 [10]
based simulation package. The generated ’s were sim-
ulated with the detector setup implemented realistically.
The relevant resolutions were obtained from the compar-
ison of the true and simulated values. Figure [4] shows
the invariant mass distributions for v~ pairs detected at
the BGOegg calorimeter. After applying the 99% confi-
dence level cut at the kinematic fit, we have succeeded
in removing most of the background without acceptance
loss. However, the background rejection was not com-
plete because the proton momentum was not measured
in the case of using the BGOegg calorimeter or the DC
only. The background contamination is discussed in the
next subsection.
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C. Yield extraction with background subtraction

In order to extract signal yields, we need to estimate
background contributions in the event sample that re-
mains after the selection described in the previous sub-
section. After the kinematic fit with a 99% confidence
level cut, kinematical distributions of signals and back-
grounds become too similar to be distinguished from each
other. Therefore we examined amounts of individual
background processes by performing a template fitting
for the background-enhanced sample with loose event se-
lection. The loose selection includes the cuts on the in-
variant and missing masses of a 7y pair to select an 7 me-
son and a proton, respectively. An angular consistency
between the detected proton and the missing momentum
of a 7y pair was also required.

We considered three background reactions in the tem-
plate fitting: vp — 77, vp — 7np, and yp — wp.
The mesons in these reactions decay into multiple v’s,
and only two of the final-state v’s are detected at the
BGOegg calorimeter. At first, we prepared template his-
tograms for the signal (yp — np) and above background
processes by using Monte Carlo (MC) simulations and
applying the loose event selection that was also applied
to the real data sample. Characteristic shapes for in-
dividual background processes appear in the side-band
regions of the invariant and missing mass spectra for the
detected 7y pairs. Therefore, the template histograms
were prepared for these mass spectra and simultaneously
fitted to the corresponding distributions in the real data.
The fitting of template histograms was performed at in-
dividual kinematic bins, separated in total energies and
polar angles for the measurement of differential cross sec-
tions and photon beam asymmetries.

Figure [p| shows an example of the template fit in a cer-
tain kinematic bin. The colored histograms show the
mass distributions from the 7, 7°7% n7° and w photo-
production, as described in the figure caption. The black
line shows a sum of all the template spectra obtained by
the fit. From this fitting result, the normalization fac-
tors of simulated background samples to the real data
size were determined. The final contamination rate after
the kinematic fit with the 99% confidence level cut was
then evaluated by applying this condition to individual
simulated background samples and taking into account
the obtained normalization factors. The signal yields in
individual kinematic bins were obtained by subtracting
the estimated amount of backgrounds.

The number of events that survive after applying the
99% confidence level cut at the kinematic fit is 6.2 x 10*
events. The background ratio is 3.1-36.9% depending on
the kinematic bins. In the lower energy region, the back-
ground ratio at backward n angles is larger than that at
middle angles. On the other hand, the dependence is op-
posite in the higher energy region. The background ratio
becomes larger at higher energies. After the background
subtraction, the number of signal yields is estimated to
be 5.5 x 10* events.

D. Geometrical acceptance

The geometrical acceptance was obtained by the
GEANT4 based MC simulation package developed for
the BGOegg experiment. The yp — np events were gen-
erated with an isotropic angular distribution. The same
event selection conditions as those in the real data anal-
ysis were applied to the generated sample for the accep-
tance measurement. The cross sections obtained from
this acceptance were then fed back to the MC simulation
so as to reflect the realistic kinematic distributions in a
new round of acceptance calculation. This iteration pro-
cess ended when the obtained differential cross sections
became stable within 1% of the previous iteration values.
The typical acceptance is 50% at backward 7 angles and
reduced at forward angles. There is detection sensitivity
up to cos @, ~ 0.6.

IV. MEASUREMENT OF DIFFERENTIAL
CROSS SECTIONS AND PHOTON BEAM
ASYMMETRIES

A. Differential cross section

The differential cross section do/dS) was calculated us-
ing the following equation:
dﬁ = Y L (2)
aQ Ny T, - Firans - pn - A - Bry, - ¢ AQ

The differential cross sections were measured in 20 en-
ergy bins at W = 1.82-2.32 GeV and 16 polar angle bins



W = 1.87 (GeV), cos6’,, =0.0

W = 1.87 (GeV), cosfl,, = 0.0

2200

(@)

2000

1800

1600

]

1400

1200

 ——

1000
800f

600

400F

200}

I

- Lo Lkt
0

300 350 400 450 500 550 600 650 700 750 800
Invariant Mass (MeV/c?)

1200
1000:
800:
600:
400:

200

0
700

900

1000 1100 1200 1300

Missing Mass (MeV/c?)

FIG. 5. An example of the template fitting at the kinematic bin of W = 1.87 GeV and cos 6 ,,,, = 0. The black histogram in
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the panel (b) shows the missing mass distribution of a «+ pair in the real data. The line colors of fit results are defined in the

same way as those in (a).

at cos@7 1.0-0.60. Y, is the n photoproduction
yield in a certain kinematic bin, used for the cross sec-
tion measurement. This value was obtained by counting
the number of events after requiring the signal selection
conditions and subtracting backgrounds as described in
Sec. III-B and C. N, is the number of beam photons after
the correction by the dead time, described in Sec. ITI-A.
T, and Firans are the transmission rate and the energy-
dependent correction factor for it, respectively, as de-
scribed in Sec. III-A. pp is the number density of protons
in the liquid hydrogen target (0.0708 g/cm®). A is the
geometrical acceptance of the detector system for each
energy and angular bin, described in Sec. III-D. Br,, is
the branching fraction of the n — ~vy (0.3941). € is the
product of other efficiency factors, namely, the tagger re-
construction efficiency, the fraction of true tagger tracks
after removing shower contributions, and the proton de-
tection efficiency at the IPS or the DC, all of which are
described in Sec. I1I-A.

Systematic uncertainties for the measurement of dif-
ferential cross sections are listed in Table [l These were
estimated in the same way as the published analysis for
the 7° photoproduction [I4]. The ambiguities for the
energy-dependent transmission and the target length are
completely the same as those described in Ref. [I4]. An
influence of the transverse shift of the photon beam is also
reported in Ref. [I4]. The amount of the shift should
be consistent with that in Ref. [I4], but the effect on
the geometrical acceptance depends on the angular dis-
tribution of each reaction. So we recalculated possible
changes of the geometrical acceptance factors in individ-
ual kinematic bins by the MC simulation. The estimated

variations of the cross section values were in the range
of 0.01-8.8% depending on the kinematic bin. In the
present analysis, we applied the x? probability cut at 1%
to select signals after the kinematic fit. For estimating
the uncertainty due to the cut point, the differential cross
section was recalculated by requiring the y? probability
above 5%, where the probability distribution is flat. The
resulting changes were in the range of 0.01-3.4%. Un-
certainties in measurement of the tagger reconstruction
efficiency, the shower contribution, and the proton detec-
tion efficiency, described in Sec. ITI-A, were reflected to
the ambiguities of differential cross sections in the indi-
vidual kinematic bins. The uncertainty of the branching
fraction of the n — ~v decay was also taken into ac-
count based on the Particle Data Group value [I]. The

TABLE I. Systematic uncertainties of the differential cross
section measurement

Source of systematic uncertainty Typical value

Energy dependent transmission

Fit function dependence 0.2-1.0%
Normalization method 2.8%
Energy dependence 0.3-2.0%
Target length 1.3%
Beam position shift 0.01-8.8%
Kinematic-fit cut dependence 0.01-3.4%
Tagger reconstruction efficiency 0.57-0.92%
Shower contribution 1.4%
Proton detection efficiency 0.09% (IPS), 0.45% (DC)
Branching ratio (n — v7y) 0.50%




total systematic uncertainties were evaluated to be 3.3—
11% by taking a root of the quadratic sum of the listed
uncertainties.

B. Photon beam asymmetry

In the pseudoscalar-meson photoproduction with a lin-
early polarized beam, the differential cross section has
asymmetry depending on the azimuthal angle of the pro-
duced meson relative to the beam polarization direction.
This is called photon beam asymmetry . The X is de-
fined in the center-of-mass system as

do  do

0= TQO(l — P, Y cos (29)) (3)
where 9%¢ is the unpolarized differential cross section, P,
is the degree of linear polarization of the photon beam,
and @ is the azimuthal angle between the linear polariza-
tion direction of the photon beam and the reaction plane
of the n photoproduction. P, is calculated as a function
of the photon beam energy by the formula based on the
quantum electrodynamics [I7]. The photon beam asym-
metry X was determined by a fit to the yield distribution
depending on the azimuthal angle ®:

f(®) = A(1+ Bcos (29)) (4)

The fitting parameter B in Eq. means the product of
the photon beam polarization P, and the photon beam
asymmetry Y. We used horizontally and vertically polar-
ized photon beams alternately to reduce the systematic
uncertainty arising from incomplete detector symmetry.
The angles of these polarization vectors were estimated
to be —2.1 and 82.6 degrees from the horizontal plane in
the laboratory frame, respectively. The degree of laser
polarization was typically 98%. P, was in the range of
42-91%, where the highest polarization was obtained at
the Compton edge. The photon beam asymmetry was
measured in 10 energy bins at W = 1.82-2.32 GeV and
8 polar angle bins at cos8? , = —1.0-0.6. At each kine-
matic bin, the sample was divided into 8 azimuthal-angle
bins relative to the linear polarization vector of the pho-
ton beam.

Systematic uncertainties for the measurement of the
photon beam asymmetries are listed in Table [[Il The
listed numbers represent possible deviations in the 3 val-
ues, and the estimated deviations are distributed in the

TABLE II. Systematic uncertainties of the photon beam
asymmetry measurement

Source of systematic uncertainties Typical value

Difference of two polarization data 0.003-0.05
Another binning of azimuthal angle 0.004-0.05
Ambiguity of polarization vector direction 0.001-0.008
Uncertainty of laser polarization degree 0.04% of |X|

indicated range depending on the kinematic bin. For
the measurement of the following uncertainties, we com-
bined neighboring kinematic bins to reduce the influence
of statistical uncertainty. Firstly, the difference of the
photon beam asymmetries in the horizontal and vertical
polarization data was examined to conservatively treat it
as a possible systematic uncertainty. Secondly, we con-
sidered an uncertainty due to different binning methods
for azimuthal angles. This uncertainty was estimated
by shifting a half bin at the azimuthal binning. Finally,
the ambiguities of polarization vector direction and laser
polarization degree were taken into account to estimate
their influence on the photon beam asymmetries. The to-
tal systematic uncertainties were evaluated to be 0.008—
0.09 by taking a root of the quadratic sum of the above
uncertainties.

V. RESULTS
A. Differential cross section

We measured the differential cross sections for the re-
action vp — 7np in 20 total energy bins with 25-MeV
steps and 16 cos 07 | bins with 0.1 steps. Figure [6] shows
the energy dependence of differential cross sections mea-
sured by the present analysis and other experiments for
the individual cos@, bins. The red solid circles are
the results of the present analysis with statistical un-
certainties, and the gray histograms are the associated
systematic uncertainties. The black triangles, green tri-
angles, and blue squares show the results of the LEPS
[4], CBELSA/TAPS [6], and CLAS [5] experiments, re-
spectively. The LEPS and CBELSA/TAPS results have
been obtained for the photon beam energy bins of each
100 and 50 MeV, respectively. The CLAS results have
been obtained for the total energy bins of each 10 MeV
at W = 1.68-2.1 GeV and each 5 MeV at W = 2.1-2.36
GeV. All of those results are consistently binned with 0.1
steps in cos 07 .

The present analysis for the BGOegg experiment has
achieved the precise and wide angular measurement by
detecting all the final states including a proton and an 7
meson, which decays into 7. Although the proton mo-
mentum was treated as an unmeasured variable in the
kinematic fit to obtain the results in Fig. [6] the valid-
ity of the procedure was confirmed by the independent
cross-section measurement using the RPC, as discussed
later. In contrast, the LEPS experiment used a miss-
ing mass technique by measuring only the proton mo-
mentum and emission angle in the limited acceptance
cos 0, < —0.6, as mentioned in Sec. I. The CLAS exper-
imental setup was optimized for the detection of charged
particles, so the identification of the  meson was done
using the n — 777~ 7% decay mode, where the 7° was
treated as a missing particle in the kinematic fit. The
CBELSA/TAPS experiment analyzed n decays into the
two modes of n — vy and n — 37° — 6v by using
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Differential cross sections do/dQ) as a function of W for the reaction yp — np. The individual panels correspond to

different bins of the n emission angle in the center-of-mass system. The present results are shown by red closed circles with
statistical uncertainties. The green closed triangles, blue squares, and black inverted triangles come from other experimental
results by the CBELSA /TAPS [6], CLAS [5], and LEPS [4] collaborations, respectively.

large acceptance calorimeters, but the statistics are lim-
ited compared with other experiments.

The present results by the BGOegg experiment (red
solid circles) generally show a declining trend of differ-
ential cross sections as the energy increases in the region
of cos @], > 0. A bump structure appears in the region
of cos 07, < 0, and its strength becomes larger as the 7
emission angles get more backward. This bump position
is around W = 1.97 GeV at —0.1 < cosf,, < 0 and
slightly shifts to W = 2.02 GeV at —0.7 < cosfy, <
—0.6. The peak position changes more rapidly at the
most backward angles, and is around W = 2.25 GeV at
—1 < cosf,, < —0.9.

As a whole, the BGOegg results well agree with the
CLAS data for cos?,, > —0.8. The CBELSA/TAPS
and LEPS data give larger cross sections compared to the
BGOegg and CLAS results. The bump structure is seen
in all the experiments while its shape and strength are
different among them. For instance, there is a discrep-
ancy in the bump structure shape between the BGOegg
and CLAS data at —0.9 < cos#?, < —0.8, which

~ 01
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FIG. 7. Comparison of the differential cross sections with

and without the use of RPC for the extremely backward n
angles —1.0 < cos07,, < —0.95. The red closed circles and
green squares are the results by using the DC only and both
the RPC and DC, respectively.
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however corresponds to the acceptance boundary of the
CLAS measurement. The BGOegg result agrees with
the LEPS data in terms of the peak position at the n
angles —0.9 < cosf? < —0.8, but the amplitude of the
bump in the LEPS measurement is inconsistently higher.
At extremely backward angles —1.0 < cos6?,, < —0.9,
both the peak position and strength of the bump are in-
consistent between the BGOegg and LEPS results. The
CBELSA/TAPS data at the corresponding 7 angles also
show the bump structure but have large uncertainties,
which make it difficult to examine the strength and shape
of the observed structure in detail.

Because there are discrepancies in the differential cross
section results among the different experiments at the ex-
tremely backward n angles, it is important to confirm our
measurement in a more precise manner. In order to pro-
vide validity to our result, an independent analysis of the
same data set was additionally performed by detecting a
proton at the RPC. The RPC can measure the momen-
tum of a forward proton via its time-of-flight at the ex-
tremely backward 7 angles (—1.0 < cosf? < —0.95).

Thus, it allows the complete 4-momentum conservation
constraints to be used in the kinematic fit without un-
measured variables. Figure [7| shows the comparison of
differential cross sections obtained by using the RPC
(green squares) and the same procedure as done for Fig.
|§| only with the DC (red circles) in the overlapping ac-
ceptance region. We confirmed a very good agreement
between the two analyses both in the energy dependence
and overall magnitude of the differential cross sections.

The angular distributions of differential cross sections
for different energy bins are shown in Fig. [§] The
present results (red points) show a backward rise in the
higher energy region. We compared our results with
the PWA calculations by EtaMAID2018 [18, 19] (blue
solid lines), SAID2009 [20] (magenta dotted lines), Bonn-
Gatchina2019 [21, 22] (green dashed lines), and ANL-
Osaka2016 [23,24] (black dotted-dashed lines). The mea-
sured data are consistent with the EtaMAID2018 pre-
diction in the total energy region below 2.2 GeV, while
the EtaMAID2018 can not reproduce our data at the
most backward angles in the case of total energies above
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2.2 GeV. The SAID calculations are overestimated com-
pared to our differential cross sections in the region of W
= 1.9-2.0 GeV, and this disagreement disappears at the
higher energies. However, the peaking structure of the
SAID calculation at cosf?,, < —0.6 is not observed in
our data. The Bonn-Gatchina2019 calculations are more
or less in agreement with our data, reproducing the en-
hancement of differential cross sections at the backward
angles. This is because their PWA fit utilizes all the data
that are recently available except for the present results.
The validity of the Bonn-Gatchina2019 model can be ex-
amined by our photon beam asymmetry result, which is
the first measurement at higher energies as described in
the next subsection.

B. Photon beam asymmetry

We measured the photon beam asymmetries for the
reaction yp — np in 10 total energy bins with 50-MeV
steps and 8 cos @, bins with 0.2 steps. The red closed
circles in Fig. [0] show the measured photon beam asym-
metries ¥ with statistical uncertainties as a function of
cos 67, , and the gray histograms are the associated sys-
tematic uncertainties. Each data point is plotted at the
mean cosf7 . value of entries in the corresponding an-
gular bin. In Fig. [0 other experimental results from the
GRAAL [25], CLAS [7], and CBELSA/TAPS [§] collabo-
rations are also compared with the present results by the
BGOegg experiment. Here all the overlaid results have
used different energy-binning methods. The GRAAL re-
sults are divided into 15 photon beam energy bins in
the E, range of 0.7-1.5 GeV, while the CBELSA /TAPS
results have been obtained for the photon beam energy
bins of each 60 MeV in the range of £, = 1.13-1.79 GeV.



The CLAS experiment has adopted the photon beam en-
ergy bins of 27 and 40 MeV at 1.071 < E, < 1.689 and
1.689 < E, < 1.876 GeV, respectively. In Fig. [9] these
results are plotted at the energies that are closest to the
energy bins of the individual analyses.

The present results by the BGOegg experiment sta-
tistically agree with the other experimental results in
the overlapped energy region below W = 2.1 GeV. The
photon beam asymmetry have a dip structure around
cosf,, = —0.2at W > 1.9 GeV. It has been suggested
that this behavior is influenced by the helicity couplings
for N(1720)3/2% and N(1900)3/2% [7]. The precise 2
values in a wide angular range were obtained for the first
time above the total energy of about 2.1 GeV. The dip
structure remains at higher energies.

The overlaid curves in Fig. [0 show the existing PWA
results calculated by the EtaMAID2018 [I8], Bonn-
Gatchina2019 [21], SAID2009 [20], ANL-Osaka [23], and
Jilich-Bonn [26] models. The ANL-Osaka and Jiilich-
Bonn results are limited to the total energy ranges below
1.95 and 2.1 GeV, respectively. The ANL-Osaka does
not reproduce the experimental data in all energy regions
because it does not included heavy-meson contributions
such as an w meson in the coupled-channel calculation.
The SAID does not reproduce the dip structure above
W =1.95 GeV. The EtaMAID2018, Bonn-Gatchina2019,
and Jiilich-Bonn models agree with the present results in
the total energy region below 2.0 GeV except for the ex-
tremely backward region. In the region above 2.0 GeV,
no PWA results reproduce the BGOegg results.

VI. DISCUSSION

A. Differential cross section enhancement at W =
2.0-2.3 GeV

The angular dependence of the differential cross sec-
tion above W = 2.1 GeV in Fig. [§] shows an enhance-
ment at cosf7,, < —0.4, where one can expect the pos-
sible contributions from a wu-channel exchange or high-
spin s-channel resonances. Regge theory [27, 28] allows
us to assume a simple description of the smooth en-
ergy dependence for the u-channel cross section in the
form of s2*(*)=2 where s and a(u) denote the center-
of-mass energy and a Regge trajectory function, respec-
tively. Therefore the bump-like energy dependence in a
narrow range of 2.0 < W < 2.4 GeV, as shown in Fig. [6]
cannot be explained only by the u-channel contribution.
The value of (2a(u) — 2) is also expected to be negative
in a small |u| region as shown in Fig. 33 of the Ref. [29].
In addition, the EtaMAID2018 calculation describes the
non-resonant background as s- and u-channel Born terms
and t-channel vector meson exchanges. This calculation
hints that the amplitude of the u-channel contribution is
rather small [I§]. Our data suggest that the steep back-
ward rise of differential cross sections is likely related
to the decay of high-spin s-channel resonances. In the
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photon-proton reaction, the helicity of the initial state
is limited to |h| < 3/2. Therefore, if an intermediate
resonance has a high spin (J > 5/2), it can emit an 7
meson to the backward or forward polar angles in two-
body decays, as understood by the discussion of helicity
amplitudes with Wigner d-matrices [30]. The differential
cross sections in the backward 7 angles are more sensi-
tive to the high-spin s-channel resonances because of the
suppression of ¢-channel meson exchanges.

Figure [I0] shows the energy dependence of differential
cross sections at cosf. ... = —0.95, —0.85, —0.75, and
—0.65 for the n, 7 and w photoproduction processes
in the BGOegg experiment. The differential cross sec-
tions of the 7% and w photoproduction were obtained
using the same data set as the present analysis and re-
ported in Refs. [I4] and [31], respectively. The differ-
ential cross section distributions of the 7% photoproduc-
tion show declining behaviors from 1.8 to 2.1 GeV. At
the angle cos HZ;TH. = —0.95, a small enhancement above
2.1 GeV is seen, but there is no visible bump structure.

The differential cross sections of the w photoproduction



also show no structures above 1.9 GeV. In contrast, only
the 7 photoproduction shows a clear bump structure at
the total energies above 2.0 GeV. In the flavor SU(3)
quark models, the n meson contains s5 quark pair in its
composition while the 7% and w mesons have flavor con-
figurations only with u@ and dd quarks. Therefore, the
observed bump structure in the differential cross sections
of n photoproduction is likely associated with the nucleon
resonances that have a large ss component and strongly
couple to the nN channel.

In the total energy dependences of differential cross
sections, the position of the bump structure shifts from
2.02 GeV at cos 8!, = —0.65 to 2.25 GeV at cosf , =
—0.95, as mentioned in Sec. V-A. This may be caused
by the presence of multiple resonances with the isospin
1/2. In the mass range of 2.1-2.3 GeV, several resonances
with three or four stars are currently known based on
the mN-decay channel (e.g. N(2100)1/2%, N(2120)3/2~,
N(2190)7/27, N(2220)9/2F, N(2250)9/27) [1]. However,
the information about nN-decay channel of nucleon res-
onances is limited. Hence, the new BGOegg data of dif-
ferential cross sections will provide additional constraints
for the resonance search, particularly with high precisions
at backward 7 angles.

B. Comparison with the existing PWA results

Our experimental differential cross sections and photon
beam asymmetries more or less agree with the existing
PWA results at lower energies. In contrast, the PWA
results at higher energies show clear differences from our
experimental data, as described in Sec. V. The discrep-
ancies in the photon beam asymmetries are particularly
large. In addition, the PWA results are inconsistent with
each other at the higher energies.

Figure shows the comparison of our experimental
data and the existing PWA results calculated by the Eta-
MAID2018 ((a) and (b)) and Bonn-Gatchina2019 ((c)
and (d)) models around W = 2.3 GeV, which corre-
sponds to the highest energy bin in our measurement.
Differential cross sections and photon beam asymmetries
are plotted in the left ((a) and (c)) and right ((b) and
(d)) sides, respectively. We compared the model cal-
culations in the various ranges of orbital angular mo-
menta L. In the PWA of pseudoscalar-meson photopro-
duction, the Chew-Goldberger-Low-Nambu (CGLN) am-
plitudes [32] are conventionally used. These amplitudes
are simply represented by using electromagnetic mul-
tipoles with Legendre polynomials. These electromag-
netic multipoles include the information about the par-
tial wave of a meson-nucleon system. The electromag-
netic multipole amplitudes of EtaMAID2018 and Bonn-
Gatchina2019 were obtained from Refs. [I9] and [22], re-
spectively.

The measured differential cross sections are well repro-
duced by the EtaMAID2018 full calculation except in the
most backward n-angle region. The observed backward
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rise of differential cross sections does not exist in Eta-
MAID2018 results. The calculated photon beam asym-
metry has a small bump structure at cos 07, ~ 0. This
structure is not seen in the experimental results. On
the other hand, the Bonn-Gatchina2019 results repro-
duce the backward shape of differential cross sections
but its strength is overestimated compared to our re-
sults. The calculated photon beam asymmetry has no
small bump structure like the EtaMAID2018 calculation
but it is underestimated compared to our results around
cosf7,, ~0.

Our differential cross sections show a sharp backward
rise at higher energies. By comparing this behavior with
the two PWA results in Fig. it is recognized that
the determination of multipole contributions at L < 3 is
still ambiguous in the existing PWAs and important to
reproduce the data. The different determinations of mul-
tipoles between PWA calculations in the lower L region
also make a large difference in the angular dependence
of calculated photon beam asymmetries. This indicates
that the current understanding of resonance and born-
term contributions is not enough even for lower L’s at
high energies in both the PWA calculations. In addi-
tion, higher L contributions are important to accurately
reproduce the measured photon beam asymmetries.

The Jilich-Bonn model curves have been determined
by a fit to the CLAS results of differential cross sections
and photon beam asymmetries in the 7 photoproduction
[7. In the CLAS measurement, the photon beam asym-
metries were obtained at 1.70 < W < 2.10 GeV and
—0.8 < cosf?,, < 0.8. Before the fit was made, the
N(1900)3/2% was found to be important in the analyses
of KA and K'Y photoproduction by the Bonn-Gatchina
group [33]. In order to confirm this resonance contri-
bution, the CLAS collaboration fitted two sets of possi-
ble solutions with and without a contribution from the
N(1900)3/2% resonance by using the Jiilich-Bonn model.
They discussed the weakness of the N(1900)3/2" con-
tribution in the 1 photoproduction but was not able to
clearly determine its strength because the difference of
two fits should appear in the photon beam asymmetries
at extremely backward n angles, which were out of the
CLAS measurement range. In contrast, we have obtained
experimental results including the photon beam asymme-
tries at the most backward angles. Note that the BGOegg
and CLAS results are consistent with each other in the
overlapped angular region. A refit of the Jiilich-Bonn
model to our new data will provide more accurate infor-
mation about the strength of the N(1900) contribution.

VII. SUMMARY

We measured differential cross sections and photon
beam asymmetries for the reaction yp — np by detecting
1n — vy decay mode. The photon beam is produced by
backward Compton scattering in the energy range of 1.3—
2.4 GeV at the SPring-8 LEPS2 beamline. This photon
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beam is linearly polarized and the degree of polariza-
tion is more than 90% at the Compton edge. The two
~’s in the final state were measured using the BGOegg
calorimeter, which has large acceptance and the world’s
best energy resolutions. The direction of a proton in the
final state was measured using the BGOegg calorimeter
or the DC. To select a signal sample, we applied a kine-
matic fit using the 4-momenta of two ~’s, the direction of
a final-state proton, the photon beam energy measured
using the tagger, and a vertex position. The background
estimation was done by the template fitting.

The differential cross sections and photon beam asym-
metries were derived in the kinematic bins of total en-
ergies and n polar angles covering 1.82-2.32 GeV and
—1.0 < cosf?,, < 0.6, respectively. The validity of

our cross section measurement was confirmed by an in-
dependent analysis using the RPC, which additionally
measured the momentum of a forward proton. A bump
structure appears at W = 2.02-2.25 GeV in the case of
cosf7,, < 0, and its strength becomes larger as the 7
emission angles get more backward. The bump structure
is seen in the LEPS, CBELSA/TAPS, and CLAS experi-
ments but their shapes and strengths are different among
these experiments. Our new measurement of differential
cross sections provides high-precision and reliable data
in the backward angular region. The bump-like enhance-
ment indicates the contribution of high-spin nucleon res-
onances that contain a large s5 component. The peak
position of the bump structure moves depending on the
7 emission angle, suggesting the contribution of multiple



resonances. For the first time, we measured the photon
beam asymmetry of the n photoproduction above W =
2.1 GeV. No PWA calculations reproduce our results in
the higher energy region. The multipole amplitudes with
even low orbital angular momenta are different between
the existing PWA models. Our new results will provide
additional constraints for the understanding of baryon
resonances via PWAs.
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