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Communicated by N. Bianchi

Abstract. Beam asymmetry and differential cross-section for the reaction vp — np were measured from
production threshold to 1500 MeV photon laboratory energy. The two dominant neutral decay modes of
the n-meson, n — 2y and n — 37", were analyzed. The full set of measurements is in good agreement
with previously published results. Our data were compared with three models. They all fit satisfactorily
the results but their respective resonance contributions are quite different. The possible photoexcitation
of a narrow state N(1670) was investigated and no evidence was found.

PACS. 13.60.Le Meson production — 13.88.+¢ Polarization in interactions and scattering — 25.20.Lj Pho-

toproduction reactions

1 Introduction

Eta photoproduction on the proton in the resonance re-
gion has been abundantly studied over the last years [1-9]
and the initial expectation of a simple reaction mech-
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anism has faded away. For the time being, apart from
the well-established contributions of two resonances,
the dominant S11(1535) and the D;3(1520) whose ex-
citation was clearly revealed by our beam asymmetry
measurement close to threshold [2], the contribution
of states in the third resonance region remains largely
model-dependent [10-16]. Some models even need to
incorporate new resonances [11,15].

Presently, the n photoproduction database contains
mostly cross-section results and only a few single polariza-
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tion observable data. In addition to our beam asymmetry
measurement, the target asymmetry was measured at the
Bonn synchrotron up to 1100 MeV [3] and some prelim-
inary beam asymmetries have been recently obtained by
the CB-ELSA/TAPS Collaboration up to 1350 MeV [9].
Polarization observables, being sensitive to interference
terms between different multipoles, bring valuable con-
straints on partial-wave analyses and therefore it is desir-
able to extend these measurements in the third resonance
region.

In the present work, we report on precise measure-
ments of the beam asymmetry Y and of the differen-
tial cross-section for the reaction yp — mnp from pro-
duction threshold (E, = 707MeV) to 1500 MeV (W =
1485-1900 MeV). The extracted total cross-section is also
presented. This work complements and improves our pre-
viously published results for energies up to 1100 MeV [2,4].

2 Experimental set-up

The experiment was carried-out with the GRAAL facility
(see [17] for a detailed description and references therein),
installed at the European Synchrotron Radiation Facility
(ESRF) in Grenoble (France). The tagged and polarized
~-ray beam is produced by Compton scattering of laser
photons off the 6.03 GeV electrons circulating in the stor-
age ring.

In the present experiment, we used alternately the
green line at 514nm and a set of UV lines around 351 nm
produced by an Ar laser, giving 1.1 and 1.5 GeV ~-ray
maximum energies, respectively.

The photon energy is provided by an internal tagging
system consisting of silicon microstrips (128 strips with a
pitch of 300 um) for measurements of the scattered elec-
tron position and a set of plastic scintillators for Time-of-
Flight (ToF) measurements. The measured energy resolu-
tion of 16 MeV is dominated by the energy dispersion of
the electron beam (14 MeV —all resolutions are given as
FWHM). The energy calibration is extracted run by run
from the fit of the Compton edge position with a precision
of ~ 10 um', equivalent to AE,/E, ~2 x 10~ (0.3MeV
at 1.5 GeV).

The energy dependence of the y-ray beam polarization
was determined using the Klein-Nishina formula and tak-
ing into account the laser and electron beam emittances.
The ~-ray beam polarization is close to 100% at the max-
imum energy and decreases smoothly with energy down
to a minimum of &~ 30% (UV) or ~ 60% (green) at the
n production threshold. Based on detailed studies [17], it
was found that the only significant source of error for the
~-ray polarization comes from the laser beam polarization
(0Py/ Py =2%).

A thin monitor is used to measure the beam flux (typ-
ically 10% 7/s). The monitor efficiency (2.68 & 0.03%) was

L This high accuracy has allowed us to improve by three
orders of magnitude the limit for the light speed anisotropy
(Ac/c <3 x 107'2) [18].
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Fig. 1. Schematic view of the LAYRANGE detector: BGO
calorimeter (1), plastic scintillator barrel (2), cylindrical MW-
PCs (3), target (4), plane MWPCs (5), double plastic-
scintillator hodoscope (6), lead-scintillator shower detector (7)
(the drawing is not to scale).

estimated by comparison with the response at low rate of
a lead/scintillating fiber calorimeter.

The target cell consists of an aluminum hollow cylin-
der of 4cm in diameter closed by thin mylar windows
(100 um) at both ends. The target (6cm long for the
present experiment) was filled by liquid hydrogen at 18 K
(p~71072g/cm?).

The 47 LAYRANGE detector of the GRAAL set-up
allows to detect both neutral and charged particles (fig. 1).

The v-rays coming from the n neutral decay channels
(n — 2y and  — 37° — 64— branching ratios of 39.2
and 32.2%, respectively) are detected in a BGO calorime-
ter made of 480 (156 x 32¢) crystals, each of 21 radiation
lengths. They are identified as clusters of adjacent crystals
(3 on average for an energy threshold of 10 MeV per crys-
tal) with no associated hit in the barrel. The measured
photon energy resolution is 3% on average. For a thin tar-
get (3cm), the angular resolution is 6° and 7° for polar
and azimuthal angles, respectively.

At forward angles, the ~-rays can be detected in a
lead-scintillator sandwich ToF wall, consisting of 16 verti-
cal modules. This detector provides a good angular reso-
lution but no energy measurement and, for the present
reaction, extends only marginally the covered angular
range. For the sake of simplicity, it was not used in the
present analysis.

The recoil proton track is measured by a set of Multi-
Wire Proportional Chambers (MWPC) (see [19] for more
details). Two cylindrical chambers with striped cathodes
are used to cover the central region and give a reconstruc-
tion efficiency > 90% with a resolution of 3.5° in 6 and
4.5° in ¢. The forward-angle tracks are measured by two
planar chambers (efficiency > 99%), each composed of two
wire planes; the average polar and azimuthal resolutions
are 1.5° and 2°, respectively.

Charged-particle identification in the central region is
obtained by dF/dz technique thanks to a plastic scintilla-
tor barrel (32 bars, 5 mm thick, 43 cm long) with an energy
resolution & 20%. For the charged particles emitted in the
forward direction, a ToF measurement is provided by a
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double plastic-scintillator hodoscope (300 x 300 x 3 cm?)
placed at a distance of 3m from the target and having a
resolution of ~ 600 ps. This detector provides also a mea-
sure of the energy loss dF/dz. Energy calibrations were
extracted from the analysis of the 7m°p photoproduction
reaction while the ToF calibration of the forward wall was
obtained from fast electrons produced in the target.

For the cross-section measurements, due to large un-
certainties on the cylindrical chambers efficiency, the pro-
ton direction was deduced from the association between
the scintillator barrel and the BGO calorimeter at the cost
of a worse resolution (~ 10° in 6 and ).

3 Data analysis
3.1 Channel selection

For the present results, the same selection method used in
our previous publications on 7° and 7 photoproduction [2,
4,17,20] was applied. Only the main points will be recalled
in the following.

The analysis method is based on two-body kinematics.
Thanks to the complete detection of all final-state prod-
ucts, the kinematics of the reaction is overdetermined and
a clean event selection can be achieved without the need
for background subtraction.

Only events with two or six neutral clusters in the
BGO calorimeter and a single charged-particle track were
selected. Channel selection was achieved by applying cuts
on the following quantities:

- MQ'Y or M6'ya

- R, =E,/E},

— Ab, =05 — 0,

— App = @p — Pp,

~ At, = ToF,, — ToF,, (only at forward angles),

[1% 35

where the indicates variables calculated from the two-
body kinematics as opposed to measured ones. M, and
Mg, are the invariant masses of the detected photons.

A Monte Carlo simulation of the apparatus based on
the GEANT3 package, coupled with a complete event gen-
erator including all known photoproduction reactions [21],
was used to optimize selection cuts, calculate detection
efficiencies and estimate background contamination. To
optimize event selection, experimental and simulated dis-
tributions were compared for all kinematical variables.
A strong background rejection together with a good ef-
ficiency could be achieved with cuts at +30.

Two examples of experimental distributions are given
in fig. 2 with the invariant mass of the 7 decaying in two
~-rays and the missing mass calculated from the recoil pro-
ton momentum; they are compared with what is expected
from the simulation of the np channel. For both quantities,
with all kinematical cuts applied, an overall satisfactory
agreement is achieved, despite some slight discrepancies.
These are attributed to small misalignments of the appa-
ratus (beam, target, wire chambers, ...) not fully taken
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Fig. 2. (a) Invariant-mass spectrum for n — 2v. (b) Missing-
mass spectrum calculated from the proton momentum. Data
(closed circles) and simulation of the np channel (solid line)
are compared with all kinematical cuts applied.

into account in the simulation. Indeed, similar discrepan-
cies remain when varying cuts from +30 to +20, excluding
therefore a significant background contribution.

The level of hadronic background, estimated from the
simulation of all possible final states, does not exceed 1%
at 1 GeV and increases up to 5% at 1.5 GeV. Such a limited
contamination was confirmed by the good agreement of
the asymmetries and differential cross-sections extracted
independently for the two neutral n decay modes (see
sect. 4.2).

3.2 Measurement of X

The beam asymmetry X was determined from the stan-
dard expression:

Ny (p) _]\:[H(SO)

= = P, Y cos(2 1
R (o)t Nalg) 1o ) W
where Ny and Ny are the azimuthal yields normalized
by the integrated flux for the vertical and horizontal po-
larization states, respectively. P, is the degree of linear
polarization of the beam and ¢ the azimuthal angle of
the reaction plane. For a given bin in energy £, and 0.,,
with 6., the n center-of-mass angle, the beam asymme-
try X was extracted from the fit of the normalized ratio
(eq. (1)) by the function P, X cos(2¢), using the known en-
ergy dependence of P,. The measured asymmetries were
corrected for the finite ¢ binning (Xipue = Ymeas(1+ Ry)
with R, = 0.026 for 16 bins).

Two sources of systematic errors were considered:
i) the uncertainty on the beam polarization (6X/X =
0P,/P, = 2%) and ii) the background contamination.
For the second one, two main contributions were identi-
fied: other photoproduction (hadronic) reactions and tar-
get wall events. The uncertainty due to hadronic contam-
ination was estimated from the variation of the extracted
asymmetries when opening cuts from +30 to t+40. The
resulting errors range from 6 = 0.003 to 0.035. The rate
of target wall events was measured via empty target runs
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Fig. 3. Beam asymmetry as a function of the 7-ray energy
for different 7 center-of-mass angles. Results published in 1998
up to 1100 MeV (stars —angle in parenthesis) are compared
to the new results (circles). The curve represents the result of
the BCC model (see sect. 4.5).

and found to be less than 1%. The corresponding error
was neglected. All systematic and statistical errors were
summed quadratically. The global statistical/systematic
ratio was found to be of the order of 1.5.

3.3 Measurement of do/dQ2

The differential cross-section for a given bin in E, and
cos 0., was calculated using the following expression:

do N(cosbepm, E-)
Ocm, Ey) = — ) 2
ag e ) = b (oo Oumy By F(E, A0 2

where N is the number of selected events, b, the branch-
ing ratio, € the detection efficiency, F' the integrated beam
flux, p the hydrogen density, [ the target length and A2
the solid angle (in the present case A2 = 0.2, corre-
sponding to 20 bins in cos 6., ).

The detection efficiency € was derived from the simu-
lation. The global efficiency, including acceptance, detec-
tion, identification and selection, is of the order of 33% for
n — 27v and 6% for n — 37°.

Since cross-section data were obtained by summation
of a large number of successive periods, the correspond-
ing experimental configurations were implemented in the
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Fig. 4. Differential cross-section for photon energies rang-
ing from 850 to 1100 MeV. Results published in 2002 (stars
—energy in parenthesis) are compared to the new results (cir-
cles).

simulation to calculate the efficiency. In particular, special
care was taken of the longitudinal position of the target,
measured with the cylindrical MWPCs [17], a crucial pa-
rameter for the control of the acceptance.

Two types of systematic errors were taken into ac-
count: global and bin-dependent ones. The former type
includes the uncertainties on beam flux monitor efficiency,
hydrogen density and target length. The quadratic sum
of these different contributions gives a global normaliza-
tion error of 2.3%. The latter type takes into account
uncertainties on longitudinal target position, efficiency
and hadronic background contamination. The errors cor-
responding to the target position strongly depend on the
bin; they are in general low (< 2%) and can reach up to
10% for a few points. The error due to hadronic contam-
ination, together with the error on efficiency, were esti-
mated from the variation of the extracted cross-sections
when opening cuts from 430 to +40. The resulting
uncertainties (angular averaged) steadily increase from
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Table 1. Beam asymmetry Y as a function of the photon laboratory energy and the n center-of-mass angle.

around 4% at 1 GeV up to 13% at 1.5 GeV. Only the bin-
dependent errors were summed quadratically with the sta-
tistical errors. The global statistical/systematic ratio was

Oem(°) | By = 724MeN | Oom(°) | Ey = 761MeV | Oem(°) | Ey = 810MeV | On(°) | B = 870 MeV
334 | 0.036+0034 | 354 | 0093+£0018| 361 | 0.100+0.018 | 387 | 0.182 = 0.026
52.6 | 0.061+0.023 | 531 | 0103+0015| 533 | 015940019 | 53.6| 0246+ 0.015
66.4 | 0.031+0040 | 665 | 0.167+0021 | 66.7| 022640030 | 665 | 0243+ 0.019
784 | 0016 +0.045 | 785 | 0.132+0021 | 788 | 0.2354+0.022 | 785 | 0.305 =+ 0.020
90.0 | 0.09240.045 | 90.0 | 0.143 +£0.021 | 903 | 0.259 +0.018 | 90.2 | 0.295 + 0.018

101.6 | 0.049 £ 0.045 | 101.5 | 0.136 +0.019 | 101.8 | 0.243 4+ 0.016 | 101.8 | 0.288 + 0.020
113.9 | 0.031£0.051 | 113.6 | 0.150 +0.021 | 113.8 | 0.200 & 0.015 | 114.0 | 0.293 + 0.020
127.1 | 0.052+0.040 | 127.1 | 0.117 £0.020 | 126.9 | 0.170 £ 0.017 | 127.0 | 0.233 + 0.012
144.5 | 0.019 +0.045 | 143.9 | 0.054 +0.019 | 143.6 | 0.128 £ 0.016 | 143.4 | 0.138 + 0.013
159.8 | 0.060 & 0.035 | 160.8 | 0.022 +0.013 | 161.0 | 0.050 & 0.013 | 161.1 | 0.047 + 0.010

Oem(°) | Ey = 920MeV | Oon(°) | Ey = 990MeV | 0o (°) | By = 10561 MeV | O (°) | E = 1105 MeV
40.1 | 0.285 £ 0.028 | 40.1 | 0.497 £ 0.036 | 39.9 | 0.750 £ 0.032 | 40.1 | 0.742 + 0.045
535 | 0310 +0.021 | 537 | 0486 +0.022 | 538 | 071340022 | 538 | 0.702 + 0.026
66.6 | 0.299 +0.030 | 66.6 | 0494+0033 | 665 | 0.68 +0.033 | 665 | 0.687 =+ 0.032
785 | 037240022 | 786 | 0484+0028 | 786 | 0.5534+0.025 | 785 | 0.623 + 0.032
89.9 | 04024 0.021 | 90.0 | 0437 +£0.022 | 89.9 | 0450 +0.028 | 90.0 | 0.467 + 0.031

1019 | 0.355+0.024 | 101.7 | 0424 +0.025 | 1015 | 0.306 & 0.026 | 101.3 | 0.338 + 0.028
1139 | 0287 +£0.019 | 113.8 | 0371 +£0.023 | 113.9 | 0.242 4 0.026 | 113.8 | 0.168 + 0.028
127.3 | 0310 £0.017 | 127.4 | 0.307 +£0.018 | 127.4 | 0.162 £ 0.023 | 127.5 | 0.053 + 0.023
1434 | 0203 +0.015 | 1435 | 0.244 +0.018 | 1434 | 0.120 £ 0.018 | 143.2 | —0.019 + 0.022
160.9 | 0.077 £ 0.014 | 160.7 | 0.104 +0.019 | 160.6 | 0.080 & 0.019 | 160.5 | —0.026 + 0.033

Oem(°) | Ey = 11T0MeV | Oon (°) | By = 1225MeV | 0o (°) | By = 1278 MeV | O (°) | E- = 1330 MeV
39.6 | 0.568 = 0.051 | 39.7 | 0536+ 0.048 | 39.9 | 0.748 £ 0.077 | 40.0 | 0.694 £ 0.051
538 | 0.667 +0.031 | 538 | 070140036 | 53.9 | 067140029 | 53.7| 0.763 + 0.042
66.5 | 0.690 +0.041 | 66.6 | 0.748 £0.045 | 66.5 | 0.745 +0.031 | 66.6 | 0.744 + 0.039
785 | 0.668 +0.040 | 785 | 0.716 £0.051 | 785 | 0.68440.040 | 786 | 0.697 + 0.045
89.9 | 0.601 +0.041 | 90.0 | 0.608+0.041 | 89.9 | 0.63440.046 | 90.1 | 0.645 + 0.055

1013 | 0493+ 0.051 | 101.2 | 0.549 +0.038 | 101.2 | 0.594 4 0.043 | 101.3 | 0.567 + 0.041
113.8 | 0382+ 0061 | 113.8 | 0437 +0.054 | 113.9 | 0482+ 0.064 | 113.8 | 0.422 + 0.057
1274 | 0.138 £0.040 | 127.5 | 0.243 +0.032 | 127.6 | 0.25240.033 | 127.7 | 0.264 + 0.050
143.1 | 0.085+0.036 | 143.2 | 0.132+0.028 | 1432 | 0.176 &£ 0.028 | 143.3 | 0.172 + 0.028
160.2 | 0.009 £ 0.030 | 160.4 | 0.048 +0.035 | 160.4 | —0.009 & 0.028 | 160.3 | 0.006 + 0.033

Ocm () | By = 1381 MeV | Oon(°) | Ey = 1424MeV | Oom(°) | E- = 1472 MeV

402 | 0.720 £0.072 | 40.8 | 0.646 £ 0.073 | 40.2 | 0.727 + 0.147

53.5 | 0.760 +0.045 | 54.1 | 0.750 £ 0.041 | 53.8 | 0.771 % 0.080

66.5 | 0.710 £ 0.059 | 64.6 | 0.716 +0.048 | 64.6 | 0.601 + 0.051

785 | 0.712+£0.056 | 775 | 0.661 +0.060 | 77.4 | 0.581 & 0.052

89.9 | 0.663+0.053 | 90.0 | 0.623+0.054| 90.0 | 0.563 + 0.062

101.1 | 0.551 £ 0.042 | 100.6 | 0.556 + 0.055 | 100.6 | 0.483 & 0.076

113.7 | 0401 +0.053 | 113.0 | 0419 +0.076 | 113.0 | 0.484 + 0.091

127.6 | 0252 +£0.032 | 127.5 | 0.314 +0.028 | 127.6 | 0.380 & 0.064

1433 | 0.101 £ 0.028 | 1425 | 0.160 +0.023 | 1422 | 0.282 & 0.059

160.2 |  0.056 + 0.038 | 160.3 | 0.038 +0.027 | 160.8 | 0.074 & 0.063

found to be of the order of 1.1.

4 Results and discussions

The complete set of asymmetry and cross-section data
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included in the tabulated values nor in the plotted errors.
The total cross-section was also extracted and is plotted
in fig. 8. Up to 850 MeV, the presented cross-sections are

those previously published which were obtained with a
3cm long target better suited for the detection of low-
energy protons.

(~ 1 million selected np events) covers large photon energy

(from 700 to 1500 MeV) and #n angular (0., = 30-160°)
ranges. The results are displayed in figs. 3 to 14. Numer-
ical values are listed in tables 1 to 4. For cross-sections,
the global normalization uncertainty of 2.3% has not been

4.1 Comparison to previous GRAAL results

GRAAL results were already published for v-ray energies
up to 1100MeV (X [2] and do/df? [4]). The newly an-
alyzed sample not only extends the energy range up to
1500 MeV but also increases tenfold the statistics.
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Table 2. Differential cross-section do/df2 (ub/sr) as a function of the photon laboratory energy (700-850 MeV) and the cosine

of the n center-of-mass angle.

cos(lem) | Ey =T714MeV | cos(fem) | Ey =732MeV | cos(bem) | Ey =T749MeV | cos(0em) | Ey = 766 MeV
—0.85 0.588 £ 0.077 —-0.91 1.007 £ 0.064 —0.92 1.108 £+ 0.060 —0.93 1.253 4+ 0.065
—0.62 0.499 £ 0.048 —0.74 0.903 £ 0.060 —0.76 1.102 4+ 0.069 —0.77 1.158 + 0.077
—0.46 0.517 £ 0.057 —0.54 0.884 £ 0.074 —0.56 1.180 £ 0.089 —0.57 1.244 4+ 0.085
—-0.30 0.534 £+ 0.059 —-0.35 0.921 £+ 0.090 —0.38 1.246 £ 0.083 —0.38 1.230 £ 0.068
—0.21 0.523 £ 0.067 —0.20 0.927 4+ 0.094 —0.20 1.181 £ 0.070 —0.19 1.246 + 0.053
—0.03 0.499 £ 0.067 —0.02 0.839 £+ 0.073 0.00 1.169 + 0.068 0.01 1.301 4+ 0.053
0.12 0.512 £ 0.060 0.17 0.863 £ 0.082 0.19 1.135 £ 0.063 0.21 1.143 £ 0.055
0.29 0.575 £ 0.065 0.38 0.985 £ 0.085 0.38 1.231 4+ 0.074 0.40 1.342 4+ 0.062
0.49 0.577 £ 0.050 0.59 0.928 £ 0.292 0.58 1.242 4+ 0.214 0.58 1.170 = 0.069
0.81 0.596 £ 0.088 0.81 0.943 + 0.784 0.79 0.876 £ 0.637 0.78 1.077 £ 0.281
cos(lem) | Ey =785MeV | cos(fem) | Ey =801 MeV | cos(fem) | Ey =818 MeV | cos(0em) | Ey = 835 MeV
—0.94 1.220 + 0.073 —0.94 1.228 £+ 0.067 —0.94 1.170 £+ 0.067 —0.94 1.007 + 0.066
—-0.78 1.289 +£ 0.086 —0.79 1.213 + 0.081 —0.79 1.144 4+ 0.076 —0.79 1.082 + 0.072
—0.58 1.240 £ 0.079 —0.58 1.245 £ 0.065 —0.59 1.214 £+ 0.058 —0.59 1.117 + 0.052
—-0.39 1.286 + 0.060 —0.38 1.230 4+ 0.050 —0.38 1.165 4+ 0.047 —0.38 1.167 4+ 0.048
—0.19 1.281 +£ 0.056 —0.19 1.257 £ 0.054 —0.19 1.268 £ 0.059 —0.19 1.172 + 0.053
0.01 1.255 + 0.056 0.01 1.251 4+ 0.057 0.00 1.320 £ 0.062 0.01 1.121 4+ 0.059
0.21 1.305 4+ 0.067 0.20 1.324 4+ 0.064 0.21 1.194 + 0.062 0.22 1.117 = 0.060
0.41 1.300 £+ 0.066 0.40 1.160 £+ 0.071 0.41 1.231 £+ 0.067 0.41 1.109 £+ 0.059
0.60 1.212 + 0.071 0.60 1.186 4+ 0.079 0.60 1.341 + 0.092 0.61 1.097 £ 0.082
0.79 1.287 + 0.130 0.79 1.181 + 0.097 0.79 1.075 + 0.134 0.80 1.046 + 0.393
The new results are compared with the published data
in figs. 3 (X) and 4 (do/df2 for E, > 850 MeV). The agree- on-2y x N - 3
ment between the two sets is good at all energies and an- |,y 1
gles. For the beam asymmetries, it should be remembered L B B B
that the beam polarization depends upon the energy and i N i s [ asee, [ 48 55y
the used laser line. Hence, at a given energy, the beam po- 0 |—e8oe ;@d? 8800 gl & 2ol | o
larization differs for the UV and green laser lines; for in- L ‘ i i i
stance, at 1 GeV, P, ~ 100% for green and ~ 70% for UV. - 725MeV [ 761MeV | 810MeV [ 870 MeV
The excellent agreement confirms the good control of the 1 - —— W T
beam polarization. For the cross-sections, the comparison i . [ ©9g [ oa
is even more stringent. Indeed, these absolute measure- 068, Rag o 6 . | ¢
ments necessitate an accurate knowledge of the flux and ok ol el el 5 L
efficiency; on top of that, the summation over numerous i i i i
periods requires a precise monitoring of the detector re- L 929Mev | 9%0Mev |  1051Mev 1105 Mev
sponse. Again, the observed good agreement between the 1 L L T DT
two data sets demonstrates the reliability of the present & [ 4y o a%ﬁ odg
analysis. o it ¢ ® 50 e
These new results improve our previous measurements oh Sl B[ ® o 5 "
particularly at forward angles and allow to better describe - - - T
the behaviour of the cross-section in this angular domain. L 1170Mev F 1225Mev 1278 Mev F 1330 Mev
17 oj¢ [ o4 i TL 60 120 180
4.2 Comparison between the two 7 neutral decays @ % 9 C‘Ti‘? ¢ éﬂ
ok Sal 4 6
The beam asymmetries and differential cross-sections were i i B
calculated independently for the two neutral decay modes, - 1381MeV [ 1429MeV [~ 1474 MeV
n — 2y and  — 37° and the comparison is displayed in L L L

figs. 5 (X) and 6 (do/df?). To reduce statistical errors
associated with the 37° decay, a broader angular binning
was used for the comparison.

Because the detection of the six decay photons is re-
quested in the 37° analysis, the global efficiency is strongly
reduced as compared to the 2 (see sect. 3.3) (the angular
range is also limited to 6., > 60°). On the other hand,

0 60 120 180 60 120 180 60 120 180
Ocm
Fig. 5. Angular distributions of the beam asymmetry. Com-
parison between the two neutral decay modes: 7 — 27 (circles)
and n — 370 (stars).
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Table 3. Differential cross-section do/df2 (ub/sr) as a function of the photon laboratory energy (850-1200 MeV) and the cosine
of the n center-of-mass angle.

cos(Ocrm) | Ey =863MeV | cos(fem) | Ey =896MeV | cos(bem) | Ey =928MeV | cos(0em) | Ey = 962MeV
—0.95 0.858 £ 0.052 —0.95 0.707 £+ 0.042 —0.95 0.542 4 0.030 —0.95 0.414 £ 0.024
—0.85 0.906 £ 0.045 —0.85 0.738 £+ 0.044 —0.85 0.582 £ 0.033 —0.85 0.424 £ 0.025
—0.75 0.980 £+ 0.044 —0.75 0.778 + 0.041 —0.75 0.604 £ 0.031 -0.75 0.475 4+ 0.025
—0.65 0.976 + 0.038 —0.65 0.771 £ 0.032 —0.65 0.615 £ 0.032 —0.65 0.476 + 0.027
—0.55 0.984 + 0.038 —0.55 0.808 + 0.035 —0.55 0.589 + 0.034 —0.55 0.467 £ 0.032
—0.45 1.001 £ 0.038 —0.45 0.831 + 0.038 —0.45 0.599 £ 0.039 —0.45 0.455 £+ 0.035
—-0.35 1.042 £ 0.044 —0.35 0.825 £+ 0.042 -0.35 0.616 £+ 0.031 —-0.35 0.465 £+ 0.032
—0.25 0.971 4 0.040 —-0.25 0.805 + 0.044 —0.25 0.584 4 0.034 —0.25 0.434 £ 0.026
—0.15 0.978 + 0.043 —0.15 0.769 + 0.040 —0.15 0.568 £ 0.036 —0.15 0.392 £+ 0.026
—0.05 0.895 £ 0.047 —0.05 0.749 £ 0.042 —0.05 0.546 + 0.032 —0.05 0.406 = 0.023
0.05 0.849 £+ 0.043 0.05 0.686 + 0.036 0.05 0.548 £ 0.027 0.05 0.384 £+ 0.020
0.15 0.831 £+ 0.047 0.15 0.685 + 0.033 0.15 0.516 £+ 0.027 0.15 0.399 £ 0.022
0.25 0.809 £ 0.036 0.25 0.683 + 0.033 0.25 0.514 £ 0.027 0.25 0.366 £+ 0.021
0.35 0.827 £ 0.038 0.35 0.661 £ 0.032 0.35 0.479 £ 0.026 0.35 0.346 £ 0.023
0.45 0.818 4+ 0.038 0.45 0.640 + 0.033 0.45 0.480 4 0.028 0.45 0.340 £ 0.022
0.55 0.832 £+ 0.041 0.55 0.686 + 0.040 0.55 0.490 £ 0.030 0.55 0.334 £ 0.025
0.65 0.809 + 0.043 0.65 0.632 + 0.039 0.65 0.458 £+ 0.030 0.65 0.329 + 0.028
0.75 0.711 £+ 0.045 0.75 0.609 + 0.046 0.75 0.407 £ 0.032 0.75 0.282 £+ 0.027
0.85 0.300 £ 0.040 0.85 0.210 + 0.033

cos(0cm) | Ey =992MeV | cos(0cm) | Ey =1024MeV | cos(0em) | Ey = 1055MeV | cos(0em) | E4 = 1084 MeV
—-0.95 0.296 + 0.022 —0.95 0.206 + 0.016 —0.95 0.168 + 0.016 —0.95 0.164 = 0.020
—0.85 0.334 + 0.025 —0.85 0.239 + 0.019 —0.85 0.199 £+ 0.018 —0.85 0.171 £+ 0.019
—0.75 0.358 £+ 0.022 —0.75 0.248 + 0.018 —0.75 0.214 £ 0.017 —0.75 0.190 £+ 0.018
—0.65 0.360 £ 0.023 —0.65 0.270 + 0.018 —0.65 0.221 4+ 0.019 —0.65 0.218 £ 0.019
—0.55 0.368 + 0.021 —0.55 0.295 + 0.018 —0.55 0.230 £ 0.017 —0.55 0.232 £+ 0.020
—0.45 0.348 £+ 0.025 —0.45 0.262 £ 0.019 —0.45 0.241 £+ 0.017 —0.45 0.252 £+ 0.029
—0.35 0.353 £+ 0.025 —0.35 0.275 + 0.018 —0.35 0.264 £+ 0.021 —0.35 0.257 £ 0.022
—-0.25 0.330 + 0.024 —0.25 0.279 + 0.023 -0.25 0.269 £ 0.023 —-0.25 0.272 + 0.024
—0.15 0.325 £ 0.023 —0.15 0.268 £+ 0.021 —-0.15 0.249 £ 0.021 —0.15 0.269 £ 0.024
—0.05 0.317 £ 0.019 —0.05 0.262 £+ 0.018 —0.05 0.268 £ 0.020 —0.05 0.282 £+ 0.021
0.05 0.319 4+ 0.019 0.05 0.272 + 0.018 0.05 0.276 4+ 0.019 0.05 0.305 4+ 0.024
0.15 0.293 £+ 0.018 0.15 0.266 + 0.018 0.15 0.288 £ 0.020 0.15 0.349 £+ 0.027
0.25 0.288 + 0.019 0.25 0.280 4+ 0.017 0.25 0.292 + 0.021 0.25 0.315 + 0.025
0.35 0.288 + 0.018 0.35 0.248 + 0.017 0.35 0.287 £+ 0.023 0.35 0.382 £+ 0.035
0.45 0.256 + 0.018 0.45 0.253 + 0.022 0.45 0.280 £+ 0.023 0.45 0.343 £+ 0.036
0.55 0.258 £+ 0.023 0.55 0.235 + 0.018 0.55 0.302 £ 0.027 0.55 0.351 4 0.035
0.65 0.231 £+ 0.022 0.65 0.212 + 0.019 0.65 0.297 £+ 0.027 0.65 0.299 £ 0.036
0.75 0.189 + 0.019 0.75 0.193 £+ 0.021 0.75 0.240 £ 0.024 0.75 0.282 £ 0.042
0.85 0.146 + 0.022 0.85 0.134 + 0.026 0.85 0.208 £ 0.033 0.85 0.262 £+ 0.056
c05(0cm) | By = 1115 MeV | co5(0em) | By = 1145 MeV | cos(@om) | Ey = 1174MeV | cos(0em) | E- = 1203 MeV
—0.95 0.122 + 0.014 —0.95 0.105 + 0.014 —0.95 0.103 £ 0.014 —0.95 0.090 £ 0.009
—0.85 0.153 £ 0.020 —0.85 0.119 + 0.018 —0.85 0.110 = 0.016 —0.85 0.116 = 0.016
—-0.75 0.175 + 0.018 —0.75 0.136 &= 0.017 —0.75 0.133 £ 0.017 —0.75 0.122 £+ 0.016
—0.65 0.170 £ 0.017 —0.65 0.166 + 0.017 —-0.65 0.157 £ 0.014 —0.65 0.138 + 0.016
—0.55 0.199 £ 0.022 —0.55 0.175 &£ 0.017 —0.55 0.172 £+ 0.018 —0.55 0.167 &+ 0.018
—0.45 0.232 £ 0.029 —0.45 0.219 £ 0.022 —0.45 0.184 £ 0.021 —0.45 0.181 £ 0.017
—0.35 0.250 4+ 0.024 —0.35 0.231 + 0.024 —0.35 0.220 4 0.023 —0.35 0.228 4 0.025
—0.25 0.283 £+ 0.026 —0.25 0.249 £+ 0.023 —0.25 0.254 £+ 0.023 —0.25 0.249 £+ 0.031
—-0.15 0.272 + 0.024 —-0.15 0.241 £+ 0.022 -0.15 0.274 £+ 0.025 —-0.15 0.234 £+ 0.022
—0.05 0.298 £+ 0.025 —0.05 0.258 + 0.020 —0.05 0.275 £+ 0.026 —0.05 0.264 £+ 0.026
0.05 0.298 + 0.024 0.05 0.333 £ 0.028 0.05 0.297 £+ 0.027 0.05 0.265 + 0.023
0.15 0.317 4 0.030 0.15 0.284 £+ 0.024 0.15 0.286 4 0.027 0.15 0.260 4 0.026
0.25 0.364 + 0.032 0.25 0.297 + 0.032 0.25 0.320 £+ 0.036 0.25 0.318 + 0.038
0.35 0.325 £ 0.035 0.35 0.342 £ 0.038 0.35 0.301 + 0.032 0.35 0.296 + 0.039
0.45 0.332 £+ 0.032 0.45 0.355 + 0.038 0.45 0.310 £ 0.032 0.45 0.345 £+ 0.041
0.55 0.345 £+ 0.039 0.55 0.318 + 0.037 0.55 0.357 £+ 0.044 0.55 0.340 £+ 0.043
0.65 0.343 £+ 0.041 0.65 0.356 + 0.046 0.65 0.322 £ 0.038 0.65 0.326 £ 0.053
0.75 0.361 £ 0.051 0.75 0.304 £ 0.049 0.75 0.312 £ 0.054 0.75 0.335 £ 0.055
0.85 0.325 4 0.060 0.85 0.253 + 0.054 0.85 0.322 £ 0.065 0.85 0.295 £+ 0.075
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Fig. 6. Differential cross-section for energies ranging from
850 to 1500 MeV. Comparison between the two neutral decay
modes: n — 27 (circles) and 7 — 37° (stars).

this criterion largely excludes the two main hadronic back-
grounds (7° and 27°). The excellent agreement observed
for both quantities between the 2y and 37° results con-
firms the low level of background in the 2y channel. In ad-
dition, the very good agreement of the cross-section data
demonstrates the reliability of the Monte Carlo simula-
tion, especially for the cluster reconstruction in the BGO
calorimeter.

4.3 Comparison to CLAS, CB-ELSA and LNS-GeV-v
results

Differential cross-section results have been recently pub-
lished by the CLAS [6], CB-ELSA [7] and LNS-GeV-y [§]
Collaborations. Whereas the GRAAL data (as well as
LNS-GeV-v results) are absolute measurements, for the
CLAS and CB-ELSA results, the normalization was ob-
tained by using the SAID partial-wave analysis.

The comparison between GRAAL, CLAS, CB-ELSA
and LNS-GeV-v data is shown in fig. 11 for the closest
energy bins. The overall agreement is good over the whole
energy and angular ranges. It is worth noting that our an-

The European Physical Journal A

® GRAAL * CB-ELSA/TAPS
Ly 08

F 850 MeV [ 950 MeV
06L L \L I

F r *
04} il E e \.J.\ )

L ‘L. "‘)P # P e%e® o,
021 . L 4? L

SN , 3
00} | of

r 1050 MeV | 1150 MeV
o8f ) b .
06} STL, ) A %

g ) 3 .
0.4 r .%% vL 3 ?1;
0.2} ° .T L s

r r )
00} °r alf.
10} 1250 MeV [ 1350 MeV
08r » &‘* o? *Lm#
06 o7 ., i R
04} L % ’
02} U o« f o
0.0F Te | | o

0 60 120 180 60 120 180

ecm

Fig. 7. Comparison between GRAAL (closed circles) and
CB-ELSA/TAPS (open stars) beam asymmetry data for the
Bonn energy bins (£50MeV).
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Fig. 8. Estimated total cross-section. The GRAAL results
(closed circles) are compared with CLAS (open squares),
CB-ELSA (open stars) and LNS-GeV-v (open crosses) data.

gular range is complementary to the CLAS and CB-ELSA
ones, extending the measurement to more backward an-
gles.
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Table 4. Differential cross-section do/df2 (ub/sr) as a function of the photon laboratory energy (1200-1500 MeV) and the
cosine of the 1 center-of-mass angle.

cos(Ocm) | Ey =1232MeV | cos(fem) | Ey = 1261 MeV | cos(fem) | Ey = 1289 MeV | cos(0em) | Ey = 1317 MeV
—0.95 0.080 £ 0.010 —0.95 0.086 + 0.012 —0.95 0.078 £ 0.012 —-0.95 0.076 + 0.013
—0.85 0.105 £ 0.013 —0.85 0.103 £+ 0.018 —0.85 0.102 £ 0.012 —0.85 0.100 £ 0.016
—0.75 0.121 £ 0.014 —0.75 0.120 + 0.016 —0.75 0.123 4+ 0.015 -0.75 0.106 &+ 0.014
—0.65 0.139 £+ 0.012 —0.65 0.143 + 0.014 —0.65 0.127 £ 0.013 —0.65 0.131 +£ 0.014
—0.55 0.164 + 0.020 —0.55 0.155 4+ 0.015 —0.55 0.142 + 0.016 —0.95 0.129 + 0.017
—0.45 0.168 £ 0.019 —0.45 0.181 £+ 0.021 —0.45 0.178 £ 0.024 —0.45 0.169 £ 0.023
—-0.35 0.206 £+ 0.022 —0.35 0.204 + 0.025 -0.35 0.208 £ 0.023 —-0.35 0.186 £+ 0.028
—0.25 0.200 £ 0.021 —0.25 0.212 £+ 0.024 —-0.25 0.217 £ 0.024 —0.25 0.193 £ 0.021
—0.15 0.229 £ 0.022 —0.15 0.229 £+ 0.023 —-0.15 0.226 £ 0.027 —0.15 0.213 £ 0.022
—0.05 0.236 £ 0.024 —0.05 0.216 £+ 0.022 —0.05 0.206 + 0.024 —0.05 0.235 = 0.026
0.05 0.239 £+ 0.023 0.05 0.258 £+ 0.027 0.05 0.235 £ 0.024 0.05 0.231 £+ 0.028
0.15 0.264 £+ 0.026 0.15 0.305 + 0.035 0.15 0.272 £+ 0.032 0.15 0.240 £ 0.036
0.25 0.282 4+ 0.033 0.25 0.294 + 0.043 0.25 0.251 £ 0.040 0.25 0.269 £ 0.049
0.35 0.306 £ 0.037 0.35 0.267 £ 0.038 0.35 0.270 £ 0.039 0.35 0.307 £+ 0.038
0.45 0.285 £ 0.043 0.45 0.312 £ 0.041 0.45 0.322 £ 0.047 0.45 0.261 £ 0.045
0.55 0.330 £+ 0.042 0.55 0.333 £ 0.044 0.55 0.278 £+ 0.039 0.55 0.302 £+ 0.052
0.65 0.344 + 0.050 0.65 0.336 + 0.062 0.65 0.335 + 0.062 0.65 0.302 £ 0.057
0.75 0.360 £ 0.089 0.75 0.303 £+ 0.060 0.75 0.308 £ 0.069 0.75 0.299 £ 0.068
0.85 0.198 £+ 0.051 0.85 0.245 + 0.071

cos(0cm) | By =1344MeV | cos(0em) | Ey = 1371 MeV | cos(0em) | Ey = 1399 MeV | cos(0em) | Ey = 1425 MeV
—0.95 0.076 + 0.013 —0.95 0.068 + 0.012 —-0.95 0.068 £+ 0.012 —0.95 0.065 + 0.013
—0.85 0.090 £ 0.012 —0.85 0.093 £+ 0.015 —0.85 0.076 4 0.015 —0.85 0.080 4 0.014
—0.75 0.108 £+ 0.017 —0.75 0.100 £+ 0.015 —0.75 0.103 £ 0.014 —0.75 0.087 £ 0.015
—0.65 0.112 + 0.014 —0.65 0.112 £ 0.012 —-0.65 0.099 £ 0.012 —0.65 0.094 + 0.014
—0.55 0.139 + 0.017 —0.55 0.120 + 0.011 —0.55 0.113 £ 0.013 —0.55 0.104 £ 0.015
—0.45 0.162 £+ 0.028 —0.45 0.173 £ 0.026 —0.45 0.155 £+ 0.023 —0.45 0.132 £+ 0.021
—0.35 0.211 £+ 0.030 —0.35 0.175 &+ 0.027 —0.35 0.166 £ 0.028 —0.35 0.164 £+ 0.030
—0.25 0.191 £ 0.025 —0.25 0.177 £+ 0.023 —0.25 0.181 £ 0.027 —0.25 0.158 £ 0.022
-0.15 0.197 4+ 0.025 -0.15 0.188 + 0.023 -0.15 0.190 £ 0.021 —-0.15 0.160 + 0.024
—0.05 0.222 £+ 0.022 —0.05 0.188 £+ 0.025 —0.05 0.200 £ 0.027 —0.05 0.185 + 0.024
0.05 0.221 £ 0.029 0.05 0.239 4+ 0.031 0.05 0.185 £ 0.024 0.05 0.206 = 0.032
0.15 0.239 £+ 0.038 0.15 0.207 £ 0.031 0.15 0.220 £ 0.034 0.15 0.232 £ 0.040
0.25 0.270 £+ 0.048 0.25 0.258 + 0.041 0.25 0.239 £ 0.044 0.25 0.193 £+ 0.040
0.35 0.265 4 0.043 0.35 0.263 + 0.041 0.35 0.217 4 0.042 0.35 0.247 £ 0.047
0.45 0.250 £ 0.042 0.45 0.252 + 0.039 0.45 0.293 £ 0.064 0.45 0.222 £+ 0.039
0.55 0.264 + 0.051 0.55 0.233 £ 0.047 0.55 0.253 + 0.049 0.55 0.266 = 0.053
0.65 0.286 £+ 0.059 0.65 0.268 £+ 0.061 0.65 0.281 £ 0.064 0.65 0.245 £+ 0.051
0.75 0.298 + 0.064 0.75 0.269 + 0.060 0.75 0.263 £ 0.080 0.75 0.267 + 0.070

cos(0cm) | Ey = 1450MeV | cos(0em) | Ey = 1477 MeV

—0.95 0.050 + 0.013 —-0.95 0.034 £+ 0.016

—0.85 0.068 + 0.016 —0.85 0.053 £+ 0.016

—0.75 0.077 £ 0.013 —0.75 0.054 £ 0.015

—0.65 0.092 £+ 0.010 —0.65 0.087 + 0.018

—0.55 0.081 + 0.016 —0.55 0.058 £+ 0.012

—0.45 0.099 £ 0.017 —0.45 0.093 £ 0.027

—0.35 0.136 + 0.026 —0.35 0.130 £ 0.031

—0.25 0.134 £+ 0.032 —0.25 0.148 £ 0.032

—0.15 0.139 £ 0.021 —-0.15 0.110 £ 0.022

—0.05 0.134 £ 0.025 —0.05 0.156 £ 0.036

0.05 0.179 4+ 0.031 0.05 0.201 + 0.038

0.15 0.174 + 0.038 0.15 0.164 £ 0.051

0.25 0.170 + 0.041 0.25 0.142 £ 0.041

0.35 0.225 £+ 0.052 0.35 0.144 4 0.038

0.45 0.227 £ 0.052 0.45 0.251 £ 0.064

0.55 0.208 + 0.048 0.55 0.164 4 0.054

0.65 0.214 £+ 0.062 0.65 0.177 £+ 0.064

0.75 0.213 £ 0.093
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Fig. 9. Differential cross-section between 950 and 1100 MeV
obtained with a narrow energy binning for various 7 center-
of-mass angles. Comparison with the standard MAID model
(dashed line), BCC partial-wave analysis (solid line) and pre-
dictions of the modified reggeized MAID model including a nar-
row Pp; state. For this latter model, two versions are displayed
corresponding to the two choices for the ¢, hadronic relative
phase (dot-dashed line: ¢,y = +1, dotted line: ¢,y = —1).

Preliminary beam asymmetries have also been recently
presented by the CB-ELSA/TAPS Collaboration in the
energy range E., = 800-1400 MeV [9]. The measurements
were performed using a linearly polarized tagged pho-
ton beam produced by coherent bremsstrahlung off a dia-
mond. A nice agreement is found with our data, except at
950 MeV where sizeable discrepancies are observed (fig. 7).

4.4 Total cross-section

The total cross-section, plotted in fig. 8, was obtained by
integration of the measured differential cross-section, us-
ing the Bonn-Gatchina model (see sect. 4.5) to extrapolate
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Fig. 10. Beam asymmetry between 950 and 1100 MeV ob-
tained with a narrow energy binning (~ 16 MeV) for various
7 center-of-mass angles (closed circles). Data corresponding to
the large energy binning (~ 60MeV) presented in fig. 3 are
also plotted (open circles). Curve definition as in fig. 9.

to the uncovered forward region (5 to 15% of the full an-
gular range, depending on the energy). The extrapolated
fraction amounts between 2 and 15% of the estimated total
cross-section for most of the energies. The plotted errors
were calculated from the experimental ones and include
an additional uncertainty due to the extrapolation proce-
dure. The latter was estimated from the variation of the
total cross-section when considering for extrapolation the
two other models discussed below, whose behaviours in
the most forward region differ from the Bonn-Gatchina
model (see figs. 13 and 14). The resulting error represents
at the most 5% of the total cross-section.

It should be noted that, despite a good agreement be-
tween the differential cross-sections, the new total cross-
section is significantly lower than our previous estimate in
the 1050-1100 MeV range. This discrepancy mostly orig-
inates from the forward region. First, as already stated,
the new data are much more precise in this region and
clearly indicate a drop of the cross-section at forward an-
gles, not seen before. The integral over the measured range
is now lower. Second, in agreement with our data, the
model presently used to extrapolate drops at forward an-
gles; it gives therefore a smaller contribution as compared
to the simple polynomial fit (degree two) used in our pre-
vious publication. Both effects do explain the discrepancy.

Figure 8 displays the comparison with the CLAS [6],
CB-ELSA [7] and LNS-GeV-y [8] results. Apart from LNS-
GeV-vy, CLAS and CB-ELSA also did not cover the full
angular range and had to extrapolate to estimate total
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Fig. 11. Comparison between GRAAL (closed circles), CLAS (open squares), CB-ELSA (open stars) and LNS-GeV-y (open
crosses) differential cross-section data for the closest energy bins of the four experiments, from threshold to 1500 MeV (CLAS,

CB-ELSA and LNS energy values are in parenthesis).

cross-section. They used MAID and Bonn-Gatchina mod-
els, respectively. The new GRAAL estimates agree now
well with all other results.

4.5 Discussion

We have compared our results with three models: the
isobar model MAID, the coupled-channel partial-wave

analysis developed by the Bonn-Gatchina group and the
constituent-quark model of Saghai and Li. In the follow-
ing, these two latest models will be referred as BCC and
CQM, respectively.

The MAID model [12] is an isobar model designed
to fit the n photo- and electroproduction database. This
model contains, besides Born terms and vector meson ex-
changes, contributions from the following well-established



180

The European Physical Journal A

724 MeV

o ¢
(N
T

o
o

761 MeV

810 MeV

0.6
0.4
0.2

00¢F

Fig. 12. Angular distributions of the beam asymmetry. Data are compared with results of the MAID (dashed line), CQM

(dot-dashed line) and BCC (solid line) models.

F15(1680), D15(1700), P11(1710) and P13(1720) The
model is fitted to current photoproduction cross-section
data from Mainz-TAPS [1], GRAAL [4] and CLAS [6] as
well as beam asymmetries from GRAAL [2]. The fit gives
resonance masses and widths in good agreement with the
PDG compilation [22].

resonances: D13(1520), S11(1535), S11(1650), D15(1675),

In an alternative MAID analysis, the standard treat-
ment of ¢-channel vector meson exchange is replaced by
Regge trajectories while keeping the same N* contribu-
tions [13]. The reggeized version of the MAID model is
dedicated to fit the n and i’ photoproduction database.
Both standard and reggeized models give an overall good
description of the current 1 photoproduction results in the
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resonance region (W < 2GeV), the reggeized model be-
coming more appropriate to describe higher energy data.
It was however found that the standard isobar model
leads to an unusually large nN branching ratio (17%) for
the D15(1675) resonance, whereas the reggeized model re-
quires a rather small coupling (0.7%) [14].

The BCC model [15,16] is a combined analysis of pho-
toproduction experiments with 7N, nN, KA and K X final
states. 7° and 7 photoproduction data from CB-ELSA |7,
23], Mainz-TAPS [1] and GRAAL [2,17] as well as re-

sults on vp — naT [24] were used. Data available from
SAPHIR [25], CLAS [26] and LEPS [27,28] for the reac-
tions vp — K+A, vp — K+X% and vp — K'X% were
also included. As compared to the other models, the BCC
partial-wave analysis takes into account a much larger
database. A fair agreement with the whole database was
obtained with 14 N* and 7 A* resonances whose masses,
widths and electromagnetic amplitudes are compatible
with the PDG compilation [22]. One of the main outcome
of this model is the necessity to introduce several new res-
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onances above 1800 MeV, in particular the D13(1875) and
D15(2070) nucleonic states. The D;5(2070) resonance is
found to have a sizeable coupling to the n/V final state
while the D15(1875) does not significantly contribute. On
the other hand, this latter is found to have larger cou-
plings to the KA and KX final states as confirmed by our
recently published results on KA and K X° photoproduc-
tion [19].

The results of the standard MAID [29] and BCC [15]
models presented in figs. 3 and 12 to 14 include in their
respective database our previously published data up to
1100 MeV and some preliminary beam asymmetry val-
ues above 1100 MeV. These two models were not re-fitted
to take into account our final data set. For both ob-
servables, the overall agreement with the MAID model
(dashed line) is quite satisfactory. For the BCC model
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(solid line), the agreement is also very good and even bet-
ter for the beam asymmetry. However, contributions of
individual resonances other than the dominant S11(1535)
(as well as S11(1650)) differ for both models. The fit with
the MAID model indeed requires a strong contribution
from the P;1(1710) partial wave whereas the BCC model
needs a strong P;3(1720) state (the P;;(1710) plays no
role). By contrast, the D15(1675) resonance is negligible
in the BCC analysis while it has a sizeable contribution
in the MAID model.

The CQM model [10,11] is a chiral constituent-quark
model and embodies all known nucleonic resonances (the
same as in MAID plus P;3(1900) and Fy5(2000)). The
fitted database contains differential cross-sections and
beam asymmetries from Mainz-TAPS [1], GRAAL [2,4],
CLAS [6] and CB-ELSA [7,23] up to 2 GeV. Despite the
presence of all known resonances, the model could not fit
properly our previously published set of data. Only the
introduction of a new Sii-resonance allowed to reproduce
nicely the experimental data [4]. According to the authors,
this resonance, not predicted by the Constituent Quark
Model, may have an exotic nature such as a YK or AK
molecular state.

The inclusion of our new data in the CQM model has
started only recently and the conclusions are still prelimi-
nary. Nevertheless, the new fit (dot-dashed line in figs. 12
to 14) confirms the necessity of a third Si;-resonance with
a mass of 1730 MeV and a width of 240 MeV [30]. It needs
also the presence of the two new resonances Di3(1875)
and D15(2070) with masses and widths in agreement with
the predictions of the Bonn-Gatchina model.

Recent experimental and theoretical works in connec-
tion to the search for narrow exotic states have focused the
attention on 7 photoproduction on both proton and neu-
tron in the energy region around 1 GeV. Preliminary cross-
section data on quasi-free neutron have been recently ob-
tained by the GRAAL [31], CB-ELSA/TAPS [32] and
LNS-GeV-v [33] Collaborations. These results exhibit, in
addition to the dominant S11(1535), a resonant structure
around E, = 1GeV (W = 1.67 GeV), not seen on the pro-
ton to date. Beam asymmetries on quasi-free neutron have
also been measured by our Collaboration and will be pre-
sented and discussed in a forthcoming article [34]. Several
theoretical works have been recently performed to provide
an explanation of the structure seen in the cross-section
in terms of a baryon resonance predominantly coupled
to the neutron. In the framework of the standard MAID
model, this bump could be assigned to the Di5(1675)-
resonance [14]. The coupled-channel Giessen model shows
that this peak could be interpreted by the S1;(1650) and
Py1(1710) excitations [35]. By contrast, a modified ver-
sion of the reggeized MAID model shows that the inclu-
sion of an additional exotic narrow P;1(1670) state, with
a width of 10-30 MeV, could explain the observed struc-
ture [36]. This resonance was suggested in some previ-
ous works [37-39] to be the nucleon-like member of the
anti-decuplet of pentaquarks predicted by the chiral soli-
ton model [40]. The modified reggeized MAID calculation
predicts that this state, although much less coupled to the
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proton, should also be visible in 1 photoproduction on the
proton. A pronounced narrow structure should be seen
mainly at backward angles in the differential cross-section
and at all angles in the beam asymmetry [36].

In order to look for this narrow structure, we extracted
the differential cross-section and beam asymmetry with
the finest energy binning compatible with the energy reso-
lution (AE, ~ 16 MeV). The results obtained between 950
and 1100 MeV are presented in figs. 9 and 10 for various
71 center-of-mass angles ranging from 40° to 160°. Neither
the differential cross-section nor the beam asymmetry do
show any evidence of a narrow structure. From the differ-
ential cross-section and beam asymmetry results extracted
for each of the different data-taking periods, it was checked
that no robust narrow signal was hidden or smeared by
the data merging. The standard MAID and BCC mod-
els remain in fair agreement with our data even with the
finer energy binning. In addition, the predictions [36,41] of
modified versions of the reggeized MAID model, including
a narrow P;1(1670) state (10 MeV width), exhibit struc-
tures incompatible with our data.

5 Summary

In this paper, we have presented high-precision measure-
ments of the differential cross-section and beam asymme-
try for the yp — np reaction, from threshold to 1500 MeV.
The results are in good agreement with all previously pub-
lished data. For this channel, an extensive database con-
taining accurate beam asymmetries together with differen-
tial cross-sections is now available. Various models are able
to nicely fit these results but, despite constraints brought
by the beam asymmetry, their conclusions remain different
in terms of individual resonance contributions. New mea-
surements on other polarization observables are therefore
necessary to resolve these ambiguities. The possible con-
tribution of a narrow state N(1670) was also investigated
and no evidence was found.
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