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Precise measurement of S beam asymmetry for positive pion
photoproduction on the proton from 550 to 1100 MeV
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Abstract

S beam asymmetries for pq photoproduction on the proton have been measured in the energy range 550–1100 MeV
over a wide angular range. The statistical and systematic errors of the data are much lower than in previous measurements,
due to the high polarization of the photon beam and the cylindrical geometry of the 4p detector. Our results confirm the
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predictions WI98 and SM95 of the VPI partial-wave analysis at the energies below 850 MeV and at 1050 MeV while,
Ž .between these two regions, they differ at backward angles. It may indicate the smaller contribution of S 1650 resonance,11

than it was quoted previously by the VPI and PDG groups. A newly developed unitary isobar model reproduces our data up
to 950 MeV. q 2000 Elsevier Science B.V. All rights reserved.
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The study of the baryon resonances spectrum is a
very important task in intermediate energy nuclear
physics. It provides information on the excited states
of the three-quark-plus-gluons system. Our knowl-
edge of resonance properties, initially obtained in the
p N scattering, is now improved by the analysis of
precise photonucleon data.

Photon-nucleon interaction below 2.0 GeV, is
dominated by the excitation of baryon resonances,
which then decay into p N final states. The detailed
description of this mechanism requires a complete
data base comprising at least eight independent ob-
servables: the differential cross sections, the three

Žsingle-polarization observables polarized beam, tar-
.get and recoil nucleon and four, appropriately cho-

w xsen, double-polarization observables 1 . Such a
complete set of data is not yet available and the
extraction of resonance parameters from photopro-

w xduction data is necessarily model dependent 2,3 . It
is done by means of partial-wave analysis and multi-
pole decomposition in the framework of different

w xtheoretical approaches 4–9 which usually include,
in addition to resonant contributions, non-resonant
ones due to meson exchange and Born terms. The
comparison of the calculated observables with exper-
imental data constrains the theoretical models and
determines the role and properties of the resonances
included.

w xIn another phenomenological approach 10–13 ,
the contributions of partial waves, and the corre-
sponding electric and magnetic multipoles for
single-pion photoproduction are extracted from fits
to the existing experimental data. This last approach

Ž .is used by the Virginia Polytechnic Institute VPI
w xgroup 12,13 . The corresponding amplitudes are now

w xwidely used 4,5,14,15 . Parameters of 16 nucleon
and delta resonances have been determined using a
Breit–Wigner-plus-background parametrization of

w xthe amplitudes 12 .

The quality of these procedures is directly related
to the quality of the existing experimental data base,
which is mainly composed of cross-section points
w x12 , obtained with bremsstrahlung untagged pho-
tons. While the cross section is a source of informa-
tion about the general structure of the scattering
amplitude, polarization observables depend much
more on its details since they are given by the

winterference among different helicity amplitudes 4–
x6 .

S, the beam asymmetry in a reaction induced by
linearly polarized photons, is one of the single-polar-
ization observables. For pqn photoproduction it was
measured in six previous experiments, all dated be-

wfore 1980, with untagged bremsstrahlung 16,17,19–
x w x21 and laser backscattering 18 beams. Only two of

w xthem 18,19 cover simultaneously a wide range of
energies and angles. A few points with large error
bars and significant disagreement, exist at backward
Ž . w x)1258 angles 16,18 . In this Letter, we present
new accurate S data for the pqn channel, measured
from 550 to 1100 MeV, on a wide angular range
including backward angles and compare them to
existing predictions. We shall see that at angles
-908 the experimental data are reasonably well
reproduced, while at higher momentum transfers the

w xsituation is not so clear 4,8,13 .
w xThe novel GRAAL facility is described in 22 . It

was designed to measure polarization observables in
photon-induced reactions. It uses the polarized and
tagged photon beam obtained by backscattering laser
light on the 6.04 GeV electrons of the storage ring of

Ž .the European Synchrotron Radiation Facility ESRF .
With the green 514 nm laser line, used in the present
measurement, the tagged spectrum covers the energy
range of 550–1100 MeV. It has an energy resolution

Ž .of 16 MeV Full Width at Half Maximum FWHM .
The linear beam polarization varies from 0.43 at the
lower energy limit to 0.98 at the upper one. The
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GRAAL detector is made of a cylindrically symmet-
rical central part, for particles emitted at u anglesl ab

of 25–1558, a forward part for angles smaller than
258, and a backward part for angles larger than 1558.
Together they cover a solid angle very close to 4p .

The central part consists of two coaxial cylindri-
cal wire chambers, a 5 mm thick scintillator barrel,
which provides DE information for particle identifi-

w xcation, and the BGO ball made of 480 crystals 23 .
The forward part consists of two planar wire cham-

Ž .bers, a TOF Time-Of-Flight hodoscope counter
made of two planes of 3 cm thick plastic scintillator
bars, and a shower wall. The backward part consists
of two plastic-scintillator disks separated by 1 cm of
lead.

Ž .Neutrons, emitted at forward less than 258 an-
gles, were identified by a signal in the shower wall
and no signal in the preceding detectors. The shower
detector is an assembly of 16 modules, covering
together an area of 3=3 m2 located at 3.3 m from
the target. Each module is a sandwich of 4 layers of

Ž .plastic scintillator each 40 mm thick separated by a
lead converter. The shower wall is used for the
detection of forward photons and neutrons as well as
charged particles. Further particle identification in
the shower wall is possible by means of the relation
between their energy deposition and time of flight.
The wall provides the detection of particles with an

Ž .angular resolution of 2.5–38 FWHM . The TOF
resolution is 600 ps for photons and charged parti-

Ž .cles and 700–800 ps FWHM for neutrons. In Fig.
1, the energy deposition for neutral particles is plot-
ted versus their time of flight. The well-separated
line of photons is located at 11 ns, while neutron
events start at a TOF of 13.3 ns, corresponding to the
maximum of their kinetic energy at 1100 MeV.

Pions, corresponding to neutrons at forward an-
gles, were detected by the BGO ball. The barrel
separates charged and neutral particles. This assem-
bly provides an angular resolution of about 88

Ž .FWHM . Pions loose their energy in the BGO
w xthrough ionization and hadronic interactions 24 .

Pions with a kinetic energy larger than 300 MeV
escape from the crystals unless they undergo a deep
hadronic interaction with the BGO. Stopped pions
decay mostly into neutrinos and muons. Also muons
decay inside the detector and the energy of the
electron can be detected in total or in part. The

Fig. 1. Energy deposition in the shower wall versus time of flight
for neutral particles.

average energy deposited by the pions, in the kine-
matical range of this measurement, was found from a
GEANT simulation to be 20–40 MeV higher than
their kinetic energy. After corrections the determina-
tion of the pion kinetic energy became possible,
however, with a rather poor resolution: 15–30%
Ž .FWHM . With the energy of the incoming gamma
provided by the tagger and the energies and angles
of the pion and neutron measured by our detector,
the kinematics of the reaction is overdetermined.
Therefore this process can be well identified using
kinematical constraints.

At the first step of the analysis, the events were
selected by the relation of missing masses, calculated
from the energy of the incoming photon and the
measured momenta of the other particles. After that,
a global kinematical fit was applied. The center of
mass angles of the pion and the f-angles of the
reaction plane were determined by a x 2 minimiza-
tion procedure comparing the calculated energies and
angles in the laboratory system with the measured
ones and their estimated errors. The value of x 2

was used for further selection of events. This proce-
dure eliminated the rest of the background and pro-
vided an improved determination of the u and fcm

angles.
For pq emitted at medium angles in the CM,

both outgoing particles, the pq and the neutron
interact with the BGO ball. The identification of the
corresponding final state was achieved in successive
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steps. First, from the response of the segmented
scintillating barrel surrounding the target, the events
generating two clusters in the BGO, one correspond-
ing to a neutral and the other to a charged particle,
were selected. Corresponding events could still be
polluted by partially detected events coming from
the g p™pp 0 reaction, when one g from the p 0

decay escapes the BGO. Therefore, a second selec-
tion was performed using the energy balance calcu-
lated with the assumption of either a g p™npq or a
g p™pp 0 reaction. The corresponding energy spec-
trum displays well separated peaks and allows the
selection of the g p™npq events. Finally it was
considered the variable u for the two clusterssum

u s0 qu , where u is the polar angle insum neutral charged

the laboratory system. A narrow peak in the distribu-
tion of the difference u exp yu calc, corresponding tosum sum

the two-body g p™npq reaction, was obtained
around zero, standing on top of a flat background.
This background, coming from multipion final states,
never exceeded 10% and was subtracted from the f

distributions of selected events.
For photons linearly polarized in the vertical plane

with a polarization degree P, the cross section can
be written as

ds ds
f s 1qPScos 2f ,Ž . Ž .Ž .ž / ž /dV dVpol unpol

where f is the angle between the reaction plane and
the horizontal plane and S is the beam asymmetry.
The cylindrical symmetry of the detector provides
the distributions of selected events over the entire
range 0–3608 of f angles. Measurements were car-
ried out with two alternated orthogonal states of the
beam polarization.

Ž .The asymmetry is extracted Fig. 2 from the
azimuthal distribution of events for one of the polar-
ization states, normalized to the azimuthal distribu-
tion corresponding to an unpolarized beam

ds ds
f rŽ .ž / ž /dV dVpol unpol

s1qPScos 2fŽ .

s2 F f r F f qaF f ,Ž . Ž . Ž .Ž .ver ver hor

F and F are the measured azimuthal distribu-hor ver

tions of events for each polarization state, a is the

Ž . Ž Ž . Ž ..Fig. 2. 2 F f r F f q aF f . Normalized azimuthalver ver hor

distribution at E s950 MeV and u s1358. The fitted curveg cm
Ž Ž ..1q PScos 2f makes it possible to extract the beam asymme-

Ž .try S s S E ,u .g cm

ratio of the beam fluxes corresponding to the vertical
and horizontal polarizations. This procedure de-
creases significantly the systematic errors of the
extracted asymmetries. The remaining systematic er-
ror, estimated as not more than 0.02, is due to the
uncertainties originating from the possible deteriora-
tion of the laser light polarization on the mirrors,
lenses and the window of the laser focusing system,
from slightly different beam profiles on the target for
each polarization state and from insignificant uncer-
tainties in the background subtraction.

Our results, shown in Fig. 3 together with the
w xmost accurate previous results 16,18,19 , are in good

agreement with the other experiments. New data
points are produced in the almost unmeasured region
of backward angles up to 1608. There is a discrep-
ancy in these angles with two existing points at 900

w xMeV from Ref. 18 which are also in contradiction
w xwith the results of Ref. 16 .

At energies below 750 MeV and above 1050
MeV, the results of the VPI analysis are confirmed.
Between 800 and 1000 MeV the SM95 solution is
rather lower at backward angles. The recent WI98
solution is a significant step toward our results.
However, it still differs in the region of 850–1000
MeV at backward angles and seems to be slightly
worse below 700 MeV.

We have compared our results also with the pre-
w xdictions of Drechsel et al. 4 . This newly developed
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Fig. 3. S-asymmetry for positive pion photoproduction at differ-
ent incident g energies. Black triangles are our results for both

Ž q .outgoing particles p and neutron detected by the BGO ball,
black circles are our results for the neutrons emitted at forward

w xangles: open circles are the results of the Daresbury group 19 ,
w xopen triangles and squares are from SLAC 18,16 . The solid and

dotted lines are the WI98 and SM95 solutions of the VPI partial-
w xwave analysis, respectively 13 , and the dashed and dash-dotted

w x Ž .lines are the predictions from 4 with and without S 1650 .11

unitary isobar model for pion photo- and electropro-
duction includes all the main resonances. Resonances
properties were determined from the fit to pion
photoproduction data, initially starting from the VPI
parameters set. While a reasonable agreement with
the previous analyses was achieved, the extracted

Ž . p y3S 1650 helicity coupling A s 39 = 1011 1r2

GeVy1r2 was essentially smaller, than it was quoted
Ž p Ž . y3by two groups: the VPI A s 69"5 =101r2

y1r2 w x. Ž p Ž .GeV 12 and the PDG A s 53"16 =1r2
y3 y1r2 w x.10 GeV 25 . This model seems to reproduce

our data up to 950 MeV, with a minor deviation in
the region of 750 MeV. The important role of

Ž .S 1650 at backward angles is illustrated in Fig. 3.11

Four curves are plotted: two corresponding to calcu-
w x Ž .lations 4 with and without S 1650 contributions11

Ž p y3 y1r2 prespectively A s39=10 GeV and A1r2 1r2
. Ž ps0 and two with the VPI solutions SM95 A s1r2

Ž . y3 y1r2 . Ž p69"5 =10 GeV and WI98 A is not1r2
w x.yet available 26 .

w xA similar result was obtained in 5 , where the
effective Lagrangian approach was applied for both
meson scattering and photoproduction. In order to fit
properly the kaon-photoproduction data, authors re-

Ž .duced the helicity coupling of the S 1650 reso-11

nance. The overall fit reasonably reproduced the
whole data base, including previous pion photopro-
duction data, with the couplings A p s31, 33, or1r2

45=10y3 GeVy1r2 for three variations of the fit-
ting procedure.

This S data at backward angles, together with the
w xresults of 4,5 , suggest a smaller contribution of the

Ž .S 1650 resonance, than it was previously assumed.11

It is likely, that the coupling strengths of another
resonances should be also re-evaluated. However,
definite conclusions should be the subject of a care-

w xful analysis, now carried out by the VPI group 26 .
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