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We report on new measurements of the beam asymmetry for ω photo-production on proton and
neutron in Hydrogen and Deuterium targets from the GRAAL collaboration. The beam asymmetry
values are extracted from the reaction threshold (Eγ = 1.1 GeV in the free nucleon kinematics) up
to 1.5 GeV of incoming photon energy. For the first time both the radiative and the three-pion decay
channels are simultaneously investigated on the free proton. Results from the two decay channels
are in agreement, leading to the world most precise measurements of the beam asymmetry for ω
photoproduction off free proton. First experimental results on the deuteron allow the extraction of
the Σ beam asymmetry on quasi-free nucleons. The beam asymmetry angular distributions obtained
for the free and the quasi-free kinematics show the same behaviour, similar to the findings in pseudo-
scalar meson photo-production reactions. First results of the beam asymmetry on the quasi-free
neutrons are presented, showing different strength and angular distributions from the results on the
proton target.

PACS numbers: 13.60.Le,13.88.+e, 25.20.Lj

I. INTRODUCTION

The observation of nucleon excited states is fundamen-
tal for the unraveling of its internal structure. It is now
understood that dynamic chiral symmetry breaking is
responsible for dressing the QCD current-quark masses,
which evolve into constituent-quarks as their momenta
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decrease [1]. This creates a theoretical justification for
constituent-quark models which have been used to pre-
dict the nucleon spectrum [2, 3]. However, important dif-
ferences are still observed between the experimental nu-
cleon spectrum and the theoretical ones; many predicted
excited states have not been observed yet and have been
called missing resonances.

Since the nucleon excited states decay strongly with
meson emission, meson production experiments on the
nucleon are the ideal environment to search for missing
resonances. Most of our knowledge of the resonance prop-
erties comes from pion induced reactions. Koniuk and Is-
gur [4] interpreted the missing resonances as states which
are weakly coupled to the pion channels and suggested to
access them using an electromagnetic probe and detect
final states such as ηN , ωN or KΛ.

The study of ω photo-production on the nucleon is
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interesting for several reasons. The reaction threshold
lies in the third resonance region, providing access to
higher mass resonances. Because of the ω meson rela-
tively small decay width (Γ=8 MeV), its experimental
invariant mass spectrum is peaked and relatively easy
to distinguish from the non-resonant background. More-
over, isospin conservation allows only the excitation of
N∗(I = 1

2 ) resonances in the reaction mechanism, while

∆∗(I = 1
2 ) states do not contribute.

The extraction of N∗ parameters from photo-producti-
on data would ideally proceed through experimental de-
termination of reaction amplitudes for all spin and isospin
states, using a model-independent procedure, and then
relying on theoretical models to separate the resonant
contributions from the non-resonant processes. In the
case of vector meson photo-production on the nucleon,
twelve independent complex amplitudes are necessary
to completely specify the reaction in the spin space [5],
which requires measurements of at least twenty-three in-
dependent polarization observables, including the unpo-
larized differential cross section. Since the electromag-
netic interaction is not isospin invariant, isoscalar and
isovector amplitudes are mixed with opposite signs in
the ω photo-production on proton and neutron. Data on
both proton and neutron target are therefore necessary
to extract all reaction amplitudes from experimental re-
sults and perform a so-called ”complete experiment”. As
this task remains very difficult for vector meson photo-
production experiments, the extraction of resonance pa-
rameters from the data relies mostly on theoretical mod-
els, which are constrained by the inclusion of new polar-
ization observables in the database.

First measurements on ω meson photo-production date
back to the 60’s and 70’s [6–10]. Differential cross sec-
tions were measured at incoming photon energies rang-
ing from threshold to 9.3 GeV. An exponential decay of
the differential cross section with increasing values of -t
(square of the four-momentum transfer) was observed at
the higher energies. A similar trend was also observed,
at low momentum transfer, at energies close to the reac-
tion threshold. This diffractive behavior was interpreted
within the vector dominance model (VDM) as a direct γ-
ω coupling followed by the elastic scattering of the ω me-
son on the proton target. More recently [11] this process
has been described in terms of natural-parity exchange
(Pomeron) and unnatural-parity exchange (π0) in the t-
channel; the former dominates at high energies while the
latter is the most important contribution at energies close
to threshold and for small |t|. The role of the two contri-
butions may be disentangled by exploiting the additional
information provided by polarization observables such as
the spin density matrix elements [9]. At large momen-
tum transfer, deviations from the pure diffractive behav-
ior are associated to s- and u-channel contributions [10],
including resonance excitation. A more direct way to es-
timate the contribution of intermediate resonant states
consists in measuring polarization observables: in par-
ticular, the beam asymmetry Σ is expected to be not

null only if s- and u-channel terms are involved in the ω
photo-production process.

In the past decade the study of baryon resonances has
motivated several facilities to measure the ω meson dif-
ferential cross section on the proton, with very high pre-
cision, in the energy region from threshold to 2.8 GeV
[12–16]. Several theoretical interpretations attempted
the extraction of resonant contributions, reaching con-
flicting results [17–24], but all agreeing that beam polar-
ization observables are needed to constrain the dynamics
of the ω photo-production reaction.

At present, beam polarization asymmetry has been
measured only on the proton target from energy thresh-
old up to 1.5 GeV in a previous analysis published by dif-
ferent members of the GRAAL collaboration [15], study-
ing the ω → π+π−π0 decay channel, and up to 1.7 GeV
by the CBELSA/TAPS collaboration [25], investigating
the ω radiative decay channel. The two results are not
in agreement within the quoted errors and show different
angular distributions.

We are reporting on new high precision results of
beam asymmetry for ω photo-production off proton. For
the first time, the ω meson is investigated both in the
ω → π+π−π0 decay and in the ω → π0γ radiative decay,
simultaneously. We also provide the very first results of
the beam asymmetry for ω photo-production off neutron,
measured in the quasi-free kinematics on a deuteron tar-
get.

II. THE GRAAL EXPERIMENT

The GRAAL experiment was located at the Euro-
pean Synchrotron Radiation Facility (ESRF) in Greno-
ble (France), where it has been taking data from 1996 to
2008.

A linearly polarized photon beam impinged on a liquid
H2 or D2 target, and the final products were detected by
the large solid angle detector LAGRANγE (Large Ac-
ceptance GRaal-beam Apparatus for Nuclear γ Experi-
ments). The photon beam was produced by the Compton
backscattering of low-energy polarized photons from an
Argon laser, against the 6.03 GeV electrons circulating
inside the ESRF storage ring (see [26] for more details on
backscattered photon beams).

The UV laser line was used to produce a backscattered
photon beam, covering the energy range up to 1.5 GeV.
By the use of the far-UV laser line, the investigated en-
ergy range was extended up to 1.55 GeV for the reaction
off free protons. A tagging system, located inside the
electron ring, provided an event-by-event measurement
of the photon beam energy, with a resolution of 16 MeV
(FWHM).

Since the electron involved in the Compton scattering
is ultra-relativistic, its helicity is conserved in the pro-
cess at backward angles and the outgoing photon retains
the polarization of the incoming laser beam (' 100%).
The correlation between photon energy and polarization
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is calculated with QED [27] and is higher than 68% in
the energy range from the reaction threshold to 1.55 GeV.
During the data taking a half-wavelength plate was used
to rotate the beam polarization by 90◦ (vertical to hori-
zontal and back) at intervals of about twenty minutes, in
order to collect data in the same experimental conditions
with both polarization directions.

The LAGRANγE detector can be divided into two an-
gular regions:
1. the central region (25◦ ≤ θ ≤ 155◦ in the laboratory
frame) consisting of:

• two cylindrical multi-wire proportional chambers,
used for charged particle tracking, having an angu-
lar resolution of 3.5◦ and 4◦ for polar and azimuthal
angles, respectively [28];

• an inner plastic scintillator barrel, used for the dis-
crimination between charged and neutral particles;

• the BGO electromagnetic calorimeter (see [29], [30]
and [31]), made of 480 crystals and optimized for
photon detection with an energy resolution of 3%
at 1 GeV and angular resolution of 6◦ and 7◦

(FWHM) for the polar and azimuthal angles, re-
spectively; it has good performances also for proton
detection for kinetic energies up to 400 MeV;

2. the forward region (θ ≤ 25◦ in the laboratory frame)
consisting of:

• two planar multi-wire proportional chambers, for
charged particle tracking with a resolution of' 1.5◦

and ' 2◦ (FWHM) for polar and azimuthal angles,
respectively;

• a double wall of plastic scintillator bars, with a time
resolution of 300 ps, for time of flight (TOF) and
impact coordinates measurement of charged parti-
cles. It is used for the proton energy calculation
from TOF measurement;

• a shower wall, with a time resolution of 600 ps [32],
for TOF and impact coordinates measurement for
both charged and neutral particles. It is used for
neutron/photon discrimination and for neutron en-
ergy calculation from TOF measurement. Neutral
particle direction of flight may be determined with
a resolution of ' 3◦ (FWHM), for both polar and
azimuthal angles.

Signals from different detectors, which are found in ge-
ometrical and time coincidence, are associated and then
interpreted in terms of passage of particles, according
with the following considerations:
1. in the central detector:

• a cluster in the BGO calorimeter, associated with a
signal in the cylindrical chambers or in the barrel,
is interpreted as a charged particle and its angles
are provided by the tracking chambers, if present,

TABLE I. List of kinematic variables directly or indirectly
measured for each kind of particle.

kind of particle central detector forward detector

photon θ, φ, Energy θ, φ

neutron θ, φ θ, φ, Energy

proton θ, φ, Energy θ, φ, Energy

π+/π− θ, φ θ, φ

or by the BGO.
If, within the analysis, the particle is interpreted as
a candidate proton, its kinetic energy corresponds
to the energy deposited in the BGO (no protons
with more than 400 MeV kinetic energy are pro-
duced in our kinematical range, for which hadronic
interactions would become non negligible); if the
particle is interpreted as a candidate charged pion,
it does not release all its energy in the detector and
its kinetic energy is unknown;

• a cluster in the BGO calorimeter, which is not in
coincidence with any signal in the cylindrical cham-
bers nor in the barrel, is interpreted as a neutral
particle (photon or neutron) and its angles are pro-
vided by the location of the BGO cluster.
If, within the analysis, the signal is interpreted as
a candidate photon, its energy is provided by the
BGO; if it is interpreted as a candidate neutron, its
energy is unkonwn.

2. in the forward detector:

• a signal in the planar chambers in geometrical co-
incidence with a signal in the wall of plastic scin-
tillators is interpreted as a charged particle.
If, within the analysis, the particle is interpreted
as a candidate proton, its energy is calculated from
the TOF, imposing the mass of the particle being
equal to the theoretical value of the proton mass;
if the particle is interpreted as a candidate charged
pion, which is relativistic, its energy is unkown.

• a signal in the shower wall, which is not in coinci-
dence with any other signal in the planar chambers
nor in the plastic scintillators wall, is interpreted
as a neutral particle (photon or neutron).
No energy measurement is provided for photons,
while for neutrons the kinetic energy is calculated
from TOF.

A summary of the kinematic variables measured by the
detector for each kind of particle can be found in tab. I.

At the end of the beamline, two photon flux monitor-
ing detectors were used. The first one, with respect to
the beam direction, was composed of two plastic scintil-
lators preceded by an Aluminum foil to convert photons
into electron-positron pairs, while a third plastic scintil-
lator before the Aluminum foil was used as a veto for the
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upstream background. Its detection efficiency was low
(' 3%) to avoid pile-up effects during data taking. The
second flux monitor consisted of a uniform array of plastic
scintillating fibers and lead [33] (spaghetti calorimeter).
Its photon detection efficiency approaches to 1 and it was
used to calibrate the efficiency of the former monitor, us-
ing the low intensity Bremsstrahlung beam. A detailed
description of the LAGRANγE apparatus can be found in
[34] and a schematic representation of the whole GRAAL
set-up is shown in fig.1 of the same reference.

III. DATA ANALYSIS

The three-pion decay ω → π+π−π0 (B.R. ' 89.2%)
and the radiative decay ω → π0γ (B.R. '8.3%) are the
main decay channels of the ω meson [35]. The exclusive
measurement of the ω meson photo-production on the
nucleon in the radiative decay channel requires the detec-
tion of a nucleon and three photons in the final state. If
the angles and kinetic energies of all particles in the final
state are measured, the kinematics of the reaction is over-
determined. Since the GRAAL apparatus is optimized
for photon detection and no other competing reaction
has the same final state, we expect that events from this
channel can be selected and separated from background.
The three-pion decay channel requires the detection of
two charged pions in addition to a π0 and a nucleon. It
is important to point out that the GRAAL detector does
not provide information on charged pion energies, and
that these must be deduced from kinematics constraints.
In the data analysis of the free proton (H2 target), the
target nucleon can be considered at rest and momentum
conservation relations can be used to calculate the mo-
mentum strength for each of the charged pions. However,
in the investigation of D2 data in the quasi-free kinemat-
ics, it becomes impossible to estimate the energy (or the
momentum) of the charged pions in the final state, due
to the unknown Fermi momentum of the target nucleon.
Moreover, the direct π+π−π0 photo-production cannot
be separated from the ω photo-production reaction, and
it must be properly evaluated and subtracted.

Due to these considerations, the radiative and the
three-pion decays have simultaneously been investigated
for the free proton target only. Since the beam asymme-
try measurement is independent from the ω meson decay
mode, assuming that the events are integrated over the
whole decay phase space, a comparison of the results ob-
tained for the two decay channels provides a strong check
on systematic errors and on their stability when different
event selection techniques are used. The data analysis
procedure applied for the radiative decay on the free pro-
ton is then extended to the deuteron data set, in order to
study the ω photo-production on both quasi-free proton
and quasi-free neutron targets.

The first step in the analysis, common to all data sets
and reaction channels, consists in the association of all
signals from the LAGRANγE detector to the particle

tracks. In the central region those tracks where at least
one detector has been found in geometrical and time co-
incidence with the BGO calorimeter are interpreted as
produced by charged particles, while neutral particles
are expected to leave a signal in the BGO calorimeter
only. In the forward region those tracks where at least
two detectors provided a signal (either the two layers of
the scintillating wall or the wire chambers and first layer
of the scintillating wall) are interpreted as produced by
charged particles, while neutral particles are associated
to signals observed in the shower wall only.

A primary selection criterion in the analysis of all the
reaction channels is the choice of a proper number of
charged and neutral particle tracks in the apparatus, as
explained in detail in the following subsections.

A. ω photo-production on the free proton: the
radiative decay channel (ω → π0γ)

The analysis is performed for all the events showing at
least one charged track and three neutral signals, among
which at least two neutral particles are detected by the
BGO calorimeter.

The next step consists in associating the tracks to the
final state particles of the γp→ ωp→ π0γp→ γγγp reac-
tion, without discarding events. For each charged track
the missing mass of the reaction γp → p′X (Mmiss =√

(p̃γ + p̃p − p̃p′)2) is calculated, using the measured
tagged photon energy. The charged track whose miss-
ing mass is the closest to the ω mass value (Mω = 782.57
MeV [35]) is interpreted as the final-state proton. The
three neutral signals whose invariant mass is the closest
to the ω mass value are interpreted as the three final-
state photons. If one of the photons is detected in the
forward direction, its energy is calculated by imposing
the energy balance of the reaction. Among the three
selected final-state photons, the couple whose invariant
mass is the closest to the π0 mass value is matched to the
π0 → γγ decay. The energy and angles of the ω meson
(and of the π0 from its decay) are calculated using the
momentum of the three final-state photons.

Among all measured quantities, the incoming photon
energy and the outgoing proton angles are the ones mea-
sured with the best resolution. Starting from these quan-
tities and imposing two-body four-momentum conserva-
tion of the γp→ ωp reaction, the proton energy and the
ω meson momentum are calculated, obtaining a new set
of variables (Ecalcω ,θcalcω , φcalcω and EcalcP ) which can be
used in the data selection procedure.

On the basis of simulation studies, it is justified to
clean the data set selecting the sole events which do not
show any other signals from the detector, except the ones
already interpreted as the final-state proton or photons.
This selection is performed requiring that no other signal
appears in the forward detector, and accepting events for
which a maximum energy of 5 MeV is deposited in the
BGO calorimeter by extra-signals. These conditions re-
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ject background events but still save ω events for which
low-energy particles are produced by the passage of the
nucleon in the BGO crystals or by albedo of the detected
photons.
The two remaining major background sources are iden-
tified as events from the

γp→ π0π0p→ γγγγp (1)

reaction channel, when one photon is undetected, and
from the

γp→ π0p→ γγp (2)

reaction channel, when a third random neutral signal in
the detector is erroneously interpreted as the third final-
state photon. Selection criteria are determined by ana-
lyzing 9×106 simulated events from all possible photo-
reaction channels on the proton target, in the incoming
photon energy range covered by the experiment. The aim
is to maximize the event selection efficiency and minimize
the background contamination. The following selection
criteria are identified:

1. the absolute value of the difference between the
measured and calculated energy of the ω meson
must be smaller than 200 MeV (|Eω − Ecalcω | <
200 MeV) (see fig.1, where background events are
concentrated in the first bump);

2. since four-momentum conservation implies that the
total transverse momentum of the detected parti-
cles must be null, the experimental correlation of
the transverse momentum components of the reac-
tion PTOTx vs. PTOTy is calculated from the proton
and ω meson tri-momentum components and can
be fitted using a bi-gaussian distribution:

(PTOTx )2

σ2
x

+
(PTOTy )2

σ2
y

≤ n2

where σx = σy = 30 MeV/c are the fitted widths
associated to the experimental distributions of the
variables PTOTx and PTOTy , respectively (fig.2, first
row: panels (a) and (b)). The event selection is
performed choosing n=3; this cut embeds the con-
straint on the co-planarity of the final-state parti-
cles;

3. the proton missing mass must be at least 200 MeV;

4. the invariant mass of the three final-state photons
must be at least 680 MeV.

First and second cuts, shown in fig.1 and fig.2 respec-
tively, are very effective in suppressing the two-π0 photo-
production background; the third cut is needed to sup-
press single π0 photo-production events. The effect of
the event selection constraints is monitored using the ω
meson invariant mass spectrum, as shown in fig.3. The
residual background event contamination, shown by the
empty blue squared points in fig.3, is estimated through
the simulation to be less than 6% of all selected events.
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FIG. 1. Experimental distribution of the difference between
the calculated and the measured energy of the ω meson. The
two vertical lines indicate the range of the selected energy
region (first selection cut). Simulation studies show that the
background events mainly populate the bump structure cor-
responding to the largest difference between calculated and
measured energy.

B. ω photo-production on the free proton: the
3-pion decay channel (ω → π+π−π0)

The analysis is performed for all events with at least
three charged tracks and two neutral signals. The
charged track corresponding to the final-state proton is
identified according to the same missing mass criterion
that is applied for the radiative decay (see previous sec-
tion). For the ω meson reconstruction, all possible com-
binations of two neutral signals in the BGO calorimeter
and two charged tracks in the whole detector are con-
sidered, with unknown energies and charge signs for the
two candidate charged pions. Among all neutral signal
pairs detected in the BGO calorimeter, the one whose
invariant mass is closest to the π0 mass value is selected
and identified as the couple of photons from the π0 de-
cay. The selected photons are then combined with all
the residual charged track couples, considered as candi-
date charged pions from the ω decay. As already pointed
out, the energy of charged pions is not measured in the
detector. Nevertheless, the charged particle track angles
are known, and transverse momentum conservation law
is reduced to two equations, which allow the extraction
of the two unknown pion momenta. The pair which bet-
ter satisfies the longitudinal momentum conservation is
selected and matched to the charged pions from the ω
decay.
In order to obtain a better coverage of the phase space,
the possibility that one photon from the π0 decay is
emitted in the forward direction is also investigated.
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FIG. 2. (Color online) Transverse momentum distribution
of final-state particles: x vs. y distribution in a 3-D image
(left panel) and corresponding level curves (right panel). First
row, panels (a) and (b): experimental distribution on the free
proton target (section III.A). Second row, panels (c) and (d):
experimental distribution on the quasi-free proton (section
III.C). Third row, panel (e) and (f): experimental distribution
on the quasi-free neutron (section III.C).

The combinations of one neutral signal from the BGO
calorimeter, one photon in the shower wall and two
charged tracks in the whole apparatus are considered. In
this case not only the charged pion energies, but also the
energy of the forward photon is unknown. The three-
momentum conservation law is used to determine the
charged tracks momenta and the forward photon energy.
When more than two neutral signals appear as candidate
final-state photons, the pair whose (γ1,γ2) invariant mass
is closest to the π0 mass is selected. All kinematical vari-
ables of the ω meson (Eω, θω and φω) and of the π0 me-
son (Eπ0 , θπ0 and φπ0) can then be calculated. Finally,
a two-body kinematics reconstruction of the γp→ ωp re-
action is attempted, as done previously for the radiative
decay channel.
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FIG. 3. (Color online) Effects of the selection criteria on the
ω mass distribution for simulated data. Empty black circles:
all events; full black squares: distribution after the cut on
the number of residual signals in the forward detector; full
black upward triangles: distribution after the cut on the en-
ergy deposited by residual signals in the BGO calorimeter
(required to be smaller than 5 MeV); full black downward
triangles: distribution after the kinematical cut on the differ-
ence between the calculated and the measured energy of the ω
meson (cut number 1) and the transverse momentum conser-
vation (cut number 2); full red circles: distribution after the
cut on the proton missing mass (cut number 3). The black
vertical line corresponds to the condition applied on the three
final-state photons invariant mass (cut number 4). The dis-
tribution of the remaining background events is shown by the
empty blue squares. Background contamination is estimated
to be smaller than 6% of all selected events from simulation
studies.

The most important difference, between the radiative
decay analysis and the current one, lies in the event se-
lection procedure. In the case of the three-pion decay,
background events arise mainly from the direct three-
pion reaction:

γp→ π+π−π0p.

This represents the physical background for our process
and there are no cuts allowing for background rejection,
since both ω photo-production and background events
satisfy the same kinematics. Therefore, a background
subtraction technique must be applied. Two cuts are
previously used to clean the data set: the three-pion in-
variant mass must be smaller than 2 GeV and the invari-
ant mass of the two photons must lay in the range from
100 MeV up to 170 MeV. Then a fitting procedure for the
estimation of signal and background events is developed.

Two distributions can be used to extract the number of
events: the final-state proton missing mass (γp → p′X)
and the three-pion invariant mass distributions. The first
one is more reliable, since it is directly calculated from
measured variables (proton energy and angles). The fit
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of the proton missing mass distribution is performed at
fixed values of the incoming photon energy Eγ (4 bins),
of the ω polar and azimuthal angles (θ∗ω and φω) in the
center-of-mass frame (5 and 16 bins, respectively) and
for each polarization state (vertical and horizontal). A
total of 640 bins is fitted.
Detailed studies of simulated and experimental distrib-
tions of the proton missing mass have been performed in
order to identify the best fitting function. Both gaussian
and Breit-Wigner distributions have been considered to
reproduce the distribution of the ω events, together with
several polynomial functions (1st-, 2nd- and 3rd-order)
to reproduce the distribution of the background events.
The best fitting function has been selected on the base
of the reduced χ2 values. It is the sum of a Breit-Wigner
distribution and of a 3rd-order polynomial function, for
signal and background events respectively. Two exam-
ples of fitted bins are shown in fig. 4.
The left panel of fig. 4 (panel a) is shown as an example
of the fitting procedure quality which has been achieved
for incoming photon energies up to about 1.44 GeV. For
higher energies (Eγ = 1.44 - 1.55 GeV), the available
statistics is much lower, as it can be deduced from fig. 4
(panel b), and the corresponding fits were not reliable.
Due to this reason, the beam asymmetry for the three-
pion decay channel is extracted for the first 3 energy bins
and not in the fourth one.

C. ω photo-production on the quasi-free nucleon:
the radiative decay channel (ω → π0γ)

Data analysis is performed both on the proton and on
the neutron target in the participant/spectator descrip-
tion. The reaction is thought to take place on one of
the nucleons (the participant), which has a Fermi mo-
tion, while the second one (the spectator) is not involved
in the process. The event selection procedure, optimized
for the proton target and the ω radiative decay channel,
may be extended to the deuteron data-set. The final-
state nucleon is identified according to the missing mass
criterion. Since knowledge of the nucleon energy is nec-
essary for the missing mass calculation, in the case of ω
photo-production on neutron target, only events with the
neutron emitted in the forward direction are analyzed.
The identification procedure of the three final-state pho-
tons is identical to the one performed for the free proton
target.

Small changes in the analysis appear only in the se-
lection cuts, which are optimized by analyzing 12×106

simulated events from all possible reaction channels on
quasi-free nucleons from a deuteron target. Because of
smearing due to the Fermi momentum, the transverse
momentum conservation constraint is applied with a tol-
erance of 4σ (instead of 3σ) with σx = σy = 70 MeV/c,
(see fig. 2 second and third rows: panels (c) and (d) for
the quasi-free proton and panels (e) and (f) for the quasi-
free neutron). An additional bi-dimensional selection is

(a) (b)

FIG. 4. (Color online) Examples of the fit on the proton
missing mass distribution. Dashed line: signal contribution.
Dotted line: back-ground contribution. Solid line: global
fit. Panel (a) shows the experimental distribution and the
fit for the events corresponding to Eγ=1.39 GeV, θ∗ω = 126◦,
φω = 213.75◦ for the vertical polarization. The ω event dis-
tribution is described by a Breit-Wiegner function while the
background event distribution, mainly due to the non reso-
nant three-pion production, is described by a 3rd order poly-
nomial function. Panel (b) shows the observed distribution
and corresponding fit for the highest energy bin Eγ=1.48
GeV, θ∗ω = 162◦, φω = 303.75◦ for the horizonthal polar-
ization. The ω event distribution is described by a gaussian
function while the background event distribution is described
by a 1st order polynomial function. In the fourth energy bin,
the fitting procedure is considered not reliable due to the lim-
ited statistics and the beam asymmetry is not extracted.

imposed on the correlation between the three-photon in-
variant mass (M inv

γγγ) and the detected nucleon missing

mass (Mmiss
N ) values:(
M inv
γγγ −Mω

σinvγγγ

)2

+

(
Mmiss
N −Mω

σmissN

)2

< n2

where Mω = 782.57 MeV, σinvγγγ = 60 MeV/c2, σmissN = 80

MeV/c2 and n = 3. In the case of ω photo-production on
the quasi-free proton, background events come not only
from (1) and (2), but also from

γn(p)→ ρ−p(p)→ π0π−p(p)

and

γn(p)→ π0π−p(p)
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reactions, where the π− is erroneously interpreted as a
photon. These events are rejected by requiring that no
signal is recorded in the plastic scintillator barrel in co-
incidence with a BGO cluster (not even the ones below
hardware threshold in time with the event, which are in-
cluded in the free-proton analysis).

In the case of ω photo-production on the quasi-free
neutron, background events come from the

γn(p)→ π0n(p)

reaction if one photon is detected in the forward direc-
tion. In accordance with simulation studies, these back-
ground events appear mainly when the π0 is emitted at
backward angles and a soft photon reaches the forward
region. For background events, π0 and neutron must
satisfy the coplanarity condition. Which is not the case
for a π0 coming from the ω decay. Simulation studies
of the difference ∆Φ between the azimuthal angle of the
π0 (φπ0) and of the neutron (φn) revealed that for back-
ground events ∆Φ ranges between 150◦ and 210◦. In
this way, events from π0 photo-production off neutron
are identified and finally rejected.
The residual background events, after the described se-
lection criteria are applied, are lower than 13% and 8%
for the quasi-free proton and quasi-free neutron target,
respectively. In fig. 5, we show the effect of the applied
selection criteria on the Fermi momentum distribution,
calculated from the total momentum components of the
final state ~pTOT according to:

pF =
√

(pTOTx )2 + (pTOTy )2 + (pTOTz − Eγ)2

where Eγ is the incoming photon energy. Final selected
events show a maximum Fermi momentum value of about
400 MeV/c.

D. Extraction of the Σ beam asymmetry

The differential cross section of the ω photo-production
reaction with polarized photons can be expressed in
terms of the unpolarized cross section as:(

dσ

dΩ

)
pol

=

(
dσ

dΩ

)
unp

{1− P (Eγ)Σ(Eγ , θ
∗
ω) cos 2ϕ}

where P(Eγ) is the degree of polarization of the photon
beam, Σ(Eγ , θ

∗
ω) is the beam asymmetry and ϕ is the

difference between the azimuthal angle of the reaction
plane φ and the incident photon polarization vector ϕγ
(ϕ = φ − ϕγ). We chose to define the laboratory frame
having the ẑ component along the photon beam direc-
tion, the ŷ component along the vertical direction and
the x̂ component such that ẑ = x̂ × ŷ. If the photon
beam is polarized in the horizontal direction (ϕγ = 0)
then ϕ = φ; if the beam is polarized in the vertical di-
rection (ϕγ = π/2) then ϕ = φ − π/2. In this reference
frame, the polarized cross section can then be expressed
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FIG. 5. (Color online) Effects of events selection criteria on
the Fermi momentum distribution for the quasi-free proton
(panel (a)) and the quasi-free neutron (panel (b)). Fermi
momentum is evaluated as described in the text. Full black
triangles: Fermi momentum distributions after the cut on
the transverse momentum; full black squares: distributions
after the cut on the difference between the measured and the
calculated energy of the ω meson, bi-dimensional selection on
the three final-state photons invariant mass and recoil nucleon
missing mass; full red circles: Fermi momentum distributions
of selected events.

as a function of the reaction plane azimuthal angle φ as
follows:(

dσ

dΩ

)
H,V

=

(
dσ

dΩ

)
unp

{1∓ P (Eγ)Σ(Eγ , θ
∗
ω) cos 2φ}.

From the experimental point of view we can express the
number NH,V (Eγ , θ

∗
ω, φ) of experimental yields, normal-

ized by the flux of incident photons, for a given polariza-
tion as follows:

NH,V (Eγ , θ
∗
ω, φ)

FH,V (Eγ)
= dσH,V (Eγ , θ

∗
ω) ∆Ω ε(Eγ , θ

∗
ω, φ)Nsc

where: FH,V (Eγ) is the incident photon flux for horizon-
tal/vertical polarization; dσH,V (Eγ , θ

∗
ω)∆Ω is the proba-

bility of the reaction in the ∆Ω solid angle; ε(Eγ , θ
∗
ω, φ) is

the detection and event reconstruction efficiency, which is
identical for the two polarization states; Nsc is the num-
ber of scattering centers. The Σ beam asymmetry was
extracted at fixed values of Eγ and θ∗ω from the azimuthal
distribution of the following ratio:

NV /FV
NV /FV +NH/FH

=
1

2
{1 + PΣ cos 2φ} (3)
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and its value is not affected by systematic errors on the
determination of the efficiency ε. In fig. 6, an example of
this azimuthal distribution, divided into sixteen angular
bins, is illustrated.

FIG. 6. (Color online) An example of the azimuthal distri-
bution used for the extraction of the Σ beam asymmetry at
fixed values of Eγ and θ∗ω (in this example: Eγ=1.39 GeV
and θ∗ω = 126◦). The vertical error bars correspond to the
statistical errors. The horizontal ones correspond to the ϕ-
bin width.

E. Systematics uncertainties

The several sources of systematic uncertainties are
cited in this subsection and summarized in tab. II. Some
of them are common to the four sets of results and do not
depend on the analysis. We refer to them as to overall
sources in tab. II. The other ones are strictly related to
the analysis procedure.

In the group of the overall sources, we consider firstly
the uncertainties related to the determination of the pho-
ton flux and of the degree of polarization of the pho-
ton beam. These determinations are common to other
GRAAL analysis (as an example, to the already men-
tioned works [34], [39], [40] and [41]) and the systematic
uncertainties are evaluated as smaller than 1% for the
photon flux and equal to 2% for the polarization degree.
Another source of systematic uncertainties is related to
the procedure for the extraction of the beam asymmetry,
which requires to bin the data in the azimuthal angle φ
(as explained in sec. III D and shown in fig. 6). The
finite φ-binning introduces a diluition of the beam asym-
metry dependent on the number of bins. The data shown

in fig. 7, 8, 9 and 10 are already corrected for this effect.
The correction is smaller than 3% in case of 16 bins in φ
and smaller than 5% in case of 12 bins.
Additional systematic uncertainties due to non-unifor-
mities of the experimental acceptance, that modify the
ω final-state particle distribution, have been investigated
by adding a sin(2φ) term to the relation (3), which is
used to fit the normalized event azimuthal distribution.
No noticeable difference is found for the final results and
the systematic effect is evaluated smaller than 1%.

Concerning the systematic uncertainties strictly re-
lated to the analysis procedure, the first effect that we
consider is the one related to the identification of the re-
coil nucleon. In case of photo-production off proton, a
dedicated analysis has been performed as explained in
sec. IV A. In case of photo-production off neutron, we
recall that the neutron is identified only in the forward
part of the GRAAL detector (sec. II), as a signal in
the shower wall in anti-coincidence both with the planar
chambers and the plastic scintillating wall. The proba-
bility of misinterpreting a charged particle as a neutral
one corresponds to the probability of simultaneous ineffi-
ciency of both the planar chambers and the plastic scin-
tillating wall, which is negligible. The neutron/photon
disentanglement is performed on the base of the mea-
sured Time-of-Flight information and the systematic un-
certainties on the neutron identification has been evalu-
ated as negligible (smaller than 1%).
For each analysis, cuts have been slightly moved around
their nominal value resulting in a variation of the ex-
tracted values of the beam asymmetry smaller than 3%
for the proton target and smaller than 5% for the neu-
tron target.
The systematic uncertainties due to background contam-
ination have been evaluated as explained in sec. IV B.

All the contributions have been squared and summed,
resulting in a total systematic uncertainties of

• about 8% for γp→ ωp, with ω → π0γ

• about 12% for γp→ ωp, with ω → π+π0π−

• about 16% for γp(n)→ ωp(n), with ω → π0γ

• about 12% for γn(p)→ ωn(p), with ω → π0γ

IV. RESULTS AND DISCUSSION

A. ω photo-production on the free proton

Σ beam asymmetry values are extracted for the ~γp→
ωp reaction from threshold up to 1.55 GeV photon en-
ergy. The radiative and the three-pion decay channels
are simultaneously investigated for the first time. Re-
sults are shown in fig. 7 in four incoming photon energy
bins as a function of the ω meson polar angle θ∗ω in the
center-of-mass reference frame. The energy value given
for each bin, corresponds to the average incoming photon
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TABLE II. List of the sources of systematic uncertainties.

Reaction γp→ ωp γp→ ωp γp(n)→ ωp(n) γn(p)→ ωn(p)

Decay: ω → π0γ ω → π+π−π0 ω → π0γ ω → π0γ

Overall:

Photon flux < 1% < 1% < 1% < 1%

Degree of polarization 2% 2% 2% 2%

Finite ϕ-binning < 3% < 3% < 3% < 5%

Non-uniformities (sin(2ϕ) term) < 1% < 1% < 1% < 1%

Analysis:

Recoil nucleon identification < 1% < 1% < 1% < 1%

Kinematical cuts < 3% < 3% < 3% < 5%

Background contamination < 6% < 11% < 15% < 9%

Total:

'8% '12% '16% '12%

energy weighted by the number of corresponding events.
Full circles and full squares correspond to the results from
the analysis of the ω radiative decay and the three-pion
decay channels, respectively. For the three-pion decay
channel, beam asymmetry values have been extracted in
the first three energy bins. No values are available for
the fourth energy bin, due to limited statistics. Numeri-
cal values are listed in tab. III.
The Σ beam asymmetry values are negative. They are
almost symmetrical with respect to θ∗ω = 90◦ in the first
two energy bins and tend to be larger in the backward
direction at higher energies. A strong agreement is ob-
served between the results of the two decay channels.
This comparison provides a strong check on the stability
and reliability of the results since the analyses of the two
channels are based on different techniques. The identi-
fication of the final-state proton is the only procedure
common to both analyses. In order to verify that it does
not introduce systematic errors, an alternative procedure
is developed and applied to the analysis of the radiative
decay. Events with more than one charged track were
rejected. Protons are discriminated from charged pions
using graphical cuts on the correlation plots between:

• the energy released in the scintillating barrel and
the energy deposited in the BGO calorimeter
(dE/dx vs. Energy) in the central part of the de-
tector;

• the energy released and the time of flight in the
scintillating wall (dE/dx vs. ToF) in the forward
part of the detector.

Results obtained with the new procedure are in excel-
lent agreement with the ones from the standard analysis
and we could conclude that the systematic uncertainty
is well below the statistical error and we evaluated it to
be smaller than 1%. As a consequence, the systematics
errors are determined only from the difference between
the ω → π0γ results and the ω → π+π0π− ones.

Three additional checks are performed both for the
radiative and the three-pion decay results:

1. two sets of 2×106 events each are simulated by a
dedicated Montecarlo generator based on GEANT3
[36] with different input asymmetry values. In both
cases the extracted beam asymmetry values are in
a strong agreement with the input ones, indicat-
ing that no modification of the beam asymmetry
distribution is introduced by the data analysis pro-
cedure;

2. beam asymmetry values are extracted by varying
the θ∗ω and φω binnings. The results prove stable
and independent from the binning choice;

3. beam asymmetry values are extracted also for back-
ground events alone, in several binning configu-
rations. They are always compatible with zero.
Therefore, if background events are erroneously in-
cluded among the selected ω events, they would
affect the asymmetry by reducing its magnitude.
Since the two decay channels of the ω meson
are analyzed with totally independent procedures,
based on event selection for the radiative decay and
background subtraction for the three-pion decay,
and since they are characterized by different back-
ground reactions, the residual background contri-
butions are expected to affect final results differ-
ently for the two channels. Due to the agreement
of the results coming from the two decay channels
(see fig. 7), we can state that background con-
tamination is suppressed in both channels. Since
simulations have shown that background contami-
nation is smaller than 6% for the radiative decay
events, we estimate the background contamination
is smaller than 10% for the three-pion decay chan-
nel.

In fig. 7 the comparison with published data is shown:
open squares are from the analysis of the GRAAL data
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performed by different members of the collaboration [15]
for the three-pion decay channel, which do not include
the tracking chambers information in the data analysis.
On the contrary, this work fully exploits the good an-
gular resolution provided to the tracking reconstruction
of charged particles by the multi-wire proportional cham-
bers. While present results show strong agreement within
quoted errors in the first energy bin larger asymmetry
values are obtained by [15] at higher energies.

Open circles shown in fig. 7 are from the CB-ELSA/
TAPS collaboration [25], for the ω radiative decay chan-
nel. These angular distributions, at fixed values of the
incoming photon energy Eγ , show very different trends.
The data analysis from [25] is characterized by much
higher background levels compared to this work, and the
technique of background subtraction on the π0γ invariant
mass spectrum is used.

The comparison of the results of this work with the
previously pubblished data shows that these are the most
precise measurements of the beam asymmetry for ω pho-
toproduction off proton target.

In the last decade, several models were developed in
the attempt of determining the role and the properties of
nucleon resonances from πN and γN reaction data. The
model in [17, 18] uses an effective Lagrangian approach,
based on the SU(6)×O(3) constituent quark model, with
meson-quark couplings adjusted to fit differential cross-
section data. Unnatural parity exchanges (π0) and nat-
ural parity exchanges (Pomeron) in the t-channel are
phenomenologically included. The Moorhouse selection
rule [37] reduces the accessible nucleonic states from
the [70,48] representation, and only eight states from
the lowest harmonic oscillator basis contribute to the ω
photo-production reaction in the s-channel. Full predic-
tions for the Σ beam asymmetry are shown in fig. 7 and
fig. 8 as solid lines and are found in generally good agree-
ment with the results of this work. Dot-dashed lines of
fig. 7 do not include the contribution from the P13(1720),
showing a large sensitivity of the polarization observable
to this resonance.

An alternative model based on an effective Lagrangian
approach is developed in [19, 20] including all twelve N∗

lowest energy resonances, up to spin J = 7/2, whose em-
pirical helicity amplitudes of γN → N∗ transitions are
listed by [35]. Predictions are available only close to the
reaction threshold, and are shown in fig. 8 for the two
lowest energy bins as dotted-dashed lines. The model
finds that the dominant contribution comes from the ex-
citation of the F15(1680) state and is in fair agreement
with our results.

Comparison with the Bonn-Gatchina partial wave
analysis [22] is also shown in fig. 8 as continuous thin
lines. The far dominating J = 3/2 wave is associated with
the P13(1720) resonance, in accordance with results from
[18]. Overestimation of the Σ-beam asymmetry is ob-
tained at the highest energies, while agreement is found
closer to threshold.

A coupled-channel effective Lagrangian approach, in-
cluding γN , πN, 2πN, ηN and ωN final states, is pre-
sented in [21], including all known nucleon states with
spin J = 1/2, 3/2 and 5/2 up to masses below 2 GeV. Re-
sults are shown in fig. 8 as dotted curves. They show that
the dominating contributions arise from the D13 partial
wave, mainly due to the non resonant π0 exchange, and
from the spin-5/2 resonances D15(1675) and F15(1680).
Agreement with our results is visible only for the sec-
ond energy bin, while a predicted change of sign at the
highest energies is not observed in our results.

Another prediction comes from a dynamical coupled-
channel approach, developed at the Excited Baryon
Analysis Center (EBAC) [24]. Six intermediate states,
including πN, ηN, π∆, σN, ρN and ωN, are used to de-
scribe the unpolarized cross sections. Predictions for the
Σ beam asymmetry on the ω photo-production data are
shown in fig. 8 as dashed lines. t-channel exchange con-
tributions are not explicitly included in the calculation,
and curves tend to over-estimate our experimental asym-
metry values.

B. ω photo-production on the quasi free-nucleon

For the first time Σ beam asymmetry values are ex-
tracted for ω photo production off quasi-free proton in
D2 target, from 1.1 GeV up to 1.5 GeV of incoming pho-
ton energy. They are listed in tab. III. Results are
shown in fig. 9 as full triangles, together with the results
on the free-proton (full circles) and with predictions from
[17, 18]. All events are obtained from the radiative decay
channel analysis. An overall good agreement is found be-
tween results on the free and the bound proton, although
a general trend of quasi-free results to be slightly lower
than free results may be noticed. As an attempt to un-
derstand the discrepancy between the free proton results
and the quasi-free proton ones, studies of the effects of
background contamination on the extracted values of the
beam asymmetry have been performed. In the hypoth-
esis of an isotropic background (with beam asymmetry
Σbkgr = 0), the extracted beam asymmetry Σext would
result smaller than the pure asymmetry Σω for ω photo-
production events:

Σext = (1− f)Σω

being f the fraction of background events in the selected
sample of data (13%, in this case). This effect results in
a correction of ' 15% of the values of the beam asym-
metry for the quasi-free proton data and it is not enough
to explain the discrepancy with the free proton results.
Fermi motion effects may be responsible for the slight dif-
ference, but a dedicated theoretical investigation could
be useful to better clarify the physics that lies under
this small discrepancy. Nevertheless, the generally good
agreement of the two results hints at similar conclusions
about the reaction off the neutron. In fig. 10 our results
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FIG. 7. Σ beam asymmetry for the reaction ~γp → ωp: both the radiative decay (full circles) and the three-pion decay (full
squares) of the ω meson are investigated. Statistical errors are within the marker size. Systematical errors are not shown. Data
are compared with previously published results on the three-pion decay channel [15] (open squares) and radiative decay [25]
(open circles). Theoretical curves are from the model by Zhao [17, 18]: solid lines correspond to the full model, dot-dashed lines
do not include contributions from the P13(1720) resonance, dashed lines correspond to the expected beam asymmetry when s
and u-channel contributions are not taken into account.

for the Σ beam asymmetry for the ω photo-production
on the quasi-free neutron from a D2 target are shown
(empty triangles). Numerical results are also listed in
tab. III. These are the first results of Σ polarization
observable for the ω photo-production on the neutron.
The error bars correspond to statistical errors. Results
on the quasi-free neutron are compared with the ones on
the quasi-free proton (full triangles). The angular dis-
tribution of the beam asymmetry values differs between
the neutron and proton targets, suggesting that differ-
ent reaction mechanisms could be involved in the case of
ω photo-production off neutron. For the quasi-free neu-
tron case, the beam asymmetry values are generally small
and in some cases compatible with zero within the error
bars. Nevertheless, the indication of a passage through
zero can be observed in all energy bins at around 90◦

(third data point), the beam asymmetry being positive
at about 120◦ (fourth data point) in all the energy bins.
At present, no theoretical predictions for the beam asym-
metry of the reaction γn→ ωn are available in literature.
In fig. 10 our results are compared with the extension of
the model [18] to the neutron case [38]. According to this
model, a change of sign in the beam asymmetry values
was expected at about 90◦, but our trend looks reversed.

V. CONCLUSIONS

Σ beam asymmetries are measured by the GRAAL
collaboration for the ω meson photo-production reac-
tion both on the H2 and the D2 targets. For the first
time, results for the free proton are obtained both for the
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FIG. 8. Σ beam asymmetry for the reaction ~γp → ωp. Full circles are the results of the present analysis for the radiative
decay channel; full squares are the results of the present analysis for the three-pion decay channel. Statistical errors are within
the marker size. Systematical errors are not shown. Thin lines are from Bonn-Gatchina PWA [22]; dot-dashed lines are the
predictions from [20] at threshold; dashed lines are the results from [24]; dotted curves are predictions from Giessen model [21];
solid curves are from [17, 18].

ω → π0γ and the ω → π+π−π0 decay channels from the
same data set and are in strong agreement. The results
presented here are the most precise measurements and
provide a resolution of the existing discrepancy between
previously published data.

Since the asymmetry should vanish if no resonance con-
tributes to ω photo-production, our experimental results
strongly confirm the important role of intermediate res-
onant states in the ω production mechanism. In particu-
lar, agreement between the experimental results and the
theoretical description by [18] is observed, confirming the
importance of the P13(1720) resonance contribution to
the reaction mechanism. Different conclusions are drawn
by model [20], still in agreement with our lower energy
results, but with the dominant contribution provided by
the F15(1680) resonance.

First measurements are obtained for the Σ beam asym-
metry of the ω meson photo-production from both the
quasi-free proton and quasi-free neutron targets in the
participant/spectator analysis frame. Good agreement
is found between results on the free and the quasi-free
proton targets, in analogy with the result found by our
previous analysis for the π0 and η photo-production re-
actions on the H2 and D2 targets [39–41]. A slight trend
of the quasi-free results to be lower than the free results
may be noticed, and it may be due to Fermi momentum
effects.

First results for the quasi-free neutron target show that
the Σ beam asymmetry is small, compatible with zero up
to θ∗ω ' 90◦ but always positive at θ∗ω ' 120◦. The angu-
lar distribution of the results for the neutron differs from
the one measured for the proton target. This suggests
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FIG. 9. Comparison of the results obtained for the ω photo-production on the free proton (full circles) and on the quasi-free
proton (full triangles) in a D2 target. The error bars correspond to statistical errors. Systematical errors are not shown. A
generally good agreement between free proton and quasi-free proton results is observed, hinting at results for the quasi-free
neutron as reliable to extract information about the ω photo-production reaction off free neutron. Solid curves are from [17, 18].

that different production mechanisms contribute for the
two different nucleons.
At present, no theoretical description of beam asymme-
try for ω photo-production off neutron is available for
data interpretation.
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