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6Dipartimento di Fisica, Università di Roma “Tor Vergata”,I-00133 Roma, Italy

7Dipartimento di Fisica Sperimentale, Università di Torino,
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We present the analysis of data performed in order to identify the events of the γ +n →
π− + p reaction obtained by bombarding a liquid Deuterium target with a polarised γ
beam of 0.55-1.5 GeV at the Graal-experiment. We show the effect of different kinematic
and hardware constraints used to reduce the contamination coming from the concurrent
reaction channels. By the simulation we estimate the contamination degree due to the
other reaction channels so we can test the reliability of our method. We describe a new
three-dimensional cut based on the Fermi momentum reconstruction and its effect on
the suppression of the concurrent double charged pion photoproduction. We present

the preliminary beam asymmetry Σ of the π− fotoproduction off quasi-free neutron
up to about θc.m.,π− = 165◦ together with some theoretical multipolar analysis. For
a comparison we also report the data present in literature on the same reaction for
Eγ =850-1740 MeV and θc.m., π− ≤105◦.

1. Introduction

Pseudoscalar meson photoproduction has proved to be a valid and complementary
approach to hadronic reactions for the study of baryon resonances. The main dis-
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advantage of the e.m. probe, i.e. the lower cross section values, has been overcome
thanks to new technology (high intensity real and virtual photon beams, and large
solid angle and/or large momentum acceptance detectors). Meson photoproduction
can be described in terms of four complex CGLN1 (or equivalently helicity) ampli-
tudes, providing seven real independent quantities for each set of incident photon
energy and meson polar angle in the center-of-mass (c.m.) system.

Polarization observables, accessible with the use of polarized photon beams
and/or nucleon targets, and/or the measurement of the polarization of the re-
coil nucleon, play a special role in the disentanglement of the hadron resonances
contributing to reaction2−5.

To disentangle isoscalar and isovector transition amplitudes are necessary exper-
iments on the proton and neutron, and the detection of charged and neutral pions
in the final state. The four possible photoproduction reactions are linked together
and to three independent amplitudes.6,7

Data on these reactions have been collected at Graal, with a polarized pho-
ton beam impinging on a H2 or D2 target and final products were detected in a
large solid angle apparatus. Such investigations allowed for the first time the simul-
taneous extraction of the asymmetry values for the four reactions with the same
experimental conditions and the same photon energy range (0.55-1.5 GeV), corre-
sponding to the second and third nucleon resonance regions. Results for the first
three reactions (π+n,π0p,π0n) have already been published by the Graal collabora-
tion,8,9,10 providing for the pion photoproduction on the nucleon a very extensive
database of high precision data.

The results of the asymmetry for the π−p photoproduction on the quasi-free
neutron advance the isospin study of the pion photoproduction on the nucleon,
providing the possibility of a test on the validity of the isospin symmetry and a
determination of the three isoscalar and isovector transition amplitudes.

We present the analysis of data in order to identify the events of the π− me-
son photoproduction off neutron in Deuterium, in kinematic conditions where the
neutron is protagonist and the proton is spectator. We present the procedure to
identify the proton and charged pion in each reaction event, and the kinematic cuts
used for the determination of the γn → π−p reaction channel.

2. Experimetal Set-Up

The Graal γ-ray beam at the ESRF is produced by the backward scattering in flight
of laser photons on the relativistic electrons circulating in the storage ring. This
technique, first used for the Ladon beam on the Adone storage ring at Frascati,11

produces polarized and tagged γ-ray beams with very high polarization and good
energy resolution. At its maximum energy the polarization of the beam is very
close to that of the laser photons (linear or circular)12 and can be easily rotated
or changed with conventional optical components changing the polarization of the
laser light. It remains above 74% down to an energy 70% of the maximum energy.
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With the 6.03 GeV ESRF accelerator and the 351 nm line of an Argon (Ion) Laser
the maximum γ-ray energy obtainable is 1487 MeV and the spectrum is almost
flat down to zero energy. The energy resolution is determined by the optics of the
ESRF magnetic lattice and is 16 MeV (FWHM) over the entire spectrum.

The Graal apparatus has been described in several papers 8−10,13−16. A cylin-
drical liquid Hydrogen (or Deuterium) target is located on the beam with its axis
on the beam axis. The detector covers the entire solid angle and is divided into
three parts. The central part, 25◦ < θ ≤ 155◦, is covered by two cylindrical wire
chamber, a Barrel made of 32 plastic scintillators and a BGO crystal ball made of
480 crystals well suited for the detection of γ-rays of energy below 1.5 GeV. The
chambers, the Barrel and the BGO are all coaxial with the beam and the target.
The wire chambers detect and measure the positions and angles of the charged
particles emitted by the target while the scintillating Barrel measures their specific
ionization. The BGO ball detects charged and neutral particles and measures the
energy deposited by them. For neutral particle it provides a measurement of their
angles by its division in 480 (15 × 32) individual crystals: 15 in the θ direction and
32 in the φ direction.

At forward angles, θ ≤ 25◦, the particles emitted from the target encounter
first two plane wire chambers who measure their angles, then, at 3 meters from
the center of the target, two planes of plastic scintillators, made of 28 horizontal
and 28 vertical bars to measure the particles position, specific ionization and time
of flight, and then a thick (Shower) wall made of a sandwich of scintillators and
lead to detect charged particles, γ-rays and neutrons. The TOF resolution of these
scintillators is of the order of 560 ps (FWHM). The total thickness of the plastic
scintillators is 20 cm and the detection efficiency is about 20% for neutrons and
95% for γ-rays.

The energy of the γ-rays is provided by the tagging set-up which is located
inside the ESRF shielding, attached to the ESRF vacuum system. The electrons
which have scattered off a laser photon and produced a γ-ray have lost a significant
fraction of their energy and therefore drift away from the equilibrium orbit of the
stored electrons and finally hit the vacuum chamber of the storage ring. Before
hitting the vacuum chamber they traverse the tagging detector, which measures
their displacement from the equilibrium orbit. This displacement is a measure of the
difference between their energy and that of the stored electron beam and therefore a
measure of the energy of the gamma-ray produced. The tagging detector9 consists
of 10 plastic scintillators and a Solid State Microstrip Detector with 128 strips
with a pitch of 300 µm. The plastic scintillators, followed by a GaAs electronics
synchronized with the ring RF accelerating system, provide a timing for the entire
electronics of the Graal apparatus with a resolution of 180 ps (FWHM). This allows
a clear discrimination between electrons coming from two adjacent electron bunches
that are separated by 2.8 ns. The Microstrips provide the position of the scattered
electron and therefore the energy of the associated gamma-ray. Their pitch (300
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µm) has been decided in order to limit the number of tagging channels without
deterioration of the gamma-ray energy resolution imposed by the characteristics of
the storage ring. The detector is in air, in a shielding box positioned inside a special
section of the ring vacuum chamber. The shielding box is positioned at 10 mm from
the circulating electron beam. This limits the lowest tagged gamma-ray energy to
about 550 MeV.

3. Identification Events

The charged particle identification in the central part of apparatus (polar angles
between 25 and 155 degree) was performed by using the bi-dimensional cut on the
energy lost in the barrel versus the energy measured by the BGO calorimeter (see
Fig.1 a)), while in the forward direction (for polar angle less than 25 degree) it was
obtained by using the bi-dimensional cut on energy lost versus TOF measured by
the plastic scintillator wall (see Fig. 1 b). We also applied to each detected charged
particle the signal coincidence condition of three charged sensible detectors.

The information coming from direct measurements of the apparatus used in our
data analysis are the energy Eγ of the incident photon measured by the tagging
detector; the energy Ep of the proton measured in the BGO or by the TOF in the
forward wall; the polar and azimuthal angles θp and φp of the proton and θπ− and
φπ− of the pion measured by the planar and cylindrical MWPCs,9,17 the energy of
the pion Eπ− obtained by the reaction energy balance neglecting the Fermi energy
of the neutron in the Deuterium target (Eπ− = Eγ + Mn − Ep). Our simulation,
based on GEANT318 and on a realistic event generator19 has shown that with the
preliminary selection of the events obtained by the constrain of only one proton
and only one charged pion in the Graal apparatus the number of events coming
from concurrent channel is lower than 14%.

Fig. 1. Panel a): energy lost in the barrel vs. measured energy by the BGO; panel b): energy lost
vs. TOF measured by the plastic scintillator wall.
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4. Reconstruction of the Fermi Momentum

We reconstruct the Fermi momentum PF (and consequently the Fermi energy EF )
by using the momentum conservation rules

PxF = Pxp + Pxπ− (1)

PyF = Pyp + Pyπ−

PzF = Pzp + Pzπ− − Eγ

We measure directly all quantities needed for the Fermi momentum reconstruction
except the energy of the pion obtained by the energy balance neglecting the Fermi
energy.

We try to improve the reconstruction of the Fermi momentum by a recursive
procedure: we correct in the nth step calculation the estimation of the pion momen-
tum by using the information of the Fermi energy calculated at the (n-1)th step.
The iterations stop when the difference of the modules of the Fermi momentum in
the two successive iterations is less than 10 keV/c. The cut value 10 MeV/c was
suggest by the simulation in order to minimize the loss of good events (see Fig. 2)

In simulation, we observe that the difference between the Fermi momentum
calculated at the nth and zero steps of the recursive method is small when we are
considering signal events only(see solid line in Fig. 2). However, we find appreciable
difference between these two values of Fermi momentum Pn

F −P 0
F in the case of the

concurrent channel (mainly the double charged pion photoproduction), then it is
possible to use this quantity in order to distinguish the signal to the noise coming
form the other channels (see dashed line in Fig. 2).

10 MeV/c

P
F

(n)
P

F

(0)
-( ) (MeV/c)

Fig. 2. In simulation, the difference between the Fermi momentum reconstruction at the nth step
of recursive method and at zero-step for the signal (solid line) and for the concurrent channels
(dashed line).
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5. Single and Double Pion Photoproduction

The photoproduction of double charged pions can be considered a possible contam-
ination source in the selection of events attributed to the γ + p → π− + p reaction
in the case that the apparatus miss the detection of one of two charged pion in the
final state of reaction. In this section we consider the suppression of such a possible
contamination by using the cut on the variable Pn

F − P 0
F determined as described

in the previous section.
By simple calculation it is easy to demonstrate that the Fermi momentum of

participant in Deuterium for a three-body kinematic (double pion photoproduction)
in the final state of reaction is given by the following formula

PF =

√√√√P 2
F (γ+p→π−+p) + P 2

m + 2
x,y,z∑

i

(PimPip + PimPiπ− − PimEγ) (2)

where Pm is the momentum of the meson accompanying the couple π− and proton.
Eq. 2 shows that the square of Fermi momentum calculated by a three-body

kinematic is contributed by three terms: the first contribution coming from the two-
body, the second is the square of momentum of the other meson, and the third is a
sum of different component that make possible positive or negative contribution. In
the cases that we apply the Eqs 1 for the reconstruction of the Fermi momentum,
the procedure carries the mistake to attribute the amount of the missing momenta
Pm and (2

∑x,y,z
i (PimPip + PimPiπ− − PimEγ)) to the Pπ−(the only quantity not

measured directly) determining an overestimate Fermi momentum(see upper curve
in Fig. 5, representing the overlap of the reconstruction cases of signal and con-
current channels). We find that this mistake amplifies the difference Pn

F − P 0
F (see

dashed line in Fig.2) and it justifies the possibility to use this variable difference
as a further constraint in order to reduce the possible contamination coming from
channels of double charged pions. In conclusion, we find that the more competitive
channel was the γn → π−π+p process, and that the productions survive to all cuts
only in the percentage of 0.2 in the following cases: i) the momentum of one pion

Fig. 3. In simulation, panel a) polar angle θπ− versus polar angle θπ+ ; panel b) momentum of π−
versus momentum of π+ under condition θπ− < 25◦.
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is very high in respect to the other one as showed in Fig. 3 a) (high difference in
the direction of pions); ii) the difference between the polar angles of the pions are
very little (see Fig. 3 b)).

6. Data Analysis

The measured quantities in the Graal-experiment provide an superabundant set of
constraints. Then, it is possible to calculate all kinematic variables using only a
subset of the measured ones. For example we are able to calculate the polar angle
of the pion θπ− and the energy of the proton Ecalc

p in the hypothesis of a pure
two-body reaction.

We strongly reduced the background of the concurrent channels using different
effective constraints:

• we combined the variables x = ∆θ = θcalc
π− − θmeas

π− and y = Rp =
Ecalc

p /Emeas
p in a bi-dimensional cut(see panel (a) of Fig. 4) selecting the

events according to the condition

(x − µx)2

σ2
x

+
(y − µy)2

σ2
y

− 2C(x − µx)(y − µy)
σxσy

< σ2 (3)

where σ = 3, C is the correlation parameter obtained by a combined best
fit of x and y with a bi-dimensional Gaussian surface, µx or y and σx or y

are the mean value and the variance obtained by a Gaussian fit to its
experimental distribution. We find the parameters of the cuts by fitting the
surface function (Fig. 4 a) for different energy of gamma and for different
periods of data taking;15,10

• we impose the condition:
√√√√x,y,z∑

i

(PFi − P recurs.
F i )

2

< 10MeV/c (4)

Fig. 4. In data, the bi-dimensional distribution ∆θ vs. Rp (panel a) and ∆θ vs. |φπ− −φp − 180◦|
(panel b) as defined in the present paper.
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Fig. 5. In data, a) the π−-p coplanarity before (upper curve) and after the cuts (lower curve); b)
the Fermi momentum of the neutron calculated before (upper curve) and after (lower curve) the
cuts.

where: PFi (i=x,y,z) is the component of the Fermi momentum of the target
nucleon calculated from the measured kinematic variables neglecting its
Fermi energy; P recurs.

F i is its value obtained at the end of a recursive process;
• we applied the condition on the coplanarity of the reaction products (∆φ−

180◦) < 3σ(∆φ−180◦) (see Fig. 5 a)), where ∆φ = |φp − φπ− |;
• we also reject all events where is present signal coming from neutral parti-

cle(the Graal detector can identify neutral particles see Refs.9,10,15).

We show the effect of the cuts on the degree of coplanarity of the reaction products
(see Fig. 5 a) and on the Fermi momentum (see Fig. 5 b). By the simulation we
estimate that after the described cuts the background of the concurrent reaction
channel is lower than 2.3%.

To check the invariance of our results with respect to the selection criteria in a
parallel analysisa we have:
i) plotted alternatively ∆θ vs. ∆φ which has the advantage of zero correlation as
indicated in Fig. 4b;
ii) applied an independent cut on the variable Rp;
iii) introduced a cut for PF ≤ 250 MeV/c instead of the condition (1).

In Fig. 6 we present the comparison of the results of the two methods applied
to independent periods of data acquisition using data of the vis-line of laser-beam
(panel a) at low energy and data of the uv-line of laser-beam (panel b) at high
energy. The results of the two procedures are mainly consistent within half sigma
in many cases and within 1 sigma in some cases (see the two examples reported in
Fig. 6).

We are able to reconstruct the reaction vertex by using the information coming
from the MWPCs.9,17 We verified that the reaction vertex of the selected events
are correctly distributed inside the target region (see Fig. 7).

afrancesco.mammoliti@ct.infn.it
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Fig. 6. Open circles, the beam asymmetry presented in this paper; open triangles, the results of
the parallel analysis. Results obtained by independent data: vis-line(panel a) and uv-line (panel
b).

Fig. 7. Distribution of the reconstructed of reaction vertex in the Deuterium target.

The cuts realise a low Fermi momentum distribution; this is a suitable condition
to have a quasi-free nucleon reaction. In the next section we present the preliminary
data of the beam asymmetry extended also at backward angles and the first com-
parison with results of theoretical models;20,21 we also include for a comparison the
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previous experimental data22 for smaller ranges of energy and angles. The beam
polarization asymmetries have been calculated as indicated in Refs.10,15 using the
symmetry of the central detector around the beam axis. In the same references are
indicated the various checks performed to verify the stability of our results.

7. Results and Conclusions

Our preliminary results of the asymmetries are reported in Fig.8 together with the
previous data of Yerevan group22 and some theoretical multipole analysis. SAID-
GE09 is the solution that includes our results in the best fit while SAID-SP09 does
not include them.20 The MAID2007 solution is also included for a comparison.21

The SAID-SP09 solution is consistent with our data in the forward angular region

Fig. 8. Our preliminary beam asymmetries presented together with some previous results and
theoretical curves. Full circles, our results; open circles, Yerevan results;22 solid line, the SAID-
GE0920 calculation with inclusion of our data; dashed line, the SAID-SP0920 calculation before
the inclusion of our results; dotted line, the MAID200721 calculation.
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Fig. 9. Full circles our results, open circles the results of Ref.22.

where the Yerevan results constrained the fit. In the backward angular region and
at energies above 1100 MeV the agreement becomes satisfactory only after inclusion
of our data. The MAID2007 solution agrees with our data in the forward region.

Our results are in substantial agreement with those of Yerevan22 in the over-
lapping forward direction(see Figs. 8 and 9). The experiment22 presented a very
different detectors set up and gamma source in respect to the Graal-experiment,
therefore the agreement between the two results represent a good test of the re-
liability of our analysis method and preliminary data. Our present results have
considerably widened the energy and the angular range, and forced the theoretical
model to improve the fit parameters.
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