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Abstract

The helicity dependence of the total cross section for the�γ �p → nπ+π0 reaction has been measured for the first time at
incident photon energies from 400 to 800 MeV. The measurement was performed with the large acceptance detector DAPHNE
at the tagged photon beam facility of the MAMI accelerator in Mainz. This channel is found to be excited predominantly when
the photon and proton have a parallel spin orientation, due to the intermediate production of theD13 resonance.
 2002 Elsevier Science B.V.

1. Introduction

The excitation spectrum of the nucleon has been the
subject of many experimental and theoretical studies
over the years. A precise knowledge of the properties
of the nucleon resonances is a prerequisite for a
complete understanding of the nucleon itself. Among
the tools best suited to study these properties are pion
production processes in both electromagnetic (γ N,
γ ∗N) and hadronic (πN) reactions. A large data set,
mainly for single pion production, combined with
extensive partial-wave analyses and theoretical models
has provided valuable information such as the Breit–
Wigner masses, decay widths, and decay amplitudes
for numerous resonances (e.g.,P33, S11, D13, . . . ). In
several cases, however, the precision with which the
resonance properties are known is still rather poor [1].
This is especially true for the higher lying and strongly
overlapping resonances that couple more weakly to
the photon and show up in the double pion production
region.

Since the resonance properties are helicity depen-
dent, valuable new input to disentangle and study these
resonances is provided by the helicity dependence of
double pion photoproduction using polarized beams
and polarized targets.

As a by-product, the measurement of the helic-
ity dependence of the Nππ channels will give a
deeper insight into the dynamics contributing to the
Gerasimov–Drell–Hearn (GDH) sum rule for the nu-
cleon [2,3]. This sum rule is given by:
∞∫

ν0

σ3/2 − σ1/2

ν
dν = 2π2α

m2
N

κ2
N,
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whereν is the photon energy andν0 is the pion pro-
duction threshold.α is the fine structure constant,mN
is the mass andκN is the anomalous magnetic moment
of the nucleon. The cross sectionsσ1/2 andσ3/2 are
for the absorption of circularly polarized photons by
longitudinally polarized nucleons, with anti-parallel
and parallel relative spin orientations, respectively. We
have recently published [4] the first experimental re-
sults for the proton on the total photoabsorption cross
section difference (σ3/2 − σ1/2) up to 800 MeV.

A thorough understanding of the GDH integral also
requires a knowledge of the contributions of the partial
photoproduction channels, and our results [4] show
that double pion photoproduction is important. Large
differences exist among the few estimates that have
been made for the double pion channels on the basis
of various theoretical models. For instance, Karliner
[5] predicts 65 µb, Coersmeier [6] gives 83 µb and the
UIM calculation [7] predicts 22 µb.

As a part of our experimental study of the helic-
ity dependence of the double pion photoproduction re-
actions on the proton, we present here the first data
on the �γ �p → nπ+π0 process. An improved theoreti-
cal description of this reaction channel, in which the
underlying processes are presently not fully under-
stood, is an extra motivation for this investigation. Af-
ter the early work by Lüke and Söding [8], Nacher and
Oset [9] (with an extension of the Tejedor and Oset
model [10]) and Murphy and Laget [11] have devel-
oped models to describe the double pion production
channels. They evaluate the main elementary mech-
anisms contributing to these reactions in the frame-
work of an effective Lagrangian model. Both models
include non-resonant Born terms and resonant terms
but they do not completely agree on the issue of which
resonances predominate.

A different approach (RPR), based on t-channel
Regge exchanges, is also being developed at present
[12,13]. The (π and ρ) t-channel Regge exchanges
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provide a good description of the energy andt depen-
dence of theγ N → π� reaction forEγ > 2 GeV [12].
At lower energies, the model is complemented by
adding resonant s-channelD13 excitation.

2. Experimental setup

The present data were obtained as a part of the
GDH experiment at MAMI, Mainz. For a detailed
description of the experimental apparatus, we refer to
[4,14] and references therein.

Circularly polarized photons were obtained by
Bremsstrahlung of longitudinally polarized electrons
having an average polarization of 75% [15]. The elec-
tron polarization was continuously measured using
a Møller polarimeter [16] with an accuracy of 3%.
The Bremsstrahlung photons were tagged using the
Glasgow–Mainz spectrometer with an energy reso-
lution of about 2 MeV [17]. The tagging efficiency
(probability of a photon passing through the collima-
tion system given an electron hit the spectrometer fo-
cal plane detector) was monitored throughout the ex-
periment by an e+e− detector with an accuracy of 2%.

Longitudinally polarized protons were provided by
a frozen-spin target [18] using butanol (C4H9OH)
as target material. A maximum polarization of 90%
was reached, with a relaxation time of about 200
hours. The target polarization was monitored, with an
accuracy of 1.6%, using NMR techniques.

The central detector was DAPHNE [19], a charged
particle tracking detector with cylindrical symmetry.
It covers the full azimuthal angular region and polar
anglesθlab from 21◦ to 159◦. An outer scintillator–
absorber sandwich allowed the detection of neutral
pions with reasonable efficiency. In order to extend
the forward angle coverage, the central detector was
complemented by the MIDAS [20], STAR and FFW
[21] systems. Since electromagnetic background is
large in forward directions, a N2-aerogelČerenkov
detector [22] was installed to veto this unwanted
background.

3. Data analysis

The data analysis of the�γ �p → nπ+π0 process
was performed in two parts. In the first the analysis

method was developed and verified using calibration
data taken with an unpolarized photon beam and a pure
hydrogen target. In the second the same method was
used with the polarized data. For the results presented
here, only the central DAPHNE detector has been
used. A detailed discussion of the analysis is given in
Ref. [12].

As in Ref. [23], events from the nπ+π0 reaction
are selected by the detection of theπ+ and π0 in
coincidence since the contribution of reactions with
more than two pions in the final state is negligible
within the measured photon energy range.

The charged pion is identified using a combina-
tion of the range method described in Ref. [24] and
a �E − E technique [12]. The range method uses
the charged particle energy losses in all traversed
DAPHNE scintillator layers to discriminate between
protons and charged pions (with a systematic misiden-
tification error of 2%) and to determine their kinetic
energy. Since this procedure can only be used for par-
ticles that are stopped in the detector, the identifica-
tion of charged pions that have sufficient energy to es-
cape the detector is performed by comparing informa-
tion provided by the geometrical path of the particle
inside the detector with the energy deposited in the
thickest scintillator layer, which has the best energy
resolution. An example of the spectra obtained in such
a case is shown in Fig. 1. Two bands, corresponding
respectively toπ± and protons can be clearly seen.

Fig. 1. The energy released in the thickest (10 cm) scintillator
layer of DAPHNE by particles that escaped the detector is shown
as a function of their geometrical path (in equivalent scintillator
thickness) inside the detector.
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However, quasi-relativistic protons having a momen-
tum higher than
 900 MeV/c are not distinguishable
from charged pions. Simulations show that this causes,
at the higher measured photon energies, a contamina-
tion of about 5% to the nπ+π0 channel due to the pπ0

reaction [12], which is subtracted as discussed below.
A π0 can be identified by the coincident detection

of its two decay photons as described in Ref. [23].
However, in order to maximize the detection efficiency
in the present measurement and thus improve the
statistical precision, events in which only one photon
was detected were also analyzed. Theπ0 detection
efficiency (επ0) was calculated with a GEANT based
simulation which models accurately the geometry and
composition of the GDH detector setup and accounts
for electronic thresholds. The resulting efficiency for
single photon detection is a smoothly rising function
of the photon energy with a maximum value of about
60%. This is a considerable increase compared to an
average efficiency of about 20% when both decay
photons are required [23].

A check on the validity of the simulation was
obtained by comparing the simulated efficiency for the
γ p → pπ0 channel with an efficiency measurement at
photon energies where the effect of the Nππ processes
can be neglected. Under this condition,επ0 is equal
to the fraction of the events with a proton in the
final state that have also one or more photons in
coincidence. The result of this comparison is shown
in Fig. 2 where the two dashed lines represent the
maximum and minimum efficiency values obtained
from the estimated systematic error of the simulation
(4% of επ0). The good agreement between theγ p →
pπ0 simulation and experiment gives confidence in the
simulated efficiencies for the nπ+π0 process.

The disadvantage of basing theπ0 identification on
single photon detection is the increased background.
This calls for a more elaborate treatment of the
background processes. For instance, events from the
γ p → nπ+ reaction can be misidentified as nπ+π0

events when a secondary particle is emitted after
a hadronic interaction of theπ+ or neutron inside
DAPHNE materials.

The different background contributions have been
evaluated by means of the GEANT simulation. The to-
tal background amounts to about 40% of the measured
nπ+π0 yield at 500 MeV and to 15% at 750 MeV in
the case of the unpolarized cross section. The back-

ground simulation is checked by comparing the mea-
sured unpolarized yield with the yield obtained when
requiring two decay photons for theπ0 identification.
In the latter case the background is negligible and the
statistical precision is still good enough to make a
significant comparison. This comparison is shown in
Fig. 3. The good agreement supports the background
procedure used. On the basis of the observed differ-
ences, the systematic error in the nπ+π0 cross section
evaluation due to the background subtraction, is esti-
mated to be at most 3%.

Fig. 2. Comparison between the simulated (solid line) and measured
(solid circles) π0 detection efficiency (ε

π0) in the γ p → pπ0

process as a function of photon energy. The dashed lines represent
the estimated systematic error band of the simulation (4% ofε

π0).

Fig. 3. Measured yield of theγ p → nπ+π0 channel obtained
when theπ0 is identified by requiring two photons in coincidence
(open circles) or by at least one photon (full circles). The solid line
represents the prediction of the Nacher–Oset model [9].
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In Fig. 3, the results of the Nacher–Oset model cal-
culation [9] subjected to the experimental detector ac-
ceptance are also shown. Given the fairly good agree-
ment with the data, the contribution of particles pro-
duced outside the detector angular and momentum ac-
ceptance (about 20% of the measured yield over most
of the measured photon energy range) was evaluated
using this model. A difference in the extrapolation of
at most 10% was found when a uniform 3-body phase
space distribution was assumed instead of the model.
This difference gives an estimated systematic error of
2% of the evaluated total cross section due to this ex-
trapolation.

The resulting total unpolarized cross sectionσtot is
shown in Fig. 4 and compared to previous DAPHNE
[23] and TAPS [25] data and to the predictions of
the Nacher–Oset and RPR models. The addition in
quadrature of all the different sources of systematic
errors gives an overall systematic error of 6% ofσtot.
As described in Ref. [12], the previous DAPHNE
data contain a systematic error due to an imprecise
solid angle correction for the finite target length. The
excellent agreement with TAPS data indicates that the
estimated systematic error is an upper limit.

The same analysis method has been applied to
the doubly polarized data to obtain the difference
between the helicity cross sectionsσ1/2 andσ3/2. The
difference is taken to cancel the background from the

Fig. 4. The total unpolarized cross section for theγ p → nπ+π0

channel obtained in this work is compared to previous
DAPHNE [23] and TAPS [25] data. The solid and dashed
lines represent the prediction of the Nacher–Oset [9] and the
RPR [12,13] models, respectively. Only statistical errors are shown.

unpolarized carbon and oxygen nuclei in the butanol
target [26].

An extrapolation based on the Nacher–Oset model
for the (σ3/2 − σ1/2) difference has also been used
to account for out-of-acceptance particles even if
the agreement with our data is not as good as in
the unpolarized case. Extrapolations given by the
RPR model and phase space are very similar to
the extrapolation that we used, with a maximum
difference of 10% in the correction. For this reason,
the estimated systematic error in the extrapolation is
assumed to be the same as in the unpolarized case.

4. Results and comments

The resulting helicity dependent cross section dif-
ference (σ3/2 − σ1/2) is presented in Fig. 5 together
with the predictions of the Nacher–Oset and RPR
models. The systematic error on this difference is in-
creased compared to the unpolarized case due to the
uncertainties in the beam and target polarization val-
ues. We estimate the total systematic error to be 7% of
the measured cross section difference (σ3/2 − σ1/2).

Two features stand out in Fig. 5. The difference
(σ3/2 − σ1/2) is positive, which implies that the 3/2
intermediate spin state is dominant in the nπ+π0 pro-
duction process. Furthermore, an indication of a peak
around 750 MeV is observed. By combining this result
with the unpolarized cross section, the separation be-
tween theσ1/2 andσ3/2 helicity cross sections, which

Fig. 5. Helicity dependent cross section difference (σ3/2 −σ1/2) for

the �γ �p → nπ+π0 reaction. Curves as in the previous figure. Only
statistical errors are shown.
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Fig. 6. The helicity dependent cross sectionsσ1/2 (open circles) and

σ3/2 (full circles) for the�γ �p → nπ+π0 channel are compared to the
predictions of the Nacher–Oset [9] and RPR [12,13] models.

are experimentally not directly accessible, can also be
extracted. The resulting values forσ1/2 andσ3/2 are
given in Fig. 6 together with the predictions of the
Nacher–Oset and RPR models.

According to Refs. [9,13], theD13 resonance is
largely responsible for the observed dominance and
shape of theσ3/2 cross section, via the processes
γ N → D13 → π� → ππN andγ N → D13 → ρN →
ππN. The latter mechanism gained extra attention
since indications for its presence were found in invari-
ant mass distributions measured by the TAPS Collab-
oration for theγ p → nπ+π0 reaction [25] and with
DAPHNE for the isospin-symmetric reactionγ n →
pπ−π0 reaction [27]. However, as can be seen in
Fig. 6, we also observe a non-negligibleσ1/2 cross
section, which points to mechanisms not involving
the D13 resonance, such asγ N → π� → ππN and
γ N → ρN → ππN. These latter mechanisms are not
fully accounted for by the Nacher–Oset model, which
gives a good description of theσ3/2 data, but falls
significantly below the data forσ1/2. On the contrary
σ1/2 is much better reproduced by the RPR approach,
which at the same time underestimates theσ3/2 cross
section.

The contribution of theγ p → nπ+π0 channel to
the GDH sum rule in the covered photon energy
range from threshold up to 800 MeV is found to be
(11.3 ± 0.7 ± 0.7) µb (statistical and systematical
errors, respectively). This particular channel provides
a non-negligible fraction (
 5.5%) of the total GDH

sum rule value (205 µb) and, as is clear from Fig. 5,
this contribution is not saturated within the measured
energy interval. The contribution of this channel to the
forward spin polarizabilityγ0 amounts to 3%.

5. Conclusion

The first measurement of the helicity dependence
of the total cross section for the�γ �p → nπ+π0 re-
action has been carried out at incident photon en-
ergies from 400 to 800 MeV within the context of
the GDH experiment at MAMI. A strong helicity de-
pendence is observed, with clear dominance of the
σ3/2 over the σ1/2 cross section, which moreover
suggests resonant behaviour due to the intermediate
excitation of theD13 resonance. These results pro-
vide valuable new input for the determination of the
D13 resonance properties and for the theoretical mod-
els and partial wave analyses of the photoproduction
processes.
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