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Measurement of the helicity dependence for the y p — nx* channel in the
second resonance region
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The helicity dependence of the yp — nz™* reaction has been measured for the first time in the photon energy
range from 450 to 790 MeV. The experiment, performed at the Mainz Microtron (MAMI), used a 4 -detector
system, a circularly polarized, tagged photon beam, and a longitudinally polarized frozen-spin target. Although
these polarized data are mainly sensitive to mechanisms involving the D,3(1520) resonance, a cusp structure at
the n production threshold can be clearly observed. These data are significantly different from the predictions of
the existing multipole analyses and are used to determine the helicity amplitudes of the D,3(1520) and S;,(1535)

resonances with improved accuracy.
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I. INTRODUCTION

Single pion photoproduction is presently one of the main
sources of information on the long-range structure of the
nucleon. Over a 30-year period, substantial experimental effort
has gone toward measuring these reactions, and a series of
partial wave analyses of these data has attempted to extract the
properties of the nucleon resonances and their couplings to the
electromagnetic field. Nevertheless, despite this large effort,
our understanding is still fragmentary. Many properties of the
observed states, e.g., coupling constants, branching ratios, and
helicity amplitudes, are poorly known. Furthermore, several
states predicted by the nucleon-structure models have yet
to be observed with confidence. It is often not clear if
nonobservation implies that the model is wrong or merely
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that the signal is lost in the noise from more strongly excited
resonances. In particular, the strong overlap of states above the
dominant P33(1232) means that no clear resonance structure
in the excitation function is observed.

Recently, fresh impetus has been given to this field by
technological developments in polarized beam and polarized
target techniques, which have opened the door to previously
unmeasurable single and double polarization observables. This
broadening of scope is vital to the removal of ambiguities
inherent to partial wave analyses performed up to now
and allows the weaker, more poorly known electromagnetic
multipoles to be accessed. This has been clearly demonstrated
in the A resonance region, where both the beam asymmetry
(accessed by using a linearly polarized photon beam and an
unpolarized target) and the helicity dependence (accessed by
using a circularly polarized photon beam and a longitudinally
polarized target) of single pion photoproduction have been
measured with high precision [1-4] in order to precisely
determine the role of the small electric quadrupole component
of the proton wave function in the N — A transition.

In the second resonance region (500 < E, < 900 MeV),
where several overlapping states are present, e.g., P;;(1440),
D13(1520), and S;;(1535), the helicity dependent observables
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are particularly sensitive to the behavior of the electromag-
netic multipoles which are responsible for the excitation
of the Di3(1520) resonance. This feature can be under-
stood from the multipole decomposition of the yN — Nx
total cross section. In the following, we will use the so-
called pion multipole notation, where E and M denote
the electric or magnetic character of the incoming photon
and the indices /5 describe the coupling of the pion angular
momentum / and the nucleon spin to the total angular
momentum J = [ &£ 1/2. Considering only partial waves with
1 <2, the total unpolarized cross section ¢ can then be written
as (see, for instance, [7])

o o |Eor|* + IMi_* + 6] E1+|* + 2| M1+ |* + 6| M|
2B P+, @)

while the helicity dependent total cross section Aoz =
(03/2 — 01/2), where the subscripts (1/2)3/2 correspond to the
(anti)parallel y-nucleon spin configuration, is

Aoy o —|Eos | — IMi_|* = 3|E4 | + IMi4)* — 6E}, M4
—3IMy P+ |Ex P+ 6E5 My +---. )

Since o [see Eq. (1)] is given by the sum of separate
contributions, only the few dominant partial waves can be
evaluated reliably from unpolarized cross section data. On the
other hand, the sensitivity to some selected weaker multipoles
is greatly enhanced in Aos; [Eq. (2)] as some of the terms
change signs relative to others and new interference terms
appear, e.g., between E,_ and M,_, which are directly related
to the D;3(1520) excitation.

As an example, Fig. 1 illustrates the sensitivity to different
resonances of (a) o and (b) Ao for the yp — nm™ reaction.
In this figure, the predictions given by the MAID multipole
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FIG. 1. Energy dependence of (a) unpolarized total cross section
o and (b) Aoz = (032 —012) for the ¥ p — nx™ channel as
described by the MAID analysis [5,6]. In both figures, the curves
represent standard solution (full), no D;3(1520) (dash-dotted), no
S11(1535) (dotted), no P;;(1440) (dashed).
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analysis [5,6] (solution MAIDO3) are plotted as a function
of the photon energy between 500 and 900 MeV. In both
cases, the full curve represents the full MAID solution,
while the dashed-dotted, dotted, and dashed curves represent
calculations which differ only in that the coupling constants
for the D;3(1520), §11(1535), and P;1(1440) resonances,
respectively, have been artificially set to zero without a
refit of the experimental data. The difference between the
standard and modified solutions indicates the sensitivity of
these observables to the different resonances.

As can be clearly seen from the comparison between
Figs. 1(a) and 1(b), the influence of the D;3(1520) resonance
is greatly enhanced in the helicity dependent observable,
while the sensitivity to S;1(1535) is of opposite sign and less
pronounced, and the sensitivity to P;;(1440) is negligible for
E, 2 600 MeV.

Ao3 is then well suited to extracting the helicity dependent
amplitudes of the D;3(1520) resonance, which are related to
the multipole values as

A1/2 (0.6 Im(3M§£/2) - EEI,/Z))a
Aya o Im(MY7? 4 EU).

where the superscripts refer to the isospin, and the multipole
values are at the resonance peak. The helicity dependent
observables are in particular useful for evaluating the Ay,
amplitude, which arises from the cancellation between electric
and magnetic multipoles and which cannot be precisely
evaluated using unpolarized data alone, since Im(Mél_/z)) >
Im(ESY?) and |Aj,] < |Asp| (see, for instance, [5]). An
example of the sensitivity to this particular amplitude is given
in Fig. 2, where three different predictions of the MAID
analysis are shown for the unpolarized (do/d<2) and helicity
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FIG. 2. Unpolarized (upper plots) and helicity dependent (lower
plots) differential cross sections for the yp — pm and nr* channels
at E, =760 MeV as predicted by three different versions of the
MAID analysis: solid curve: Aj,(D3(1520)) = —0.030 GeV~!/2
(standard MAID value); dashed curve: A, =0; dotted curve
A12(Dy13(1520)) = —0.060 GeV~'/? (twice the standard MAID
value).
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dependent (A3; = do3,,/d2 — doy/d2) differential cross
section of both yp — Nm channels at E, = 760 MeV [peak
position of the D;3(1520) resonance]. In all the plots of
this figure, the solid curve represents the standard MAID
solution (A, = —0.030 GeV~'/2), while the dashed curve
represents the solution with A/, = 0 and the dotted curve is
A1y = —0.060 GeV~!/2, i.e., twice the standard MAID value.

Because of the reduced contribution given by the nonres-
onant 7 production mechanisms, prro 1s more sensitive than
nt to Ay, and this sensitivity is greatly enhanced in Az,
mainly because of the last term of Eq. (2). For this reason, our
first helicity dependent prr° data between 550 and 790 MeV [8]
had already produced a significant change in the values of the
E,_ and M,_ partial wave amplitudes with respect to the
existing fits given by both the MAID and SAID [9] analyses.

However, to have a (quasi)model-independent determina-
tion of the properties of the D;3(1520) resonance, different
pion photoproduction channels need to be measured, also using
different polarization observables. This will allow a reliable
evaluation of both the isospin and the resonant and nonresonant
components of all multipoles that play a non-negligible role in
the second resonance region.

As a further step of this study, we present in this article the
first measurement of the helicity dependent differential and
total cross sections for the ¥ p — nz™ reaction from 450 to
790 MeV. With respect to the pr” case, the multipoles have
a different isospin combination and some nonresonant partial
waves, such as Ey;, play a more important role because the
photon can directly couple to the ™.

In Fig. 3, the different multipole contributions to o for
the nt channel as predicted by MAID (solution MAIDO03)
and SAID (solution FA04K) analyses are shown. While both
analyses give similar values for the total unpolarized nr ™ cross
section (continuous lines of Fig. 3), the predicted behavior of
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FIG. 3. Most important multipole contributions to the total
unpolarized cross section for the yp — nz* reaction as predicted
by (a) MAID [5,6] and (b) SAID [9] analyses. Continuous line:
sum of all multipoles; dash-dotted line: contribution due to the Ey,
multipole; dashed line: M, multipole; dotted line: E,_ multipole;
continuous-dotted line: M,_ multipole.
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the two main contributing multipoles (Eo; and E,_) are very
different. In the polarized case [see Eq. (2)], the negative sign of
the Eo contribution and the presence of the new interference
term between the E,_ and M,_ multipoles highlights the
differences between the two analyses.

Helicity dependent nr + data are then expected to have a big
impact in the second resonance region where there are sizable
uncertainties in the determination of the contributions given by
the most important multipoles. The present data were obtained
during the Gerasimov-Drell-Hearn (GDH) experiment at the
Mainz Microtron (MAMI) [3,8,10-15], which studied the he-
licity structure of the exclusive and inclusive photoproduction
cross sections and their contributions to the GDH sum rule.

II. EXPERIMENTAL SETUP

Only the main characteristics of the experimental setup
are given here; more details may be found in Refs. [3,16].
The experiment was carried out at the Glasgow-Mainz tagged
photon facility of the MAMI accelerator in Mainz [17,18].
Circularly polarized photons are produced by bremsstrahlung
of longitudinally polarized electrons. A strained GaAs pho-
tocathode routinely delivered electrons with a degree of
polarization of about 75% [19]. The electron polarization was
monitored with a precision of 3% by means of a Moeller
polarimeter. The photon polarization was evaluated according
to Ref. [20]. The photon energy was determined by the
tagging spectrometer which has an energy resolution of about
2 MeV. The tagging efficiency was continuously monitored
with a precision of 2% during the data-taking by an ete™
pair spectrometer installed downstream of the main hadron
detector, and absolute values were measured periodically using
a 100% efficient lead glass detector.

A butanol (C4Hy9OH), frozen-spin target [21] provided the
polarized protons. The system consisted of a horizontal dilu-
tion refrigerator and a superconducting magnet (=2.5 T), used
in the polarization phase, together with a microwave system
for dynamic nuclear polarization. During the measurement,
the polarization was maintained in the frozen-spin mode at a
temperature of about 50 mK and a magnetic field of 0.4 T,
supplied by a small superconducting holding coil inside the
cryostat. The proton polarization was measured using NMR
techniques with a precision of 1.6%. Polarization values higher
than 80% and relaxation times in the frozen-spin mode of about
200 h were regularly achieved.

Photoemitted hadrons were registered in the large ac-
ceptance detector DAPHNE [22] (see Fig. 4), which is a
charged-particle tracking detector covering the full azimuthal
angular region and polar angles 6, from 21° to 159°. It

’Cerenkov STAR
pol. y-beam O!—\;&T4-strip MIDAS / | \‘U
e — —— i

I 1shower
P im trigger plate
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FIG. 4. Schematic side view of the GDH detector at MAMI.
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consists of three cylindrical multiwire proportional chambers,
surrounded by segmented plastic scintillator layers and by
a scintillator-absorber sandwich that allows the detection of
neutral pions with an efficiency of about 20%.

In addition to DAPHNE, Fig. 4 shows forward detector
components, the silicon microstrip detector array system
(MIDAS) [23], an aerogel Cerenkov counter to suppress
electromagnetic background, and the annular ring detector
Scintillators from Tiibingen for Angle Reconstruction (STAR)
[24] followed by a forward scintillator-lead sandwich counter.
The particle identification capabilities of MIDAS and STAR
were insufficient to ensure reliable separation of 7+ from e*
and relativistic protons, and thus they were not used in the
present analysis.

III. DATA ANALYSIS

The data analysis of the ¥ p — nz ™ process was performed
in two parts. In the first stage, the analysis method was
developed and verified using calibration data taken with an
unpolarized photon beam and a pure liquid hydrogen target. In
the second part, the same method was used with the polarized
data. A detailed discussion of the overall analysis can also
be found in Ref. [3], where the helicity dependent nr™ data
are shown from E, = 180 MeV to E, =450 MeV, and in
Ref. [16].

A. Unpolarized data

As in Ref. [3], events with a single charged track recognized
as a pion were selected in order to identify the nt channel.
The charged pions were identified using a combination of
the AE-E technique described in [12] and the range method
described in [25]. 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 misidentification error of 2%) and to determine
their kinetic energy.

However, this procedure can only be used for particles
that are stopped in the detector. The identification of charged
pions that escape the detector (without the determination of
their kinetic energy) is performed by comparing information
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 [12]. This technique
cannot distinguish charged pions from quasirelativistic protons
having a momentum higher than ~900 MeV/c.

The background contributions to the nr™ channel which
remain after this procedure come from the nr o, prtma,
pr®, and pn — prtn—n° final states (see Fig. 5), and
methods to identify and correct for this background are
described as follows:

(i) The nm* 7% channel is the major source of background.
About 50% of this contribution can be removed event-by-
event when one or two neutral particles, identified as pho-
tons, are detected in coincidence [12]. The contribution
of the remainder to the nr * yield was evaluated, for each
photon energy interval, starting from the experimental
angular distributions of events having a charged pion
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FIG. 5. Different background contributions to the n™ channel
at £, =743 +£10 MeV as a function of the pion angle in the
center-of-mass system 6 for data taken with unpolarized photons and
unpolarized target. Open circles: measured yield of the selected N+
events; filled squares: background contribution from the nyr * 7% chan-
nel; open squares: background contribution from the p7r *7 ~ channel,
open triangles: background contribution from the p7® channel; filled
triangles: background contribution from the pn channel; filled circles:
obtained yield after subtraction of all background contributions. The
errors shown are statistical only.

in coincidence with two detected photons (N1). These
events are surely coming from the nw+7° channel, since
the contribution given by the Nwmm processes can be
neglected within the measured photon energy range.
These angular distributions were then multiplied with
the simulated ratio N'? /N,+ (where N+ represents the
yield of events without any accompanying neutral track)
and subtracted from the experimental N+ yield. This
ratio was obtained from a GEANT-based program which
models accurately the geometry and composition of the
GDH detector setup.

An example of the background angular distributions
that were thus obtained is shown in Fig. 5. The back-
ground contribution is plotted as a function of the pion
angle in the center-of-mass system of the nz+ channel
(67) and at E, =743+ 10 MeV, where the nm*n°
background reaches its maximum. The measured N+
yield is given by open circles, while the evaluated
background contribution from the nz*7® channel is
shown by the filled squares. This background is negligible
at £, ~ 460 MeV and increases smoothly to ~20% of
the overall measured N+ yield at 750 MeV. Taking into
account the good confidence in the simulated efficiencies
for the nr ¥ process [12], the systematic error in the
background is estimated to be 10%.

(ii) The pm*m~ reaction also produces a significant back-
ground contribution when only one charged pion is emit-
ted inside the DAPHNE acceptance. This background was
evaluated, assuming a uniform phase space distribution,
with a simulation which incorporates the experimental
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(iii)

(iv)

total cross section values for the pmw ™7~ channel that
had been measured with the same apparatus [26,27]. The
resulting contribution was found to be at most ~6% of
the measured nrt yield at 780 MeV; its angular behavior
is shown in Fig. 5 (open squares) at £, = 743 £ 10 MeV.
The pz® channel produces background if a high-
momentum recoil proton is misidentified as a charged
pion. This contribution was evaluated using the angular
distributions given by the SAID (solution FA04K) anal-
ysis [9] and found to be at most ~0.2% of the overall
measured n ™ yield at 780 MeV. Its angular behavior
is shown in Fig. 5 (filled triangles) at E, =743 &
10 MeV.

The yp — pn — pntn—n° process produces back-
ground when, among all photoemitted particles, only one
charged pion is emitted inside the DAPHNE acceptance.

(do/dQ) (ub/sr)

15

10
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643 MeV

This contribution was evaluated using the evaluated pn
angular distributions measured with the two-arms photon
spectrometer (TAPS) detector [28] and was found to be
at most ~0.5% of the measured nr* yield at 750 MeV.
Its angular behavior is shown in Fig. 5 (filled triangles)
at £, =743 + 10 MeV.

A relative systematic error of 10% is also estimated for the
background contributions from the last three channels. The
addition in quadrature of all different systematic contributions
gives an overall systematic error of about 4% of do/d<2 for
0 < 80°, which increases linearly up to ~10% of do/d2 at
0r = 155°.

The resulting unpolarized differential cross sections for
yp — nx™ in the energy range 463 < E, < 783 MeV are
shown in Figs. 6 and 7 as a function of 6 [16]. These data

(do/dQ) (ub/sr)

AN .
100 0 100

&

0, (deg)

FIG. 6. Measured unpolarized differential cross section for the
yp — nxt reaction for photon energies from 463 to 623 MeV
(filled circles) compared with previous experimental data and with
MAID [5,6] (solid lines) and SAID [9] (dashed lines) analyses. Open
triangles: [29]; open circles: [30]; open squares: [31]. The dotted
curve represents our modified MAID solution (see text). The errors
shown are statistical only.
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FIG. 7. As in Fig. 6, but for photon energies from 643 to 783 MeV.

are compared with the most recent available data sets, from
Tokyo [29] and Bonn [30,31], and with the results of MAID
(solution MAIDO03) [5,6] and SAID (solution FA04K) [9],
which represent, at the moment, the most comprehensive
multipole analyses of the existing N database.

The general good agreement with predictions of multipole
analyses and the two data sets from Bonn [30,31], which are the
most accurate measurements performed up to now, shows that
the detector response and the background subtraction method
are well under control.

Using the present data, the total unpolarized cross section
forthe yp — nm* channel was also derived. The extrapolation
into the unobserved forward and backward angle regions was
made using the MAID analysis. The values of the extrapolation
correction were found to be at most ~15% of the measured
yield. A very similar correction was found when using the
SAID analysis.

To evaluate the systematic error associated with this
procedure, a different extrapolation algorithm has been used.
The correction for the unobserved forward (backward) polar
region was made assuming the same behavior for do/dQ2 as
the one observed by previous experiments [31-33], e.g., a
linear increase (constant behavior) at very forward (backward)
angles. The maximum relative difference between these two
extrapolation corrections was found to be ~220%, which gives
an estimate of the systematic error of the extrapolation. This
gives an overall systematic error on the measured total cross
section of ~=+5 ub.

In Fig. 8, the total cross section thus obtained is again
compared with the SAID [9] and MAID [5,6] multipole
analysis results. The same figure shows our results previously
obtained at £, <450 MeV [3]. No other data are available
for this observable. The present experimental data agree
with both theoretical analyses at £, > 450 MeV within the
quoted statistical and systematic errors. This new unpolarized
data set considerably improves the existing database above
450 MeV.
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FIG. 8. Unpolarized total cross section datafor y p — nx* (filled
circles) are compared with our previous results at £, <450 MeV [3]
(open circles) and with the MAID [5,6] (solid line) and SAID [9]
(dashed line) analyses. The dotted curve for E,, > 400 MeV represents
our modified MAID solution (see text). Only statistical errors are
shown.

B. Polarized data

The same analysis method is applied to the doubly polarized
data to obtain the difference between the helicity cross sections
01,2 and 03 ;. The difference is taken to cancel the background
from the unpolarized carbon and oxygen nuclei in the butanol
target [10].

The background from the polarized nw 7" reaction was
evaluated using a procedure similar to item (1) of Sec. IIl A. An
example of the angular distributions that were thus obtained is

shownin Fig. 9 as a function of 6% at E,, = 743 4= 10 MeV. The

measured AN+ = N;/f — N;/f yield is given by open circles,

while the evaluated background contribution from the nz *7°
channel is shown by the filled squares. This background is
negligible up to E, ~ 500 MeV and increases smoothly to
~15% of the overall measured AN+ yield at 750 MeV.

For the evaluation of the background coming from the
pr ™ reaction, our polarized data have been used [26,
27]. The resulting contribution was found to be at most
~25% of the measured AN, yield at E, ~ 600 MeV;
its angular behavior is shown in Fig. 9 (open squares) at
E, =743 £ 10 MeV.

The background from the polarized pr° reaction was again
simulated using the SAID analysis, which well reproduces the
polarized pm® angular distributions previously measured by
our Collaboration [8] in the second resonance region (shown
later in Fig. 15). The absolute value of this contribution was
found to be at most ~0.1% of the measured AN, yield at
~780 MeV; its angular behavior is shown in Fig. 9 (filled
triangles) at £, = 743 £ 10 MeV.

Finally, in evaluating the pn background contribution, a
helicity asymmetry (01,2 — 03/2)/(012 + 03/2) = —0.97 was
assumed for the pn channel following the calculation of
Refs. [5,6]. This assumption is consistent with some of our
previous experimental results [13]. The absolute value of this
contribution was found to be at most ~20.25% of the measured

0
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FIG. 9. Different background contributions to the n™ channel
at E, =743 + 10 MeV as a function of the pion angle in the center-
of-mass system (6). Open circles: measured yield of the selected
N+ events; filled squares: background contribution from the nz *7°
channel; open squares: background contribution from the pmztm~
channel; open triangles: background contribution from the p7® chan-
nel; filled triangles: background contribution from the pn channel;
filled circles: obtained yield after subtraction of all background
contributions. Only statistical errors are shown.

nmt yield at ~750 MeVi; its angular behavior is shown in Fig. 5
(filled triangles) for £, = 743 £ 10 MeV.

A relative systematic error of 10% is again assumed for all
evaluated background contributions.

IV. RESULTS AND DISCUSSIONS

A. Polarized cross sections

In Figs. 10 and 11 we present the obtained helicity
dependent differential cross section Ajz; = (do/dS2)3;, —
(do/dS2)1), for the nt™ channel from 463 to 783 MeV and
compare these data with the previously mentioned analyses.
These are the first published data for this observable.

All errors shown are statistical only. The addition in
quadrature of all the different sources of systematic errors
gives an overall systematic error of about 5.5% of Aj; for
0 < 80°, which increases linearly up to about 11% of A3, at
0r = 150°.

The total polarized cross section Aoz = (0372 — 01/2) Was
also evaluated from these data. The extrapolation into the
unobserved region was made using the MAID calculation,
which reproduces the measured differential cross sections
better than SAID. This correction has a value of about —18 ub
at £, =460 MeV and rises smoothly to about —5 ub at
E, =780 MeV.

To evaluate the systematic error associated with this
procedure, other extrapolation algorithms have been used. In
a first method, the SAID model was used to evaluate this
correction. With a different and more elaborate procedure,

045204-6



MEASUREMENT OF THE HELICITY DEPENDENCE FOR THE yp — nn™ ...
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FIG. 10. Measured polarized differential cross section Az =
(do/dS2)32 — (do/d2),, for the ¥ p — nm™ reaction for photon
energies from 463 to 623 MeV (filled circles) compared with
theoretical predictions. Curves as in the previous figures. Only
statistical errors are shown.

the separate evaluation of (do/dS2)3; and (do/d2) 1/, was
carried out from the combination of the measured data
sets for (do/dS2) and Aj;. A separate extrapolation pro-
cedure was then performed for each helicity case, and the
difference between the two extrapolation corrections was
evaluated. A linear behavior for both helicity dependent
differential cross sections outside the measured angular range
was assumed during this procedure. The values at the two
extreme 6 values were taken as (do/d2)3/2(0°,180°) =0
and (do /d2)1,2(0°, 180°) = 2(do /d2)(0°, 180°). The values
of do /d2 were taken from previous experiments [31-33].
The maximum relative discrepancy between all different
extrapolation methods was found to be ~20%. This value is

A4, (Ub/sr)

-10 / 763 MeV / 783 MeV v

0 100 0 160
0, (deg)

FIG. 11. As in Fig. 10, but for photon energies from 643 to
783 MeV.
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FIG. 12. Polarized total cross section for yp — nm+ compared
with the analyses of MAID [5,6] (solid line) and SAID [9] (dashed
line) and our previous data at E, <450 MeV [3] (open circles).
The dotted curve for E, > 400 MeV represents our modified MAID
solution (see text).

assumed to be the systematic error of the extrapolation. This
gives an overall systematic error of ~46 ub for Aos;.

In Fig. 12, the evaluated helicity dependent total cross sec-
tion Aoz; = (032 — 01,2) is shown together with our previous
polarized data at E, <450 MeV [3] and compared with the
SAID and MAID analyses. In contrast to the unpolarized
case, there is now a clear systematic discrepancy between
the prediction of SAID and that of MAID at £, > 450 MeV,
with our data being in general closer to the latter prediction.
The reason for the discrepancy between the models can be
traced down to the different predicted contributions of the most
relevant multipoles for the yp — nz™ channel, as shown in
Figs. 3 and 14.

150

100

50

o (ub)

300

200

100

200 400 600
E, (MeV)

FIG. 13. Helicity dependent cross sections o, (a) and 03, (b) for
the ¥ p — nm™ reaction (filled circles), combined with our previous
data at E, <450 MeV [3] (open circles), compared with model
predictions. Curves as in the previous figure. Only statistical errors
are shown.
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s0f
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FIG. 14. Main multipole contributions to the helicity dependent
total cross sections oy, (upper) and o3, (lower) for the yp — nat
reaction as predicted by the MAID [5,6] and SAID [9] analyses.
Continuous line: sum of all multipoles; dash-dotted line: contribution
due to Ey; multipole; dashed line: M;, multipole; dotted line: E,_
multipole; continuous-dotted line: M,_ multipole; continuous-dash-
dotted line: E5_M,_ interference term.

A deeper insight into the contribution of the different mul-
tipoles can be obtained from the separate helicity dependent
total cross sections o1, and 03, that can be deduced from the
measured unpolarized and polarized total cross sections. The
results of this separation are shown in Figs. 13(a) and 13(b)
for o1/, and o03/;, respectively. In these figures, the model
predictions from SAID and MAID are also shown together
with the same observables evaluated from our previously
published results at £, <450 MeV [3].

In Fig. 14 the main multipole contributions as predicted by
MAID and SAID analyses are shown for both the o7/, and the
032 case. As can be clearly seen from Fig. 14, the oy, cross
section at £, > 400 MeV is mainly sensitive to the behavior
of the Ey, multipole. This partial wave is responsible for the
clear cusp structure seen in Fig. 13(a) at E,, ~ 705 MeV. Such
a feature, which had already been seen experimentally in the
same photon energy region for (do /d2) at the most backward
angles [31,34,35] is due to the onset of the 1 production
mechanism which takes place at E,, = 707.7 MeV. The strong
intermediate excitation of the S;;(1535) resonance which is
responsible for this reaction causes, by unitarity, a sizable
change in the behavior of the nzr+ channel. The discrepancy
between MAID and SAID is mainly due to the predicted
behavior of the Ey multipole (see Fig. 14).

On the other hand, the behavior of 03/, in the second res-
onance region [Fig. 13(b)] clearly shows a resonant structure
essentially due to excitation of the D3(1520) state. In this case,
the E,_ multipole gives the most relevant contribution, and its
role is enhanced because of the presence of an interference with
the M,_ multipole (see Fig. 14). In this case, the discrepancy

PHYSICAL REVIEW C 74, 045204 (2006)

between MAID and SAID is mainly due to the £,_ multipole.
A closer inspection of the predicted behavior of Ey; and E;_
multipoles revealed that in both cases, the discrepancy lies in
the real part of the multipoles. Unlike the imaginary parts, the
real parts of the multipoles have a stronger model dependence
because of the meson loop contributions and coupled channel
effects.

B. Partial wave analysis

To extract more precise information about the D;3(1520)
and S7;(1535) resonances, a fit of all our polarized and
unpolarized N7 differential cross sections measured from 400
to 800 MeV has been performed based on a modified MAID
analysis. The present measurement together with our previous
polarized and unpolarized measurements for the p7° [8] and
nz* [3] channels have been used. This database contains 574
points in total.

Within the MAID framework, 12 free parameters were
used in our fit which correspond to the couplings of the
resonances that can play a sizable role in the photon energy
range covered by the database, i.e., P33(1232), P;1(1440),
D3(1520), S11(1535), S$531(1620), S;,1(1650), D33(1700), and
F15(1680). The widths, masses, and single pion branching
ratios of all resonances were taken from the Particle Data
Group (PDG) [36]. The pseudo-scalar/pseudo-vector (PS/PV)
mixing parameter, which describes the Born term contribution

and mainly affects the Eéf and M 11 2 amplitudes, was taken
from the standard MAID solution. Only the experimental
statistical errors were taken into account in the procedure;
the overall reduced x? of the fit is 2.6.

This modified MAID solution is shown by the dotted curves
in Figs. 6-8 and 10-13. The comparison of this solution
with some of our published helicity dependent pm® data is
also shown in Fig. 15. Our fit, with respect to the standard
MAID solution, produced a significant change, within the
measured photon energy range, only for the Eyy, M;_, and
E,_ multipoles.

The transition from the multipole representation to the
helicity amplitudes requires a separation of resonant and
nonresonant contributions of a given partial wave and is
therefore model dependent. Once this separation is done, the
standard procedure described in Ref. [37] can be used. Since
the D3 partial wave amplitudes are almost purely imaginary
at the resonance position, in this case the model dependence
is weak. This is different for the S;; partial wave, where the
phase at the resonance position is essentially different from
90° and the nonresonant background leads to contributions in
both real and imaginary parts. Our numerical values for these
two resonances are shown in Table I together with the PDG
latest estimate [36].

To evaluate the systematic error associated with the uncer-
tainties on all the resonance parameters that were used, the
fitting procedure was repeated several times with different sets
of parameters randomly selected in an uniform way within
the uncertainties given by the PDG. The uncertainties related
to the Born terms were evaluated by additionally including
the (PS/PV) mixing parameter inside the fitting procedure.
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TABLEL S;; and D3 helicity amplitudes A, and A3, for the proton (in units of GeV~!/) estimated from our analysis based on
the MAID parametrization (denoted as Modified MAID). The numbers are compared with the standard MAID (MAIDO3) solution,
SAID analysis [9], and PDG [36], see text. The first error stems from the fitting procedure; the second one is the estimated systematic
error (+§/2) arising from the uncertainties in the resonance parameters, see text.

Solution Arp(Si) Ay12(D13) Asz2(D13)

MAIDO3 0.073 —0.030 0.166

SAID 0.030 + 0.003 —0.024 £ 0.002 0.135 £ 0.002

PDG 0.090 + 0.030 —0.024 £ 0.009 0.166 £ 0.005
Modified MAID 0.079 +0.003 £ 0.011 —0.039 £ 0.005 £ 0.009 0.168 £+ 0.002 £ 0.007

The difference § between the minimum and maximum values
of the helicity amplitudes of the D;3(1520) and S;;(1535)
resonances that were thus evaluated is our estimation of the
systematic error associated with the fitting procedure, which
is given (as +§/2) in Table 1.

For the S;; resonance, we find a small increase in the
Ay, helicity amplitude with respect to the standard MAID
result. Our value of 0.079 £ 0.003 GeV~!/2 is still about 20%
smaller than values obtained from 1 photoproduction analyses
in the range of 0.100—0.120 GeV~!/2[38] but is considerably
larger than the SAID [9] value. However, in a reanalysis [39],
the SAID group also obtains values in the range of our fit.

For the D3 we obtain similar values as in our previous
analysis [8], where only the polarized pm® data had been
analyzed. With the 70 data alone, we obtained the values of
—0.038 £ 0.003 and 0.147 + 0.010 GeV~/ for the A, and
A3/, amplitudes, respectively. Our new fit, which includes
additional and more precise double polarization data measured

5t i C
,.,:»/f ‘?+ 4 f&/r v}\f
5 62 Me‘( 640 Me\( 660 Me\‘f
5f B C
5
g 0 410 dit /@k
e N S H HTT
qﬂ
5 680 Me‘( 700 Me\( 720 Me\(
5t ¥ -
,.ﬂHWn\‘M;/ﬂ+ SN

s 740 MeV 760 MeV 780 MeV
! ! !

0 100 0 100 0 100
&
6, (deg)

FIG. 15. Our previously measured polarized differential cross
sections Ao3; = (03,2 — 012) for the ¥ p — pr® channel put from
620 to 780 MeV compared with the MAID (solid lines) and SAID
analyses (dashed lines) and to the results of our fit (dotted lines).

over a wider angular range, supports the larger value of Aj,
compared with PDG and finds a more stable value for the A3 />
amplitude of 0.168 + 0.002 GeV~'/2, in very good agreement
with PDG.

V. CONCLUSIONS

Both the unpolarized and the helicity dependent total and
differential cross sections for the yp — nm+ channel have
been measured in the photon energy interval 450-790 MeV.
While the unpolarized data are in good agreement with the
existing MAID and SAID multipole analyses, our helicity de-
pendent results, the first of their kind, highlight the differences
between the two models caused by their enhanced sensitivity
to the main multipoles contributing to this channel.

Although the nz™ channel is mainly produced from
an intermediate excitation of the D;3(1520) resonance, a
pronounced cusp structure is clearly observed at about
700 MeV in the o/, cross section. This feature is due to
the onset of the n production process.

These data provide a strong constraint for a precise
determination of the partial waves playing a role in the second
resonance region and of the parameters of the D;3(1520) and
S11(1535) resonances. From a partial wave fit of these and
our previous N results from 400 to 800 MeV, we have
determined the photocoupling parameters of the D;3(1520)
and S7;(1535) resonances. The obtained results imply that
Ay, for the D3(1520) resonance is larger (in absolute value)
by about 60% than the standard PDG values, while A, for
the S11(1535) resonance is about 20% smaller than the values
obtained from 7 photoproduction analyses.

To reduce the sizable systematic uncertainties that still
affect these evaluations, new experiments are in preparation
at the new MAMI-C facility in Mainz that will extend the
measurement of the Nm channels to cover almost the full
angular range up to photon beam energies of ~1.4 GeV
with the possibility of accessing additional polarization ob-
servables.
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