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Abstract of Physics :
We propose to perform a precise measurement of the G-Observable in yp — pr® and yp — prt

in the tagged photon energy region 250-800 MeV in order to determine the M/ _ partial wave,
which is sensitive to the Roper-Resonance P;1(1440). Measuring both single pion channels will
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Abstract of Equipment :
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tense, linearly polarized photon beam.
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experimental hall/beam A2
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target re—polarization 150 hours
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Abstract
We propose to perform a precise measurement of the G-Observable in yp — pr® and vp — pr™t
in the tagged photon energy region 250-800 MeV in order to determine the M _ partial wave,
which is sensitive to the Roper-Resonance P;1(1440). Measuring both single pion channels will
allow an isospin separation (M;_ for I = 1/2 and I = 3/2).

1 Motivation

The determination of the dynamics underlying single pion photoproduction has been a major chal-
lenge in hadronic physics for several decades. However, despite this long history and a large ex-
perimental effort, the reaction mechanisms are still far from being understood, mainly because of
the contributions from a substantial number of hadronic resonances which are difficult to disentangle
({1, 2)).

New perspectives for the study of these resonances have been opened by the possibility of performing
experiments using linearly or circularly polarized photons and polarized targets. By careful selec-
tion of the new observables enhanced sensitivities to specific electromagnetic multipoles and, con-
sequently, to a few selected hadronic resonances, are obtained. For example, the measurement of
the beam asymmetry (linearly polarized photons and unpolarized target) for both Yp — N7 chan-
nels [3, 4] at photon excitation energies below 450 MeV has allowed a precise determination of the
behavior of the F', (electric quadrupole) multipole in the N — A transition.

In the second resonance region (covering excitation energies from ~ 500 MeV to ~ 900 MeV) several
overlapping states are present (P;1(1440), D;3(1520), S11(1535)). Here, the measurement of the
helicity dependence (circularly polarized photon beam and longitudinally polarized target) of the
¥p — pm? process [5] has been proven to be sensitive to the F,_ and M,_ partial waves, which
strongly couple to the D;3(1520) resonance.

A large sensitivity to the M;_ partial wave amplitude and, therefore, to the P;;(1440) resonance is
given by the double polarization observable (7, that can be measured using linearly polarized photons
and a longitudinally polarized nucleon target. The P;;(1440) resonance is of particular interest as all
its basic parameters (Breit-Wigner mass, decay width and amplitudes) are still very poorly known [6].
The G observable is obtained by flipping the orientation of the linear beam polarization between +45°
and —45° with respect to the reaction plane, using a polarized target with polarization vector along
the z axis. It is defined as

~ (do/d2)(45°, 2) — (do /d2)(—45°, 2)
~ (do/dQ)(45°, 2) + (do/dQ)(—45°, 2)

The incoming transverse polarized photon determines the z-z plane with the momentum along the z
(beam) axis and the polarization vector in the x direction.

In fig. 1a) the behaviour of G as predicted by MAID (solution MAID2003) [7, 8] is plotted as a
function of photon energy for the vp — pr® reaction at §* = 90°, where 6* is the pion angle in
the center of mass system. The angular behavior of GG for the same reaction at E, = 50 MeV is
shown in fig. 1b). In both figures, the full curve represents the standard MAID solution, while the
dotted, dashed and dashed-dotted curves represent solutions in which the coupling constants of the
P11(1440), the D13(1520) and the S11(1535) resonances, respectively, were set to zero. The difference
between the standard and modified solutions indicates the sensitivity of this observable to the different
resonances. As is clearly seen in these, the influence of the Py;(1440) resonance is particularly strong,
causing even a change of sign of G asymmetry. In contrast, for E, below 600 MeV, the sensitivity to
D13(1520) is much less pronounced and the sensitivity to S1;(1535) is almost negligible.
Considering only s- and p-waves, these features can be understood from the multipole expression of

G (9D

do

ol G(0*) = Im{M;_(Ey; — M) —2E7, My} - 3sin® 6"
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Figure 1: Energy (up) and angular (down) dependence of the G observable in the second resonance
region for the yp — pr® reaction as described by the MAID2003 model [7, 8]. The curves represent
the standard solution (bold solid line), no born contribution (thin solid line), no P;;(1440) (dashed
line), no D13(1520) (dotted line), no S11(1535) (dash-dotted line) contribution.
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~ —ImM,_ReM,, - 3sin®6*

where, in the approximate equality, we have neglected the effects due to the £, multipole and to the
real part of the M;_ multipole. The inclusion of d-waves has no significant effect for § ~ 90° and
E, < 600 MeV. Under these kinematical conditions, some additional terms can be neglected due to
their dependence on cos §* and cos? §* factors. The remaining terms play a very small role due to their
dependence on the imaginary parts of the Fy,, Fo_, My, E5, and M, multipoles. G is therefore
well suited to extract the parameters of the P;; resonance.

In parallel the reaction yp — nm™ will also be investigated. This will allow for an isospin decompo-
sition of the multipoles. However the influence of the Roper resonance to GG is not as prominent as in
the pm® channel, since also d-waves have to be considered. Then G decomposes to [10]:

;l—g -G(0*) = —sin®(0) - Im {Ag + A cos(d) + Ay cos*(6) }
with AO = ?)Mf_ (ElJr - M1+) - 6ET+M1+
+3E04 (—Eo — My + Eoy + Moy )

15
+Ey (= Bay + 6My — 60, )°

27 27
~ 5 My Ej, — 5By M,

From photon energies above 600 MeV G is sensitive to the D13(1520) resonance due to the inter-
ference terms of Fy_ and M, with Ey,, a multipole corresponding to Si1(1535). This opens the
opportunity to study D;3(1520) multipole parameters in this energy region. In figure 2 the effects of
several resonances to G are compared.

A previous test experiment was carried out during the GDH beam time in 1998 [11]. This demon-
strates the feasability of the determination of the G-asymmetry with an azimuthal symmetric detector
like DAPHNE (the preprint accepted by Eur. Phys. J. A for publication has been added in appendix
F).

2 Experiment

We propose to use the Crystal Ball multi-photon spectrometer as the central detector with TAPS as
the forward wall for the detection of photons. This combination has a geometrical acceptance close
to 4, a high photon detection efficiency with excellent energy and angular resolutions. The polar
and azimuthal angles of the outgoing proton for ©;,, > 20° will be measured by the central tracker
which is based on the DAPHNE cylindrical multiwire proportional chamber. The chamber will be
inserted into the Crystal Ball beam cavity. The trajectory and energy of the proton for ©;,, < 20°
will be measured by the TAPS forward wall. The experimental apparatus is shown in Fig. 3. The
detailed descriptions of the Crystal Ball, the TAPS forward wall, the cylindrical wire chamber, and
the longitudinally polarized butanol target are given in the Appendices B, C, D, and E.

Monte Carlo simulations have shown that the 7° detection efficiency is 85% for an incident photon
energy of 150 MeV and for events in which both decay photons are detected [12]. The 7+ detection
efficiency for the Crystal Ball is ~ 25%. However, to separate single pion production events from
double pion production it will be necessary to detect the neutron too. The efficiency for this is ~ 30%.
[13]

At MAMI linearly polarized photons are produced by coherent bremsstrahlung at a 100 pum thick
diamond crystal [14]. The whole crystal can take up the momentum transfer ¢ from the electron, if
the Bragg condition

q = Grin- (D
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Figure 2: Energy (up) and angular (down) dependence of the observable G for the reaction yp — nw ™
as described by the MAID2003 model. The curves represent the standard solution (bold solid line), no
born contribution (thin solid line), no P;;(1440) (dashed line), no D;3(1520) (dotted) no S11(1535)
(dashed dotted line) and no F}5(1680) (long dashed dotted line) contribution.
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Figure 3: The experimental apparatus proposed for the measurements of the double polarization
observable G at MAMI. To show the position of the cylindrical wire chamber and the target inside
the Crystal Ball some of the Crystal Ball crystals have been omitted.

where gpx; 1s a reciprocal lattice vector, is fulfilled. The kinematics of bremsstrahlung allows only
a very restricted range for ¢, depending on the energy of the radiated photon. Combined with the
Bragg condition, this leads to more or less isolated peaks in the coherent bremsstrahlung spectra with
a characteristic, sharp edge at the high-energy side and a smooth fall-off at low energy. As long as
Eq. 1 is fulfilled for one or a set of collinear lattice vectors, the radiated photons in these peaks are
linearly polarized to a high degree. For that the crystal has to be precisely oriented with respect to the
incoming electron beam. Small rotations of the crystal allow the polarized peak to be shifted in energy.
However the achievable degree of polarization decreases with peak positions at higher energies. At
photon energies of /2 (Fy: incoming beam energy) polarization degrees of P, ~ 40% and at Ey/4
up to 70% have been achieved in previous experiments [15] (see figure 4). For MAMI C electron
energy, slightly lower degrees of polarization are taken into account for the beam time estimate.
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Figure 4: Polarization spectra corresponding to different orientations of the diamond crystal with
respect to the electron beam axis for electron beam energy £y = 855 MeV. (Figure taken from [15])

3 Event Rates

The beam time required to reach a statistical accuracy of AG is given by:

1 1
R (AGR

T = ny . NT * Ootal * €rec * 5aq]71 ' N<6) ’ De;ffl

The parameters entering the beam time estimate are:

e Average beam polarization: P,

Average target polarization: Pr = 70%

Tagged photon flux: N,Y

Number of free protons in a 2 cm butanol target: Ny = 8.62 x 10?* cm ™2

Average efficiency (detection and reconstruction): €0 & 85%, €p.+ ~7.5%
e Acquisition live time: £,y = 70%

e Number of polar angle bins: N (¢) = 10

e Effictive dilution factor Doy = ]J\:jvb =1/1.6
s g

For the tagger ladder an overall flux of 5 x 107 tagged photons per second is assumed. For the beam
time estimate, the lowest photon flux in a photon energy bin is used for Nﬁ,.

Measuring both single pion production channels in parallel the required beam time is determined by
the nw reaction. The higher total cross section of nw+ above 500 MeV photon energy is overcom-
pensated by the lower detection efficiency for this reaction channel. The total cross section for nw ™
varies from 150 to 50 b at the considered photon energy region. Aiming at a statistical accuracy
of AG = 0.05 (AG = 0.08 for 800 MeV) for 20 MeV wide photon energy bins will require beam
time of 635 hours. Table 1 a detailed beam time estimate for the several planned coherent peak po-
sitions. Additional 100 hours are needed to re-polarize the frozen spin target. Data with unpolarized

6



Coherent Peak | P, | 0w | AG | tpeam
[MeV] [%] | [b] [h]
300 50 | 150 | 0.05| 20
400 45 | 120 | 0.05 | 40
500 40 | 87 |0.05| 85

600 35 | 84 |0.05]| 140

700 30 | 94 | 0.05| 200

800 30 | 56 | 0.08 | 150

Table 1: Required beam time estimate for yp — nr™

beam will also be needed for determine intrinsic detector asymmetries, but these can be measured in
conjunction with other experiments.

To summarize, the beam requested for data taking is: 635 hours. A proposal foccussing on the G-
asymmetry for 7° and 71 production off the proton at higher energies with the Crystal Barrel setup at
ELSA has been submitted in addition [16].
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Figure 5: The photon tagger in the A2 experimental hall at MAMI.

A The Glasgow Photon Tagger at MAMI

The upgrade of the tagging facility [1] for MAMI C (£, =1.5 GeV) is underway at present. It will
tag bremsstrahlung photons in the energy range 75 — D1425 MeV with a resolution of ~ 4 MeV at
rates up to 10® s~1. The system consists of a momentum-dispersed electron spectrometer, with an
intrinsic energy resolution of 240 keV, see Fig. 5. This spectrometer focuses the post-bremsstrahlung
electrons onto the focal plane where the position and time of arrival are established. Focal plane
detector [2] consists of 353 half overlapping plastic scintillators. The overlap region between two
detectors defines the energy resolution of the tagged photon beam (~ 2 MeV at £, = 855 MeV
or ~ 4 MeV at Ey = 1.5 GeV). The maximum tagged photon flux is ~ 10% s~! per single focal
plane detector and 10® s~ for the full energy range £, = 75 — 1425 MeV for an 1.5 GeV incoming
electron beam. To increase the photon flux in the higher energy range, for example for the 27°—
and n—production, the focal plane detectors below the threshold energies (Eih(pQWO) = 310 and
E!!(pn) =710 MeV) can be switched off.

In addition to the standard focal plane detector a high resolution device can be installed in the focal
plane, which increases the energy resolution and the photon flux. This device consists of 96 scintilla-
tion fibers 2 x 3 mm? and 230 mm long. They cover an energy range of 70(140) MeV at E, = 855
MeV (1.5 GeV) with a resolution of 360(720) ke V. It allows an increase of the tagged photon flux by
a factor 2.5 [3].

References

[1] L. Anthony et al., NIM A 301 (1991) 230.
[2] S.J. Hall et al., NIM A 368 (1996) 698.

[3] A. Reiter, Diplomarbeit Mainz (1999).



/

SRC
L5080

2" diom
10 STAGE
BIALKALI
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B The Crystal Ball Spectrometer

The Crystal Ball, CB, spectrometer consists of a highly segmented sphere made of Nal. The sphere
has an entrance and exit tunnel for the beam and a spherical cavity for the liquid hydrogen target, see
Fig. 6. For the AGS experiments on baryon spectroscopy the target was surrounded by a cylinder of
scintillation counters that functioned as the charged particle veto. The solid angle of the CB is 93%
of 47 steradian. The Crystal Ball was built at SLAC and used in .J/¢) measurements at SPEAR and
b—quark physics at DESY [1, 2, 3, 4, 5].

The CB is constructed of 672 optically isolated Nal(TI) crystals, 15.7 radiation lengths thick. The
counters are arranged in a spherical shell with an inner radius of 25.3 cm and an outer radius of
66.0 cm. The hygroscopic Nal is housed in two hermetically sealed evacuated hemispheres. The CB
geometry is based on that of an icosahedron. Each of the 20 triangular faces (“major triangles”) is
divided into four “minor triangles”, each consisting of nine separate crystals. Each crystal is shaped
like a truncated triangular pyramid, 40.6 cm high, pointing towards the center of the Ball. The sides
on the inner end are 5.1 cm long and 12.7 cm on the far end, see Fig.6. Each crystal is individually
wrapped in reflector paper and aluminized mylar; it is viewed by a separate 5.1 cm diameter SRC L50
BO1 photomultiplier, selected for linearity over a wide dynamic range. The phototube is separated
from the crystal by a glass window and a 5 mm air gap. The crystals have been stacked so as to form
two mechanically separate top and bottom hemispheres. The boundary between the two hemispheres
of ~ 0.8 cm is called the equator region and consists of two 1.6 mm stainless steel plates separated by
5 mm of air. This introduces an inactive space amounting to 1.6% of the solid angle. The inner wall
of the hemisphere is 1.5 mm stainless steel or 0.09 r.1. The Ball has an entrance and exit opening for
the beam which results in a loss of 4.4% of acceptance.

The Crystal Ball was moved to Brookhaven National Laboratory (BNL) at the end of 1995 for a
program in baryon spectroscopy and 1 physics [6, 7, 8, 9, 10].

Electromagnetic showers in the spectrometer are measured with an energy resolution oz /E ~ 1.7%
/(E (GeV))%4; the angular resolution for photon showers at energies of 0.05-0.5 GeV is gy = 2°-3°
in the polar angle and o, = 2°/ sin § in the azimuthal angle.

The initial relative hardware calibration of the crystals was made using the 0.661 MeV gammas from
a %°Co source. A typical spectrum obtained with the ®®Co source from a single crystal is shown in
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Fig. 7. The absolute energy calibration was done making use of the invariant mass of the 70 — 27
and 7 — 27y and n — 37° processes. An example of the experimental resolution obtained in a series
of pion runs with a thin CH,, target is displayed in Fig. 8. The figure shows the distribution of the
invariant mass of two photons obtained with the CH,, target after subtraction of the normalized carbon
and empty target results. The missing mass of the two photons was required to be the mass of the
neutron. The first peak in the spectrum has the mass of the 7°, its width is ¢ = 11.5 MeV/c?, it is due
to 7~p — m’n. The second peak has the mass of the 7, it is due to 7~ p — nn followed by  — 2v
decay; the width of the 7 peak is o = 18.0 MeV/c2.

High granularity and a large acceptance make the Crystal Ball a unique instrument to measure reac-
tions with multiphoton final states. One of the examples of such a reaction is 7~ p — nn followed by
the n — 37% — 6~ decay. Figure 9a shows the invariant mass of the 6+ satisfying a y? test for the
reaction 7~ p — nn — 6n. The distribution has the width of the 1 peak with ¢ ~ 18.0 MeV/c?.
The typical CB acceptance for the six photon final state is about 10%. The fact that the » — 6+ de-
cay occurs via intermediate 37°’s allows us to apply three additional constraints, namely the masses
of the 37%’s. Such constraints are useful to reduce the background and they improve the experi-
mental resolution. The improved mass resolution when applying a constrained fit to the reaction
7~ p — nn — 3w is shown in Fig. 9b. The width of the 7 peak is ¢ ~ 5.0 MeV/c?. The background
under the peak is less than 1%.

The CB detects neutrons with an efficiency of ~ 35% at E,, = 150 MeV, see Fig. 10. The thickness
of the individual Nal counter is sufficient to stop 233 MeV u*, 240 MeV 7+, 341 MeV K*, and
425 MeV protons.

The CB has been successfully used for extensive studies of hyperon production: the A is measured
via A — 7%, X% via X% — Ay and K? via K? — 27° decay. Figure 11 shows the decay-distance
distribution of the A from K~ p — nA. The experimental result for 750 MeV/c K~ is shown by the
solid line. The Monte Carlo simulation is shown by the dashed line. The A decay distance used for
the Monte Carlo is ¢ = 7.89 cm [7].
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Figure 11: The decay—distance distribution of
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Figure 12: The rate for the beam related acci-
dental background events calculated for each
individual Crystal Ball crystal. The Monte
Carlo results are shown for a 5 cm long liquid
hydrogen target for five different thresholds
of the Nal counters.



The anticipated MAMI rate for the beam related accidental background events calculated for each
individual Crystal Ball crystal is shown in Fig. 12. The Monte Carlo results are shown for a 5 cm long
liquid hydrogen target for five different thresholds of the Nal counters.
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Figure 13: An individual TAPS detector.

C The TAPS Forward Wall

In the combined setup, TAPS [1] will be implemented as a Forward Wall at a distance of 1.45 m
after the CB target. It covers the forward tunnel of the Crystal Ball (20° with respect to the beam
direction). In the new configuration, TAPS consists of 384 individual BaF', detectors which are
hexagonally shaped with an inner diameter of 59 mm and a length of 250 mm (corresponding to 12
radiation lengths). The thickness of the detector is sufficient to stop 180 MeV 7+, 280 MeV K=, and
360 MeV protons. Each detector has its own 5 mm plastic scintillator (NE102A) in front which serves
as a charged particle veto detector (Fig. 13). BaF, has two scintillation light components with very
different decay constants 7, = 0.76 ns and 7; = 620 ns. The relative light yield which depends on
the ionization density of the particle enables a pulse shape analysis to discriminate between various
particle species. The excellent time resolution of the TAPS detector of FWHM = 0.5 ns and the
long distance to the target allow an efficient TOF measurement for further particle identification. The
relative energy calibration (matching of the individual detectors) is performed by measuring minimum
ionizing cosmic ray muons, while the absolute calibration is done using the invariant mass of the
m° — 27 and n — 2 decays in an iterative method for each crystal. The experimentally obtained
invariant mass resolution for 7° mesons is 19 MeV FWHM and for the 1) meson (n — 2v) the FWHM
is 45 MeV. Altogether, the detector constitutes a good detection system for the measurement of multi-
photon events as well as protons or charged pions. Further specifications of the TAPS detector are
listed in Tab. 2.

TAPS
distance to target 145 cm
coverage (7 crystals beam hole) 4° - 20°
coverage (1 crystal beam hole) 2°-20°
angular resolution of photons (300 MeV, 1.8 m) FWHM 0.7°
energy resolution [2] 7= L\/%’ +1.8%
invariant mass resolution 7° FWHM 19 MeV
invariant mass resolution FWHM 45 MeV
time resolution (experiment) FWHM 0.5 ns
neutron efficiency [3] 25 %

Table 2: Specification of the TAPS detector.

The anticipated rate for the beam related accidental backgrounds was calculated for each BaF',, crystal,
see Fig. 15. The Monte Carlo results are shown for a 5 cm long liquid hydrogen target for five different
thresholds. The distance between the target and the TAPS forward wall is 145 cm.
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Figure 14: Comparison of the old (left) and
new (right) setup of the TAPS forward wall.
For the new setup the outer ring of crystals
will be removed and the distance from the tar-
get cell will be changed from 1.80 to 1.45 m.

Figure 15: A rate for the beam related acci-
dental backgrounds calculated for each indi-
vidual BaF, crystal. The Monte Carlo results
are shown for a 5 cm long liquid hydrogen tar-
get for five different thresholds. The distance
between the target and the TAPS forward wall
is 180 cm.
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Figure 16: The DAPHNE coaxial cylindrical multiwire proportional chambers [1].
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D The Cylindrical Wire Chamber

A high resolution, high efficiency central tracker detector is a vital part of the proposed experimental
setup. Two coaxial cylindrical multiwire proportional chambers (MWPC) developed for the DAPHNE
large-acceptance tracking detector [1] will be used for this purpose. The chambers cover completely
the azimuthal angular range. The length of the cylinders is arranged such as to subtend a range of
angles in the polar direction © from 21° to 159° which corresponds to 94% of 47 sr for a source at
rest.

The inner and outer cylindrical wall of the MWPC is made of 1 mm Rohacel covered with 25 ym
Kapton film, see Fig. 16. The interior surfaces are laminated with aluminum strips (0.1 pm thick,
4 mm wide and separated by 0.5 mm) which form the cathode. The anode surface consists of arrays
of 20 pum diameter tungsten wires stretched parallel to the cylindrical axis at 2 mm intervals around
the circumference. The inner chamber has a length of 360 mm, the internal diameter is 60 mm and
the external diameter is 68 mm. For the outer chamber those dimensions are 560 mm, 92 mm and
100 mm, respectively. The inner and outer cathode strips are wound helically in opposite directions at
an angle of +45% with respect to the anode wires. The anode to cathode gap is 4 mm and a mixture
of Ar (74.5%), ethane (25%) and freon (0.5%) is used as a filling gas.

The chamber provides a track reconstruction efficiency of ~ 85% for 7, and ~ 90% for protons. The
resolution for the polar and the azimuthal angles which is a function of the polar angle is expected to
be AO(FWHM) < 2° and A¢(FWHM) < 4°.

The cylindrical chamber as well as a straw tube prototype were tested at MAMI with a photon beam
in order to estimate the event rate through the central tracker device [2] [3].
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E Targets for the Crystal Ball at MAMI

For an standard proton and deuteron target the existing horizontal cryosystem of the detector DAPHNE
can be used which can liquefy 'H, ?H, 3He and *He. The cooling system consists of two loops based
on a Gifford-McMahon refrigerator which brings the *He coolant to 17 K, for cooling 'H and *H
targets. To obtain lower temperatures for the *He and *He targets, a Joule-Thomson valve is coupled
to the high pressure side of the Gifford-McMahon refrigerator. A temperature of 2.5 K is reached by
pumping the *He bath after the Joule-Thomson valve.

A new frozen spin target providing polarized nucleons is presently under construction and is expected
to be operational in the early 2007. The system consists of a horizontal dilution refrigerator, which is
presently under construction at Dubna, and a 5 T superconducting polarization magnet, which will be
used in the polarization phase together with a microwave system for dynamical nuclear polarization
(DNP). The polarization will be maintained during the measurement in the “frozen spin” mode at
temperatures of about 50 mK by an internal superconducting coil (B ~ 0.4 T) integrated into the
dilution refrigerator. As target material butanol (C,H,OH) is chosen, which provides maximum
proton polarization values close to 90% when polarized by 2.5 T. A relaxation time of about 200
hours in the “frozen spin” mode allows to run experiments for 2 days before a re-polarization period
of about 6 hours is needed. The cylindrical target cell will be 2 cm long and 2.5 cm in diameter.
The total number of polarized protons will be n, = 0.8 x 10*> cm~2 including effects of dilution by
unpolarizable nucleons and filling factor.
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F Measurement of the G asymmetry in single 7% and 1 meson
production
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Abstract. The G asymmetry of the vp — N7 reaction has been measured for the first time for E,= 340

+14 MeV.

This observable, for which very scarce published data exist, plays an important role to disen-
tangle the contributions of the various nucleon resonances.

The experiment, performed at the Mainz microtron MAMI, used a 4w-detector system, a linearly polarized,
tagged photon beam, and a longitudinally polarized proton target.

PACS. 13.60.Le Meson production — 14.20.Gk Baryon resonances with S = 0 — 25.20.Lj Photoproduction

reactions

1 Introduction

The determination of the dynamics underlying single pion
photoproduction has been a major challenge in hadronic
physics for several decades. However, despite this long his-
tory and a large experimental effort, the reaction mech-
anisms are still far from understood, mainly because of
the contributions from a substantial number of hadronic
resonances which are difficult to disentangle ([1,2]).

New perspectives for the study of these resonances
have been opened by the possibility of performing ex-
periments using linearly or circularly polarized photons

& corresponding author: email address pedroni@pv.infn.it
b as a part of the Diploma thesis.

and polarized targets. By careful selection of the new ob-
servables enhanced sensitivities to specific electromagnetic
multipoles and, consequently, to a few selected hadronic
resonances, is obtained. For example, the measurement
of the beam asymmetry (linearly polarized photons and
unpolarized target) for both yp — N7 channels [3,4] at
photon excitation energies below 450 MeV has allowed a
precise determination of the behavior of the Ey (electric
quadrupole) multipole! in the N — A transition.

! here we use the so-called pion multipole notation, where E
and M denote the electric or magnetic character of the incom-
ing photon and the indices [+ describe the coupling of the pion
angular momentum ! and the nucleon spin to the total angular
momentum J =[+1/2.
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In the second resonance region (covering excitation en-
ergies from ~ 500 MeV to ~ 900 MeV) several overlap-
ping states are present (P;1(1440), D13(1520), S11(1535))
and this complicates the evaluation of their separate con-
tributions. In this case, the measurement of the helicity
dependence (circularly polarized photon beam and longi-
tudinally polarized target) of the yp — pr® process [5] has
been proven to be sensitive to the Es_ and Ms_ partial
waves, which strongly couple to the D;3(1520) resonance.

A large sensitivity to the M;_ partial wave amplitude
and, therefore, to the Py;1(1440) resonance is given by the
double polarization observable G, that can be measured
using linearly polarized photons and a longitudinally po-
larized nucleon target.

The P;1(1440) resonance is of particular interest as all
its basic parameters (Breit-Wigner mass, decay width and
amplitudes) are still very poorly known [6]. This state won
recently additional interest due to the signatures of baryon
antidecuplet states [7]. In certain models [8], it originates
from the mixing of the octet and the antidecuplet states.

The G observable is obtained by flipping the orienta-
tion of the linear beam polarization between +45° and
—45° with respect to the reaction plane, using a polar-
ized target with polarization vector along the z axis. It is
defined as

_ (do/d)(45°,2) — (do/df2)(—45°, z)
"~ (do/df2)(45°,2) + (do/dS2)(—45°,2)

The incoming transverse polarized photon determines
the -z plane with the momentum along the z (beam) axis
and the polarization vector in the x direction.

In fig. 1a) the behaviour of G as predicted by MAID
(solution MAID2003) [9,10] is plotted as a function of pho-
ton energy for the yp — pn® reaction at #* = 90°, where 6*
is the pion angle in the center of mass system. The angu-
lar behavior of G for the same reaction at E,=550 MeV is
shown in fig. 1b). In both figures, the full curve represents
the standard MAID solution, while the dotted, dashed and
dashed-dotted curves represent solutions in which the cou-
pling constants of the Pj;(1440), the D;3(1520) and the
S11(1535) resonances, respectively, were simply set to zero,

‘ without a refit of the experimental data. ‘

The difference between the standard and modified so-
lutions indicates the sensitivity of this observable to the
different resonances. As is clearly seen in these figures, the
influence of the Pi; resonance is particularly strong, caus-
ing even a change of sign of G asymmetry. In contrast,
for E, below 600 MeV, the sensitivity to Di3 is much less
pronounced and the sensitivity to S11 is almost negligible.

Considering only s- and p-waves, these features can be
understood from the multipole expression of G (see, for
instance, [11]):

G(0*) = Im{M;_(Er4 — M1_) — 2Ef, My} - 3sin® 6*
—ImM;_ReM; - 3sin® 6*

1R

where, in the approximate equality, we have neglected the
effects due to the F;4 multipole and to the real part of

la) 6'=90° L b) E,=550MeV
025} B
0’ ______________
O L S e Il T
025}
N
.
400 600 50 100 , 150
E, (MeV) 0 (deg)

Fig. 1. Energy a) and angular b) dependence of the G observ-
able in the second resonance region for the yp — pr° reaction
at as described by the MAID model [9,10]. The curves repre-
sent the standard solution (solid line), no Pi1(1440) (dashed
line), no D;3(1520) (dotted line), no S11(1535) (dash-dotted
line) contribution.

the M;_ multipole. The inclusion of d-waves has no signif-
icant effect for 8 ~ 90° and E, < 600 MeV. Under these
kinematical conditions, some additional terms can be ne-
glected due to their dependence on cos* and cos? * fac-
tors. The remaining terms play a very small role due to
their dependence on the imaginary parts of the Fgy, Fa_,
Msy_, Esy and My multipoles. G is therefore well suited
to extract the parameters of the P;; resonance but, for
E, < 700 MeV, data for this observable are very scarce for
the yn — prt channel and no data exist for the yp — pm®
reaction.

As an introductory step of this study, we present in
this paper the first measurement of G for both vyp - N«
channels at E, = 340 &+ 14 MeV [12]. The data were ob-
tained during a test measurement performed in parallel
with the GDH experiment [5,13-17] at the Mainz mi-
crotron MAMI, which studied the helicity structure of
the partial cross sections and their contributions to the
Gerasimov-Drell-Hearn sum rule. This photon energy value
was chosen to get both a maximal cross section and a high
degree of linear photon polarization.

2 Experimental setup

Only the main characteristics of the experimental setup
are given here, as the detail may be found in Refs. [17,
18]. The experiment was carried out at the Glasgow-Mainz
tagged photon facility of the MAMI accelerator in Mainz.

Linearly polarized photons were produced by coherent
bremsstrahlung of the primary electron beam from a 100
pm diamond crystal collimated by a 3mm diameter aper-
ture 2.5m downstream of the diamond. The orientation
of the crystal with respect to the beam axis was chosen
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Fig. 2. a) Coherent bremsstrahlung spectrum obtained using
a 100 pm diamond crystal. b) The degree of linear polariza-
tion as evaluated from the theoretical calculation [20]. In both
cases, the two dashed vertical lines define the photon energy
region that was used for the analysis. Only statistical errors
are shown.

to get a high degree of linear polarization P, at photon
energies around 340 MeV.

The photon energy was determined by a tagging spec-
trometer having an energy resolution of about 2 MeV [19].
The tagging efficiency (the probability of a bremsstrahlung
photon passing through the collimator given an electron
hit in the tagging spectrometer) was continuously mon-
itored during the data taking by an ete™ pair detector
installed downstream of the main hadron detector. Values
of P, up to about 50% were obtained at the maximum
of the coherent bremstrahlung peak. P, was determined,
with a systematic uncertainty of 3%, from the photon
spectrum measured by the tagging spectrometer in coin-
cidence with the pair detector and the aid of theoretical
calculations [20]. The measured coherent bremsstrahlung
spectrum is shown in the upper part of fig. 2 and the eval-
uated degree of linear polarization is displayed in the lower
part of the same figure.

A butanol (C4HyOH), frozen-spin target [21] provided
the longitudinally polarized protons. The system consisted
of a horizontal dilution refrigerator and a superconduct-
ing magnet (=2.5T), which were used in the polariza-
tion phase together with a microwave system for dynamic
nuclear polarization. During a measurement with beam
on target the polarization was maintained in frozen-spin
mode at a temperature of about 50 mK by a magnetic field
of 0.4 T, supplied by a small superconducting holding coil
inside the cryostat. The proton polarization was measured

asymmetry for the yp — N channels in the A(1232) resonance region 3

using NMR techniques with a precision of 1.6%. A maxi-
mum polarization close to 88% 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]. DAPHNE is a charged
particle tracking detector covering the full azimuthal an-
gular region and polar angles 6,3, from 21° to 159°. It
consists of three cylindrical multiwire proportional cham-
bers, surrounded by segmented plastic scintillator layers
and by a scintillator-absorber sandwich. To increase the
acceptance for the forward angle region, the silicon mi-
crostrip detector MIDAS [23] and an aerogel Cerenkov
counter were installed. MIDAS provided charged particle
tracking and the aerogel suppressed background arising
from photoreactions with the atomic electrons.

3 Data analysis

For the results presented here, only the central DAPHNE
detector has been used. The identification methods for
hadrons detected by DAPHNE detector have been previ-
ously described in detail [17] and only the main charac-
teristics are given here.

The presence of a single charged particle recognized
as a proton (pion) was used as a signature of the pr®
(nmt) channel. Charged particles stopped inside the de-
tector were identified using the range method [24] which is
a maximum likelihood algorithm that uses simultaneously
all the charged particle energy losses in the DAPHNE scin-
tillator layers to discriminate between protons and 7%+ and
determine their kinetic energies. Since at least two energy
loss samples along the charged track are needed, the do-
main of applicability of this method is restricted to parti-
cles that penetrate beyond the first scintillator layer.

Charged particles going through all the detector lay-
ers could be identified as pions since all recoil protons
from 7% production are stopped within the detectors in
the considered E., energy interval ( E, ~ 340 MeV). Only
photoemitted 7*’s can have enough energy to leave the
detector but, in this case, it is not possible to determine
the pion kinetic energies.
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A test run performed prior to the main experiment
with an unpolarized liquid hydrogen target was used
for the energy calibration of the detector and for the
adjustment of its response to the different particle
types. An example of the azimuthal distributions thus
obtained for the nr™ channel is given in Fig. 3a).
The solid line is the result of a fit assuming a con-
stant function. The low value obtained for the reduced
x? of the fit (x2 = 0.7) is an indication of the good
azimuthal uniformity of the detector response. This
value does not improve by adding additional param-
eters to the fitting function.

A maximum variation of 2% among the counts of the
different DAPHNE azimuthal sectors was found in
this case. Such a value is then taken as a conserva-
tive estimate of the a systematic error contribution to
the determination of the G asymmetries due to the
azimuthal variations in the detection efficiency.
Runs with unpolarized photons were periodically
taken during the data taking performed with the po-
larized target for the control of the stability and the
uniformity of the azimuthal detector response.

The unpolarized calibration data were aso used to
develop and check the offline analysis methods.

As shown in [17], the measured unpolarized differential
cross sections (do®/d2)(6*) for the yp — N7 channels in
the A energy region that were thus obtained are in good
agreement with previously published data and with the
predictions of the models based on multipole analysis. All
previous results confirm that the detector response is well
understood.

The differential cross section for the yp — N7 process

with linearly polarized photons and longitudinally polar-
ized protons is given by the expression:

4o e gy = 97 90 (1 _ b Scos(2 Gsin(2
R

where p, and p, are respectively the degree of polarization
of the photons and protons, and X' is the photon asym-
metry observable for an unpolarized target.

Since DAPHNE has a full ¢ coverage, the G asym-
metries were determined, for each 6* bin, by a simple
three-parameter fit of the azimuthal distributions of the
detected charged hadrons:

N(6*,¢) = A — Bcos(2¢) + Csin(2¢) . (2)

The G parameter can then be determined from the fitted
A and C coefficients as

_1c
pypz A

An example of the distributions thus obtained for the n7™
channel is given in Fig. 3.
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Fig. 3. Azimuthal distribution for §* = 20° — 140° of the
charged pions emitted from the yp — nn' reaction. a) distri-
bution obtained with an unpolarized beam and an unpolarized
target. The solid line shows the constant fit to the distribu-
tion. b) distribution obtained with a linearly polarized beam
and a longitudinally polarized target. The solid line shows the
3-parameter fit to the distribution.

In order to check the sensitivity to G of the ob-
served distributions, the polarization direction of the
target was reversed during the measurement. Since
sin(2¢) = cos[2(¢ — 45°)], the effect of this change
(see eq. 1), is to produce a small phase shift between
the different experimental azimuthal angular distri-
butions. In Fig. 4 the distributions obtained for the
nmT channel and with an horizontal orientation of the
photon polarization are shown. The target polariza-
tion direction is antiparallel (a) or parallel (b) with
the photon beam direction. In both plots, the contin-
uous lines represent the results of the 3-parameter fit
to the distribution. In this case, the fitting function

N(¢) = A" — B’ cos[2(¢ — (C" + 45°)]

was used for a better evaluation of the angular shift
between the two distributions. It can be easily derived
from eq.(2) using basic trigonometrical relations. The
fitted value of the C' angle are (+3.3 £ 0.8)° and
(—2.9 + 1.2)° for plots 4a) and b) respectively. The
difference between these two values is statistically sig-
nificant at a level of ~ 1-1075.

Data were obtained also with a vertical orientation
of the photon beam polarization; similar results for
the sensitivity were obtained. The G values separately
obtained with the two different beam polarization di-
rections are also in very good statistical agreement
among themselves.
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Fig. 4. Azimuthal distribution for §* = 20° — 140° of the
charged pions emitted from the yp — nn™ reaction obtained
with a linearly polarized beam and a longitudinally polarized
target. The target polarization direction is antiparallel (a) or
parallel (b) to the photon beam direction.

Due to the composite nature of the polarized target,
the background contribution of the quasi-free N7 reac-
tions induced on bound protons in C or O nuclei has to be
taken into account. This background, coming from spin-
less nuclei, affects the A coefficient.

A partial event by event determination of the contri-
bution coming from polarized H nuclei could be performed
for the pr® channel using missing energy (Emiss) [13].
Eniss is the difference between the measured proton ki-
netic energy and the proton kinetic energy evaluated (us-
ing E., and the polar emission angle) under the assumption
that the proton originated from a 7° production process
on hydrogen.

The filled points of Fig. 5 show the obtained ex-
perimental E,,;ss distribution. In the same figure,
the empty points represent the same distribution ob-
tained using a pure carbon target.

As also shown in Ref. [13], the region outside vertical
the peak at E,,,;ss = 0 clearly corresponds to most of the
reactions on C and O nuclei and can be excluded from the
analysis.

Denoting with Ny and N4 the number of events re-
spectively coming from the free (polarized) and bound
(unpolarized) target protons for a given 6* bin, the G
asymmetries can be evaluated using the formula:

a DAD2 A

1 C(Na+Nu)
Ny '

Counts (a.u.)

:
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Fig. 5. Missing energy (Emiss) spectra for the reaction yp —
pr® under the assumption that the proton originated from a
reaction on a free proton. Filled points: butanol target; empty
points: pure carbon target. The two continuous vertical lines
define the region that was taken into account in the analy-
sis while the two dashed lines enclose the region defining the

uncertainty of the background subtraction.

The correction factor R+ = (Na + Ng)/Ng for the nm™
channel was evaluated using the measured total cross sec-
tion for 7+ production off '2C [25] (R,+ =~ 3.2).

For events having §* < 50° there is an additional back-
ground source coming from the quasi-free yn — pr~ chan-
nel. Under these kinematical conditions the proton can be
emitted outside the DAPHNE detector acceptance and
the 7% separation cannot be performed by our detector.
This additional contribution to R+ was evaluated using a
Monte Carlo simulation which incorporates the measured
total cross section for 7~ production off 12C [25].

In the case of the pn® channel, the unpolarized car-
bon data (empty points of Fig. 5) were used to determine
the fraction of background events (~ 20%) remaining af-
ter the cut in the E,,;ss spectrum. The measured total
cross section for incoherent 7° production off 12C was then
used [26] for the evaluation of the correction factor R0
(Rﬂ.o =~ 1.4).

The relative systematic error associated with the de-
termination of R is conservatively estimated to be
+10% for the pr® case (band enclosed within the
dashed lines of Fig. 5) and £20% for the nrt case.
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Fig. 6. The measured G asymmetry for the nw™ channel is
shown as a function of 0 for E, = 340 £+ 15 MeV (solid
points) and compared to the previous data of Ref. [27] at E, =
350 MeV. Ounly statistical errors are shown. The solid (dashed)
curves represent the prediction of MAID2003 (SAID-SM02K)
multipole analyses.

Table 1. Measured G asymmetry values at E, = 340 MeV =+
14 MeV.

6” nrt pr°
(deg) G AGStat AGsys G AGSta.t AGsys
30 -0.27 £0.29 +£0.06
50 -0.17 £0.20 +0.04
70 032 £014 +£0.07|-012 +£0.28 £0.01
90 040 +£0.12 +0.08 | 0.08 +0.11 +£0.01
110 031 +£0.12 +£0.06 | 0.02 +0.10 +£0.01
130 030 +£0.13 +£0.06

4 Results and comments

Using the methods described above the G asymmetry was
obtained as a function of the pion cms angle 6* for the
vp = nrT and pr¥ channels at E, = 340 & 14 MeV [12].
The results are presented in figs. 6 and 7 for the na™
and pr® channels, respectively and listed in table 1. The
systematic uncertainties contain contributions from az-
imuthal detector asymmetries (2%), the charged particle
identification method (2.5%), photon polarization (3%),
target polarization (0.6%) and background subtraction
(10% for pr® and 20 % for nat). The addition of these
errors in quadrature leads to a total systematic error of
about 11% for the pr® reaction and of about 21% for the
nwt reaction.

0.6
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-02 -

-04 -

PR BRI B
120 140 160 180

6], (deg)

Fig. 7. As in the previous figure but for the pr® channel.
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L
100

In fig. 6 two of the four points from Ref. [27] for the
nnt reaction which comprise the world’s published data
set below 700 MeV, are also shown. The data are also com-
pared to the predictions of the multipole analyses MAID
(solution MATD2003) [9,10] and SAID (solution SM02K) [28].
The measured G asymmetry data are consistent with both
predictions but do not have sufficient statistical accuracy
to show a preference for either of these models. This agree-
ment is not unexpected since in the A resonance region
several precise measurements, including those of polariza-
tion observables, have been carried out so that the differ-
ent multipoles have been determined quite well.

A comprehensive study of the G asymmetries for the
vp — N7 channels will be carried out using the Crystal
Ball-Taps large acceptance detector at the new MAMI-C
facility in Mainz [29], which will provide linearly polarized
photons up to about 1 GeV.
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