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Near Threshold Photoproduction of g Mesons off the Proton
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%'e have measured precise total and differential cross sections for the reaction yp pq from

threshold to 790 MeV at the MAMI accelerator in Mainz with the neutral meson spectrometer
TAPS. Resonance parameters of the S&~(1535) resonance and the electromagnetic coupling yp S~~

have been extracted from the data. Contributions from the D~3(1520) resonance to g photoproduction
in the threshold region have been identified for the first time via interference terms in the angular
distributions.

PACS numbers: 13.60.Le, 14.20.Gk, 14.40.Aq, 25.20.Lj

Excitation energies and quantum numbers of the low
lying nucleon resonances are well known. Properties
like mass, spin, and parity alone, however, do not offer
stringent tests of hadron models. Much more crucial tests
are provided by the investigation of transitions between the
states, which reflect their internal structure. The dominant
decay channel of nucleon resonances is the hadronic decay
via meson emission. Photoproduction of mesons, which
carries information on strong and electromagnetic decay
properties, therefore provides a very valuable tool for their
study. Because of their hadronic decay modes nucleon
resonances have large, overlapping widths. This makes
it difficult to study individual states, in particular, those
which are only weakly excited. This problem can be
partly overcome by looking at decay channels which, due
to selection rules, are specific to certain resonances. The
isoscalar q meson is an obvious candidate because, due
to isospin conservation, only the N* (I = 1/2) resonances
decay into the gN channel.

Three resonances may contribute to q photoproduc-
tion on the proton in the threshold region, namely, the
P~~(1440), the D~3(1520), and the St~(1535) resonance.
Furthermore, contributions from nucleon Born terms and
vector meson exchange must be considered.

Recently, renewed interest in this reaction has prompted
major advances in its theoretical treatment. Benmerrouche
and Mukhopadhyay [1]developed an effective Lagrangian
approach, which for the first time treated resonances and
background terms on an equal footing. In a different ap-
proach [2,3] a coupled channel model is used to make pre-
dictions for the resonance contributions from an analysis of
related reactions. An unsolved problem common to both
models is the very poor knowledge about the gNN vertex.
As already pointed out in [1],not only the coupling con-
stant but also the coupling structure of the Born terms is
unknown. Tiator et al. [3]have recently shown that differ-

ential cross sections are rather sensitive to the assumptions
about this vertex, and, therefore, precise yp pg data
might clarify the coupling structure.

Previous attempts to extract the interesting physical
observables were severely limited by the lack of precise
data. Altogether only some 20 data points with rather
large error bars have been reported in the energy range
below 800 MeV [4]. With the advent of high duty factor
electron accelerators, providing tagged photon beams of
excellent quality allied to the development of powerful
detector systems, the opportunity for a new generation of
very precise experiments has emerged.

In this paper we present the results of a precise
measurement of g photoproduction from threshold at
Fy = 707 MeV Qs = 1485 MeV) to 790 MeV (~s =
1537 MeV) using the MAMI accelerator [5] in Mainz with
the Glasgow tagged photon facility [6] and the neutral
meson spectrometer TAPS [7].

The 855 MeV cw electron beam was used to
generate quasimonochromatic photons by means of
bremsstrahlung tagging. The g mesons, produced in
a 5 cm long liquid hydrogen target, were detected via
their y-decay channels in the TAPS detector system.
The spectrometer consists of hexagonally shaped BaF2
modules of 25 cm length and 5.9 cm diameter, 64 of
which are arranged in an 8 X 8 matrix to form each
TAPS block. Five blocks were placed in a horizontal
plane around the target at a distance of 55 cm and at
angles of ~38, ~88, and +133 with respect to the
beam axis. With the exception of the 133 block, all
BaF2 modules were equipped with individual plastic
veto detectors. In this configuration the spectrometer
was sensitive to the decays of g mesons emitted at
any angle in the 0 —180 range for all photon energies
studied. The photon response of the spectrometer was
investigated by moving one block into the photon beam.
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Details of the energy calibration and the measured
response are given in Ref. [8].

Background from particles was completely removed
with the aid of the veto detectors, pulse shape analysis
(PSA), and time-of-fiight (TOF) analysis [9]. Events from
the 2y decay of the g meson were identified with a stan-
dard invariant mass analysis using m;„, = [2E~, E~,(1—
cos 4&»)]'/2, where E~, , E~, are the photon energies and

4» is the opening angle between the photons. A res-
olution of =45 MeV FWHM was achieved, and the in-
variant mass spectrum was practically free of background
in the region of the g peak [10]. The unwanted residual

g events due to random coincidences between TAPS and
the tagging spectrometer and g production in the target
windows (2 X 60 p, m Kapton) were strongly suppressed
by exploiting the kinematical overdetermination of the re-
action by means of missing energy cuts [9]. After sub-
traction of the remaining random background ((10%)and
the empty target background ((1.5%) the g yield be-
low threshold was consistent with zero and its fiuctuations
were small compared to the yield above threshold.

Because of the modest solid angle coverage of TAPS
(=23% of 47r) the count rates for sixfold and fivefold
coincidences from the q ~ 3~ ~ 6y decay were too
low to provide comparable accuracy to the 2y decay.
However, threefold and fourfold coincidences from the

g ~ 3~ channel were used to determine the total cross
section. Background from the yp ~ p~ m reaction
was suppressed by kinematical constraints in the case of
fourfold coincidences [10],but for threefold coincidences
it must be determined by fitting below the g-production
threshold. The threefold yield was therefore used only
close to threshold where this background contribution can
be linearly extrapolated.

The normalization of the cross section was obtained
from the target thickness (0.4 g/cm ), the intensity of
the photon beam, the detection efficiency of TAPS, and
the branching ratios of the g-meson decays. The photon
intensity was determined by counting the deflected elec-
trons in the tagging spectrometer and measuring the tag-
ging efficiency (i.e., the fraction of the correlated photons
which pass through the photon collimator) by moving a
lead glass detector into the photon beam at reduced in-
tensity (approximately twice a day). Small drifts of the
tagging efficiency were monitored by measuring the large

yield from the y p p ~ reaction. The angle and
energy dependent detection efficiency of TAPS was mod-
eled with Monte Carlo simulations, carried out with the
GEANT3 code [11]. Excellent agreement was found be-
tween the measured and simulated spectra [9,10].

Figure 1 shows the total cross section for the yp
p g reaction as derived from the different g-decay chan-
nels. The good agreement indicates that systematic errors
in the g identification in TAPS and in the simulation of
the detection efficiency must be very small. Their size
was investigated by analyzing the data with different cut
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FIG. 1. Total cross section of the yp pq reaction. The
results from the different decay channels are indicated. The
inset shows the almost linear behavior near threshold as a
function of the square root of the energy above the threshold.

conditions on TOF, PSA, and invariant mass spectra. In
total we estimate a systematic error of 4% (2% analysis
cuts, 2% Monte Carlo simulations, 1.5% effective target
thickness, 1.3% g decay branching ratios, and 1% tag-
ging efficiency). The statistical errors are on the order
of 2%—3%.

The differential cross sections were obtained from the
analysis of the g 2y decay alone. They are displayed,
averaged over reasonable energy bins, in Fig. 2. The
resolution (FWHM) of the c.m. polar angle was between
10' and 25 with the exception of the lowest energy
bin, in which it rose to 40 . The acceptance of the
c.m. polar angle was deduced from the Monte Carlo
simulations for each bin of incident photon energies
(i.e., in steps of =1.6 MeV). It was verified that the
application of the same procedure to the simultaneously
measured yp p~ reaction recovers its well-known
angular distributions. In order to separate s-, p-, and d-
wave components the distributions have been fitted using
the usual ansatz,

dO, I *= —[A + Bc so(O*) + Ccos (0*)], (1)

where q„, k* are the c.m. momenta of the g meson and
the incident photon, respectively, and 0* is the c.m. polar
angle of the g. Within the statistical accuracy higher
order terms are consistent with zero. The results of the
fits are also displayed in Fig. 2.

One of the most interesting questions concerns the con-
tributions of the different resonances, and this is revealed
by the threshold behavior of the cross section and the an-
gular distribution. The energy dependence of the total
cross section is given by (E~ —E,h, )' ', where E,h, is the
threshold energy and l is the order of the dominant multi-
pole. The angular distributions of the Eo. multipole (S~~)
and the M~- multipole (P~~) are isotropic, although if both
contribute an additional interference term proportional to
cos(O*) appears. However, the E2 and Mq- multipoles-
from the D~3 resonance involve cos (0*) terms.
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FIG. 2. Differential cross sections for the yp pg reaction
in the c.m. system for different energy bins. The lines are fits
according to Eq. (1). The fitted coefficients A, B, C of the
angular distributions are displayed at the right hand side.

The energy dependence of the total cross section (see
Fig. 1) clearly exhibits a (E~ —E, )h'~ t2hreshold behavior
typical of the s-wave Ep. multipole, and the angular
distributions are completely dominated by the constant
term. Together these underline the strong dominance
of the S~ ~ resonance, which was already pointed out in
Refs. [1,3,12]. In the absence of significant contributions
from other multipoles, the Ep+ amplitude is related to the
total cross section via

(2)

In Fig. 3 this phase space reduced cross section has been
fitted with a Breit-Wigner curve

0* AWRI go. W
q„" (W' —W')' + W'I (W)'

'

where W~ and I ~ are the resonance position and width,
respectively, and the energy dependent width

I(W) = IR b„+b + b (4)
q"„q".

&
"q"„~ q."~ )

is needed because the resonance is located very close to
the q-production threshold. This width is parametrized in
terms of the g and ~ c.m. momenta q„, q, the respec-
tive momenta at resonance and the S» decay branching
ratios b„, b, and b . The branching ratios are not well
known (b~ = 0.3 —0.55, b = 0.35 —0.55, b ~ 0. 1

[13]). We have, therefore, performed three different fits,
spanning the parameter range. The results are summa-
rized in Table I. The ~2 of the fits are almost identical and
do not restrict the branching ratios. Taking into account
this uncertainty, the best resonance parameters are W& =
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(1544 ~ 13) MeV and I ~ = (200 ~ 40) MeV. The cor-
responding Breit-Wigner curve is compared to our data in
Fig. 3 together with the curve corresponding to the Parti-
cle Data Group (PDG) values [13].

From the fit we extrapolate an lEo+ l amplitude of (16 ~
1) X 10 3/m + at threshold. The corresponding phase
depends strongly on the S» decay branching ratios as
indicated in Table I and in the inset of Fig. 3. However,
even taking into account this uncertainty, the imaginary
part seems to be somewhat larger than the coupled
channel value of =6 X 10 3/m [3], while the real
part is more consistent with the values given in Ref. [1]
(=9 X 10 i/m +), and in Ref. [3] (=11 X 10 /m ~ ).

The electromagnetic helicity amplitude A ~/2 of the

y p ~ S] i transition, which is of great interest for hadron
models, is related to the Ep+ Irlultipole via [13]

q* ~ I 2 —1/2

Ai/2 = (21 + 1)7r „ Im[Eo+(WR)] ~ (5)Z*m, r„
If contributions other than S» are neglected this reduces
to

Ai/2 = o- w~ ' '. (6)

The uncertainty of the first term is less than 1%, and
contributions to the total cross section from channels other
than the S» resonance are estimated to be below 10%
[1,3]. Consequently, the major uncertainty is produced
by the term I R/b„, in which both the width and the
branching ratio have errors at the 20% level. The
value obtained is A~y2 = (125 +. 25). Estimates of this
amplitude from quark models range from 54 to 162
[1]. Experimental results from pion photoproduction are
clustered between 50 and 80 [13], while the only results
reported until now from tl photoproduction are (95 ~ 11)
(error does not include uncertainty of I R, b„) [1] and
133+39 [14] (all in units of 10 GeV' ). The results
from pion photoproduction, where the Si ~ resonance
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FIG. 3. This figure displays the reduced cross section versus
photon energy. The full line is our Breit-Wigner fit, the dash-
dotted line the Breit-Wigner curve obtained from the PDG
resonance parameters. The inset shows the decomposition of
the fit into the imaginary (dashed) and real (dotted) part for the
fits 1 and 3 (see Table I).
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TABLE I. S]] parameters obtained from the Breit-Wigner fits. Fit 1 corresponds to b„= 0.55, b = 0.35, fit 2 to
b„= 0.45, b = 0.45, and fit 3 to b„= 0.35, b = 0.55. Also given are the )Ep+ ~

value at threshold and the elec-
tromagnetic coupling A]~2 extracted from the fits.

W~ [MeV]

I R [MeV]

Re(Ep+ )
b

Im(Ep+ )
A]/p'

Fit 1

1549 ~ 8

202 ~ 35

16.14
13.4
9.0
110

Fit 2

1544 ~ 8

203 ~ 35

16.08
12.0
10.7
125

Fit 3

1539 ~ 8

208 ~ 35

16.05
10.3
12.3
140

PDG'

1520- 1555
(1535)

100—250
(150)

29 —95 (68 ~ 10)

'From Ref. [13], recommended values in parentheses.
bIn units of [10 '/m +].
'In units of [10 ' GeV't2].

contributes only weakly, seem not to be consistent with
the yp pg data. The most recent PDG recommended
value of (68 ~ 10) [13], which is mostly based on the
pion data but already includes the comparably large value
of Ref. [I], is clearly lower than our result.

Finally, the contribution of other resonances was exam-
ined. The dominance of the S~] resonance allows us to
expand the cross section in terms proportional to the Fo.
multipole [3]:

—„(Ep+ —Re[Ep+ (Ez- —3M2- )
—2Re[Ep+ (3Et+ + M~ ~ —M~-)] cos(O*)

+ 3Re[Ep. (Eq- —3M2-)] cos (8*)).
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Contributions from the P ~ ~ resonance would enter into the
cos(O*) term and those from the D~3 resonance into the
cos2(O*) term. However, additional contributions from
vector meson exchange and nucleon Born terms are also
expected in the cos(O*) term, which experimentally is
found to be very small (less than 1% of the constant term),
so that no significant contribution from the P] &

resonance
can be identified.

In the case of the cos2(O*) term, which is dominated
by the D» resonance, the value is significantly different
from zero (=10% of the constant term). Thus for the
first time, the contribution from this resonance has been
experimentally established. This was possible because its
inhuence on the angular distribution is strongly enhanced
by the structure of the interference term [see Eq. (7)],
whereas its contribution to the total cross section is almost
negligible. The relative sign of the interference term
and its absolute magnitude are in good agreement with
coupled channel predictions [3].

In conclusion, we have obtained very precise results
for g photoproduction on the proton in the threshold re-
gion. The data clearly show the strong dominance of the
S]] resonance. Resonance parameters and the electromag-
netic coupling to the nucleon ground state have been ex-
tracted. For the first time contributions from the D~3(1520)
resonance have been identified via interference terms.

*The cross section data are available via electronic mail
request at BERND@PIGGY.PHYSIK.UNI-GIESSEN. DE
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