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The total cross section for yp~ re near threshold has been measured using the PHOENICS tagging system
at the ELSA electron facility of the Physikalisches Institut der Universitat Bonn. The photons are created by
bremsstrahlung, and are tagged by measuring the momentum of each electron after the photon has been
emitted. The recoil proton from yp~ gp is detected by the AMADEUS counter setup in coincidence with the

tagging system. Data were taken with AMADEUS at 3.3 in the laboratory, where the large Jacobian increases
our event rate so that we obtain the cross section from threshold (E~=707.2 MeV) to E~=720 MeV with

adequate statistics. The yp~ re events are identified by kinematics, dE/dx, and timing information. We find

that in our energy region the production cross section is consistent with S-wave production.

PACS number(s): 13.60.Le, 14.40.Aq, 25.20.Lj, 14.20.—c

Photoproduction of y mesons on protons is a unique way
to investigate the N*(I= 1/2) resonances. There is consider-
able uncertainty about the strength of the yW interaction.
Arima et al. [1] quote the scattering length to be a„~
=(0.98+i0.37) fm; Wilkin [2] gives a &=(055~0.2
+ i0.3) fm; Bhalerao and Liu [3] quote a„jv=(0.27+ i0.22)
fm.

Near the threshold for y photoproduction are three
resonances that can contribute as intermediate states:
P»(1440), D,~(1520), and S»(1535). We therefore expect
resonance production to be important [4], in contrast to
threshold production of. the m; the nearest resonance to the
7r p threshold is the P33(1232), 150 MeV away.
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At a photon energy of 730 MeV, the center-of-mass (c.m. )
momentum of the outgoing rl, p„, is 100 MeV/c, or A'=2
frn. This wavelength is larger than the typical strong interac-
tion length of = 1 fm. Thus, up to this energy we expect the
scattering to be predominantly S wave, with a Oat angular
distribution.

At threshold, both of the outgoing particles are at rest in

the c.m. frame. This precludes production of the D&3,. since
it has 1=3/2, it cannot couple to the

~
rIN) state with the

orbital angular momentum 8=0. Production of the P» is
still possible, but the P» lies well below the threshold for
yp~ re; only the tail of this resonance would contribute.
Since the S» mass is near the threshold for y production, we
expect yp —+ re in that energy range to be dominated by the

S
Studies of y photoproduction near threshold are important

for the determination of the Fo+ multipole strength. Quark
models [5,6] favor a strong isovector excitation of the 5»,
this is supported by the analysis of yp+ mN data by
Bennhold and Tanabe [7].On the other hand, Halderson and
Rosenthal [8] in their analysis of the 7d~ rid reaction favor
an isoscalar excitation in order to account for the large cross
section reported by Anderson and Prepost [9].The structure
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of the yNN vertex is not resolved between pseudovector and

pseudoscalar coupling, and the strength of the coupling is
only vaguely known.

A good theoretical understanding of y photoproduction
has been hampered by a lack of data at threshold; there are

only eight data points for the total cross section below
E~= 800 MeV [10—12].The paucity of data, combined with
serious disagreements near threshold, have stimulated this
measurement by our group; another measurement is being
made at MAMI by the TAPS Collaboration [13].Theoretical
studies of yp~ gp are currently underway at RPI [4], West-
ern Michigan University [14], and GWU-Mainz [15].These
studies would benefit from new data near threshold.

Our detection method is based on measuring only the re-

coil proton and inferring y production using two-body kine-
matics. For photon energies near threshold, the recoil protons
have very little kinetic energy in the c.m. frame. Thus, they
emerge in a small cone centered about the beam axis. As the

energy decreases, the opening angle of this cone decreases
until, at threshold, all the recoil protons emerge at 0 . Thus,
a relatively small detector is adequate. The success of our
method is based on the fact that close to threshold, the Jaco-
bian becomes very large so that even a small cross section
may be detectable above background. Detecting the proton
alone does not allow one to distinguish background events in

which the proton kinematics mimic that of y photoproduc-
tion. This can occur in the process yp~ amp, where the two
pions have an invariant mass equal to that of the rg. A proton
from such a reaction constitutes a background that cannot be
removed with cuts on the data. Such events are subtracted
after all cuts have been applied.

The experiment was performed at ELSA, at the Phys-
ikalisches Institut der Universitat Bonn, using the photon
tagger in the PHOENICS area, described in detail in Ref.
[16].The tagger determined the energy and fiux of the inci-
dent photon beam. The electron beam from ELSA is ex-
tracted onto a radiator, and photons are produced by brems-
strahlung. The electrons are momentum analyzed by a
magnet, and are detected by a hodoscope of small scintilla-
tion tagging counters placed along the focal plane of the
magnet.

The tagging counter that was hit determines the photon
energy. The placement of the tagging counters corresponds to
photon energy bins spaced approximately 5 MeV apart, and
the energy distribution within each bin is roughly Gaussian,
with a o. of 2.7 MeV. %hen quoting the photon energy, we
use the variable (E~)', which is the centroid of the energy
range of the ith bin. The error in this quantity is typically less
than 1 MeV. We define (E~)~„~z to be the actual mean
photon energy for photons that have sufficient energy to pro-
duce ys. This is only relevant for the bin at threshold, for
which (E~) 4(E )~z „~ since the threshold lies within the
bin.

The photon Aux is determined by scalers connected to
each of the tagging counters. This number is related to the
number of photons that strike the target, but must be cor-
rected for two effects. The first involves the probability that a
count in the tagging system indeed corresponds to a photon
in the target. This is measured during the experiment by plac-

EUS

FIG. 1. The setup for the yp~ yp rneasurernent. The figure is
not shown to scale; the dimensions are given in the text.

ing a lead glass detector in coincidence with the tagging
system, and measuring the ratio I" for each tagging counter,
where

is the number of coincidences between a count in the ith

tagging counter and the lead glass detector, and N,' is the
number of single hits in the ith tagging counter. The second
effect is that of accidentals in the tagging system. This is
removed by looking only at events in which there was a
single hit in the tagging system, and correcting the photon
flux by the fraction of single hit events for each tagging
counter. The combined effect of both of these corrections
introduces an uncertainty of approximately 5% to the photon
flux.

The detector setup for the experiment is shown in Fig. 1.
The tagged photons interacted in a cylindrical liquid hydro-
gen target, 2 cm in diameter, and 8.0~ 0.1 cm long. The axis
of the target coincided with the photon beam. The recoil
protons from yp~ yp were detected by a thin scintillation
counter (SC) and the AMADEUS detector. SC consisted of a
sheet of plastic scintillator viewed by photomultiplier tubes
(PMTs) at both ends. AMADEUS, described in Ref. [17],
consisted of a large block (25X40X 8 cm ) of plastic scin-
tillator and a plexiglass light guide, viewed by 12 PMTs
arranged in a rectangular array on the rear face of the light
guide. It has excellent spatial and timing resolution, superior
to a hodoscope with a similar number of PMTs. SC was
placed 63 cm from the target, and AMADEUS was 286 cm
from the target. Both detectors were at 3.3' in the laboratory.
This angle was chosen to place AMADEUS as close as pos-
sible to the beam without placing it directly in the beam.

Timing and pulse height information were recorded for all
PMTs. The two SC timing signals went into a mean timer to
produce the start signal used for all TDCs. The mean timer
reduced the dependence of the timing on the proton's impact
position on the SC. The event trigger consisted of a triple
coincidence between the tagging system, SC, and
AMADEUS. At least two of the twelve PMTs in AMADEUS
were required to fire, to reduce the background from low-
energy electrons produced in the target. Several runs were
taken with an empty target. These runs proved that the target
walls gave a negligible contribution to the number of events,
and were not used further in the analysis.

The main steps of the analysis were (i) the selection of
proton events, (ii) the determination of the photon energy
associated with the event, (iii) subtracting the back-
ground due to multipion photoproduction (predominantly
yp~ vr7rp), and (iv) determining the number of yp~ re
events. Details of the analysis may be found in Ref. [18].



y MESON PHOTOPRODUCTION ON HYDROGEN NEAR THRESHOLD R2285

60—

50— 40—

20—

80 90
Bin number

0 ~rHAn ~
450 500 550 600 650

mJMeV/e )

FIG. 2. The yield in each energy bin for proton events in
AMADEUS. The xg production threshold lies in bin 80. Each bin
corresponds to approximately 5 MeV.

The raw data contains mostly proton and electron events
not removed by the hardware trigger. These can be separated
very well by making use of the relationship between the
pulse height in the SC (Esc) and the time of flight between
the SC and AMADEUS (TOFs&AM). Electrons, which all
travel at c, show up as a vertical band in a scatter plot of
TOFscAM vs Esc. Proton events lie on a diagonal band. We
project this scatter plot onto a diagonal line perpendicular to
the proton band, and then place cuts around the resulting
proton peak. We estimate the efficiency for proton detection
by this method to be approximately 99%%uo, and that less than
1% of the electrons remain after this cut.

The nominal calibration of the photon tagger [16] deter-
mines the relative energies of each bin to sufficient precision.
Because the cross section rises very rapidly near threshold„ it
was necessary to determine (E~) for each energy bin relative
to the rg threshold as accurately as possible. The original
calibration was used as a starting point. We then applied a
simple additive shift to all the photon energies:

(E,)"=(E,)'+ b,E, , (2)

(3)

where the values of (E )' were taken from the original cali-
bration, and AE~ was to be determined. The error resulting
from this calibration is negligible compared to the overall
calibration uncertainty. We used the data to determine AE
by two different methods, both based on the known threshold
for y photoproduction, E'"'.

The first method assumes an S-wave dependence for the
cross section, and makes use of the sudden increase in the
event yield as the photon energy crosses E'"'. This is shown
in Fig. 2. The background is due mainly to two and three
pion production. After subtracting this background (esti-
mated as the average yield below threshold) for each energy
bin, we are left with the yield for yp —+ gp for the ith bin,
N;. This obeys the proportionality relation

FIG. 3. The missing mass, m&, for the process yp~pX
(675 MeV(E (800 MeV).

where A;((E )) is the AINADEUS acceptance for the ith bin
calculated by Monte Carlo, and (a;((E~))) is the average
cross section for yp~ yp for photons associated with the ith
bin. By comparing the ratio of the yields for the first two bins
above threshold obtained from the data with that expected
from Eq. (3), we can determine (E~) for the bin at threshold.
The difference between this energy and the energy obtained
in the original calibration is AE~.

The second method utilizes the missing mass for the pro-
cess yp~pX:

~u/p=(p, p,')/p", —(5)

where p„ is the proton laboratory momentum at the threshold
for yp~ r/p (= 447 MeV/c). Because the energies used in
this experiment are well above the threshold for multipion
production (for yp ~ 7r vrp, E'"' = 308.8 MeV; for
yp~7r7rmp, E'"' = 492.3 MeV), the contribution of the
background to the Bp/p spectra is constant with photon en-

m&=[2(m +(E~)mz —(E~)E +(E )pzcosgz Ezm„)] ~, —

(4)

where m~ is the proton mass (= 938.27 MeV/c ), E~ is the
total energy of the recoil proton, p~ (= gE m„) is its mo--

mentum, and 0~ is its angle, all measured in the laboratory
system. We calculate Ez and p& at the yp~pX vertex by
measuring TOFsc AM. The energy thus obtained is corrected
for energy loss between the target and AMADEUS. The peak
in the m~ spectrum (see Fig. 3) was taken to correspond to
the rg, and AE~ was determined by setting the scale such that
this peak lies at m ~ (= 547.45 MeV/c ).

Both of these methods resulted in an uncertainty in (E )
of 0.6 MeV. The experiment was performed with three dif-
ferent settings of the tagging magnet, which entailed three
separate calibrations.

After all the cuts have been made to remove the electron
background, there was still significant background due to
multipion production. The quantity 8p/p was defined as
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ergy to approximately 5%. We can therefore use the Bp/p
spectra below threshold for yp —+yp to approximate the
background. Figures 4(a) and 5(a) show examples of the
background subtraction at two different energies. The two-
peak structure in Fig. 5 is due to the limited acceptance of
AMADEUS at higher E~. The peak at positive Bp/p corre-
sponds to protons moving forward in the c.m. frame, and the
negative Bp/p peak corresponds to protons moving back-
ward in the c.m. frame.

After subtracting the background, the number of events
was calculated by determining the allowed range for Bp/p

FIG. 4. (a) The raw spectrum of the momentum dispersion,
Bp/p, defined in Eq. (5), for (Er)~„„~= 710.1~0.9 MeV. The
shaded region is the background, normalized by the photon Aux.
"Entries" refers to the number of counts in the total spectrum. (b)
The Bp/p spectrum for (E ) = 710.1~0.9 MeV, after sub-

tracting the background. The dashed curve is the expected spectrum
from Monte Carlo. The arrows indicate the range used to determine
the number of events. Note that the zero level on the 'Y axis has
been shifted.
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using Monte Carlo and adding up the histogram bins in that
range. Examples of the event extraction are given in Figs.
4(b) and 5(b). The 8p/p range obtained from Monte Carlo is
shown by the arrows above the figures.

The detector acceptance was determined by a Monte
Carlo simulation using the GEANT code. The acceptance has
a strong dependence on the energy near threshold, which
contributes a systematic uncertainty of approximately 8% for
(E~)')708 MeV ((E~)~z „)709.6 MeV), and increasing
linearly below that point, to approximately 30% at
(E )'=705 MeV ((Er) „=708.7 MeV). This was our
dominant systematic uncertainty. Additional uncertainties re-
sult from the target thickness, the determination of the pho-
ton flux, and the background normalization.

The analysis efficiency was evaluated by applying the
cuts used in the analysis to the simulated data. The resulting
efficiency is approximately energy independent, with a value
of 87~4.9 %.
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FIG. 5. (a) Same as Fig. 4(a) for (E ) = 718.7~0.7 MeV.
(b) Same as Fig. 4b for (E~) = 718.7~ 0.7 MeV.
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FIG. 6. Our results for the total cross section for yp~ yp are
shown in solid circles. Prepost et al. data are from Ref. [10];Del-
court et al. , Ref. [11];Erbe et al. , Ref. [12]; Dytman et al. , from
Ref. [19].The solid line is the result of a fit of an S-wave produc-
tion cross section to our points; the model of Benmerrouche
et al. is from Ref. [4]; Tiator et al. , Ref. [15] for PS coupling and

g N~/4' —0.5.
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The results of our experiment are given in Table I. Figure
6 shows our results, with the previous data shown for com-
parison. The statistical and systematic uncertainties have
been added in quadrature. The solid line is the result of a fit
to our points assuming an S-wave dependence with a con-
stant matrix element for the cross section. Assuming the en-

ergy dependence of the cross section follows our S-wave fit,
our results disagree with the preliminary results of Dytman
et al. [19] at (E ) „=729 MeV, but the agreement is
much better at 753 MeV. The effective Lagrangian approach
of Benmerrouche, Mukhopadhyay, and Zhang indicates some
inconsistency of the present data with the older data base.
The fact that the curve of Benmerrouche and Mukhopadhyay
lies below our data is evidence of this. However, they claim
that the results of this experiment are consistent with prelimi-
nary results from the Mainz experiment, with a value of
At&2 in the vicinity of 0.1 GeV [20]. The calculation of
Tiator et al. agrees well with our data, using a pseudoscalar
coupling constant of 0.5 [15].

The effect of the S» on y photoproduction is clear: 5
MeV above threshold, the cross section for yp~ yp is an
order of magnitude larger than that for yp~mp at the cor-
responding energy above threshold. The proximity of the

S» to the yp~yp threshold enhances the cross section
greatly.

We have shown that our technique is a viable means of
measuring g production near threshold. It is based solely on
the detection of the recoil proton, and exploits the high ac-
ceptance and signal/background ratio available in the for-
ward direction to compensate for the small cross section that
has thus far prevented precision measurements. It is not as
useful at photon energies far above threshold, due to the
limited acceptance and lower signal/background ratio.
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of the beam. This research was supported in part by the
Bundesministerium fiir Forschung und Technologie and the
U.S. Department of Energy.
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