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FIG. 4. Samples of the π 0 photoproduction cross section, dσ/dt , off the proton versus |t | above the resonance regime: (a) W = 2490 MeV,
(b) W = 2635 MeV, (c) W = 2790 MeV, (d) W = 2940 MeV, (e) W = 3080 MeV, and (f) W = 3170 MeV. The current data are indicated
by red solid circles and a previous CLAS measurement [20] by black open circles. The black solid squares are from Ref. [19]. The plotted
uncertainties are statistical. The systematic uncertainties are presented as a shaded area in the subpanel for each plot. Regge results [5,8,10,11]
are given by black dotted line, green dot-dashed line, magenta long dashed line, and blue short dash-dotted line, respectively.

consistent between the g12 data and Monte Carlo simulations.
Monte Carlo generation was performed using the PLUTO++
package [26].

The remainder of the background was attributed to
π+π− events. To reduce the background further, a com-
parison of the missing mass squared off the proton,
M2

x (p) = (Pγ + Pp − P
′
p )2, in terms of the four-momenta of

the incoming photon, target proton, and final-state proton,
respectively, and the missing energy of detected system,
EX(pe+e−) = Eγ + Ep − E

′
p − Ee+ − Ee− , was performed,

see Fig. 1. This comparison revealed that the majority of the
π+π− background has missing energy less than 75 MeV. To
eliminate this background all events with a missing energy less
than 75 MeV were removed.

The distribution of the proton missing mass squared for
events with pe+e−(γ ) in the final state is shown in Fig. 2.
A fit was performed with the crystal ball function [27,28]
for the signal, plus a third-order polynomial function for the
background. The total signal+background fit is shown by the
red solid line. The fit resulted in M2

π0 = 0.0179 GeV2 with
a Gaussian width σ = 0.0049 GeV2. To select π0 events, an
asymmetric cut about the measured value was placed in the
range 0.0056 GeV2 � M2

x (p) � 0.035 GeV2. This cut range
can be seen as the arrow in the bottom panel of Fig. 2 along with
the ratio of background events to the total number of events. As
shown in Fig. 2, the event selection strategy for this analysis
led to a negligible integrated background estimated to be no
more than 1.05%.
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FIG. 5. Differential cross section of π 0 photoproduction. The
CLAS experimental data at s = 11 GeV2 are from the current
experiment (red solid circles). The plotted uncertainties are statistical.
The systematic uncertainties are presented as a shaded area in the
subpanel. The theoretical curves for the Regge fits are the same as in
Fig. 4 and the Handbag model by Kroll et al. [12] (blue double solid
line).

IV. RESULTS

As mentioned above there are two subprocesses that may
lead to the same final state π0 → e+e−γ . Both subprocesses
were simulated in the Monte Carlo with their corresponding
branching ratios and used to obtain cross sections from exper-
imentally observed yield of neutral pions.

The new CLAS high statistics γp → pπ0 cross sections
from this analysis are compared in Figs. 3 and 4 with previous
data [19,20,29]. The overall agreement is good, particularly
with the previous CLAS data.

At higher energies (above s ∼ 6 GeV2) and large c.m.
angles (θπ � 90◦), the results are consistent with the s−7

scaling, at fixed t/s ratio, as expected from the constituent
counting rule [3]. The black dash-dotted line at 90◦ (Fig. 3) is
a result of the fit of new CLAS g12 data only, performed with a
power function ∼s−n, leading to n = 6.89 ± 0.26. Structures
observed at 50◦ and 70◦ up to s ∼ 11 GeV2 indicate that the
constituent counting rule requires higher energies and higher
|t | before it can provide a complete description. In Figs. 4 and 5,
the dσ/dt results are shown along with fits from Regge pole
and cut [5,8,10,11] models and the handbag [12] model.

Figure 5 shows that the new CLAS data are orders of
magnitude higher than the handbag model prediction by Kroll
et al. [12] for π0 photoproduction at s = 11 GeV2.

V. SYSTEMATIC UNCERTAINTIES

Systematic uncertainties in this experiment are stemming
from different sources described below. One of them is due to
the uncertainties related to the simulation of photon conversion
and Dalitz branching ratio decay uncertainties, which total up
to 1%. The target density and length uncertainty was estimated

to be on the order of 0.5%. Another source of the uncertainty
is due to overall flux measurement and it was deduced to be
on the order of 6%. Cut-based systematic uncertainty due to
kinematic fit was on the order of 2%. The CLAS setup has
a sixfold axial symmetry. The sector-to-sector uncertainties
have been estimated to result in about (4.4–7.1)% depending
on kinematics of our measurement. The overall systematic
uncertainties of the experiment were below ∼12% and are
depicted as bands below the data in Figs. 3–5.

VI. CONCLUSIONS

In this experiment a novel approach was employed based
on the π0 Dalitz decay mode. Although this decay mode has
a branching fraction of only about 1%, the enhanced event
trigger selectivity enabled the figure of merit to be sufficiently
high in order to extend the existing world measurements into an
essentially unmeasured terra incognita domain. Through the
experiments described above, an extensive and precise data
set (2030 data points) on the differential cross section for π0

photoproduction from the proton has been obtained for the first
time, except for a few points from previous measurements, over
the range of 1.81 � W � 3.33 GeV.

The measurements obtained here have been compared to
existing data. The overall agreement is good, while the data
provided here quadrupled the world bremsstrahlung database
above Eγ = 2 GeV and covered the previous reported energies
with finer resolution. This new and greatly expanded set of data
provides strong confirmation of the basic features of models
based on Regge poles and cuts. There is sufficient precision to
discriminate among the distinct components of those models.
Guided by these data, extensions of models and improved
parametrizations are now possible.

From another perspective, the wide angle data agree with
the pQCD-based constituent counting rules. Yet, a significant
paradox now appears: the wide angle data disagree—by orders
of magnitude—with a handbag model that combines pQCD
with the soft region represented by GPDs. This is an important
result that needs to be better understood.
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