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Compton Scattering Cross Section on the Proton at High Momentum Transfer
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Cross-section values for Compton scattering on the proton were measured at 25 kinematic settings
over the range s = 5 — 11 and -t = 2 — 7 GeV? with statistical accuracy of a few percent. The scaling
power for the s-dependence of the cross section at fixed center of mass angle was found to be 8.0£0.2,
strongly inconsistent with the prediction of perturbative QCD. The observed cross-section values
are in fair agreement with the calculations using the handbag mechanism, in which the external
photons couple to a single quark.

PACS numbers: 13.60.Fz,24.85.4+p

Compton scattering in its various forms provides a
unique tool for studying many aspects of hadronic struc-
ture by probing it with two electromagnetic currents. For
real Compton scattering (RCS) in the hard scattering

regime, where all Mandelstam variables s, —t, and —u
are larger than the AQQ «p Scale, the short-distance dom-
inance is secured by the presence of a large momentum
transfer. In this regime, RCS probes the fundamental
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FIG. 1: Schematic layout of the present experiment.

quark-gluon degrees of freedom of quantum chromody-
namics (QCD), providing important information for the
tomographic imaging of the nucleon.

The only data for RCS in the hard scattering regime
were obtained 25 years ago by the pioneering Cornell ex-
periment [1]. The cross section do/dt at fixed 0, was
found to scale with 1/s™ with n =~ 6, exactly as pre-
dicted by perturbative QCD |2], in which the reaction is
mediated by the exchange of two hard gluons [3]. Nev-
ertheless, the experimental cross section was at least 10
times larger than those predicted by perturbative QCD.
More recently, calculations of RCS have been performed
within a handbag dominance model [4, 15], in which the
external photons couple to a single quark, which couples
to the spectator particles through generalized parton dis-
tributions (GPDs) [6]. These calculations are rather close
to the Cornell cross section data. The uncertainty in ap-
plicability of perturbative QCD and the possible domi-
nance of the handbag mechanism were reinforced by a re-
cent measurement of the longitudinal polarization trans-
fer parameter K, , in the reaction H(¥,p) [7], which is
in fair agreement with the handbag prediction [§] and in
unambiguous disagreement with the perturbative QCD
prediction [3]. The present experiment was designed to
test more stringently the reaction mechanism by improv-
ing the statistical precision and extending the kinematic
range of the Cornell data. These new measurements,
with much improved accuracy in the scaling parameter
n, allow unambiguous conclusions about the applicability
of perturbative QCD.

The experiment, shown schematically in Fig. [l was
performed in Hall A of Jefferson Lab, with basic instru-
mentation described in Ref. [9]. A 100% duty-factor
electron beam with current up to 40 pA and energy
2.34, 3.48, 4.62, or 5.75 GeV was incident on a 0.81-
mm thick Cu radiator. The mixed beam of electrons and
bremsstrahlung photons was incident on a 15-cm liquid
H> target, located 10 cm downstream of the radiator,

with a photon flux of up to 2 x 103 equivalent quanta/s.
The scattered photon was detected in a calorimeter con-
sisting of 704 lead-glass blocks (4 x 4 x 40 cm?®) placed
5-18 m from the target and subtending a solid angle of
30-60 msr, with a typical position resolution of 1 cm
and energy resolution og/E = 5 — 10%. The associ-
ated recoil proton was detected in one of the Hall A High
Resolution Spectrometers (HRS), with a solid angle of
6.5 msr, momentum acceptance of +4.5%, relative mo-
mentum resolution of 2.5 x 1074, and angular resolution
of 2.4 mrad, the latter limited principally by scattering
in the target. The central momentum of the HRS was
set to detect protons corresponding to incident photons
with mean energies approximately 90% of the electron
beam energy. The trigger was formed from a coincidence
between a signal from a scintillator counter in the HRS
focal plane and a signal in the calorimeter corresponding
to an energy deposition greater than half the expected
photon energy from the RCS process.

Potential RCS events were within a ~ 30 ns coinci-
dence time window and were selected based on the kine-
matic correlation between the scattered photon and the
recoil proton. The excellent HRS optics was used to re-
construct the momentum vector and reaction vertex of
the recoil proton, to determine the energy of the inci-
dent photon, and to calculate the expected direction of
an RCS photon. The quantities dx and oy are the differ-
ence of horizontal and vertical coordinates, respectively,
between the expected and measured location of the de-
tected photon on the front face of the calorimeter. An
example of the distribution of events in the dz-dy plane
is shown in Fig. The RCS events, which are in the
peak at éx = dy = 0, lie upon a continuum background
primarily from the yp — 7°p reaction, with the subse-
quent decay m° — . An additional background is due
to electrons that lose energy in the radiator and subse-
quently undergo ep elastic scattering, which is kinemati-
cally indistinguishable from RCS. A magnet between the
target and the calorimeter (see Fig.[I]) deflects these elec-
trons horizontally, so their coordinates on the front face
of the calorimeter are shifted by 20-30 cm relative to
undeflected RCS photons. These ep events are clearly
separated from the RCS events, as shown in Fig. 2 By
making the coplanarity cut |dy| < 15 cm, then projecting
onto the dz axis, one obtains the dx-distribution shown
in Fig. Bl The curve is a calculation of the 7° continuum
background, which is determined by two methods.

In the first method, a Monte Carlo simulation of the
experiment was used to determine the acceptance of the
combined HRS-calorimeter system in the variables of the
incident photon energy and the momentum transfer, and
to determine the shape of 7° contribution in Fig. Bl [10].
The simulation utilized a thick-target bremsstrahlung
code to calculate the incident photon spectrum [11]; an
event generator for the RCS, yp — #°p, and ep — ep
reactions; and the SIMC code [12] to track recoil pro-
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FIG. 2: Distribution of photon-proton coincidence events in
dx-0y space, as defined in the text, for the measurement at
s = 6.79,t = —3.04 GeV2. The peaks near dx = dy = 0
and dx = —25 cm, dy = 0 originate from the RCS and ep
events, respectively. The continuum events are photons from
7° photoproduction. The events to the right of the solid line
are used to normalize the 7° events yield in the Monte Carlo
simulation.

tons through the HRS. The acceptance simulation and
analysis procedures were checked by using elastic elec-
tron scattering data from dedicated H(e, e'p) runs with
the Cu radiator removed. It was verified that the sim-
ulation correctly accounts for the distribution of proton
recoil events in momentum, angles, and reaction vertex
across the acceptance of the HRS ] and that the data
from the present experimental setup reproduce to better
than 3% the known ep elastic scattering cross section [14).
To determine the 7° background, the simulated distribu-
tion of m° events is normalized to the number of actual
events in regions of §z-dy space that are free of RCS and
ep events (see Fig. [), then used to calculate the curve
in Fig. Bl The tight kinematic constraints of our co-
incidence geometry preclude contributions from heavier
mesons, such as n’s. Subtracting the curve from the data,
then integrating over the region of dz shown in Fig.[3] the
“raw” RCS cross section is determined. As a byproduct
of this analysis, we have obtained cross sections for the
p(y,7°)p reaction, which will be presented in a separate
publication.

The second method of analysis uses only a central
(~ 35%) portion of the the calorimeter front face to guar-
antee that the combined acceptance of the experiment is
defined by the photon arm acceptance HE] Events were
selected in a narrow energy range, 100-200 MeV, in which
the incident photon spectrum had the expected 1/E,
shape. The shape of the dz-distribution of the 7° events
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FIG. 3: The dz-distribution for a coplanarity cut |dy| <
15 c¢m, with the RCS and ep peaks indicated. The curve
is a distribution of the continuum 7° events. The vertical
dashed lines show the cuts used to calculate the number of
RCS events.

in Fig.Blwas obtained by interpolation of a polynomial fit
to the event distribution in the region 15 < |dy| < 30 cm
of Fig. 2l The total 7° yield was normalized to the re-
gions dz > 10 cm and |dz + 10 em| < 3 em in Fig. B
As with the Monte Carlo method, subtracting the =°
background and integrating over §x obtains the raw RCS
cross section, with reduced statistical precision. The two
methods agreed to approximately 5%. The Monte Carlo
technique was used for the final cross-section values while
the reduced acceptance technique was used to estimate
the contribution of acceptance and 7% background to the
systematic error.

Two additional corrections were applied to obtain the
RCS cross section. The first correction deals with the
kinematically correlated py background events from the
epy process, in which an elastically scattered electron
emits a hard photon due to internal and external radia-
tion in the target and surrounding material and the pho-
ton (but not the electron) is detected in the calorimeter.
These background events fall in the §z=0 peak in Fig.
and are distinguishable from RCS events by F.q,, the
photon energy measured in the calorimeter. To deter-
mine the background from these events, a semi-empirical
technique was used.

First the shape of the photon energy spectrum, in
which an elastically scattered electron radiates a hard
photon in the material between the reaction vertex and
the deflection magnet, was found from the Monte Carlo
simulation, which includes all details of the experimental
setup. Then the shape was normalized to fit the observed
distribution in the F.,;, spectrum below the RCS peak.
The resulting background was subtracted and the peak



integrated over a +30 region to obtain the RCS events. A
similar procedure was applied to the electron scattering
data taken with the radiator removed to obtain another
normalization. The epy/RCS ratio ranges from < 0.01
at backward angles to as much as 0.90 at forward angles.
Nevertheless, the two normalizations result in RCS cross
sections that agree to within a statistical accuracy of 7%
in the worst case but more typically to within 2%. This
procedure was cross-checked against a direct calculation
of the background, using the peaking approximation |16]
to estimate the internal radiation contribution and found
to be in excellent agreement.

The second correction is due to quasi-real photons from
the H(e, py)e’ reaction and is taken into account in the
calculation of the incident photon flux. The reaction is
simulated with our Monte Carlo, using the spectrum of
quasi-real photons calculated according to the method of
Ref. [17]. Although the scattered electron is not detected,
the kinematic cuts on the HRS and calorimeter, partic-
ularly the dx and dy cuts, place stringent constraints on
the virtuality of the photon. We find that the quasi-real
photons have a mean Q2 = 0.14 x 102 GeV? and con-
tribute in the range 11-15% to the total incident photon
flux, depending on the kinematic point.

The resulting RCS cross-section values and statistical
uncertainties are summarized in Table[ll The systematic
uncertainties have correlated contributions from the ac-
ceptance (5%) and the real and virtual bremsstrahlung
flux uncertainty (3%) and typical point-to-point contri-
butions from the 7° subtraction (3%) and the epy back-
ground subtraction (2%).

The cross-section data are presented in Fig. [ along
with the previous Cornell data [1], which have been scaled
to the s values of the present experiment using the scaling
power n = 8, as discussed below, and plotted at the —t
value corresponding to the original 6.,,. The curves are
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FIG. 4: Cross section of RCS process vs. transfer momentum
t at three values of s. Full points and open points are data
from the present and Cornell experiments |1], respectively.

TABLE I: Cross section of proton Compton scattering. The
mean values of invariants s, ¢t and their standard deviation are
in GeV?. The scattering angle in the center-of-mass system
and its standard deviation are in degrees. The bin widths of
all quantities are the total spread in values over the acceptance
of the detectors. The cross section (do/dt) and its statistical
error are in nb/GeV?2.

s As —t At Ocrm A do/dt Ado/dt
4.82 056 1.65 0.05 900 1.0 6.37 0.18
4.82 056 201 0.06 1044 1.3 4.59 0.13
4.82 0.56 2.60 0.08 1279 1.8 2.18 0.05

6.79 056 196 0.05 763 0.8 0.815 0.040
6.79 0.56 254 0.06 892 1.0 0.251 0.027
6.79 0.56 3.04 0.07 1005 1.1 0.226 0.018
6.79 0.56 3.70 0.08 1159 1.3 0.282 0.009
6.79 0.56 4.03 0.08 1245 1.3 0.291 0.009
6.79 0.56 4.35 0.09 133.7 14 0.304 0.011
8.90 0.84 203 0.05 64.0 0.8 0.3970 0.0211
8.90 0.84 257 006 732 0.8 0.1109 0.0078
8.90 0.84 3.09 0.07 81.6 0.9 0.0619 0.0055
8.90 0.84 3.68 0.08 91.0 1.1 0.0348 0.0029
8.90 0.84 438 0.09 1023 1.1 0.0257 0.0028
8.90 0.84 5.03 0.09 113.1 1.2 0.0320 0.0035
8.90 0.84 548 0.10 121.0 1.2 0.0477 0.0031
8.90 0.84 592 010 1298 1.2 0.0641 0.0042
1092 094 261 0.08 653 09 0.0702 0.0063
10.92 094 318 0.09 719 09 0.0317 0.0047
1092 094 3.73 010 79.0 1.0 0.0156 0.0026
10.92 094 441 012 875 1.1 0.0095 0.0011
10.92 094 5.03 014 941 1.2 0.0071  0.0007
1092 094 544 0.14 1003 1.3 0.0058  0.0009
10.92 094 593 0.16 106.6 1.3 0.0046 0.0006
1092 094 6.46 0.19 1136 2.1 0.00566  0.0007

theoretical predictions calculated with the handbag dia-
gram. The solid curves are calculations using the GPDs
approach [8], in which a photon-parton subprocess is cal-
culated to next-to-leading order in s and a model of the
GPDs is based on the known parton distribution func-
tions and the nucleon electromagnetic form factors. The
widths of the shaded areas indicate the uncertainties due
to the mass uncertainties in the hard subprocess [18].
The dashed curves are also based on the handbag dia-
gram [19], using the constituent quark model to calcu-
late the hard subprocess and quark wave functions ad-
justed to fit existing data for the nucleon electromag-



netic form factors. Both sets of curves cover a limited
range in —t because the calculations based on the hand-
bag mechanism are valid only for s, —t, —u larger than
approximately 2.5 GeV2. Over that range they are in
good agreement with the data.
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FIG. 5: Scaling of the RCS cross section at fixed 0¢,,. Open
points are results from Cornell experiment |1]. Closed points
are results from the present experiment. The line at n =
6 is the prediction of asymptotic perturbative QCD, while
the shaded area shows the fit range obtained from the cross
sections of GPDs-based handbag calculation [g].

It is interesting to examine the scaling of the cross sec-
tions with s at fixed 6,,, where the perturbative QCD
mechanism predicts do/dt = f(0cm)/s™ with n = 6 |2].
The scaling power n(f.,,) was extracted from the present
data by using results from the three largest values of
s = 6.79, 8.90, and 10.92 GeV?2. A cubic spline interpo-
lation was applied to the angular distribution for each
s to determine the cross section at fixed angles. The
values of n(f.m,) are plotted in Fig. [l along with points
from the Cornell experiment. The present experimental
points imply a mean value n = 8.0 &+ 0.2, unequivocally
demonstrating that the perturbative QCD mechanism is
not dominant in the presently accessible kinematic range.
The power obtained from a fit to GPDs-based handbag
cross sections [] are shown as the dashed lines for two
different assumptions about the masses in the hard sub-
process [18]. The present data should help refine the
model used for the GPDs.

In summary, the RCS cross section from the proton was
measured in range s = 5 — 11 GeV? at large momentum
transfer. Calculations based on the handbag diagram
are in good agreement with experimental data, suggest-
ing that the reaction mechanism in the few GeV energy
range is dominantly one in which the external photons

couple to a single quark. The fixed-0.,, scaling power is
considerably larger than that predicted by perturbative
QCD.
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