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I. INTRODUCTION

The real and virtual compton scattering reactions  + p !  + p and
e+ p! e+ p+  at 6-12 GeV provide many important new areas of study
of QCD and proton structure. There are new theoretical results suggesting
that for either large P 0

? (s, t, u all large) or large Q2, the compton process
can be described by the handbag diagram of Fig. 1. [1{4] The amplitude of
Fig. 1 is the convolution of the elementary q ! q kernel with a new class
of ground state matrix elements, called the o�-forward parton-distributions
(OFPD). This description should be contrasted with the asymptotic pre-
diction (probably valid only at much higher energies) also shown in Fig. 1.
In the latter case, the compton amplitude is given by a hard scattering
kernel consisting of all possible gluon exchange diagrams convoluted with
the product of the initial and �nal state distribution amplitudes. [5{8] The
experimental VCS process also includes an important contribution from the
Bethe-Heitler (BH) terms (wide angle bremsstrahlung). The BH-Compton
interference terms are experimentally accessible via the following observ-
ables (� is the azimuthal angle of the proton around the VCS virtual pho-
ton direction): a) the cos�d�LT term; b) the electron helicity asymmetry
d� = d�(�!e ; e0p)�d�( �e ; e0p) (measured out-of-plane); and c) the electron-
positron di�erence cross section d�(e+; e+0p) � d�(e�; e�0p). In a) & b),
the speci�c sensitivity to the BH term results when the longitudinal part of
the compton amplitude is much smaller than the corresponding BH term.
In Sec. III we discuss the speci�c issues associated with Hard Scatter-

ing: s = (q + P )2 large, P 0
? large, (0 � �; � �), and arbitrary Q2. In

Sec. IV we discuss Deeply Virtual Compton Scattering (DVCS): s, &
Q2 large, �; � 0, t = (q � q0)2 � �M2x2Bj=(1� xBj).

II. OFF FORWARD PARTON DISTRIBUTIONS

The o� forward parton distributions are de�ned as the amplitude to re-
move a parton from the proton at point y=2 on the light cone and replace
it in the �nal state proton at point �y=2. The OFPD are functions of
the momentum fraction x (the fourier transform variable conjugate to the



coordinate y), the kinematic variable �=2 � Q2=q � (P + P 0) � xBj and
the invariant momentum transfer t = (q� q0)2. Neglecting QCD evolution,
the OFPD are Q2 independent. On the proton, there are four OFPD cor-
responding to helicity conserving and helicity ip matrix elements of the
vector and axial-vector operators  � and  �5 . In the (�; t)! (0; 0)
limit the helicity conserving vector and axial-vector OFPD are equal to
the ordinary parton distributions q(x) and �q(x), respectively. At �xed
t = (P 0�P )2, the integral over x of the OFPD are equal to the correspond-
ing elastic form-factors F1;2(�t), GA;P (�t). The compton process weights
the avor dependent OFPD with the quark charge squared whereas the
elastic (e; e0) form factors are weighted by one power of the quark charge.
Thus compton scattering provides new information for the avor decom-
position of the proton. The helicity ip OFPD are linked to quark orbital
angular momentum distributions. This is elegently illustrated by the sum-
rule of X. Ji [1] which directly links the vector OFPD to the orbital angular
momentum contribution to the quark spin.

III. HARD SCATTERING

Real and virtual compton scattering in the hard scattering domain at
6 GeV are the subjects of Exp.97-108 [9,10] and Exp.94-106. [11] The
handbag dominance of this reaction has been discussed by A. Radyushkin.
[4] In high energy VCS, it is necessary to detect all three �nal state particles
in order to separate inelastic channels and accidental backgrounds. Recent
measurements in Hall-A suggest that the very low emittance CEBAF beam
will permit the use of a unshielded Pb-glass array at luminosity L = 2 �
1038/cm2/s for � > 30�. In the wide angle compton case, if a septum
magnet can be used to detect electrons at 6�, then count rates of � 10/hour
can be achieved in the Hall-A HRS2 pair for s � 10 GeV2, 90 � �CM � 120�,

and Q2 � 0:5 GeV2.
The Q2 dependence of high P? VCS measurements at low Q2 and the

magnitude of the imaginary part of the compton amplitude (accessible in
VCS via the electron helicity dependent cross section d�) are important
tools for identifying the basic reaction process in this energy regime. If the
HandBag amplitude dominates the compton amplitude, then the imaginary
part of the hard scattering compton amplitude is small.On the other hand,
in the hard-gluon exchange pQCD amplitude the imaginary part of the
the compton amplitude is large. This is a general feature of any model
incorporating hard exchanges (see for example the di-quark model [8,12]).



Small angle �e electron scattering (for small Q2) naturally gives a large
out-of-plane acceptance for the measurement of d�. With the electron
spectrometer at 6�, the azimuthal acceptance of the HRS pair is sin� =
� tan �V = sin � � �0:5.
In the handbag amplitude for VCS, the Q2 dependence is dominated by

the elementary � + q !  + q amplitude (the � dependence of the OFPD
is weak [13]). This is not the case, for example, in the di-quark model.
[13] Thus VCS measurements, even at low Q2 are an important test of the
handbag dominance hypothesis.

IV. DVCS

The experimental challenges of DVCS include: a) Small cross sections:
for electron energies from 6 to 11 GeV and Q2 = 2 - 4 GeV2 the cross section
d5�=[d
eE

0

ed
 ] � 100pb=[sr2GeV] at xBj � 0:3; b) The BH cross section
is typically 10� the DVCS cross section; c) The electron and photon are
both at small angles (� 10�) from the beam direction; d) The recoil protons
are emitted at small momentum: at � = 0, p0p �MxBj[1�xBj=2]=[1�xBj];
e) It is di�cult to separate the exclusive ep! ep channel from competing
background channels, e.g. ep! e�0 and ep! eN�.
At CEBAF energies, the BH amplitude must be used as an ampli�er and

a �lter. For energies 6 � 12 GeV, a kinematic range 2 < Q2 < 4 GeV2

and xBj > 0:3 is accessible, though the OFPD decrease rapidly for large
xBj. For photon emission angles relative to the virtual photon direction
as small as 5�, the electron helicity asymmetry Ah is as large as 30%. In
both the helicity dependent and helicity independent cross sections the Q2

dependence of each cosn� and sinn� term is directly predicted by the
HandBag dominance hypothesis, independent of the models of the OFPD.
[14] Thus measurements of the full � dependence around the virtual photon
direction are an essential test of the DVCS formalism. Fig. 2 illustrates the
statistical precision and azimuthal acceptance feasible in Hall-A with the
electron spectrometer in coincidence with a 10 msr photon calorimeter.
Similar results can be obtained at energies of 9 and 11 GeV and Q2 = 3, 4
GeV2.
The electron-positron cross section di�erence is also an attractive possi-

bility for extracting the DVCS amplitude. Electrons and positrons can be
accelerated in tandem in the North Linac, with the two beams 180� out
of phase in the RF. At the arcs, the positron beam is recirculated for the
desired number of turns, and the electron beam is diverted to a positron



production target. The positrons can be brought back to the injection area
via a beam line inside the main tunnel. A beam of +10 nA will be adequate
to simultaneously provide a positron luminosity of 1034/cm2/sec in Hall-B
and the full photon luminosity in Hall-D.
At 6 GeV, a photon calorimeter with resolution 5%

p
GeV=q0 is su�-

cient to separate the p(e; e0)p peak from the p(e; e0)N� threshold by 3�.
However, at higher energies this separation requires an overcomplete deter-
mination of the �nal state. In the kinematics of CEBAF below 12 GeV,
this means detecting the recoil protons in a cone around the virtual photon
direction 10� < �p < 40� and 300 MeV < p0 < 800 MeV (the momentum
and angle are correlated). It is not necessary to identify the proton or
measure its absolute momentum. For a given p(e; e0)X event, detecting a
charged particle in the direction required for an exclusive p(e; e0p) event
will be adequate to remove the background channels (except possibly the
ep! ep�0 exactly at p�0 threshold. The high rate detectors (Multi Strip
Gas Detectors, etc.) discussed in this workshop (Ref. [15,16]) o�er the pos-
sibility of detecting the recoil protons. A 1-2 Tesla axial �eld is required
at the target to trap particles with P? < 20 MeV. The natural pixel size
for a recoil detector is ��
�� = (100mr)
 (10mr), corresponding to the
reconstruction resolution from the p(e; e0)X measurement. At a distance
of 0.5 m from the target, the load of random charged particles with be less
than 105 per pixel. [17] Detecting the recoil particle also o�ers the prospect
of measuring deuteron OFPD via D(e; e0D).
It should also be noted that the\background" channels discussed above

are of interest in their own right. The \Deep �" process ep ! ep�0 is
described by the convolution of a one gluon exchange kernel, the pion dis-
tribution amplitude, and the same axial OFPD as in the DVCS case. [18]
The inclusive DVCS process ep! eN� is sensitive to the inelastic p! N�

OFPD. [19]

V. SPECTROMETERS VS. LARGE ACCEPTANCE

A priori, the exclusive ep ! ep reaction requires high resolution, thus
favoring the Hall-A HRS2 pair. However, with su�cient hermeticity, the
overcompleteness of the reaction can be used to identify the exclusive chan-
nel in a large acceptance detector such as the CLAS.
In Deeply virtual compton scattering, the photon is highly correlated

with the electron, so we assume the Hall-A acceptance is limited by the
electron arm. At Ee = 11 GeV, Q2 = 4 GeV, and xBj = 0:3 the in-



plane acceptance of the electron arm is �Q2�xBj = 0:033 GeV2 and the

out-of-plane acceptance is �� = sin�1[tan �V = sin �e] = 400 mr. We also
assume a Hall-A luminosity of 1037=cm2/s limited by a combination of the
photon calorimeter and the detectors required to tag the direction of the
outgoing proton. In the CLAS we can take a natural bin size of �Q2�xBj =
(1:0GeV 2) � (0:1), an azimuthal acceptance of 1:5� and L = 1034=cm2/s.
The relative counting rate in the two scenarios is [Hall-A]/[Hall-B] � 30. Of
course in Hall-B many bins in Q2 and xBj can be obtained simultaneously.
In Hall-B, L > 1034=cm/s may be possible by requiring that the shower
sum in two opposing sectors equal the beam energy (within resolution).
In the Hard Scattering regime,at low Q2, the HRS electron arm accep-

tance de�nes a natural bin size in Q2
s. To compare the two scenarios, we
integrate over the same acceptance in d cos �edE

0

e. In Hall-A we integrate
over the electron vertical angle acceptance and the proton HRS acceptance.
In Hall-B we integrate over the the full azimuth for both the electron and
the proton and we integrate over a bin � cos �CM = 0:2. We also weight the

acceptance by sin2 � to compare the �gure of merit for measuring d� in
each Hall. At s = 10 GeV2, Q2 = 0:5 GeV2, �CM = 90�, we obtain a ratio

of weighted counting rates per bin (Q2; s; �CM ) of [Hall-A]/[Hall-B] � 40 at

LA=LB = 2 � 1038=1034.

VI. CONCLUSIONS

These experiments o�er many exciting prospects for studying both the
nature of QCD and nucleon structure. The three experimental options:
Large Acceptance Spectrometer, Spectrometer pair with photon calorime-
ter, or Spectrometer with photon calorimeter and recoil detector o�er im-
portant possibilities for these measurements.
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FIG. 1. Two approximations to Real or Virtual Compton scattering amplitude:
a) Hand-Bag approximation; b) asymptotic Perturbative QCD .

            

FIG. 2. Simulated integrated di�erence counts
R
Ld� vs. � in a bin

2� < �lab < 3� for integrated luminosity of 7200 / fb with Hall-A HRS-e 
0:01 sr
photon calorimeter. The calorimeter is placed at �H = �11� and �V = 2:5� hori-
zontal and vertical, respectively, relative to the beam. Similar yields are obtained
simultaneously in bins 1� < �lab < 2�, 3� < �lab < 4�, & 4� < �lab .


