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Abstract

We propose to study Deep Virtual Compton Scattering (DVCS) using the
CEBAF 6 GeV polarized electron beam and the CLAS detector at Jefferson
Lab. The main focus of the experiment will be measurement of the beam
spin asymmetry in the reaction é€p — epy . This asymmetry is directly
proportional to the imaginary part of the DVCS amplitude and gives access to
a combination of the Generalized Parton Distributions H, E, H, and E. The
Q?, xp and t dependence of the DVCS amplitude will be studied in a wide range
of kinematics. In addition, helicity-dependent cross section differences will be
measured. In some kinematics, we will be able to determine the unpolarized
DVCS cross section by subtracting the Bethe-Heitler contribution. 60 days
of new beam time are requested for this experiment. In addition, we ask for
approval to run with the standard CLAS configuration concurrently with the
E1-6 run group, scheduled for the fall of 2001.
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1 Introduction

Much of the internal structure of the nucleon has been revealed during the past
three decades through the inclusive scattering of high-energy leptons on nucleons in
the Bjorken -or “Deep Inelastic Scattering” (DIS)- regime. Simple theoretical inter-
pretations of the experimental results and quantitative conclusions can be reached
in the framework of the parton model and QCD when one sums over all possible
hadronic final states. For instance, unpolarized DIS led to the discovery of the quark
and gluon substructure of the nucleon, with the quarks carrying about half of the
nucleon’s momentum. Furthermore, polarized DIS revealed that only about 25% of
the spin of the nucleon is carried by the quark intrinsic spin. However, very little is
known about quark-quark correlations, the transverse quark momentum distribution,
and contributions of correlated quark-antiquark pairs (mesons) to the nucleon wave
function.

The recently developed formalism of “Generalized Parton Distributions” (GPDs)
[1, 2] showed that such information can be obtained in hard exclusive leptoproduction
experiments. The GPDs contain information on the interference between different
quark configurations, on the quark transverse momentum distribution, as well as
their angular momentum distribution. GPDs provide a unifying picture for an entire
set of fundamental quantities of hadronic structure, such as: the vector and axial
vector nucleon form factors, the polarized and unpolarized parton distributions, and
the spin components of the nucleon due to orbital excitations.

Deeply Virtual Compton Scattering (DVCS) is one of the key reactions to deter-
mine the GPDs experimentally, and it is the simplest process that can be described in
terms of GPDs. We propose a measurement, of DVCS in Hall B at Jefferson Lab with
a 6 GeV longitudinally polarized electron beam, with a CLAS configuration optimized
for running with higher luminosity, 2x103* cm~2s~!, and with a larger acceptance for
photon detection.

The first experimental observation of DVCS was obtained from our recent analysis
of CLAS data with a 4.2 GeV polarized electron beam in a limited kinematical regime
around Q? = 1.5 GeV? and zp = 0.22 [3]. The new measurements will map out the
DVCS amplitude in the range of Q? from 1 to 4 GeV?, and x5 from 0.15 to 0.55. The
main goal will be a study of the xp and ¢ dependence of the beam spin asymmetry.
These measurements are essential for the study of GPDs.

The CLAS detector with the proposed new configuration and a 6 GeV longitudi-
nally polarized electron beam form a unique facility to perform such measurements
with a single experimental setup in a wide range of kinematics.



2 Theory and motivation

2.1 Phenomenology of the GPDs

We briefly review in this section the formalism of the Generalized Parton Distri-
butions. In recent years, Ji [1] and Radyushkin [2] (see also Ref. [4]) have shown that
the deeply virtual Compton scattering (DVCS) amplitude in the forward direction
can be factorized in leading-order pQCD into a hard-scattering part (exactly calcula-
ble in pQCD) and a non-perturbative nucleon structure part, as illustrated in Fig. 1a.
In these so-called “handbag” diagrams, the lower blob represents the soft structure
of the nucleon, and can be described in terms of four structure functions, known as

the GPDs.

0,+ 0,%+
PL W, T i

Figure 1: “Handbag” diagrams for (a) DVCS (left) and (b) meson production (right).

There are 4 independent GPDs: H, H, E, and E; they depend upon three kine-
matic variables: x, £, and ¢t. z characterizes the momentum fraction of the struck
quark in the quark loop and, as such, is not directly accessible experimentally except
in the measurement of the beam spin asymmetry. £ is the longitudinal momentum
fraction of the transfer A, with £ = x5/(2 — xg) in the Bjorken limit. ¢ = A? is the
standard momentum transfer between the virtual and real photons.

H and E are spin-independent, and H and F are spin-dependent functions. More
precisely, the light-cone matrix element of the bilocal quark operator that enters in
these hard-electroproduction reactions (represented by the lower blobs in Fig. 1) is
at leading twist in Q? given by:
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with P = (p+ p')/2 and g a quark flavor index. This formula explicitly shows the
vector (axial) nature of the H, F (H, E)) GPDs associated or not associated with the
5 matrix.

The H and H are generalizations of the parton distributions measured in deep
inelastic scattering. In the forward direction (defined by A = 0), H reduces to the
quark distribution ¢(z), and H to the quark-helicity distribution Ag(z) measured in
deep inelastic scattering. Furthermore, at finite momentum transfer, there are model-
independent sum rules that relate the first moments of these GPDs to the standard
hadronic form factors.

[ Hiw g i = F),

/ 11 E(x,€,0)dx = FI(t),

[ g i = @), 2)
/11 Bz, t)dr = G(t), Ve

Also, Ji [1] has shown that the second moment of these GPDs gives access to the
contribution of the sum of the quark spin and the quark orbital angular momentum
to the nucleon spin.

%Z/ll (H(z,&,t = 0)+ E(z,6,t = 0) ade = J, Ve (3)

A measurement of this sum rule would determine the contribution of the quark
orbital angular momentum to the nucleon spin. However, we point out that this is
not within the goals of the proposed experiment.

The GPDs reflect the structure of the nucleon independently of the reaction that
probes the nucleon. They can also be accessed through the hard exclusive electro-
production of mesons, 7%%, p%% w, @,..., (see Fig. 1b) for which a QCD factorization
proof was given recently [5]. It also showed that leading-order pQCD predicts that
the vector meson channels (,o%i, wr, ¢r) are sensitive only to the unpolarized GPDs
(H and E), whereas the pseudoscalar channels (7%%, 7, ...) are sensitive only to the
polarized GPDs ([:I and E) In contrast to meson electroproduction, DVCS depends
on both the polarized and unpolarized GPDs.

Models of GPDs were obtained by direct calculations in the bag model [6], chi-
ral soliton model [7], light-cone formalism [8], and also through a phenomenological
construction [9, 10] based on the relation of GPDs to the usual parton densities.

Figure 2 shows the z and ¢ dependence of H(z,&,t = 0) as an example of such
a construction. The ¢ dependence shows the changing character of the quark corre-
lations from pure quark and antiquark distributions at & = 0, to strongly correlated
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Figure 2: H(x,&,0) in the model of Ref. [10]

qq pairs at large values of £. The shape and magnitude the GPDs also depends on
the momentum transfer ¢. This opens up another dimension in the study of GPDs.
The t dependence is particularly sensitive to the transverse momentum distribution
of the quarks.

2.2 Deeply Virtual Compton Scattering

DVCS is the most promising channel for studying GPDs at lower energies and Q2.
The dominance of the handbag diagram and the behavior of the reduced forward cross
section as 1/Q* (scaling regime) is expected to be reached at lower Q? than in the
case of deep exclusive meson production. This is supported by measurements of the
v*ym? form-factor in e~e™ collisions. In leading-order pQCD, the DVCS process and
the production of 7° by two photons, where one of the photons is highly virtual, are
described by the same kind of handbag diagram. Figure 3 shows recent measurements
of F. 0 from CLEO [11]. The curves correspond to leading order pQCD calculations
[12] with next to leading order corrections. As is evident from the figure, F.,«, o starts
to scale as 1/Q* already at Q* ~ 3 GeV?2. The higher order corrections describe the
data well for Q? > 1 GeV2. This result strongly suggests that GPDs can be accessed
through the study of DVCS at moderate Q2.

The proposed experiment measures DVCS via the interference with the Bethe-Heitler
(BH) process, Figure 4. The measured cross section of the reaction ep — epy is
given by the sum of the DVCS and BH amplitudes, up to a phase space factor:

d°o

TVCS TBH 2 ) 4
0 pdids = ! + T (4)
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Figure 3: Experimental data on Q?F,. .o from [11] with pQCD predictions using an
asymptotic shape for the pion distribution amplitude (lower curve) and Chernyak-Zhitnitsky
model (upper curve). The calculations include higher order corrections.

VCS BH
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Figure 4: Feynman diagrams for VCS and Bethe-Heitler processes contributing to the
amplitude of ep — epy scattering.



At beam energies accessible at Jefferson Lab, the BH contribution in the cross section
is predicted to be several times larger than the DVCS contribution in most regions of
phase space [10] (see Fig. 5).

The large BH process may be turned into an advantage by using a longitudinally
polarized electron beam: one can measure the helicity-dependent interference terms
that are proportional to the imaginary part of the DVCS amplitude. In this case the
pure BH contribution is subtracted out in the cross section difference. The systematic
errors then only apply to this difference. Expanding the BH amplitude in powers of
1/Q, but keeping the complete helicity structure for the v*p — ~p process [14], the
helicity-dependent cross section difference is of order 1/Q) and given by

d50.+ . d50_7 x Im(TDVCS) % TBH
dQ2dxpdtdg — dQ2dwpdtde
1 1 - - 1
5 = | = Tl sing 4+ MO - sin 26| + O = (5)
Q ¢ @

where “+” and “-” denote positive and negative beam helicities. 7PV¢S and 724
are the amplitudes of the DVCS and BH processes, € is the usual virtual photon
polarization parameter, ¢ is the azimuthal angle between electron and hadron planes,
and M and M%! are helicity amplitudes for transverse and longitudinal virtual
photons, averaged over the proton helicity. In leading order, only M contributes,
and, therefore, the dominant sin ¢ dependence should be observed.

The beam spin asymmetry is simply obtained from the ratio of the expressions
(4) and (5):

ot —o~ ot —0"

BSA= ot+o0- 20 (6)

The denominator is dominated by a ¢ independent BH term, but contains also, to

lower order in 1/@Q), ¢ dependent terms with contributions both from pure BH and

from the BH-DVCS interference. The latter may be expressed as a function of the
real parts ReM™! [14].

Figure 6 shows the predicted asymmetry evaluated at 5.75 GeV beam energy for

Q? =2 GeV?, —t = 0.3 GeV?, and zp = 0.3 [13]. The asymmetry is large, about

0.4 to 0.45. The curves correspond to two models for the £-dependence of the GPDs.

An important aspect of the measurements of cross section differences for different
helicities is that they probe GPDs at specific values of x, assuming the dominance of
the handbag diagram: in this case, ImM™"! is given by a sum of GPDs at z = =+¢.
The same is true for the numerator of the beam spin asymmetry. This allows one
to obtain more direct information on the x dependence of the GPDs. In contrast, in

cross section measurements, GPDs appear in convolution integrals over x, through
ReM*1,
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Figure 5: Cross section of ep — epy as a function of the angle between the virtual and
real photons at beam energies of 4.25 (right), and 6 GeV (left), for Q* = 2 GeV? and
zp = 0.35. The positive values of ¢, correspond to ¢ = 0, and the negative to ¢ = 180°.
The dashed line is the contribution of DVCS, the dotted line represents the Bethe-Heitler
part, and the solid line is the total sum (Eq. (4)). The cross sections are calculated according
to Ref. [13].

935

0.25
0.2
0.15
0.1

0.05

00~"20 20 60 80 100 120 140 160 180
Fi ) . . . By deores :

igure 6: Predicted beam spin asymmetry with a longltudefnally polarized 5.759 GeV
electron beam. Kinematics are fixed at Q? = 2 GeV?, —t = 0.3 GeV?, and zp = 0.3.
The calculations from Ref. [13] are shown with (solid) and without (dashed) {-dependent
parametrizations of the quark distribution functions.
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Figure 7: ¢ dependence of the ep — epy Beam Spin Asymmetry at 4.25 GeV. Data
are integrated over the range of Q? from 1 to 2 GeV?, xp from 0.13 to 0.35 (with the
condition W > 2 GeV) and —t from 0.1 to 0.3 GeV2. The curve is the fit to the function
Asing + Bsin2¢.

3 Experimental situation

3.1 Recent evidence from JLab with CLAS

The DVCS/BH interference has recently been measured for the first time using
CLAS. The data were collected as a by-product during the 1999 el run with a 4.25
GeV polarized electron beam. At energies above 4 GeV, the CLAS acceptance covers
a wide range of kinematics in the deep inelastic scattering domain (W > 2 GeV and
Q* > 1 GeV?). The open acceptance of CLAS and the use of a single electron trigger
ensures event recording for all possible final states.

For the DVCS analysis, the reaction ep — epX was studied and the number of
single photon final states was extracted by fitting the missing mass (M#% distributions.
The beam spin asymmetry is calculated as:

1y - )
BSA = > (N¢ . N;) (7)

Here P, is the beam polarization, Nj (=) is the extracted number of ep — epy events

at positive (negative) beam helicity.
The resulting ¢-dependence is shown in Fig. 7. A fit to the function

11



F(¢) = Asing + Bsin2¢ (8)

yields A = 0.217 £ 0.031 and B = 0.027 + 0.022. If the handbag diagram
dominates, in the Bjorken regime, B should vanish and only the contribution from
transverse photons should remain, described by parameter A.

3.2 JLab proposals

Two experimental proposals at the Jefferson Laboratory are approved for the study
of exclusive reactions, with the initial aim to test whether the hard scattering regime
may be reached at Q? < 4 GeV?, and for zp of the order of 0.35 (valence quarks).

3.2.1 Hall B - E99-105

Experiment 99-105 [15] is a major component of the E1-6 run scheduled with CLAS
next fall. Its first goal is to measure the @Q* dependence of the ep — eppr, (wr, ¢r)
reactions, and to test the underlying s-channel helicity conservation (SCHC) hypoth-
esis.

3.2.2 Hall A - E00-110

Experiment 00-110 [16] is not yet scheduled, but is aiming to run in Hall A in the
second half of 2002. The DVCS beam spin asymmetries and cross section differences
will be measured at three Q? intervals, for a fixed interval of xz. The experiment
will provide a precise check of the Q% dependence of the ep — epy cross section
differences (for different beam helicities). Our proposal has an overlap with this
experiment, but is directed toward a much larger kinematical coverage, extends to
higher 2, and explores the x5 and ¢ dependencies. A more detailed comparison with
this experiment is presented in the Appendix.

3.3 Experiments at HERA
3.3.1 HERMES

From HERMES, preliminary beam polarization asymmetries have been shown [17].
These results suffer from the rather low luminosity. Moreover, the final state baryon
is not unambiguously constrained to be a proton (A’s and possibly other baryon
resonances may contribute to the measured signal). It may be hard to extract from
this measurement a truly exclusive DVCS signal. The HERMES collaboration has
plans to implement a recoil proton detector to remedy the situation. Still, it is
unlikely that high statistics can be achieved given the low luminosity of the HERMES
operation.

12



3.3.2 H1 and ZEUS experiments
Photon events at high energy have been shown at conferences. However, the lack of
exclusivity certainly affects the reported DVCS events at HERA [18]. Moreover, in

this case, because of the very small values of xp, it is in a good part the nucleon gluon

content which is probed.

3.4 CERN experiment
A dedicated DVCS experiment at CERN is being studied for the COMPASS detector

[19]; it is not expected to run before 2004. It would use the 200 GeV muon beam from

the SPS and the COMPASS set-up augmented by a specially designed proton recoil
detector. The high beam energy ensures that the DVCS process dominates over the
Bethe-Heitler contribution. Cross section measurements are then possible, however
beam asymmetries will not be accessible. The low luminosity limits the measurements
to values of () only slightly higher than this proposal, and to smaller values of zp

(0.02 to 0.3).
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Figure 8: Kinematics coverage for various planned or proposed DVCS experiments.

Figure 8 illustrates the kinematical coverage of these experiments. It shows the
broad interest at many laboratories to measure the DVCS process as a means of
accessing the GPDs. In the short term, CEBAF with its 6 GeV beam can contribute
uniquely to exploratory measurements of deep exclusive reactions, and of DVCS in

particular.
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4 A dedicated DVCS experiment in Hall B

The main goal of the proposed experiment is to measure the ¢ and xp dependence
of the beam spin asymmetry for several fixed Q? bins (see Fig. 9). This quantity
is sensitive to the model description of the GPDs. This will be the first time this
dependence is studied using the DVCS process. A second goal will be to extract the
helicity-dependent cross section difference, which directly determines the imaginary
part of the DVCS amplitude.

Finally, the measurement of the ep — epy cross section will allow additional
tests of the Q*-dependence to check the scaling behavior. As CLAS covers a broad
kinematic range, we will be able to test the Q? dependence of the DVCS process for
different xg. This will verify if we are in a regime where a direct interpretation of the
results in terms of GPDs is possible. Possible observation of strong scaling violations
would provide important input for the analysis in terms of higher twist QCD effects.

4.1 An optimized CLAS configuration

The nominal CLAS geometry has been designed for optimal use at beam energies up
to 4 GeV. At higher energies some of the phase space of interest in exclusive reactions
in the deep inelastic domain at high ? and small momentum transfer ¢ requires the

14



detection of particles at forward angles. For the nominal target position, and using
the standard mini-torus as a magnetic shield for Mgller electrons produced in the
target, the minimum angle for the detection of charged particles, and high energy
photons is approximately 10°. A significant portion of the photon yield is lost due to
the acceptance limitations at small angles.

We plan on several changes to the nominal CLAS setup to optimize the conditions
for the measurement of the DVCS process in two respects: firstly, to reach higher
luminosities, and secondly, to increase the kinematic coverage for the direct detection
of high-energy photons, both from the DVCS process, as well as from the decay of
high momentum 7.

The following changes to the standard CLAS configuration are needed:

1. Move the target position by about —60 c¢m upstream,
2. Optimize the lead shielding pipe,
3. Replace the mini-torus shield with a solenoidal magnetic field,

4. Install a lead tungstate PbWOQO, crystal array for the detection of high-energy
photons to cover lab angles from 3 to 12 degrees.

Moving the target upstream is necessary to allow for the installation of a photon de-
tector within the Region I drift chamber while maintaining sufficient angle resolution
to separate single photons from 7° — vy events.

The first two modifications require only minor changes. A similar geometry was
used during the EG1 experiments where a dynamically polarized ammonia target was
installed in CLAS. Items 3 and 4 require more significant modifications in the setup
of the inner CLAS detector system; however, minimal R&D work is needed since use
of established techniques are proposed. The changes are outlined in the following
sections. The proposed setup is shown in Fig. 10 and in a more detail in Fig. 11. A
perspective view of the proposed photon detector is shown in Fig. 15.

4.1.1 A solenoidal shielding magnet for Mgller electrons

The main source of background produced in an high-energy electron beam inpinging
upon a hydrogen target is due to interactions of the electron beam with the atomic
electrons (Mgller scattering). This rate is several orders of magnitude larger than the
inelastic hadronic production rate. In CLAS, this background is largely eliminated
by the installation of the so-called mini-torus, a normal conducting toroidal magnet,
designed to shield the Region I tracking chambers from the charged electromagnetic
background. This allowed CLAS to reach the highest luminosities achieved in a large
acceptance detector to date. The mini-torus introduces a cut-off in the minimum
angle for particles (charged or neutrals) that can be detected in CLAS. This angle is
about 10 degrees. For the proposed experiment the angle range below 10 degrees is

15
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Figure 10: CLAS arrangement proposed for the dedicated DVCS measurement. The two
straight red lines indicate the angle acceptance for photon detection in the CLAS forward
electromagnetic calorimeter, showing that there is an overlap in acceptance between the EC
and the PbWO,4 wall.
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Figure 11: Inner detector layout for the proposed dedicated DVCS measurement

16



Acceptable luminosities for physics runs on CLAS
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Figure 12: Maximum luminosities used during various electron scattering experiment. The
points are multiplied by Z/A of the scattering target to obtain the hydrogen-equivalent
luminosity. The point labelled NH3 was obtained during operation with a longitudinal
magnetic field during polarized target operation

important for the detection of high energy photons. An alternative to the standard
mini-torus operation is therefore needed. A solenoidal magnet would not have these
restrictions.

During the EG1 run periods the mini-torus was replaced by a superconducting
Helmholtz configuration with a 5 T magnetic field at the target location oriented
parallel to the electron beam. This magnet was designed with the goal of generating
a homogenous magnetic field across the polarized target sample. At the same time,
it reduced the Mgller background seen in CLAS significantly. Tests during the EG1
experiment showed that the detector could tolerate higher luminosities than during
operation with the mini-torus. This behavior had been expected from detailed simu-
lations that were done prior to the installation of the polarized target magnet. Figure
12 shows the luminosity limitations during electron runs using different targets. The
polarized target operation at 5.75 GeV (labeled N Hj in Figure 12) shows approxi-
mately a factor of two increased luminosity in terms of a hydrogen-equivalent target
material.

We propose to use a solenoidal magnetic field for shielding the CLAS detectors
against charged electromagnetic background.

Detailed Monte Carlo simulations have been performed to optimize a solenoidal
magnetic field configuration for use in the proposed experiment. The magnetic field
distribution along the beam axis is shown in Fig. 13. Examples of simulated tracks
from Mgller electrons are shown in Fig. 14. We used a central solenoid field of 3 T and

17
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Figure 13: Magnetic field distribution along the beam axis generated by the proposed
solenoidal shielding magnet. The target is located at the magnet center.

the target located in the center of the magnet. For these conditions the simulations
show that the Mgller electrons are confined in a cone with an opening angle of about
2.5% as seen from a 1 m distance to the production target. In order to minimize the
size of the opening for the beam, the shape of the innermost crystals will be modified
to obtain a circular opening of about 2.5 degrees in the midplane of the array (not
shown in the figure). Also, the maximum field strength of the magnet should be 4 - 5
Tesla to provide sufficient flexibility for the positioning of the target and the photon
detector.

Mpgller electrons, which are the vastly dominating source of electromagnetic back-
ground, will pass through the central penetration in the lead-tungstate wall, and be
absorbed in the downstream shielding pipe. The shielding arrangement is very simi-
lar to the one used during the EG1 run which absorbed practically all of the Mgller
electrons.

From our experience with the Helmholtz shielding magnet during the EG1 run
period we expect at least a factor of two higher luminosity than during previous E1
runs. The Helmholtz magnet used in EG1 was, however, not optimized as a magnetic
shield but to generate a homogeneous magnetic field across the target volume. With
a solenoid magnet, which is taylored to optimize the shielding performance, we expect
to reach luminosities of about 2 x 103 cm™2s7!, or about a factor of 3 higher than
during previous E1 run periods.

We expect that the solenoid magnet will be superconducting. However, we do not
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Figure 14: Simulation of Mgller electron motion in the solenoidal magnetic field.

expect any significant problem in the design or construction of such a magnet. The
already mentioned superconducting Helmholtz magnet used during the EG1 experi-
ment had much more stringent requirements as far as field homogeneity and precision
of the coil geometry are concerned, while the maximum field was 5 T, and the total
J Bdl are both approximately 2 Tm. In order to allow use of the CLAS liquid hy-
drogen target inside the solenoidal field volume, and also to allow particles to enter
the CLAS tracking regions at angles up to 60 degrees, the solenoid magnet must have
a warm bore for free access to the target area. This is not the case for the existing
Helmholtz magnet.

4.1.2 A photon detector for small angle coverage

From our analysis of the 4.25 GeV data, we conclude that the biggest contribution to
the systematic uncertainty in the DVCS/BH asymmetry resulted from the separation
of single photon events from 7° events, and from other background contributions.
Since the 7V yield could not be measured directly, for lack of adequate photon detec-
tion, this contribution could not be subtracted. The resulting systematic uncertainty
of ~ 10% in the asymmetry was still adequate since the statistical error was signifi-
cantly larger.

The situation can be significantly improved if the photons are detected directly.
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Figure 15: A view of the proposed PbWOy crystal wall.

Even after taking into account the new target position, the minimum detection an-
gle for the existing CLAS electromagnetic calorimeter is about 8°. Morever, its ac-
ceptance is much reduced at small scattering angles due to the CLAS torus coils.
Therefore, even at the highest Q% and x g, less than 50% of the direct photons can be
measured, while at the lowest Q? photons cannot be detected in the standard CLAS
configuration.

The situation can be significantly improved with the implementation of a forward
angle photon detector covering the angle range from about 3 degrees to 12 degrees.
The required small dimensions of the detector call for a high density material. A
PbWOy, crystal array emerged as a leading candidate for such a detector. The array®
consists of 160 crystals with 20 mm by 20 mm cross section, and a length of 160
mm (18 radiation lengths). The lateral size was chosen to roughly correspond to the
Moliere radius of 22 mm. This guarantees good position resolution due to the lateral
spread of shower energy to adjacent crystals.

The array is positioned at a distance of 60 cm downstream from the target position
(Fig. 11). The innermost 4 crystals are removed for the beam to pass through. The
array is positioned in front of the shield pipe to allow detection of photons down to
angles of about 3 degrees. The high density of the lead-tungstate crystals (radiation

3For the purpose of this proposal, we only discuss PbWQ, as material, and avalanche photo diode
for light readout. However, we are also considering other options such as lead-fluoride crystals, and
photomultipliers for light readout.
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length L, = 8.9 mm) is crucial for containing the entire shower in a small array.

Our collaborators from ITEP in Moscow have assembled a 5 by 5 crystal array.
Extensive tests were carried out in a test beam, showing excellent performance of
the crystals. To read out the light produced in the crystals, avalanche photodiodes
(APD) are used. Although they have a much smaller gain compared to regular
photomultipliers, they have the important advantage of being insensitive to the strong
magnetic field at the crystal location. The use of low noise preamplifiers allows
detection of minimum ionizing particles. A 0,5 = 7 MeV noise contribution was
achieved in these tests, while minimum ionizing particles will deposit about 150 MeV
of energy. The energy loss of minimum ionizing particles can thus be used as a means
of energy calibration, and monitoring. For high energy photons the energy resolution
is not affected by the noise contribution.

Energy resolution

In the simulations we used conservative estimates for all contributions to the energy
resolution. Assuming that 9 channels will be summed up to determine the photon
energy, the energy resolution is parametrized as:

0.05 0.05
— = 4 0.005 4+

E  JE(GeV) E(GeV)

The first two terms are based on test results from the LHC CMS detector, the third
contribution is based on our own tests of APDs , where we have doubled the noise
contribution obtained in laboratory tests. The resulting energy resolution is then
expected to be comparable to or somewhat better than the one for the CLAS EC.
However, significant improvements in APD technologies have occured since the CMS
tests were carried out leading to significantly reduced noise contributions if low noise
preamplifiers are used. These advances will be employed in the proposed experiment.

Further improvements in the energy resolution could be obtained if magnetic field
insensitive photomultipliers were used. This option is still being studied.

Position resolution

Position resolution of similarly shaped PbWQO, crystals have been measured for the
CMS detector at CERN [20]. They can be parametrized as:

o, 2.6 mm

E VE
where we have increased the first term by 10% to account for the slightly larger
lateral crystal dimensions proposed for this experiment. At the planned position, 60

+ 0.3 mm ,
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cm downstream from the production target, this corresponds to an angle resolution
of approximately 5 mr at 1 GeV, which is the minimum energy for the photons of
interest.

Stability of response

Lead-tungstate crystals are known to be rather sensitive in their light output to
temperature changes. The ambient temperature therefore has to be stabilized, or at
least monitored, and the crystal/APD response carefully monitored. While we are
still weighing the various options, we plan on monitoring the stability of the crystal
responses using a laser driven fiber optics calibration system. A controlled amount
of light is injected into the crystals via quartz fibers and the response recorded and
used to monitor the gain.

Two PbWOy crystals are currently being tested in CLAS. They are located in an area
of high magnetic field to simulate conditions similar to the conditions of the proposed
setup.

4.1.3 Trigger and data acquisition

We are planning to use the standard trigger, data acquisition, and online monitoring
system of CLAS. The signal amplitude and time information will be read out using
standard Fastbus ADC and TDC boards currently in use in CLAS. The crystal array
information will be read out for every event, but not used in the trigger. An additional
160 channels of ADCs and TDCs will be needed. We plan to use the standard CLAS
level 1 trigger to select scattered electrons, and the level 2 to select one additional
charged particle. No changes to the trigger hardware are anticipated.

4.1.4 Calibration

The crystal array will be calibrated in-situ using minimum ionizing particles selected
from the reaction ep — epr™(7~) where the 7~ kinematics are inferred from 4-
momentum vector conservation. This technique is used routinely in calibrating the
CLAS tracking efficiency. Other reactions, such as ep — epr®, can be used to calibrate
the EC and PbWOQO, wall with photons.

4.2 Event identification, reconstruction, acceptances

Event identification in CLAS is accomplished using charged particle tracking in the
toroidal magnetic field, time-of-flight, and momentum information. Electrons are
separated from heavier particles using threshold gas Cherenkov detectors, and elec-
tromagnetic calorimeters.
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Electron and proton momenta are reconstructed in the CLAS driftchamber system
using the standard CLAS software. For the proposed dedicated experiment, photons
from direct production and from 7% decays (or from 1 decays) will be reconstructed
using the new small angle photon detector and the CLAS forward angle EC. This will
provide large acceptance coverage for both reactions.

The reaction ep — epy can, in principle, be identified through the determination
of the missing mass My in the reactions (epyX) and (epX). This method was used
successfully in the analysis of the 4.25 GeV data, and we want to use the same method
for the 5.75 GeV E1-6 run. However, the missing mass resolution achieved in CLAS
is not good enough to have a separation of the epy and epn final states event by
event. We therefore used a technique that analyses the line shape of the missing
mass distribution to separate the two contributions. The systematic error estimated
for the resulting DVCS/BH asymmetry is considerably larger compared to the direct
detection of photons. However, for the 5.75 GeV E1-6 run the resulting statistical
errors are comparable to the expected systematic uncertainties of this method.

For the dedicated run at 6 GeV, and with much higher statistics, detection of
photons in the CLAS EC and the new small angle photon detector is mandatory and
will allow separation of single photons from 7°’s event by event. We estimate that
single photons can be separated from 7%’s for momenta up to 4 GeV /c by direct recon-
struction. Rejections of 7%’s from a shower profile analysis will work to considerable
higher momenta, although this is not required for this experiment.

4.2.1 Separation of single v from ~vy events.

Accidental coincidences do not play any significant role in electron scattering experi-
ments with CLAS because of the low luminosity and the good time resolution. The
main sources of background to the epy final state will be from epn® and from epyy
events, where only one of the two photons is detected. The former process will be
measured directly for the same kinematics as the epy process, and can be subtracted.
The latter reaction corresponds to hadronic production of two photons, which can
be measured in the experiment, or inelastic radiative corrections. The latter ones
are dominated by processes when the incoming electron radiates off a photon (which
escapes detection in the beam pipe) and e.g. N* resonances are excited, which subse-
quently decay into a proton and a photon. The electromagnetic decay is suppressed
by typically two orders of magnitude in comparison to a hadronic process, and the
invariant mass of the v final states results in a broad range in the epX missing mass.
Most of these events will be eliminated by missing mass cuts. However, the usual
radiative corrections are needed to determine the unradiated cross section.

To be more definite, we simulated the following processes: ep — epy, ep —
epr®, ep — epyy, where we assumed a 1/Q*, and e™* behavior for the Q% and
t dependences of the cross sections, respectively. The ¢-modulation was simulated
according to the CLAS DVCS data at 4.2 GeV. The final state epyy was generated
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Figure 16: Separation of epy and epy() events using the missing mass and missing energy
method. The top panels show the missing energy from epy (left) and epr® (right) events if
only one photon is detected versus missing mass for epyX. The projection of both graphs is
shown at the bottom left. The 7° contamination is a small fraction under the single photon
peak. The bottom right panel shows the probability for a 7% to be misidentified as a single
photon on the horizontal axis and the single photon detection probability on the vertical

axis a function of the missing energy cut.
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Table 1: Accepted/generated epy events - from various processes

Ex(GeV) epy epm? epyy epyy
(direct) | (radiative)
NBP’Y / Nep Nep'y / Nep Nep'y / Nep NBP’Y / Nep
0.2 0.65 0.04 0.06 0.005
0.4 0.7 0.07 0.1 0.01

according to a double emission of photons, randomly distributed according to the
same t-dependence, and according to the radiative process with subsequent excitation
and decay of excited states. The detection probability for both photons from the 7,
the direct epyy, and radiative epyvy, is 0.55, 0.50, and 0, respectively. The latter
reaction (inelastic radiative correction), which can not be measured directly, has a
small detection probability for the non-radiative photon (see last column in the Table
4.2.1). It is the main part of the inelastic radiative corrections.

The use of a combination of the epX and epyX missing masses allow isolation of
single photon as well as 7° events. This is described in Fig. 16. It shows the efficiency
for the detection of single photons, and the probability for the rejection of 7° events.
The results are summarized in table 1:

In table 1 Ex is the cut on the missing energy as in panel a) and b) of Fig. 16.
Complete kinematical fits will further improve this separation. For example, one can
also make use of the required co-planarity for the direct v*yp events, while v*~p from
epm’ events will generally not be co-planar.

In kinematical areas where the 7° yield is much smaller than the photon yield,
for example in the angle range below 3 degrees, which is not covered by calorimetry,
the missing mass method may still be an effective way of measuring the beam spin
asymmetry, although we are not counting on using this part of the phase space.

Figure 17 shows the acceptances for the detection of ep and epy events integrated
over the entire electron acceptance for the kinematics of interest.

4.3 Count rates and statistical errors

The expected number of counts is given by
N =L x time x 0 x (AQ* - Azp) x At X Ad x (Ap.) /27 (9)

With the optimized configuration as described in Sec. 4.1, a luminosity of 2 x 10%*
cm~?s7! is expected. For 60 days of beam time, this corresponds to an integrated
luminosity £ x time = 10® nb™!.
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Figure 17: CLAS acceptances for ep(y)/e(py) (top) and for (epy)/ep(y) (bottom) final
states in the reaction ep — epy at beam energy 6.0 GeV. The particle in () is not
observed. CLAS torus current is 3375 A, target position 60 cm upstream from nominal
CLAS center. Q% = 1.5 GeV? - dotted line; Q? = 2.0 GeV? - dashed line; Q% = 3.0 GeV? -
solid line.

The cross sections are calculated following Refs. [10, 13], using the {-dependent
parameterization of the GPDs. These calculations are valid to leading order for the
handbag diagram and include the interference with the Bethe-Heitler process.

In a large acceptance detector like CLAS, the binning of the data according to the
relevant kinematical variables is somewhat arbitrary. For the sake of presentation in
a table and in figures, we have chosen here rather wide bins. It is very likely that the
final data set will be subdivided into finer bins, for a better study of the Q?, x5 and
t dependences of the observables.

e The Q? and zp bins are indicated in Table 2. The resulting area (AQ? - Axp)
is smaller than the product AQ? x Axp because of limitations in the electron
scattering angle and of the requirement W > 2 GeV (see Fig. 9).

e The ¢ range will be divided into three or four bins, taking into account the
increasing value of |t,.:,| at large (Q?, zp). The binning in |¢| will be the
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Table 2: Indicative binning of data in Q? and g, together with the cross sections at the
center of each bin and for t = —.325 GeV?, ¢ = 90°. The resulting number of counts are
calculated according to Eq. 9, with At = 0.15 GeV? and A¢ = 30°. See text for more
explanations.

Q? g o AQ* Azp | (Ape)og/2n | N
(GeV?) (nb/GeV*) | (GeV?)
0.8—-1.210.09 —-0.17 0.45 0.03 0.34 38000
0.8—-1.210.17—-0.27 0.23 0.02 0.31 11000
1.2—-1.710.13 -0.23 0.18 0.04 0.40 23000
1.2-1.7]0.23-0.35 0.077 0.04 0.36 9000
1.7—-23]0.18 = 0.28 0.10 0.05 0.46 18000
1.7—-23]0.28 —0.42 0.035 0.06 0.42 7200
23-3110.25-0.35 0.056 0.05 0.54 12000
23 -3.110.35-0.50 0.018 0.08 0.50 5800
3.1—-4.110.35-0.55 0.015 0.12 0.64 9300

following: (0.1 — 0.25), (0.25 — 0.40), (0.40 — 0.60) and (0.60 — 0.80).
e The whole ¢ range will be divided into 12 bins of 30°.
This procedure would result into a total of 396 bins for the whole data set.

For the acceptance (A, ) /27, we used averaged values (over ¢ and t). The cor-
responding numbers in Table 2 are good to 10-15%, at the present stage of definition
of this new set-up.

The resulting numbers of counts in Table 2 may appear large, but we reiterate
that they correspond to bins much wider than desirable for our study. Also the cross
sections at ¢ = 180°are significantly smaller (see Fig. 20). These numbers are used to
calculate the statistical uncertainties illustrated in the figures of the following section.
A beam polarization of 0.75 is assumed for the calculation of A(BSA).

4.4 Systematic errors

The proposed spin asymmetry measurement is rather insensitive to systematic uncer-
tainties such as acceptances and charge normalization. A significant contribution is
expected from the beam polarization which is measured using Moéller scattering with
an accuracy of 0.010. Another contribution is due to possible contamination of the
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single photon sample with misidentified photons from 7" events. As these events will

have a different asymmetry from single photon events they add an systematic error to
the asymmetry. With the additional photon detector we will have excellent separation
of py and p(7® — ~v) events. The 7° asymmetry will be measured simultaneously
and can thus be corrected for, as the size of the 7° contamination can be measured
as well. From the analysis of the 4.25 GeV data we conclude that the ep(7?) yield is
generally smaller than the ep(7) yield except for some extreme kinematics where it
may be comparable or larger.

We conservatively estimate the total systematic error of the asymmetry to ~ 0.010.
Since the peak asymmetry is expected to be 0.35, this will result in a 3% relative
systematic error, sufficiently small for a very significant measurement.

Note that for the E1-6 portion of the proposal, we expect a systematic error about
2-3 times larger.

The secondary goal of the experiment will be a measurement of the absolute cross
section differences for the DVCS process. CLAS was designed to measure absolute
cross sections at the 3% level. Currently, accuracies of 2-5% have been achieved in
the measurement of elastic ep cross sections. Another process that can be used for
absolute normalization is ep — epr® at the peak of the A(1232) resonance. The cross
section is known with an accuracy of better than 3%. Measurement of this reaction
requires detection of the scattered electron and the outgoing proton. Measurements
with CLAS show agreement with fits to the world data at the level of better than
5%. In addition to the epX cross section uncertainty we estimate a 3% uncertainty
in the photon detection efficiency.

We add all systematic errors in quadrature we obtain a conservative estimate of
6.5% total systematic uncertainty for the ep — ep~y cross section.

When extracting the helicity-dependent cross section difference, the uncertainty
in the beam polarization measurement, which we estimate at 0 P, ~ 0.01 — 0.015, has
to be taken into account as well.

4.5 Projected results and comparison to models

The following three graphs show some expected variations of the observables and a
selection of expected data points.

Figure 18 shows the t dependence of the cross section and of the beam spin
asymmetry, for three bins in Q2 and xp. Expected data points are shown only for
Q? = 2 GeV? and zp = 0.35, assuming a finer binning in ¢ (compared to the discussion
in Sec. 4.3): At = 0.06 GeVZ.

Figure 19 illustrates the zp dependence, for various other fixed parameters. In
this case, a finer binning in zp was assumed: Azg = 0.04.

Finally, Fig. 20 shows the ¢ dependence, and the expected data points are shown
with the original binning of Sec. 4.3.
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Comparison with different models for the £-dependency of GPDs are included,
together with a first estimation of the twist-3 effects for this process.

5 Data taking during the E1-6 run

For the first stage of the experiment we propose to take data concurrently with the
el-6 run group which is scheduled to run in the fall of 2001. A major part of the e1-6
run group is the study of GPDs in vector meson production at high W, high % and
small t. This corresponds to kinematics similar to the ones we propose to study in
this experiment.

The el-6 run group is approved for 30 days of running at the highest available beam
energy, which is currently 5.75 GeV. The proposed experiment will be the first DVCS
experiment to run at high luminosity and the highest beam energy available at JLab.
This will produce high quality data on the exclusive production of photons in the
DVCS kinematics, and will be the first experiment with sufficiently high Q? to likely
approach the scaling regime. On the other hand, the statistical accuracy will be
sufficient only in the lowest Q? bins to test model predictions for the GPDs. We
estimate that the total accumulated ep(+) events will be approximately a factor =~ 6
smaller than in the proposed dedicated run. If the detection of the full epy final
state is required, this factor is > 12, and will depend on the target position which is
currently not defined.

For this part of the data taking we will use the standard CLAS equipment with
the mini-torus inserted in CLAS, and photon detection only in the forward CLAS
electromagnetic calorimeters. Most of the analysis will therefore rely on the missing
mass techniques used at lower energies. The kinematical coverage will be nearly the
same as for the dedicated experiment, slightly reduced due to the somewhat lower
energy. However, the statistical errors will be 2.5 times larger, and the systematic
errors are estimated to be 2 - 3 times larger for the beam spin asymmetry measure-
ment. Nevertheless, the 30 days of running will produce significant results for the
beam spin asymmetry for the lower Q? bins.

6 Summary and beam time request

In this experiment we propose a study of the Generalized Parton Distributions (GPD)
via measurements of Deeply Virtual Compton Scattering above the resonance region,
and for Q* > 1GeV?, using a 6 GeV electron beam and the CLAS detector. The
first measurement will be carried out concurrently with the E1-6 run group using the
existing CLAS configuration. The E1-6 group is scheduled to run for 30 days of beam
time in the fall of 2001. The dedicated DVCS experiment, which is the main part of
this proposal, will use CLAS in a modified configuration augmented by a solenoidal
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Figure 18: t-dependence of ep — epy observables at 6 GeV, for ¢ = 90° and Q? =
1 GeV?, xp = .22 (dotted curve), Q* = 2 GeV?, zp = .35 (solid), Q* = 3.6 GeV?,
xp = .45 (dot-dashed), calculated with the ¢-dependent GPDs of Refs. [10, 13]. From the
same references is also shown the ¢-independent version (dashed), and from Ref. [21] the
calculation including twist-3 effects (long-dashed), both at Q? = 2 GeV?2. Note that checks
are in progress concerning (very) small inconsistencies between two different codes used to
generate these curves. The points illustrate the expected statistical accuracy, for the bin
sizes indicated in Sec. 4.3, except for At = 0.06 GeV?.
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Figure 19: xp-dependence of ep — epy observables at 6 GeV, for ¢ = 90°, t = —0.325
GeV? and Q? = 1 GeV? (dotted curve), Q? = 2 GeV? (solid, dashed, long-dashed), Q? =
3.6 GeV? (dot-dashed). See Fig. 18 for remainder of the legend. The points illustrate the
expected statistical accuracy, for the bin sizes indicated in Sec. 4.3, except for Azxp = 0.04.
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GeV?2. The points illustrate the expected statistical accuracy at Q? = 2 GeV?, for the bin
sizes indicated in Sec. 4.3. See Fig. 18 for remainder of the legend.
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shielding magnet and a small angle photon detector. For this proposal, we request
new beam time of 60 days with highly polarized electrons at 6 GeV to access the
maximum (2 range where the formalism of the GPD’s is most likely to apply, but
where cross sections are particularly low. We expect smaller systematic uncertainties
than for the E1-6 run, due to the increased capabilities for the direct detection of
high energy photons at small angles.

The DVCS process will be determined via interference with the Bethe-Heitler pro-
cess by measuring the beam spin asymmetry. This asymmetry is directly comparable
to calculations and predictions in terms of magnitude, Q?, x5 and t behaviors.

We believe that the measurements that we intend to carry out in this proposal are
an indispensable prerequisite for the development of the GPD field. It should also be
clear that this kind of study involves a simultaneous scan of various variables (zg, Q?
t) and that a large acceptance detector such as CLAS is most suitable. Analyses of
already existing electroproduction data from CLAS and studies based on simulations
have shown that the proposed measurements are feasible.

In particular, current physics analyses show that we can measure absolute cross
section in CLAS with an accuracy of 2% —5%. We conclude that allow us to measure
absolute cross section differences in addition to the primary goal of determining beam
spin asymmetries. The following table summarizes the relative merits of the two run
periods.

Table 3: Beam requests and summary of relative merits for the two run periods

Proposal L J Ldt relative | beam time | beam time | FOM
acceptance | scheduled new
em ™ 2sec! em ™2 days days relative
E1-6 7x10% | 1.7 x 10% 1 30 — 1
dedicated | 20 x 10%* | 10 x 10%* > 2 — 60 12
run

The much improved figure-of-merit (FOM) for the dedicated measurement reflects

the improvement in luminosity (a factor 3), acceptance for photon detection (>2,
variable with kinematics), and longer running time (2). This will allow us to extend
the kinematic range to higher Q% and to map out the x5 and t dependence in smaller
bins.
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Beam Request

We ask the PAC for an approval of the concurrent running for 30 days
with the E1-6 run group, and to award 60 days of new beam time for a
dedicated high statistics DVCS experiment.

The time needed to build our new equipment and get this experiment ready is esti-
mated between 14 and 18 months.

Together with the expected Hall A results, the proposed DVCS measurement with
CLAS will produce precision data on the imaginary part of the DVCS amplitude that
will provide stringent tests of models for GPDs, which will unlikely be superseded by
any of the currently planned DVCS experiments. Precise data for the DVCS process
at 6 GeV, produced in a timely fashion, will also help maintain the momentum in the
theory community. The focus here is on higher order corrections which likely will be
important for a complete understanding of the expected results from the proposed
measurement. We finally want to point out that the study of DVCS and Deeply
Virtual Meson Production has been proposed as a major program for the 12 GeV
energy upgrade of CEBAF.
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Appendix: further comparison with Hall A experiment

Experiment 00-110 [16], aiming to run in Hall A in the second semester of 2002, is
the first DVCS proposal in the laboratory. Following Sec. 3.2.2, we present here a
more detailed comparison between our proposed DVCS measurement in Hall B and
this conditionally approved Hall A experiment.

The Hall A experiment will provide a precise check of the Q? dependence of the
ep — epy cross section differences (for different beam helicities). Systematic errors
in the cross section normalization will be smaller in Hall A (2-3%) than in Hall B
(6-7%). As for the beam spin asymmetry, it has already been shown, with both
simulated and real data, that the CLAS acceptance introduces but small corrections
in this observable (see Sec. 4.4).

The anticipated bin width will be larger in Hall B than Hall A (especially in
AQ? - Azp). Tt should be noted however that the Hall A experiment integrates over
a similar range of Q% and xp, but with a high degree of correlation between these
variables: the ellipses in Fig. 8 are the kinematical images of the High Resolution
Spectrometer acceptance in the scattered electrons angles and energies. For a the-
oretical interpretation, one then needs to average the calculated observables over a
similar kinematical range.

A quantitative comparison between this proposal and experiment E00-110 is given
in Table 4. For Hall A, Ay, is given by the HRS vertical acceptance (and but a
small mismatch with the proton detector), while for Hall B it takes into account the
correlated electron, proton and photon azimuthal acceptance. The indicated bin size
for this proposal (in some sense arbitrary - see Sec. 4.3) results in similar count rates
per bin as for the Hall A proposal. In the two regions of overlap, the statistical
uncertainties would then be only slightly smaller for the Hall A experiment. The
larger kinematical coverage for Hall B, in all four variables Q?, xp, t and ¢, results
in a significantly larger number of roughly equivalent bins (372 compared to 48).

Finally, the CLAS acceptance allows measurements around ¢ = 180°, while the
proton detector in the Hall A experiment does not cover this kinematical region.
Yet, at 6 GeV and for not too large values of |¢|, this is the only region where the
magnitude of the DVCS amplitude becomes similar to, or even greater than, the one
of the BH amplitude (see Fig. 5). This will provide first significant measurements of
o — oPH  as envisaged at JLab with an 11 GeV beam and at COMPASS.

35



Table 4: Quantitative comparison of Hall A E00-110 experiment and this proposal in Hall

B. See text for discussion.

Hall A Hall B
L (em?s71) 107 2 x 103
Number of days 20 60
Integrated luminosity (nb™') 1.7 x 10%0 10®
(Bpo)og /27 0.025 ~05
AQ? - Arp (GeV?) 0.015 - 0.030 0.03 - 0.12
Al (GoV?) 015-030 | 0.15-0.20
Ao 15° 30°
Luminosity x phase space ~5—6x10°| ~3—4x10°
(in nb™'-GeV*, for average bin)
Number of settings 3 1
Number of bins per setting 16 396
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