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Abstract

We propose to use the 6 GeV beam at CEBAF to make the first measurement
of Virtual Compton Scattering above the resonance region. Virtual Compton scat-
tering is a purely electromagnetic process calculable within different approaches of
non perturbative QCD. The proposed measurements can be compared to the pre-
dictions of QCD sum rules, diguark models and even the Hard Scattering Picture of
perturbative QCD. It also has the unique interest of allowing the measurement of
the phase of the Compton diagram through the interference with the Bethe-Heitler
diagrams.



1 Introduction

Determining the short distance structure of the proton is an important topic in our
quest for an understanding of the strong interactions in terms of the fundamental
quark and gluon degrees of freedom. Elastic virtual compton scattering (e + p —
e+p+) at high energy and moderately high momentum transfer is a powerful probe
of nucleon structure. It is the natural complement to form factors, real compton
scattering, and deep inelastic scattering.

The first proposal on Virtual Compton Scattering at CEBAF (PR 93-050) was
submitted to PAC6 in June 1993. The parts of this proposal on Virtual Compton
scattering below pion threshold and in the resonance region were approved by PAC7
in December 1993. For the part dedicated to exploratory measurements of Virtual
Compton Scattering at high momentum transfer beyond the resonance region, PAC6
recommended resubmission later to take advantage of the upgrade of the CEBAF
beam energy to 6 GeV.

We propose to use the CW 6 GeV beam at CEBAF to make the first measure-
ments of virtual compton scattering (VCS) above the resonance region. We will use
the two HRS spectrometers in hall A to detect the scattered electron in coincidence
with the recoil proton. From the measured momenta &’ and p’ of the electron and
proton, we reconstruct the four momentum ¢, of the missing particle. VCS events
are characterized by g7 = 0. The VCS events are separated from e.g. coherent
pion production events with g/ = mZ.

In addition to the new experimental tools that CEBAF provides, we have new
theoretical tools with which to study the VCS reaction. Perturbative QCD and
QCD sum-rule calculations make predictions for the high energy VCS amplitude.
In addition, the diquark model provides a bridge between pQCD and the constituent
quark model. It appears to be a more successful model than the pure quark picture
at present medium energies. In the CEBAF accessible energy domain, it is one of
the hadronic scenarios we will be able to accurately test with VCS.

2 Physics Motivation

The experiment will measure the cross section for exclusive electroproduction of a
real photon. To lowest order in the fine structure constant & ~ 1/137, the process is
described by the coherent sum of the amplitudes shown in Fig. 1. In the following
7" or 7" will denote the virtual photon of the VCS process. Note that the virtual
photon of the Bethe-Heitler (BH) process has different kinematics than in the VCS
case, although all final state particles have the same kinematics in the two processes.
We denote by 877 the laboratory angle between 4" and real photon (angle between
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(a) (b) (©)

Figure 1: Feynman diagrams for the reaction ¢ + p — e + p + 4. The electron and
proton momenta are k, &/, and p, 7/, respectively. The final photon momentum is
q'. a) Virtual compton scattering (VCS) amplitude. The virtual photon momentum
is ¢ = k — K. We use the conventions p* = p? = M?, Q? = —¢%, s = (p + q)?,
t = (g—q')* < 0. The lab angle between g and ¢’ is §7*7. b) & c), Bethe-Heitler (BH)
terms with post- and pre- radiation, respectively. The virtual photon momentum is

g-¢=k-¥-¢g.



q and q’). We denote by g5 the same angle in the photon-proton center of mass
frame. The transverse momentum of the real photon with respect to the virtual
photon axis is simply :

P, = in 8
t 2\/; s Yop (1)

where M is the proton mass and ¢ is the momentum transfer between the virtual
and the real photon (g — ¢')’. Our convention is that the azimuthal angle of the
photon q’ around the virtual photon q is ¢ = 0 when q’ is in the electron scattering
plane on the same side of q as the scattered electron.

In Fig. 1, VCS refers to amplitude a) while b) and c) describe the BH pro-
cess. The BH process is just the wide-angle radiative tail of elastic electron scatter-
ing. Hence the BH process is calculable once the elastic form factors Gas,(—t) and
Ggp(—t) are known. This is the case in the energy range proposed here. As is well
known, the BH process is strongly peaked along the electron lines. This allows us to
define regions for the final photon (or recoil proton) where BH is either dominant,
negligible, or of the same order of magnitude as VCS.

Since the BH amplitude is calculable, its interference with VCS is a new source
of information, not present in either real compton scattering or in electroproduction
experiments (e.g. (e, e’p)x®).

In the rest of this section, we discuss only the VCS amplitude Tyes. This
amplitude depends upon three independent invariants. The usual choices are

Qz’ s, t (2)
or Qz, 8, GCJM (3)

2.1 Perturbative QCD and QCD sum rules

The perturbative approach to hard exclusive reactions may be motivated by a simple
physical picture. Before the kick of the incoming e~ the proton constituents are
sitting, in the proton rest frame, with low internal momenta (ie components of order
a few hundred MeV?). This system has to absorb the virtual photon and soon emit
the outgoing one, while the high momentum transfer is being shared coherently
among all the constituents in the final state. This sharing out is mediated by
(perturbative) exchange of at least one hard gluon between each pair of constituents.

Each hard gluon exchange introduces a factor of 1/t into the amplitude, where
t is the invariant momentum transfer. We expect that to order M?/t (equivalently

lin order to simplify our notations, we will use M, the proton mass, to designate typical mass
scale in the problem.



M?/s) the amplitude will be dominated by the simplest possible diagrams i.e. dia-
grams with the minimum number of soft constituents in the initial and final states
(simplest Fock space configurations) and the minimum number of gluon exchanges,
consistent with at least one hard gluon interaction with each soft constituent (the
three quarks u, u, and d in the case of the valence Fock state of the proton).

These arguments lead naturally to the dimensional counting scaling law: in any
exclusive reaction at sufficiently high energy at a fixed center-of-mass angle, the
cross section scales as : [1]

j—: = 8*"" fo(cos Bcar) s> M2 (4)
where s is the total invariant mass squared and n is the minimum number of external
fundamental fields in the invariant amplitude. For elastic compton scattering on the
proton, n = 8 (three quarks and a photon in the initial and final states). For the
p{7y,p)n° cross section n = 9, thus the 7° cross section should decrease more rapidly
with s than the Compton cross section.

Fig. 2 displays a selected sample of high energy real compton data on the proton,
for ¢t > 1GeV? Although there are many experiments at high energy and low ¢,
there is only the experiment of Shupe et al., at large ¢ [2]. The data are plotted as
s%do/dt vs. cosfcp to illustrate the approach to the asymptotic scaling law. The
most stringent test of the scaling law is obtained at 8¢ = 90°. Fitting the data
to a s~* power law results in a = 7.0 £ 0.4: a 2.5¢ deviation from the o = 6.0
prediction.

There is more to pQCD than the scaling laws. There exist "parameter-free”
calculations of high energy real[3, 4] and virtual compton scattering[5, 6] on the
proton. In those works, the amplitude of the VCS is written as the comvolution
of three factors: the amplitude of a proton to exhibit its quark-gluon content (the
incoming “wave function” which is first approximated by neglecting terms O(M?/|t|)
and therefore restricting the study to the proton valence Fock state), the amplitude
of the elementary process: wudy" — wuudy (the hard amplitude), and finally the
amplitude of the 3 emerging quarks to reform a proton (outgoing wave function)

A = Pluud) © Ty ® Yiund) s (5)

where the convolution stands for a sum over discrete quantum numbers (color, fla-
vor, helicities) and kinematically allowed quark momentum configurations. In this
formula long-distance nonperturbative physics is isolated in the incoming and out-
going wave function. Wave functions are independent of the hard exclusive processes
under focus and are the object one wants to address to understand how QCD builds
up hadrons from quarks and gluons. These are separated from the short distance
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Figure 2: Selected sample of real compton p(v,p)y data for —t > 1.0 GeV? [2]. The
2 curves are calculations within the diquark model for a laboratory energy of 4 GeV

(solid) and 10.2 GeV (dotted).
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subprocess amplitude described by Ty which may be computed within QCD per-
turbation theory. In this spirit, the above calculations keep only the lowest order
Feynman diagrams (there are 336 non-vanishing topologically distinct ways to cou-
ple two photons to three quarks with the exchange of two gluons and 42 diagrams
with the three gluon vertex whose color factor is, however, 0). Approximations done
are: neglect of endpoint contributions (see later), and neglect of quark transverse
momentum kr in Ty, leading to a kr integrated distribution amplitude

#(z1,22,20) = [ldkerlp({o}, {kr:}) (6)

with the momentum conservation constraint
$[+32+Z3=1. (7)

By convention, ¢(x,,z3,z3) is the amplitude for the Fock space configuration
[ut(z1)u-(22)d((z3)) with the + subscripts identifying the quark helicity parallel or
anti-parallel to the proton helicity. The amplitudes for the other spin-flavor config-
urations with the same momentum fractions are obtained from symmetry relations
[4]. At sufficiently high momentum transfer, the distribution amplitude has the
asymptotic form:

Poo({zi}) = 120fp2122238(1 — 21 — 22 — z3) (8)

where f, is the wave function at the origin, the analogue of the pion decay con-
stant f,, and measures the capability of a proton to exhibit its three-valence-quark
content. However, “The asymptotic distribution function ... is as apt at present
energies as the asymptotic §-function structure function ”[4]. At finite s, ¢({z;})
is expanded in terms of ¢, times a polynomial in =, 22, 3. The polynomials are
evaluated in the techniques of QCD sum rules, discussed below. The distributions
from four commonly used distinct versions of the monomial expansion of ¢ are plot-
ted in Fig. 3. In each case the distribution favors an up-quark with helicity parallel
to the proton helicity carrying the dominant momentum fraction.

The pQCD calculations by Kronfeld and Nizi¢ of real compton scattering are
shown in Fig. 4. The large variations in ¢ lead to large variations in the compton
cross section. In any case, the pQCD cross section with the asymmetric distribution
amplitudes are an order of magnitude greater than with the asymptotic distribution
amplitude (Eq. 8).

The distribution amplitudes of Fig. 3 are calculated by the techniques of QCD
sum rules. In this approach, the soft physics is calculated by dispersion relations
which connect the momentum space structure of the proton to a series of disper-
sion integrals over the excitation spectrum of the proton. The low-energy part of
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the spectrum is treated phenomenologically and the high-energy part is treated in
perturbative QCD.

The highly asymmetric distributions of Fig. 3 lead to large contributions to the
pQCD calculations from regions of small z;, or gluons with momentum-squared
significantly less than —¢. This has inspired new efforts to apply QCD sum rules
directly to the compton process. In this way, the soft parts of the reaction process
are treated on an equal footing with the wave function. Recently, the QCD sum rules
were used to estimate the soft contribution in case of the real compton scattering
on the pion [14]. Similar studies of the real and virtual compton scattering on the
proton are now in progress [15].

2.2 Di-Quark Model

The diquark model of Kroll, Schirmann and Schweiger[7] follows the same basic
procedure as the pQCD calculations outlined above. However, The constituents of
the proton are taken to be a quark and a di-quark, rather than three quarks.

The diquarks are treated as quasi-elementary constituents which survive medium
hard kicks. Their composite nature is taken into account by diquark form factors.
Both scalar and vector di-quark configurations are included. Diquarks are an ef-
fective description of correlations in the wave functions and constitute a particular
model for non-perturbative effects. The diquark model has been applied to a variety
of processes and quite successfully confronted to data. Among these applications is
a recent study of the electromagnetic nucleon form factors [7]. The diquark model is
designed such that it gives asymptotically the scaling laws deduced from the quark
picture.

We are going to shortly review its formulation and the interesting constraints
provided by VCS on such a model 2.

For reasons already mentioned in the quark picture, a helicity amplitude for the
process is an integral over momentum fraction

A=¢®TH®¢’a (9)

where ¢ and ¢’ are respectively the incoming and outgoing proton distribution. More
precisely the proton state, in the di-quark model, is a superposition of a q-S (S for
Scalar diquark) and g-V (Vector diquark) state. The relative weight of these two
states has been adjusted with the help of the magnetic proton form factor. Each state
is fully described in term of its internal quantum numbers (spin, isospin, color), and

?Because of the relation between the diquark model and the pure quark picture, some of the
following considerations may alsc apply to the last, even though accessible transfers seem to be
too low to reliably compare VCS results with predictions from this framework.
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the long range dynamics is parametrized with one S distribution amplitude, ¢s(z),
and one V distribution amplitude, ¢v(z). These are functions of quark momentum
fraction only, because the diquark fraction is fixed (1 — z) once the quark fraction is
given. As a guidance one can integrate over z, in Eq. (8) to get an asymptotic form

$pea(T) = 20fpz(1 — z)?, (10}

D = § or V; fp has the same interpretation as f, in the pure quark picture (see
discussion after Eq. 8). The distributions proposed in [7] are slightly different from
the above form, they are parametrized by a few quantities also adjusted to reproduce
the magnetic form factor.

One of the interests of our experiment is the observation of the interference of
VCS with the BH amplitude. This means that experimental data test the models
at the amplitude level rather than at the cross-section level. In the diquark model,
a non trivial phase structure occurs. It comes from the internal gluon propagator in
graphs where the 2 photons attach to different legs (one on the quark, one on the
diquark). The gluon momentum is then k = ap — 8p' — ¢’ with a =z or 1 — z and
B =y or 1 —y. Thus, one gets for the gluon propagator

1 1
k?+ie 3B+ a(Bt+u)
which develops real and imaginary parts through the usual identity:

1
G- PP(%) _ in6(k?) (12)
The imaginary part comes from the §-function which specifies particular values of
momentum fractions ¢ or y and is thus very sensitive to the short and long range
dynamics of the model.

The results of the diquark model for real compton scattering data from [2] are
presented on figure 2. Although one may be surprised that, at so low energies, a
model based on perturbative QCD still applies, the diquark model is seen to agree

very well with data.

(11)

2.3 Physics program

We propose to start at CEBAF the study of the nucleon structure by Virtual Comp-
ton scattering at high momentum transfer. The extension of CEBAF beam energy
up to 6 GeV opens up a phase space beyond the resonance region s > 4(GeV/c)?
where several non perturbative QCD models make predictions. Since 1994, com-
plete calculations of VCS amplitude and interference with Bethe-Heitler are avail-
able within the diquark model approach, and QCD Sum Rules calculations are under
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way. The proposal intends at making the first measurements of Virtual Compton
scattering amplitude and interference with Bethe-Heitler and therefore bring new
stringent constraints on present non perturbative QCD models.

3 Experimental aspects

3.1 Method

As in the previous proposal [16], we propose to investigate VCS at high momentum
transfer at CEBAF by detecting the scattered electron and proton in coincidence
in the HRS spectrometers of Hall A. From the measured 4-momenta P, and P, and
the incident beam energy F;, we reconstruct the missing mass My :

M% = E% - P2 (13)
where,
Ex = E,-E.~E, (14)
Py = P,—-P.~-F (15)

The VCS events are characterized by the photon mass My = (. The good resolution
of HRS spectrometers allows a clean separation of VCS and 7° events, and no
detection of the photon is needed. Figure 5 shows the separation between the photon
and the 7° peak from our simulation of Hall A spectrometers.

In this proposal, we will use the two spectrometers of the hall A in their standard
configuration as described in the table 4.1 of [10]. Standard electron and proton
identification will be used. Thanks to the CEBAF high duty cycle, we are not
limited by accidental (e, e’) x (e,p) coincidence rates, nor by singles rates (0.5 MHz)
and we will use therefore a luminosity of 2.10% em~2s~1, This corresponds to 80pA4
beam current on a 10 cm long liquid hydrogen target. We will use the high power
cryogenic target developed for the hall A. Its specifications can be found in table
8.3 of ref [10]. No modification of the vacuum target chamber is required.

3.2 Counting rates evaluation

The evaluation of Virtual Compton scattering cross section was done using a sim-
ple model deduced from real Compton data and a complete calculation within the
diquark model. All the figures in this chapter showing results in the framework of
the diquark model correspond to coplanar kinematics at ¢ = 0.

Counting rates were obtained from the cross sections using a Monte-Carlo sim-
ulation of hall A spectrometers [12] and a luminosity of 2.10® cm~2s71.

12
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Figure 5: Missing mass squared spectrum for the reaction p(e,¢’,p)X.

3.2.1 VCS cross section evaluation from real photon data
The cross section of VCS, when the BH amplitude is negligible, can be written as

(13] :
& s oy BRo(s, Q%)

Todl didg ~ k) x —a (16)
where [ is the virtual photon flux factor and d?c(s, Q?,t)/dtdé the cross section
7"p — 7p of photoproduction by a virtual photon. We have :

a K (s-M*) 1 1

I‘(k,k',g):i; 7;. 2M Q2 (1_5) (17)

e=(1+2L -tan’¢'/2)"! (18)

& 2 d doy, | dory [ v 2oL
agdﬁ ! =Gt Tida t Tig W+ (+aggee (1)

The cross sections were extrapolated from real Compton scattering data (Figure 2
and [2]) according to the following approximations :

1. Only the transverse part is taken into account:
doy =0, dopr =0, dopr =0

13



This strong assumption, which gives conservative counting rates, is supported
by 2 facts :

e In the deep inelastic region, the ratio R = o, /or is small ( < 0.2).

o In electroproduction of the pion the longitudinal part of the cross section
is important only at low value of ¢ ( |t| < .3GeV?) and the interference
parts orr and oyr are always small [13].

2. We neglect any dependence in cos 8], for the v*p — +yp cross section. The
value of the cross section dor/dt is taken at 87 = 90°, angle between the
scattered and virtual photon, where experimentally the cross section of real
Compton seems to be minimum (Figure 2).

3. The s dependence is taken as 575 according to the scaling law which is approx-
imately satisfied in our energy range by real Compton scattering (Figure 2).

4. No dependance on Q? is assumed for the v"p — ~p cross section which is
taken equal to its value at @Q? = 0. This is consistent with the Deep Inelastic
Scattering v*p — X cross section at high energy.

In summary, we have taken :

SdaT(sz'sat)

2rs dtdp

= 30ub - GeV'? (20)

3.2.2 VCS cross section prediction from diquark model

The diquark model has been successfully used for calculating processes in the medium
hard transfer region. Recently, measurements of vy — pp cross section at CLEO
were very well reproduced by calculations based on diquark model [11].

Compared to the extrapolation of real Compton data described previously, the
diquark model has significantly different predictions for Q?, s and t dependence of
the VCS cross section. Figure 6 shows a comparison of the cross section dependence
on cosfcar at fixed @ = 1(GeV/c)?, s = 5(GeV/c)?.

Figure 7 shows the relative contribution from transverse,longitudinal transverse-
transverse and transverse-longitudinal terms for Q% = 0.8(GeV/c)?, s = 5(GeV/c)?.
The transverse term is largely dominating the cross section in the region —0.7 <
cosfoar < 0.7 .

Figure 8 shows the ratio of the diquark model VCS to the Bethe-Heitler cross
section as a function of cos f¢ps at s = 5(GeV/c)? for different values of Q2 reachable
at CEBAF. At backward angles of the outgoing photon in the center of mass system,

14
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the ratio is large so the VCS cross section can be extracted. The curve shows also
the difficulty to extend measurements to forward angles as the ratio is much smaller
than 1.

The diquark model has also definite predictions for the interference between VCS
and Bethe-Heitler. Indeed, if we call Av¢s and Agy the amplitudes of the VCS and
BH processes for a given kinematics, the total cross section fore+p —>e+p++is
equal to

AVcs + Aby + 260n (21)

where 60, is the contribution from interference which is maximized when Avcs and
App are comparable. In the kinematic region accessible at CEBAF, the interference
is predicted to be dominantly destructive as can be seen from figure 9-a showing
§oine/|Avcs||Apy| for s = 5(GeV/c)? and different values of Q2 for backward angle
kinematics in the photon-proton center of mass.

Figure 9-b highlights another non-trivial behaviour of the interference within the
diquark model. The interference varies very slowly with the beam energy at fixed
@?, s and t (or Ocar). This comes from the strong dominence of one v'p — ~p
helicity amplitude.

The measurement of the interference and its dependence on beam energy at fixed
Q?, s and t (or fcpr) would therefore be a crucial test of the diquark model, provided
the interference term can be extracted from the cross section.

3.3 Proposed kinematics

We propose to study the dependence of VCS cross section on the photon momentum
transfer Q? at fixed s and ¢ (or fcpr), on the transfer ¢ at fixed Q2 and s , and to
select kinematics where to measure the interference between VCS and BH. The
choice of the kinematics is based on a compromise between reaching the highest
possible values of Q?, s and p; and keeping reasonnable counting rates.

For all the kinematics listed below, counting rates are given using the simple
extrapolation from real Compton data described in 3.2.1 and the diquark model
calculation from {8]. N.om, refers to the counting rate per hour using the extrap-
olation from real Compton data, as NG2ur* refers to the counting rate using the
diquark model. At backward angles, the 2 models disagree by about a factor 4 to 15.
Beyond 135°, the diagrams taken into account by the diquark model are expected
to become underdominent, as diffractive Compton production becomes important :
we used the extrapolation from real Compton data to estimate counting rates for
these kinematics.
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Figure 8: ratio of the VCS cross section calculated within diquark model to the
Bethe-Heitler cross section as a function of cosfca at s = 5(GeV/c)?, ¢ = 0 for
different values of Q? reachable at CEBAF. Beam incident energy is taken equal to
5.6 GeV.
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Figure 9: a- §0in/|Aves||Apn| as a function of cosfca for s = 5(GeV/c)? and
different values of Q* calculated within diquark model of [8] at ¢ = 0. The two data
points show the statistical errors from the measurements in this proposal.

b- Beam energy dependence of the interference at s = 5(GeV/c)?, fcpr = 90°,
Q* = 0.8(GeV/c)? and Q* = 0.3(GeV/c)?, within diquark model.
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3.3.1 Angular dependence at s = 5 (GeV/c*} and Q* = 0.3 (GeV/c?) and
Q? = 0.8 (GeV/c?)

The purpose of these distributions is to compare the onset of perturbative QCD
as a function of the transverse momentum at Q2 = 0.3 (GeV/c?) (see table 1) and
Q? = 0.8 (GeV/c?) (see table 2), to learn about the influence of the photon virtuality.

At forward angles, the distribution is extended up to the angle where the VCS
cross section predicted by the diquark model is about 1/10 of the Bethe-Heitler cross
section. We thereby insure we cover the region of strong VCS-BH interference.

At backward angles beyond 135°, focusing effects from the CM to lab boost
increase the acceptance in the azimuthal angle ¢ and the counting rates.

E; t 8. [eSM | 6, P, Neomp | Noern | Noauark
GeV | (GeV/E) | ° ° ° GeV/e| ¢/h | c/h c/h
3.95 -0.94 125 | 60 |-55.24 | 0.80 22 5800 150.
3.95 -1.23 12.5 | 70 |-50.33 | 0.86 37 725 100.
3.95 -1.55 125 | 80 | -45.6 | 0.91 35 111 66.
3.95 -1.87 12.5 | 90 | -41.17| 0.92 42 34 51.
3.95 -2.19 12,5 | 100 |-36.92 | 0.91 70 11 38.5
3.95 -2.51 12.5 | 110 | -32.88 | 0.86 76 4 28.
3.95 -2.80 12.5 | 120 | -29.03 | 0.80 80 2 25.
3.95 -3.07 12.5 | 130 | -25.33 | 0.70 86 1.2 32.
3.95 -3.30 12.5 | 140 | -21.76 | 0.60 104 0.5 -
3.95 -3.50 12.5 | 150 | -18.29 | 0.46 98 0.36 -
3.95 -3.63 12.5 | 160 | -14.89 | 0.31 104 | 0.28 -

Table 1: Angular dependence of VCS cross section at s = 5 (GeV/c?) and Q? =
0.3 (GeV/c?)

3.3.2 Q? dependence

We propose to study the Q? dependence of the VCS cross section at s = 5 (GeV/c?)
and fcy = 110° corresponding to P, = 0.87 (GeV/c) (see table 3). At fixed s and
fcm, the transverse momentum is fixed and does not depend on Q2. We will use
the kinematics already measured at Q* = 0.3 (GeV/c?) and Q2 = 0.8 (GeV/<?) for
angular dependence and add a measurement at Q? = 1.2 (GeV/c)>.
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E; : 8. 1657 O, | B | Neomy | Noun | oI
GeV | (GeV/E) | ° ° ° GeV/c| ¢/h | ¢/h c/h
5.5 -1.8 129 | 80 | -46.8 0.91 70 2368 102
5.5 -2.17 129 | 90 | -42.9 0.92 103 230 61
5.5 -2.54 129 | 100 | -39.13 | 0.91 132 53 42
5.5 -2.9 12.9 | 110 | -35.53 | 0.87 152 20 38
5.5 -3.24 129 120 | -32.1 0.8 180 7.2 26
5.5 -3.54 12.9 | 130 | -28.8 0.70 200 2.9 23
5.5 -3.81 12.9 | 140 | -25.6 0.59 234 1.5 -
5.5 -4.02 12.9 | 150 | -22.4 0.46 246 1 -
5.5 -4.18 12.9 | 160 | -19.4 0.31 246 .64 -
5.5 -4.27 129 | 170 | -16.4 0.16 254 4 -
5.5 -4.31 129 | 180 | -13.4 6.0 242 | 0.34 -

Table 2: Angular dependence of VCS cross section at s = 5 (GeV/c?)

0.8 (GeV/c?)

and Q?

E; Q2 t 8. | Beum b, Neomp | Noetn N:;g,";"k
GeV | (GeV/?) | (GeV/2) | ° ° ° c/h | c/h c/h
3.95 0.3 -2.51 12.5 | 110 | -32.88 | 76 4 28
5.5 0.8 -2.9 12.9 | 110 | -35.53 | 152 20 38

6. 1.2 -3.2 14.4 | 110 | -35.52 | 126 32 22

Table 3: Q? dependence of VCS cross section at s = 5 (GeV/c?) and geM = 110°
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3.3.3 Measurement of the interference between VCS and BH

The choice of the kinematics to measure the interference depends heavily on the va-
lidity of the cross sections derived from our models. Table 4 gives a list of kinematics
where such a separation could be done in the hypothesis that the cross sections from
diquark model are correct. If the theoretical cross sections are wrong, the study
of dcp dependences presented before will give enough information to select other
favourable kinematics.

For each set of values for Q% s and ¢, we propose 3 different kinematics at
different beam energies giving therefore different oyvcs/opy ratios. We propose to
extract the VCS cross section and the interference term from these measurements.

E; Q2 8 t GEM P, Nieeh N::fnu;rk
GeV | (GeV/c?) | (GeV/c?) | (GeV/c?) | ° | GeV/e| ¢/h c/h
3.95 0.3 3 -1.87 90 0.92 35 52
3.6 0.3 ) -1.87 90 0.92 25 22,5

3. 0.3 5 -1.87 90 0.92 24 5
5.5 0.8 5 -2.54 100 0.91 53 42

5. 0.8 5 -2.54 100 | 0.91 55 27

4. 0.8 5 -2.54 100 | 0.91 46 7

5. 0.8 4 -2.27 110 0.73 73 85

4. 0.8 4 -2.27 110 0.73 59 32

3. 0.8 4 -2.27 110 0.73 52 4

Table 4: Kinematics to extract the interference between VCS and BH

On figure 9-a are plotted very conservative estimates of the error bars one could

get on the interference with 80 hours beam time for each of the 2 sets of 3 kinematics
at s = 5(GeV/c)? in table 4.

3.4 Background from (e,ée,7°)

The width of the photon invariant mass peak (M%) was estimated taking into
account multiple scattering and electron bremsstrahlung. Due to the excellent res-
olution of Hall A spectrometers, the ratio m2,/o(M%) of the pion mass squared to
the width of the photon peak ranges from 6 to 9 for all kinematics listed in the
tables, allowing a clean separation between VCS and #° events.
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3.5 Backgrounds

Accidental coincidences were estimated from single electron and proton counting
rates using 2 Monte-Carlo simulation of Hall A spectrometers by Pierre Bertin [12).
QOur single electron counting rate takes into account elastic cross section on the
proton, electroproduction of A and two resonances at /s = 1.5 and 1.7 GeV.
Our proton counting rate is dominated by photoproduction. Rates for accidental
coincidences were estimated with the following assumptions :

e Electrons and protons are fully identified, and all the others are rejected.

e The peak of time coincidence between the two arms has a 2 nanoseconds
full width.

s We require the two particles to originate from the same point within
the target within +2¢ resolution. The transverse resolution for each spectrometer
is Imm FWHM (table 4.1 of [10]) and we assume that the spectrometers see an
effective target length of 100mm.

These timing and spatial requirements ensure a very low level of accidental co-
incidences.

4 Beam time request

The beam time request is presented on table 5. For each kinematics defined by
the incident beam energy E;, @2, s, t corresponding to a given 8car, P, a number
of hours is given as well as the distance from the 7° peak expressed in units of
m2,/o(M%). Some kinematics are used for several studies. The different parts in
the table correspond to the programs :
e Part I: angular dependence at @ = 0.3(GeV/c)?, s = 5(GeV/c).
o part IT: angular dependence at Q* = 0.8(GeV/c)?, s = 5(GeV/c)?,
o part III: Q° dependence at s = 5(GeV/c)?, fcpr = 110°
o part I'V: interference between Bethe-Heitler and Virtual Compton
scattering.
We request a total beam time of 600 hours. Including contingency, this corre-
sponds to 28 days beam in the hall A at a maximum energy of 6 GeV and 80 uzA
current.
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5 Future developments

We realize this proposal is just the beginning of the investigation of Virtual Compton
Scattering above the resonance region. To go further in Q? or s, we are limited
by count rate and beam energy. The present experiment will provide an essential
benchmark to determine the practical limits in Q% and s at CEBAF or other future
facilities.

In addition, we would like to make a more complete coverage of the angular
distribution at fixed Q% and s. However, in order to go to values of §cpr smaller than
80°, we find ourselves in the situation of either a BH amplitude much larger than the
VCS amplitude (¢ = 0) or the proton and electron spectrometers interfering with
each other (¢ = ). This difficulty can be alleviated with the use of the symmetric
small angle chicane proposed for Hall-A (see e.g. Proposal "High Resolution 1 p-
shell Hyper-Nuclear Spectroscopy”, this PAC). Indeed, for a given value of Q% and
s, the ratio of the VCS amplitude to the Bethe-Heitler amplitude increases with
the beam energy. The absolute value of VCS cross section is larger too because, at
fixed Q? and s, the virtual photon flux increases with energy. But this means that
a full use of beam energy capabilities requires the possibility to detect the electron
scattered at low angle.

The small angle chicane would significantly improve the range of (e, ep)y mea-
surements accessible at CEBAF.
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E; Q° s t fom P, mio/o(M%) | Time
GeV | (GeV/c?) | (GeV/?) | (GeV/?) | ° | GeV/e hours
1
3.95 0.3 5 -0.94 60 0.80 5 10
3.95 0.3 5 -1.23 70 0.86 5.3 10
3.95 0.3 5 -1.55 80 0.91 5.5 10
3.95 0.3 5 -1.87 20 0.92 5.7 15
3.95 0.3 5 -2.19 100 | 0.91 5.8 15
3.95 0.3 5 -2.51 110 | 0.86 5.9 15
3.95 0.3 51 -2.80 120 | 0.80 6.2 15
3.95 0.3 5 -3.07 130 ; 0.70 8.7 20
3.95 0.3 5 -3.30 140 | 0.60 7.6 20
3.95 0.3 5 -3.50 150 | 0.46 8.9 15
3.95 0.3 5 -3.63 160 | 0.31 11.8 15
IT
5.5 0.8 5 -1.8 80 0.91 5.9 10
5.5 0.8 5 -2.17 20 0.92 6.1 15
5.5 0.8 5 -2.53 100 | 0.91 6.2 15
5.5 0.8 5 -2.9 110 | 0.87 6.4 20
5.5 0.8 5 -3.24 120 0.8 6.6 20
5.3 0.8 5 -3.54 130 0.7 7.1 20
5.5 0.8 5 -3.81 140 0.6 7.8 20
5.5 0.8 5 -4.02 150 | 0.46 9.2 20
5.5 0.8 5 -4.18 160 { 0.31 11.6 20
5.5 0.8 5 -4.27 170 | 0.16 17.3 20
5.5 0.8 5 -4.31 180 0. 34.6 20
III
3.95 0.2 5 -2.51 110 { 0.86 5.9 -
5.5 0.8 5 -2.9 110 | 0.87 6.4 -
6. 1.2 5 -3.2 110 | 0.87 6.8 20
Iv
3.95 0.3 5 -1.87 90 0.92 5.8 -
3.6 0.3 5 -1.87 90 0.92 5.8 30
3. 0.3 5 -1.87 20 0.92 6.05 30
5.9 0.8 5 -2.54 100 | 0.91 6.2 20
5. 0.8 5 -2.54 100 | 0.91 6.4 30
4, 0.8 5 -2.54 100 | 0.91 6.6 30
5. 0.8 4 -2.27 110 | 0.73 8.11 20
4, 0.8 4 -2.27 110 | 0.73 8.7 30
3. 0.8 4 -2.2725| 110 | 0.73 8.9 30

Table 5: Beam time request
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