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We have made the first measurements of the ep — epy exclusive reaction at Q% =1 GeV? in the
nucleon resonance region. The cross section is obtained at CM backward angle 6., in a range of
total (v*p) CM energy W from the proton mass up to W = 1.95 GeV. The data show resonant
structures in the first and second resonance regions, and is well reproduced at higher W by the
Bethe-Heitler4+Born cross section, including t-channel n° exchange. A comparison is made with
existing data in Real Compton Scattering at high . Our measurement of the ratio of H(e,e'p)y
to H(e, e’ p)1r° cross sections is presented and compared to model predictions.

PACS numbers: 13.60.-1,13.60.Fz

Understanding nucleon structure in terms of the non-
perturbative dynamics of quarks and gluons requires new
and diverse experimental data to guide theoretical ap-
proaches and to constrain models. Purely electro-weak
processes are privileged tools since they can be inter-
preted directly in terms of the current carried by the
quarks. This has motivated an extensive program of elas-
tic, inelastic, and deep inelastic lepton and photon scat-
tering experiments on the nucleon. This Letter presents a
study of the nucleon resonance region via the photon elec-
troproduction reaction: H (e, e’p)y. For the first time, we
separate this process from the more abundant H (e, e'p)n°
reaction, and extract the ratio of the two cross sections.

The Constituent Quark Model of N. Isgur and
G. Karl [1] reproduces many features of the nucleon spec-
trum. However, for W > 1.6 GeV, the model predicts a
number of positive parity resonances [2] that have not
been seen experimentally. The simultaneous study of
both (N ) and (N+) final states of the electroproduction
process on the nucleon offers a probe with very different
sensitivity to the resonance structures. Another moti-
vation for the present study is to explore the exclusive
ep — epy reaction at high W, where current quark de-
grees of freedom may become as important as those of
constituent quarks in the understanding of resonances.
Quark-hadron duality implies that even at modest Q?,
inelastic electron scattering in the resonance region can
be analyzed in terms of quark degrees of freedom in the
t-channel of the forward Compton amplitude instead of
nucleon resonances in the s-channel [3].

We define the kinematics of the ep — epy reaction in
Fig. la. A common set of invariant kinematic variables
is defined as —Q% = (k— k'), = ¢%, s = W? = (¢ +p)3,
t=(p—p)% and u = (p— ¢')2; 03, and ¢yy are
the polar and azimuthal angles in the y*p — vp sub-
process center of mass (CM) frame. The ep — epy
reaction was measured below pion threshold at MAMI
(Q* = 0.33 GeV?) [4] and at the Thomas Jefferson
National Accelerator Facility (JLab) (Q? = 0.92 and
1.76 GeV?) [5]. We present in this letter the first mea-

surements of the nucleon excitation up to W = 1.95 GeV
at Q? = 1 GeV? through the ep — epy process in CM
backward kinematics (¢’ opposite to §).

d)

FIG. 1: Kinematics for photon electro-production on the pro-
ton (a) and lowest order amplitudes for Bethe-Heitler (b,c)
and VCS (d) processes. The incident and scattered electron
4-momenta are k and k’, respectively. The initial and recoil
proton 4-momenta are p and p’, and the produced real photon
4-momentum is g'.

In the one photon exchange approximation, the ep —
epy amplitude (Fig. 1a) includes the coherent superposi-
tion of both the Bethe-Heitler (BH) amplitude (Fig. 1b
and 1c) [6], and the VCS amplitude v*p — yp (Fig. 1d).
Notice that in the BH amplitude, the mass of the virtual
photon (elastically absorbed by the proton) is ¢. In the
VCS amplitude, the mass of the virtual photon (inelas-
tically absorbed) is —@Q?. The BH amplitude dominates
over the VCS when the photon is emitted in either the
direction of the incident or scattered electron. It is im-
portant to note that the BH amplitude breaks the sym-
metry of the electroproduction amplitude around the vir-
tual photon direction. Thus, it is not possible to expand
the ep — epy cross section in terms of longitudinal and
transverse (L,T) photoproduction cross sections, except
when the BH amplitude is really negligible. Although
the VCS amplitude is the dominant contribution to the
ep — epy process in our kinematics, we did not perform
an L-T separation: at low W the interference between
BH and the VCS Born term is not negligible; and at
higher W the experimental statistics is low.

The experiment was performed at JLab in Hall A. The
continuous electron beam of energy k = 4.032 GeV with
an intensity of 60-120 pA was sent onto a liquid hydro-
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FIG. 2: Squared missing mass M% = (k+p—k'—p')® for an
experimental setting at W = 1.2 GeV (a) and zoom around
the v peak (b). The [-0.005,0.005 GeV?] window is used to
separate the v events from the 7° events.

gen target. The scattered electron and recoil proton were
detected in coincidence in two high resolution spectrom-
eters equipped with drift chambers and plastic scintilla-
tor hodoscopes. The emitted photon was reconstructed
using a missing particle technique. A spectrum of the
squared missing mass M3 = (k+p — k' — p)? is dis-
played in Fig 2. A detailed description of the apparatus
and detector acceptance is given in [7], [8] and [9].

We extract the 5-fold differential cross section d°c =
d50/dk],,d[Qe]iasd[Qp]cm using the method described
in [8]; dkj,, and d[Q]iqs are the scattered electron differ-
ential momentum and solid angle in the lab frame, and
d[Q,]cum 1s the proton CM differential solid angle. The
calculation of the solid angle and radiative corrections is
based on a simulation [10] of the coherent sum of the BH
and VCS amplitudes. The VCS amplitude is approxi-
mated by the Born term only, which corresponds to the
4*p — p process in which the intermediate state is an
on-shell proton in the s- or u-channels.

Several experimental corrections are applied for each
sequence of the data. They concern the acceptance,
the trigger efficiency, the acquisition and electronic dead
times, the tracking efficiency, the target boiling, the tar-
get impurity, the integrated charge and the proton ab-
sorption [8]. In this analysis, we have to consider some
additional specific corrections. The n° events remaining
in the M% window [-0.005,0.005 GeV?] used to define
the v events have to be subtracted. Their amount is es-
timated from the simulation, using as a weight of the
ep — epr® events the MATD2000 calculation [11]. The
correction remains small (-0.1 to -1.7%). The systematic
and statistical errors on the cross sections depend on W
and range from 10 to about 50 %. The method used to
estimate the systematic error is described in [5].

In Fig. 3 we present the 5-fold differential cross sections
d5¢ for the six bins in ¢ (30° wide) as a function of W,
at @2 = 1 GeV? and cos 6, = —0.975. By symmetry,
the statistics from ¢4y = 0 to —180° are also included.

G. Laveissiere et al. photon electro production

107"

Lo (pb/MeV/st/sr)

||||||||||iﬂ|||||rrﬂ1ll‘|"
1

1.0 1.2 1.4 1.6 8 2.0
W (GeV)

FIG. 3: Excitation curves for ep — epy at @Q° = 1 GeV?,
cos 6y, = —0.975 and ¢y = 15° (a), 45° (b), 75° (c), 105°
(d), 135° (e) and 165° (f). The full line is the BH+Born
cross section, and the dashed line is the BH+Born+x° cross
section [12] (see text).

Additional points as well as the exact binning are avail-
able in [13]. The data show strong resonance phenomena
in the first and second resonance regions.

Real Compton scattering (RCS) has been intensively
investigated in the A(1232)-resonance [14] and in the
high energy diffractive region [15]. RCS was also stud-
ied above the A(1232) at Bonn [16], Saskatoon [17], and
Tokyo [18, 19]. The Cornell experiment [20] measured
the RCS process at photon energies E, from 2-6 GeV
and angles from 45° to 128° in the CM frame. A recent
Jefferson Lab experiment [21] measured the RCS process
at E., from 3-6 GeV. In Fig. 4, we compare our back-
ward angle ep — epy cross section divided by the photon
flux factor (Hand convention [8]) with existing large an-
gle RCS data. For comparison purposes, all our cross
sections are averaged over the azimuthal angle ¢...

Our data in Figs. 3 and 4 at high W suprisingly
approach the BH-+Born cross section if we include
the t-channel 7#° exchange diagram [12] (denoted by
BH+Born+7°). This can be interpreted by the reso-
nance model of Capstick and Keister [22]: for RCS, at
backward angles all positive parity intermediate states
contribute constructively and all negative parity states
contribute destructively. If there are no diffractive min-
ima (as a function of @?) in the resonance form factors,
this effect will remain in the VCS amplitude. Moreover,
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FIG. 4: Comparison of VCS data (e) (this expt) at 65, =
167.2° and RCS data at 8., = 159 — 162° (*) [18], 8, =
128 — 132° () [16], 63, = 141° (A) [17], 6%, = 130 — 133°
(o) [19], 82, = 131° (O) [14] and 6%, = 105 — 128° (x) [20]).
The solid curves are s~ and s~7 power laws, normalized to
the W = 2.55 GeV Cornell point. The dashed curve is the
BH+Born+7° cross section [12] and the dotted curve the BH
alone. .

at high W and wide angles (—t and —u large), the RCS
cross section is governed by a scaling law [23]: the count-
ing rules predict that do/dt scales as s at fixed CM
scattering angle (see Fig. 4). The Cornell data [20] is
roughly independent of angle for 8}, > 90° and scales
as s 7104 44 gy, = 90°. At large s, the VCS Born
amplitude (Fig. 4) is determined by the Q*-dependent
proton form factors and the u-channel proton exchange,
whereas the scaling law is dominated by the ¢-dependent
Compton form factor [24, 25]. In our kinematics since
—t > @Q?, —u, the perturbative Compton cross section
is smaller than the Born cross section, equivalently the
negative parity s-channel resonances should overcompen-
sate the positive parity resonances. New backward angle
VCS data at large W would provide a powerful test of the
Born-term versus s~° scaling. We consider the agreement
between our data and RCS in the region of W ~ 1.8 GeV
(see Fig. 4) as an evidence of the suppression of the Q?
dependence of the VCS cross sections. This is consis-
tent with the quark-hadron duality picture, according to
which photons from both RCS and VCS processes cou-
ple at high W to current quarks rather than to individual
nucleon resonances.

From these results and the results presented in [8],
we have computed the ratio between the ep — epy
and ep — epr® cross sections at cos@;, = —0.975 and
Q? = 1 GeV? for the entire resonance region. In Fig. 5
we show the value of the ratio averaged over the six bins
in ¢.+. In the range extending from the reaction thresh-
old up to W = 1.6 GeV, the result is consistently a factor
10 larger than the ratio of the branching fractions of any
corresponding resonance into (yN) and (wN). In the re-
gion of the P33 A-resonance, the experimental ratio is five
times larger than the [BH+Born+n°]/MAID2000 [11]
calculation. Thus one has to be careful when correcting
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FIG. 5: Ratio of ep — epy over ep — epr® cross sections at
Q® =1 GeV? and 6}, = 167.2°. The full and dashed curves
are the ratios between the BH+Born+7° cross section and
the MAID2000 model [11] and the MAID2003 local fit of [8]
respectively.

H(e,e'p)n® experiments if the resolution does not allow
a clear separation of the H (e, ¢/p)y channel. Our results
illlustrate that both the VCS and 7° production ampli-
tudes result from a distinct coherent superposition of all
intermediate states.
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