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The reaction 2H�e; e0p�n has been studied with full kinematic coverage for photon virtuality 1:75<
Q2 < 5:5 GeV2. Comparisons of experimental data with theory indicate that for very low values of
neutron recoil momentum (pn < 100 MeV=c) the neutron is primarily a spectator and the reaction can be
described by the plane-wave impulse approximation. For 100< pn < 750 MeV=c, proton-neutron
rescattering dominates the cross section, while � production followed by the N�! NN transition is
the primary contribution at higher momenta.

DOI: 10.1103/PhysRevLett.98.262502 PACS numbers: 25.10.+s, 25.30.Fj

The Continuous Electron Beam Accelerator Facility
(CEBAF) at Jefferson Laboratory (JLab) has opened a
new frontier in the study of the structure of nuclei with
the �e; e0p� reaction for high virtuality Q2 up to 6 GeV2 of
the exchanged photon. In the simplest picture, the plane-
wave impulse approximation (PWIA), this reaction allows
us to directly access the momentum distribution of protons
in nuclei. The complete picture is more complicated since
final state interactions (FSIs), meson exchange currents
(MECs), and contributions from excited states of the nu-
cleon can all play an important role. To elucidate their
relative importance, a measurement on deuterium provides
a ‘‘gold standard’’ since its wave function in terms of
nucleon degrees of freedom is well understood. This
Letter reports the first comprehensive study of the
2H�e; e0p�n exclusive reaction with full kinematic cover-
age, which allows us to identify and quantify the dominant
mechanisms at large Q2.

At lower Q2 (<1 GeV2), the 2H�e; e0p�n reaction was
studied at Saclay, Amsterdam, Mainz, and Bates, but its
interpretation suffered from large corrections due to FSI,
MECs, and the intermediate � contribution. A survey prior
to 1990 can be found in Ref. [1]. The first study of the
exclusive 2H�e; e0p�n reaction at JLab has been carried out
in Hall A [2]. The cross section was measured as a function

of recoil momentum pn up to 550 MeV=c in perpendicular
kinematics but still at low Q2 � 0:68 GeV2. At low
(<300 MeV=c) recoil momentum, these data can be de-
scribed to within 1–2� by PWIA, while at higher momenta
FSIs and the � contribution must be included. Two new
experiments have been carried out at high Q2: the first in
Hall A [3] for Q2 < 3:5 GeV2, in dedicated kinematics
settings, and the second in Hall B [4] for 1:75<Q2 <
5:5 GeV2, in the full available phase space, which is re-
ported in this Letter.

The experiment has been performed using the CEBAF
large-acceptance spectrometer (CLAS) [5], which consists
of six sectors, each functioning as an independent magnetic
spectrometer. Each sector is instrumented with multiwire
drift chambers, time-of-flight scintillator counters covering
polar angles 8�<�<143�, gas-filled threshold Cherenkov
counters (CCs), and lead-scintillator sandwich-type elec-
tromagnetic calorimeters (ECs) covering 8� < �< 45�.
The CLAS was triggered on scattered electrons identified
by a coincidence between EC and CC signals in a given
sector. An extended account of the analysis can be found in
Ref. [6], and we briefly discuss now its main steps.

A 5.761 GeV electron beam impinged on a target cell of
liquid deuterium about 5 cm long and 0.7 cm in diameter,
positioned on the beam axis close to the center of CLAS.
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The target entrance and exit windows were 15 �m Al foils.
A 4 cm vertex cut for the scattered electron selected events
from the central part of the target and eliminated events
from the windows. The CLAS vertex resolution [5] of � �
2 mm allowed us to estimate a background from the win-
dows of <0:5% [6].

Electrons and protons from the reaction 2H�e; e0p�n
were selected in fiducial regions of CLAS, where the
particle detection efficiency is high and nearly constant.
Both the CC and the EC were used to distinguish electrons
from pions for momenta <2:8 GeV=c, whereas only the
EC was used for momenta >2:8 GeV=c, where the CC
became sensitive to pions. Reference [6] reports that ��

contamination is <2% depending on Q2. The data were
corrected for this effect. The protons were identified using
tracking and time of flight [5].

The electron detection efficiency depends on the drift-
chamber inefficiency (2.5%) and the �� rejection cuts in
the EC (2.5%) and the CC (10%), on average. The proton
detection efficiency depends on the �� rejection cut
(2.5%) and the inefficiency of the drift chambers plus the
time-of-flight scintillators (10%) [6].

The exclusive 2H�e; e0p�n events were extracted from
the data by requiring the missing mass to be that of the
undetected recoil neutron. We measured the differential
2H�e; e0p�n cross section as a function of Q2, pn, and �n
(the neutron polar angle with respect to the momentum
transfer direction) and integrated it over �n (the azimuthal
angle of the recoil neutron). All momenta and angles are
given in the lab frame. The cross section was corrected for
acceptance and radiative effects. The acceptance correc-
tions were calculated using a Monte Carlo technique for all
Q2, pn, and �n bins and were applied event by event to
every bin. Schwinger radiative corrections (typically 10%)
were calculated with the formula given in Refs. [6,7],
which neglects radiation of the outgoing proton.

Systematic uncertainties due to the pion contamination,
electron and proton detection efficiency, beam intensity
measurements, and target density are less than 1%. More
important are the uncertainties from the effective target
length (3.5%), acceptance corrections (5.5% point to
point), background subtractions from the missing mass
distributions (2%–3% average; 5.5% point to point), and
radiative corrections (4%). The total experimental system-
atic uncertainty is 10% [6].

We have investigated the same reaction theoretically
using the most recent predictions of Ref. [8], which have
been programmed into a Monte Carlo code that generates
events in the fiducial acceptance of CLAS. We sampled pn,
cos��n�, �n, �e (the azimuthal angle of the scattered
electron), and Q2 from a flat distribution and then calcu-
lated all remaining momenta and angles. If the electron and
the proton fell in the CLAS acceptance, we recorded the
kinematics of the event in a form of an N-tuple [9], and we
weighted it with the corresponding cross section, differen-

tial in pn, cos��n�, �n, Q2, and �e. The events were then
binned identically to the experimental data using the same
cuts. No normalization factors between theoretical and
experimental data were used.

This model is an extension of earlier diagrammatic
methods [10,11] to JLab kinematics. It incorporates four
amplitudes: PWIA, MEC, high energy diffractive nucleon-
nucleon elastic scattering (FSI), and intermediate
�-nucleon rescattering (�N). Deuteron wave functions
derived from both the Paris [12] and the Argonne V18
[13] potentials were used. The electron couples to the
nucleons through a fully relativistic, on-shell nucleon cur-
rent. The dipole parametrization was chosen for the mag-
netic form factors of the nucleon. The latest JLab data [14]
were used for the proton electric form factor, while the
Galster [15] parametrization was selected for the neutron
electric form factor. The parameters of the NN amplitude
are the same as in Ref. [8] and are fixed by the elastic
scattering cross section. The � and � exchanges are taken
into account in the MEC and �N formation amplitudes, as
described in Ref. [11]. The electromagnetic N ! � tran-
sition form factor FN��Q2� � �1�Q2=9�=�1�Q2=0:7�2

is driven by the world data (MAID parametrization [16]) and
specifically by the highest Q2 measurement [17] in Hall C
at JLab. The most recent data set [18] from CLAS is lower
by as much as 10% for Q2 < 3 GeV2 but is similar for
Q2 > 3 GeV2.

The calculated cross sections are shown in Figs. 1–4.
Systematic uncertainties in the theoretical cross sections
come from the on-shell approximation for the electron-
nucleon current (�5%), the parametrization of the nucleon
electromagnetic forms factors (�10%), the parametriza-
tion of the NN elastic scattering amplitude (�10%), and
the parametrization of FN� (�11%). Thus, the systematic
uncertainties in the theoretical predictions are �12% for
the PWIA calculation at low recoil momenta and �20%
for the full calculation at large recoil momenta. Since the
MEC amplitude in our Q2 range is very small, the corre-
sponding uncertainty can be neglected.

Figures 1 and 2 show the distributions in recoil neutron
momentum integrated over the angular range 20� < �n <
160�, where acceptance corrections are well defined [6].
The experimental pn distribution (statistical errors only are
shown) drops by 3 orders of magnitude over the range
0–2 GeV=c similar to the full theoretical calculations.
For pn< 800 MeV=c, however, the data and calculations
agree better than for higher pn. Below pn � 250 MeV=c,
quasielastic scattering of electrons on protons (the PWIA
channel) dominates the cross section. Neutron-proton FSI
dominates for 250< pn < 750 MeV=c, while intermedi-
ate � production is prominent for pn > 750 MeV=c,
bringing the model close to the data. Both Paris [12] and
Argonne V18 [13] wave functions show similar results for
pn < 1 GeV=c, whereas above 1 GeV=c the two wave
functions differ strongly and lead to very different PWIA
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contributions. However, the �N channel overwhelms the
cross section here: Low momentum components of the
wave function feed these higher values of pn, and the
sensitivity of the cross section to the high momentum

components of the wave function is lost. Nevertheless,
the theory reproduces the trend and the magnitude of the
data.

The remaining differences between theory and experi-
ment are best seen quantitatively in the linear plots of
angular distributions for various regions in pn below
600 MeV=c. Figures 3 and 4 show neutron angular distri-
butions (statistical errors only) for three ranges of pn at
Q2 � 2, 3, 4, and 5 GeV2. Each panel clearly shows the
evolution of the interaction effects with pn and �n, for a
fixed value ofQ2, and confirms the theoretical expectations
of Refs. [19,20].

In the highest momentum range (0:4<pn<0:6 GeV=c),
the angular distributions exhibit a large peak in the vicinity
of �n � 70�. This effect comes from neutron-proton re-
scattering and corresponds to the on-shell propagation of
the struck nucleon. It is maximal when the kinematics
allow for rescattering on a nucleon almost at rest [10],
which happens when x � Q2=2M� � 1 (� is the energy
of the virtual photon, and M is the nucleon mass). The
following physical picture emerges. The electron scatters
primarily from a proton almost at rest. Since the total
energy is larger than the sum of the masses of the two
nucleons, the struck proton can propagate on-shell and
rescatter off the neutron which is also nearly at rest.
Two-body kinematics places the rescattering peak at about
�n � 70� for our kinematics. In the classical Glauber
approximation, the nucleon propagator is linearized, recoil
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effects are neglected, and, therefore, the rescattering peak
stays at �n � 90� [21,22]. This has been fixed in the
generalized eikonal approximation [19], which takes into
account higher order recoil terms in the nucleon propaga-
tor. In the diagrammatic approach, the full kinematics are
taken into account from the beginning [8,10].

A � resonance produced on a nucleon at rest at x �
	1� �M2

� �M
2�=Q2
�1 < 1 can propagate on-shell and

rescatters from the second nucleon also at rest [8]. This
contribution shifts the rescattering peak toward larger an-
gles and brings the theory into better agreement with
experiment. It also decreases faster with Q2, consistent
with the steeper variation of the N ! � transition electro-
magnetic form factor as compared to the dipole parame-
trization of the nucleon form factors. The excess
theoretical cross section at Q2 � 2 GeV2 is a reflection
of our linear fit to the ratio of N ! � and dipole form
factors. A better fit to the latest data [18] from CLAS leads
to a reduction of the peak by �15% for Q2 < 3 GeV2, in
better agreement with experiment.

In the intermediate momentum range (0:2<pn <
0:3 GeV=c), FSIs suppress the quasielastic contribution
in the vicinity of x � 1. Here the relative kinetic energy
between the outgoing proton and neutron T �Q2=2M lies
between 1 and 3 GeV. The nucleon-nucleon scattering
amplitude is almost purely absorptive, and the FSI ampli-
tude interferes destructively with the quasi-free amplitude.
This induces a loss of flux for fast protons.

In the lowest momentum range (pn < 0:1 GeV=c), re-
scattering effects are small, and the experimental and
theoretical angular distributions are similarly flat. The

magnitude of the experimental cross sections is well re-
produced at low Q2, but the theory slightly exceeds the
data at larger Q2. This effect has already been observed in
the study of 3He�e; e0p�2H at low recoil momentum [23].
Whether it is related to the long-standing difficulty to get
an accurate estimate of the acceptance at low recoil mo-
menta [2] or whether it is due to relativistic effects in the
deuterium wave function is an open problem.

In summary, this benchmark experiment demonstrates
that the mechanisms of the exclusive 2H�e; e0p�n reaction
are well understood for 1:75<Q2 < 5:5 GeV2. Theoreti-
cal and experimental cross sections agree within 20%, con-
sistent with the systematic uncertainties (�15% for theory
and �10% for experiment). Interaction effects do not
disappear when the virtuality Q2 increases. Proton-neutron
rescattering (FSIs) and � production dominate over a large
part of the phase space, except at backward angles (�n >
110�) or very low recoil momenta (pn < 100 MeV=c).
These are the only windows that are left open to directly
study the deuteron wave function or the bound nucleon
form factors.
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missariat à l’Energie Atomique, the French Centre
National de la Recherche Scientifique, the Italian Istituto
Nazionale di Fisica Nucleare, and the Korea Research
Foundation. Jefferson Laboratory was operated by the
Southeastern Universities Research Association (SURA)
for the U.S. DOE under Contract No. DE-AC05-
84ER40150.

*Deceased.
†laget@jlab.org
‡Present address: Ohio University, Athens, OH 45701,
USA.
xPresent address: University of Regina, Regina, SK
S4S0A2, Canada.
kPresent address: University of New Hampshire, Durham,
NH 03824-3568, USA.
{Present address: Massachusetts Institute of Technology,
Cambridge, MA 02139-4307, USA.

**Present address: Physikalisches Institut der Universitaet
Giessen, 35392 Giessen, Germany.

††Present address: Edinburgh University, Edinburgh EH9
3JZ, United Kingdom.

‡‡Present address: University of Massachusetts, Amherst,
MA 01003, USA.

[1] J. M. Laget, in Modern Topics in Electron Scattering,
edited by B. Frois and I. Sick (World Scientific,
Singapore, 1991), p. 290.

[2] P. Ulmer et al., Phys. Rev. Lett. 89, 062301 (2002).
[3] W. Boeglin et al., JLab experiment E-01-020.

0.5

1

1.5

2

2.5

3

3.5

4
a)

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1
b)

1
2
3
4
5
6
7
8
9

50 100 150

 Θn (Degrees)

c)

x0.035

dσ
/d

Q
2 dp

nd
Ω

n 
 (

pb
/G

eV
3 Sr

)

0.5

1

1.5

2

2.5

50 100 150

d)

x0.035

FIG. 4 (color online). The same as in Fig. 3 but for Q2 �
4� 0:5 GeV2 [(a) and (c)] and Q2 � 5� 0:5 GeV2 [(b) and
(d)].
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