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Abstract. Highlights of recent data from Jefferson Lab on the nucleon response to an electro-magnetic
probe are presented. Recent technological advances in polarized beams and either polarized targets or
nucleon recoil polarimeters have yielded a significant improvement on the precision of the data. An outlook

is presented of planned experiments.

PACS. 24.85.4+p —25.30.c

1 Electro-magnetic form factors
1.1 Introduction

The nucleon electromagnetic form factors (EMFF) are of
fundamental importance for the understanding of the nu-
cleon’s internal structure. In Plane Wave Born Approx-
imation (PWBA) the cross section for elastic electron-
nucleon scattering can be expressed in terms of the Dirac
and Pauli form factors F} and F5, respectively,

do
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where 7 = Q?/4(m3%), Q is the four-momentum transfer,
my the mass of the nucleon, oj; the Mott cross section for
scattering off a point-like particle, x the nucleon anoma-
lous magnetic moment, 8. the electron scattering angle
and E. the electron energy. F; and F5 can be expressed
in the electric and magnetic Sachs form factors Gg and

G, respectively,

GE = F1 7TI€F2
Gy = F1 4+ kFy (2)

leading to the so-called Rosenbluth [1] formula

do [G%—&—TG?W
e~ M

This equation illustrates that Gg and Gj; can be de-
termined separately by performing cross-section measure-
ments at fixed Q? over a range of (f.,E.) combina-
tions (Rosenbluth separation). In the non-relativistic Breit
frame the Sachs form factors can be identified with the
Fourier transform of the nucleon charge and magnetiza-
tion density distributions.

0
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Through the middle of the previous decade practically
all available proton EMFF data had been collected using
the Rosenbluth separation technique. This experimental
procedure requires an accurate knowledge of the electron
energy and the total luminosity. In addition, since the con-
tribution to the elastic cross section from the magnetic
form factor is weighted with @2, data on G, suffer from
increasing systematic uncertainties at higher Q2-values.
The then available world data set [2] was compared to the
so-called dipole parametrization GGp, which corresponds
to exponentially decreasing radial charge and magnetiza-
tion densities:

2 2
Gp = (ﬁ) with A = 0.84 GeV/c and @ in GeV/c
(4)
For all four EMFF the available data agreed with the
dipole parametrization to within 20%. Both the G%, and
the G%, data could be fitted adequately with an identi-
cal parametrization. However, the limitation of the Rosen-
bluth separation was evident from the fact that different
data sets for G%, scattered by up to 50% at higher Q-

values.

1.2 Polarization instrumentation

Over 20 years ago Akhiezer and Rekalo [3] and Arnold
et al.[4] showed that the accuracy of EMFF measurements
could be increased significantly by scattering polarized
electrons off a polarized target (or equivalently by mea-
suring the polarization of the recoiling nucleon). Techno-
logical advances have only recently made possible a large
number of new data with a significantly improved accu-
racy. Polarized electron beams [5l[6] are now reliably avail-
able with a polarization close to 80% at currents of up to
100 pA. The beam polarization is measured with either
Mpgller [7] or Compton [8] polarimeters with an accuracy
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approaching 1%. The dynamical polarization technique [9]
provides polarized hydrogen or deuterium targets with an
average polarization of 80 or 20%, respectively, while po-
larized helium targets are available with a polarization
close to 50%, either through spin [10] or metastability [11]
exchange at a density of 10 atm. Finally, the polarization
of recoiling or knocked-out reaction products can be mea-
sured with focal-plane [T2] or neutron [13] polarimeters.

1.3 Theory

A frequently used framework to describe the EMFF is that
of Vector Meson Dominance (VMD) [14], in which one as-
sumes that the virtual photon - after having become a
quark-antiquark pair - couples to the nucleon as a vector
meson. The EMFF can then be expressed in terms of cou-
pling strengths between the virtual photon and the vector
meson and between the vector meson and the nucleon,
summing over all possible vector mesons. A common re-
striction of VMD models is that they do not predict a
correct behaviour of the EMFF at high Q?-values. Lomon
[T5] constructed a hybrid model which couples the low Q2-
behaviour of the VMD model to the asymptotic behaviour
predicted by pQCD.

Several models [I6L17,18] have incorporated con-
stituent quarks on the light front. In doing this the pQCD
condition that the transverse momentum is zero, is freed
and an orbital angular momentum component is intro-
duced in the wavefunction of the proton, thus giving up he-
licity conservation. All these models predict a linear drop-
off of G%,/G%, with Q?, or equivalently F»/F; o< 1/Q.

However, all presently available theories are at least to
some extent effective (or parametrizations). Only lattice
gauge theory can provide a truely ab initio calculation,
but accurate lattice QCD results for the EMFF are still
several years away.

1.4 Neutron magnetic form factor

Significant progress has been made in measurements of

noat low @Q%-values by measuring the ratio of quasi-
elastic neutron and proton knock-out from a deuterium
target. This method is insensitive to nuclear binding ef-
fects and to fluctuations in the luminosity and detector
acceptance. The basic set-up used in all such measure-
ments is very similar: the electron is detected in a magnetic
spectrometer with coincident neutron/proton detection in
a large scintillator array. The main technical difficulty in
such a ratio measurement is the absolute determination of
the neutron detection efficiency. Recently, inclusive quasi-
elastic scattering of polarized electrons off a polarized 3He
target was measured [27] in Hall A at JLab in a Q?-range
from 0.1 to 0.6 (GeV/c)?. This experiment has provided
an independent accurate measurement of G%, at Q?-values
of 0.1 and 0.2 (GeV/c)?, in excellent agreement with the
Mainz data. At the higher Q%-values G%, was extracted
[28] in PWTA, since final-state-interaction effects are ex-
pected to decrease with increasing Q2. A study of G%, at
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Fig. 1. The neutron magnetic form factor G}, in units of

uGp, as a function of Q2. The data are from 211122123, 24125]
20,27|128]. The theory curves are: dotted [15|, dot-dashed [16]
and short-dashed [20]

Q?-values up to 5 (GeV/c)? has recently been completed
in Hall B by measuring the neutron/proton quasi-elastic
cross-section ratio using the CLAS detector [29).

Figure [[Jshows the results of all completed G%, exper-
iments. The Mainz G7; data are 8-10% lower than those
from ELSA, at variance with the quoted uncertainty of
appr. 2%. This discrepancy would require a 16-20% error
in the detector efficiency. Two of the theoretical predic-
tions shown [T520] provide an accurate description of the
data.

1.5 Neutron electric form factor

In the last decade a series of spin-dependent measure-
ments have provided accurate data on G by utilizing the
fact that the ratio of the beam-target asymmetry with the
target polarization perpendicular and parallel to the mo-
mentum transfer is directly proportional to the ratio of
the electric and magnetic form factors. A similar result is
obtained with the reaction 2H(e, ¢'n) when one measures
the polarization of the recoiling neutron directly and after
having precessed the neutron spin over 90° with a dipole
magnet.

Figure [2 shows results obtained through the reac-
tions 2H(e, ¢'n)[32], 2H(e, ¢'n)[13,33] and 3I—T<>3(e,e’n){34,
35]. At low Q2-values corrections for nuclear medium and
rescattering effects can be sizeable: 65% for 2H at 0.15
(GeV/c)? and 50% for 3Mé at 0.35 (GeV/c)2. These cor-
rections are expected to decrease significantly with in-
creasing @, although no reliable calculations are presently
available for 3¢ above 0.5 (GeV/c)?. Thus, there are now
data from a variety of reaction channels available in a Q?-
range up to 0.6 (GeV/c)? with an overall accuracy of appr.
20%, which are in mutual agreement. The prediction by
Miller et al. [T7], using a constituent quark model on the
light front, is in good agreement with the sofar available
data, with the pion cloud dominating at low Q2?-values.
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Fig. 2. The neutron electric form factor G as a function
of Q2. The data are indicated by the following symbols: solid:
triangle [32], squares [39], diamonds [38], and circle [35]; open:
circles [31134], squares [13|33], triangle [30] and diamonds [37].
The curves represent Miller’'s RCQM prediction [I7] (dotted)
and the Galster parametrization [36] (full/dashed). The bot-
tom plot shows the projected accuracy of E02-013 [41] and the
separate contributions to the prediction of Miller. Symbols on
the zero axis indicate the Q2?-value and the size of the error
bars of ongoing experiments

The 30 years old Galster parametrization [36] provides a
fortuitously good description of the data.

Shown on the horizontal axis in Fig. [2] are results ex-
pected in the near future, from the *H(e, ¢/n)[38] channel
at JLab and from the 2H(e,e'n)[37] channel at Mainz.
In the bottom plot the results for the 2H(e, e'n)channel
[39] are shown which extend the existing data set to 1.5
(GeV/c)? with great accuracy. Also shown is the pion-
cloud contribution which Miller added phenomenologi-
cally to his RCQM model in order to obtain agreement
with the data. Recently an experiment [41] has been ap-
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proved at JLab to measure G% up to a Q*-value of 3.4
(GeV/c)? using the 3Iig(e,e'n) reaction. In addition, the
BLAST facility [40] at MIT is expected to provide accu-
rate data on G% in a Q*-range from 0.1 to 0.8 (GeV/c)?.
Thus, within a couple of years G data with an accuracy
of 10% or better will be available up to a Q?-value of 3.4
(GeV/c)2

1.6 Proton electric form factor

The polarization-transfer technique has recently been used
in two experiments [42[43] in Hall A at JLab, to measure
the ratio G%,/G%, in a Q*-range from 0.5 to 5.6 (GeV /c)2.
Elastic ep events were selected by detecting electrons and
protons in coincidence in the two identical HRS spectrom-
eters. At the four highest Q2-values a lead-glass calorime-
ter was used to detect the scattered electrons. The polar-
ization of the recoiling proton was determined with a Focal
Plane Polarimeter (FPP) in the hadron HRS, consisting
of two pairs of straw chambers with a carbon or polyethy-
lene analyzer in between. The data were analyzed in bins
of each of the target coordinates. No dependence on any
of these variables was observed. The results for the ratio
G%/G%, are shown in Fig. [l The most striking feature
of the data is the sharp decline as Q? increases. Since it
is known that G%, closely follows the dipole parametriza-
tion, it follows that G%, falls more rapidly with Q* than
Gp. A comparison with the older data from SLAC con-
firms the expected improvement in accuracy of such a
spin-dependent measurement. All theoretical calculations
shown in Fig. [ predict a gradual decrease of G%,. At the
highest @%-values the data do not follow pQCD scaling
[45], but rather the 1/Q behaviour in Fy/F;, predicted
by RCQM models. If one assumes the linear decrease in
G, /Gh to continue, G%, would cross zero at Q*~ 7.7
(GeV/c)2. To investigate this possibility an extension [46]
of this experiment to a Q%-value of 9.6 (GeV /c)%has been
approved to run in Hall C.

Last year an experiment [47] was completed which
used the Rosenbluth technique with a number of improve-
ments. In stead of detecting the scattered electron, the
recoil proton was detected and both HRS spectrometers
in Hall A were used. Significantly improved systematic er-
rors are expected at Q2-values up to 4 (GeV/c)?. Recently
several studies have investigated the two-photon contri-
bution to the Rosenbluth technique. Blunden et al. [48]
calculated the elastic contribution to the so-called box di-
agram in the radiative correction and showed that this
accounted for half the discrepancy between the results
from the Rosenbluth technique and those from polariza-
tion transfer. The inelastic contribution is much harder
to calculate but an estimate might be obtained from the
transverse beam asymmetry in elastic-proton scattering.
Guichon and Vanderhaeghen [49] showed in general that a
two-photon exchange contribution needed to explain the
discrepancy is of the order of a few percent. However,
Rekalo and Tomasi-Gustafsson [50] showed, also on gen-
eral principles, that the contribution from two-photon ex-
change should be of order o and thus very small.
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Fig. 3. The ratio uG%/G%, from [42] (solid circles) and [43]
(solid squares), compared to the older SLAC data (solid trian-
gles [44]) (top) and various theoretical calculations (bottom):
dash-dotted [15], dashed [20], solid [17] and dotted [19]. The
systematic errors for both recent experiments are shown as a
band at the bottom of the left figure

2 Wide-angle compton scattering

Until fairly recently, little was known about the response
of a nucleon to real photons in the regime where its re-
sponse is dominated by the internal structure of the nu-
cleon. Only one twenty-year old experiment from Cornell
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[6I] had provided data on elastic photon scattering (Real
Compton Scattering) at large transverse momentum. T'wo
different reaction mechanisms are expected to describe
Real Compton Scattering. At very large momentum trans-
fer two-gluon exchange, in the perturbative QCD frame-
work, will dominate the reaction. Indeed, the Cornell data
exhibit an s and ¢ dependence in fair agreement with the
pQCD counting rule: do/dt = f(0car) - s~ with n = 6
for RCS.

Recent calculations by Radyushkin [52] have shown
that at moderate momentum transfer a softer mechanism
should dominate at large center-of-mass angles (Wide-
Angle Compton Scattering, WACS). In this handbag
mechanism only one quark interacts with the real pho-
ton and no gluon is exchanged between the struck quark
and the rest of the partons. By factorizing the mecha-
nism into a hard and a soft part the RCS reaction can be
described in the framework of Generalized Parton Distri-
butions (GPD) by two form factors Ry and Ry4. In the
WACS regime Ry dominates the cross section and the ra-
tio doges/doky should be nearly independent of s at a
fixed value of t. Observation of this would be a clear in-
dication of factorization. With a circularly polarized pho-
ton beam a measurement of the longitudinal polarization
transfer coefficient K can provide a sensitive probe of
the dominant reaction mechanism.

Experiment E99-114 [53] measured the RCS cross sec-
tion for s between 5 and 11 (GeV/c)? and for t between
1.5 and 6.5 (GeV/c)? and K11, at s =7 (GeV/c)? and t =
4 (GeV/c)?. The experiment, performed in Hall A at Jef-
ferson Lab, used a mixed bremsstrahlung/electron beam,
a liquid hydrogen target, one of the HRS spectrometers
for proton detection and a lead-glass calorimeter with a
sweep magnet for photon detection. The photon beam in-
tensity was 10! equivalent quanta per second, about 1000
times higher than in the Cornell experiment. Most of the
background was eliminated by requiring an photon-proton
coincidence and RCS events were separated from pion
photo-production and elastic electron scattering through
kinematical correlations between the energy and the angle
of the detected photon and the recoiling proton.

The preliminary value for Ky, is shown in Fig.[d from
which a clear preference for the hand-bag mechanism is
evident at the kinematics of the experiment. Similarly,
preliminary data for the cross section follow the scaling
power predicted by Radyushkin. The data of E99-114 have
demonstrated that accurate RCS data can be extracted
with modern photon facilities which provide sensitive in-
formation on the internal structure of the nucleon.

3 Neutron spin structure

3.1 The Q?-evolution of the Gerasimov-Drell-Hearn
sum rule

Over the past twenty years measurements of the nucleon
spin structure have shown that only a small fraction (less
than 20%) of the nucleon spin can be accounted for by
the spin of the quarks. Also the Bjorken sum rule has
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Fig. 4. The preliminary result for the polarization transfer
coefficient K1, compared to a variety of predictions: hand-
bag [62] and pQCD (AS asymptotic, KS King-Sachrajda, COZ
Chernyak-Ogloblin-Zhitnitsky and CZ Chernyak-Zhinitsky).

been validated to within 10%. Recently, the Bjorken and
the Gerasimov-Drell-Hearn (GDH) sum rules have been
generalized [54] over the full range of momentum trans-
fer from the non-perturbative Q2 = 0 to the perturbative
Q? = inf limit.

This generalized GDH sum rule 1(Q?) for the neu-
tron has recently been studied [55] from Q2 is 0.1 to 0.9
(GeV/c)? by measuring inclusive scattering of longitudi-
nally polarized electrons from a polarized >He target in
Hall A. The polarized 3He target used the principles of
optical pumping of a small admixture of Rb and spin ex-
change between the Rb and the *He atoms. The scattered
electrons were detected in either of the two Hall A HRS
spectrometers. A CO, gas Cerenkov detector and a lead-
glass shower counter were used to separate electrons from
the pion background. The results were corrected for the
fact that the neutron was embedded in a 3He nucleus by
using a calculation by Ciofi degli Atti and Scopetta [56].
The results show a smooth variation of I(Q?) to increas-
ing negative values as Q2 drops from 0.9 to 0.1 (GeV/c)?.
A recently completed new experiment [57] will extend the
data down to 0.02 (GeV/c)? and establish whether 1(Q?)
indeed turns upwards towards the value of the GDH inte-
gral.

In both of these experiments measurements were
made with the 3He target polarization oriented longitu-
dinal and transverse to the momentum transfer, which
allowed the extraction of both spin structure functions g;
and g2. The results from the first experiment were
used to study two further spin structure moments, ds and
the Burkhardt-Cottingham sum rule [59]:

2(Q?) = / 2201 (2,Q) + 3ga(x, QMlda (5)

1
0(Q?) = / 0(@.Q)dr =0 (6)
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from DIS and theoretical predictions (see text)

The values of go(z,Q?) were evaluated from the ex-
perimental results, measured at fixed incident beam en-
ergies and scattering angles, by interpolation and (for a
few points) extrapolation for each of six values of Q2. The
integrals were computed using limits of integration ex-
tending from the nucleon pion threshold to a value of z
corresponding to an invariant mass W = 2.0 GeV. Effects
of the nuclear medium were again corrected for using the
prescription of Ciofi degli Atti and Scopetta. The final
results [58] are shown in Fig. [{

In the top panel I is indicated by solid circles, the
results after addition of the elastic contribution by open
circles. The positive light band is an indication of the
systematic error and the dark negative band of the esti-
mated DIS contribution. The results clearly indicate that
the Burkhardt-Cottingham sum rule is verified within un-
certainties over the Q2-range of the experiment. The open
square shows the results of SLAC experiment E155x which
had a significantly larger error bar. The solid curve repre-
sents the resonance contribution evaluated with the MAID
code. -

In the bottom panel the results for ds(Q?) = d2(Q?) —
dglestic(Q?) are shown as solid circles at the six Q?-values.
The grey band represents their systematic uncertainty.
The SLAC E155x result [60] is again shown as an open
square, the prediction from Lattice QCD [61] by the open
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left-pointing triangle. The solid line is the MAID calcula-
tion [62] containing only the resonance contribution. Fi-
nally, a Heavy-Baryon Chiral Perturbation Theory pre-
diction [63] is indicated by a dashed line. At moderate
Q? the JLab data show a positive value of d%, slowly de-
creasing with Q2. The lattice prediction is negative, but
close to zero. The precise new data will allow the extrac-
tion of twist-3 and twist-4 matrix elements, which contain
non-trivial effects of quark-gluon interactions.

3.2 Neutron spin structure at large zp

The small contribution to the nucleon spin from the quark
spin, mentioned in the previous section, implies that at
least one other degree of freedom is required. One pos-
sibility would be the parton orbital angular momentum
(OAM). Several recent experimental results, such as on
elastic electron scattering and deuteron photo-disintegra-
tion, have provided indications of the role of OAM.

A recent experiment [64] performed in Hall A at Jef-
ferson Lab measured inclusive scattering of polarized elec-
trons off a polarized 3He target in a kinematic region
where the Bjorken scaling variable x is large. In this region
the valence quarks dominate and the neutron spin asym-
metry A} (the ration of the polarized and the unpolarized
structure functions g1 /F) can be estimated based on our
knowledge of the interaction between quarks. Thus, data
in this domain can potentially shed light on the role of
OAM of the valence quarks. This asymmetry is predicted
to approach 1 as z — 1. Sofar, all existent data on A} are
either negative or consistent with zero.

Data were collected at three z-values, 0.33, 0.47 and
0.60 at Q2-values ranging from 2.7 to 4.8 (GeV/c)%. The
invariant mass was well above the resonance region. The
beam asymmetry was measured with the target polariza-
tion oriented both parallel and transverse to the beam
polarization. A model [65] for *He which includes S, S’
and D states and a pre-existing A(1232) component, was

used to extract A? from AjHe.

The results for A} are shown in Fig. Bl The new da-
tum at x = 0.33 is in good agreement with the world data,
while for > 0.4 the precision of the new data shows an or-
der of magnitude improvement. The new data for the first
time prove that A} becomes positive at large x and their
trend is consistent with models which predict that A} ap-
proaches unity as  — 1. None of the new data agrees with
calculations which assume the BBS [66] parametrization.
In this pQCD parametrization zero quark OAM and he-
licity conservation is assumed, which implies that a quark
with  — 1 must have the same helicity as the nucleon
itself (hadron helicity conservation, HHC). On the other
hand, the data do agree with predictions which do not
assume zero OAM.

One can extract the polarized valence quark distribu-
tions (Au+Aa)/(u+a) and (Ad+ Ad)/(d+d) from A} by
using the world data set on the unpolarized v and d distri-
butions, if one assumes that in the region = > 0.3 valence
quarks truly dominate so that all strange quark distribu-
tions can be neglected. The results from the Hall A ex-

K. de Jager: Recent results from JLab on nucleon responses

1 :
Aq [ ® JLab E99-117 (BHe) & &
- O E142 (3He) S
081" A E154 (3He) & o
- O HERMES He)  § % 5 /.
0.6_— < »
0.4f
0.2f <
0.2
_0.4'...|...|...|...|...
0.2 04 06 08 1

Fig. 6. Results for AT compared to a variety of theoretical
predictions and existing data obtained with a polarized 3He
target

periment extend to higher x and improve on the accuracy
of available HERMES results [67]. Again, the new data
agree with e.g. the hyperfine-perturbed CQM prediction
by Isgur [68], but not with that from pQCD-based HHC,
which suggests that effects beyond leading-order pQCD,
such as OAM, could play an important role in this kine-
matic region.

4 Summary

Recent advances in polarized electron sources, polarized
nucleon targets and nucleon recoil polarimeters have made
it possible to accurately probe the response of the nucleon
to a variety of electromagnetic probes. New data on nu-
cleon electro-magnetic form factors with an unprecedented
precision have (and will continue to) become available in
an ever increasing Q%2-domain. These data will form tight
constraints on models of nucleon structure and will hope-
fully incite new theoretical efforts. In addition they will
significantly improve the accuracy of the extraction of
strange form factors from parity-violating experiments.
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