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Separated kaon electroproduction cross section and the kaon form factor from 6 GeV JLab data
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The 1H (e,e′K+)� reaction was studied as a function of the Mandelstam variable −t using data from the
E01-004 (FPI-2) and E93-018 experiments that were carried out in Hall C at the 6 GeV Jefferson Laboratory. The
cross section was fully separated into longitudinal and transverse components, and two interference terms at four-
momentum transfers Q2 of 1.00, 1.36, and 2.07 GeV2. The kaon form factor was extracted from the longitudinal
cross section using the Regge model by Vanderhaeghen et al. [Phys. Rev. C 57, 1454 (1998)]. The results establish
the method, previously used successfully for pion analyses, for extracting the kaon form factor. Data from 12
GeV Jefferson Laboratory experiments are expected to have sufficient precision to distinguish between theoretical
predictions, for example, recent perturbative QCD calculations with modern parton distribution amplitudes. The
leading-twist behavior for light mesons is predicted to set in for values of Q2 between 5 and 10 GeV2, which makes
data in the few-GeV regime particularly interesting. The Q2 dependence at fixed x and −t of the longitudinal
cross section that we extracted seems consistent with the QCD factorization prediction within the experimental
uncertainty.

DOI: 10.1103/PhysRevC.97.025204

I. INTRODUCTION

The description of hadrons in terms of their constituents,
the quarks and gluons, is a fundamental challenge in nuclear
physics. Properties such as total charge and magnetic moments
are well described in a constituent quark framework. However,
charge and current distributions, which are more sensitive

to the underlying dynamic processes in hadrons, are still
not well described. The 1H (e,e′K+)� reaction provides the
simplest system including strangeness, and is thus an effective
experimental test of flavor degrees of freedom.

The electromagnetic form factors of hadrons are directly
connected to their internal structure. Measurements of the
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onset of the asymptotic, pointlike regime are an essential
experimental verification of a key prediction of quantum
chromodynamics (QCD) [1]. The form factors of light, two-
quark hadronic systems like pions and kaons, are of special
importance as their asymptotic behavior is expected to set
in earlier than that of three-quark systems. The relevance of
pion and kaon form factors, for both experiment and theory, is
evident in the literature [1–18]. A comprehensive review can
be found in Ref. [19].

A single form factor (FK ) determines the structure of the
charged kaon, which is one of the simplest hadronic sys-
tems containing strangeness that is available for experimental
study. Experimental values of the kaon form factor have been
determined at low-momentum transfers, Q2 < 0.2 GeV2, by
measurements of elastic scattering of high-energy kaons off
atomic electrons [20]. Extending the reach of FK to higher
values of Q2 requires the use of meson electroproduction.
As described in Refs. [14–17,19], this method has been used
successfully for extraction of the pion electroproduction cross
section and form factor up to values of Q2 of 3.91 GeV2.

The relative contribution of longitudinal and transverse
terms to the meson cross section and their −t and Q2 de-
pendencies are of great interest in evaluating the potential of
probing the nucleon’s transverse spatial structure through me-
son production. Recent calculations suggest that the leading-
twist behavior for light mesons can be reached at values of
Q2 = 5–10 GeV2 [19]. Experimental data to confirm these
predictions are thus of great interest.

In this paper, we present new, fully separated cross sections
at values of Q2 = 1.00, 1.36, and 2.07 GeV2 at different values
of −t from Jefferson Laboratory (JLab) E93-018 [21] and
FPI-2 [17] data. We then apply the successful method from
Refs. [14–17,19] to extract the kaon form factor from the sep-
arated longitudinal cross sections. The separated longitudinal
cross sections, scaled to constant −t and x, are also used to
analyze the Q2 dependence of the data compared to QCD
prediction.

II. EXPERIMENTAL SETUP

The experiments were carried out in Hall C at the Thomas
Jefferson National Accelerator Facility (JLab), where two
magnetic focusing spectrometers were used to detect charged
final-state particles. The data of these experiments were taken
at different beam energies for values of Q2 of 1.00 GeV2

at a center-of-mass energy, W = 1.81 GeV; 1.36 GeV, W =
2.31 GeV; and 2.07 GeV2, W = 2.31 GeV. Together with the
control over systematic uncertainty offered by the focusing
spectrometers, this allowed for a Longitudinal-Transverse
(L-T) separation of the kaon electroproduction cross section
following the method described in Refs. [14,19].

In the E93-018 experiment, charged kaons were detected
in the Short Orbit Spectrometer (SOS) while the scattered
electrons were detected in the High Momentum Spectrometer
(HMS). In the FPI-2 experiment, the detection was reversed to
allow higher Q2 to be reached. Both spectrometers included
two drift chambers for track reconstruction and scintillator
arrays for triggering. To select electrons, a gas Cherenkov de-
tector was used in combination with a lead-glass calorimeter in
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FIG. 1. Missing mass distribution of events within the real (solid
line) and random coincidence (green, hatched-shaded area) time win-
dow for the FPI-2 setting Q2 = 2.07 GeV2 and −t = 0.39 (GeV/c)2,
integrated over the azimuthal angle. Also shown is the dummy target
distribution within the real (blue, cross-shaded area) and random
(gray, solid-shaded area) coincidence time window.

both experiments. Charged kaons were identified with an aero-
gel Cherenkov detector (n = 1.034) in the SOS for E93-018
and a C4F10 gas Cherenkov detector in the HMS at 0.4 atm for
FPI-2. Additional charged pion background was subtracted by
fitting the background underneath the reconstructed missing
mass. Any remaining contamination from real electron-proton
coincidences was eliminated with a coincidence time cut of
±0.75 ns. A detailed description of the SOS and the HMS can
be found in Ref. [14].

III. DETERMINATION OF THE CROSS SECTION

The exclusive � final state was selected with a cut on the
reconstructed missing mass of the reaction. A representative
coincidence spectrum is shown in Fig. 1. The random back-
ground is almost two orders of magnitude smaller than the
real contribution under the � peak. One can also clearly see
the �0 peak, which is well separated from the � final state.
Background from the aluminum target cell walls and random
coincidences (together contributing 2–5% of the yield after
missing mass cuts) were subtracted from the experimental
yields. The dependence of the cross section with different
missing mass cuts applied, e.g., varying the upper limit be-
tween 1.12 and 1.18 GeV, was studied. The variation in the
cross section is negligible below 1.15 GeV and less than 1%
for cuts above that value. To account for all backgrounds, a
detailed background subtraction with functions representing
the sum of the background and a peak centered at the �
mass was performed. The relevant electroproduction kinematic
variables Q2, W , and −t were reconstructed from the measured
spectrometer quantities. Experimental yields were calculated
after correcting for inefficiencies, the dominant sources being
tracking in the SOS (1.0%) for E93-018 and acceptance in the
HMS (0.7%) for FPI-2.
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FIG. 2. Unseparated differential cross section extracted in dif-
ferent bins in φ for the two ε settings of the kinematics with Q2

= 2.07 GeV2 (W = 2.31 GeV, −t = 0.39 (GeV/c)2) of the FPI-2
experiment. The solid lines in panels (a) and (b) are fits to the data
using the functional form of Eq. (2). The dashed lines in both panels
(a) and (b) indicate the cross section averaged over all φ bins.

The unpolarized kaon electroproduction cross section can
be written as the product of a virtual photon flux factor and a
virtual photon cross section,

d5σ

d�edE′
edtdφ

= �ν

d2σ

d�∗
K

J (t,φ → �∗
K ), (1)

where �ν is a virtual photon flux factor, d2σ
d�∗

K
is the virtual

photon production differential cross section at the kaon solid
angle in the center of mass d�∗, and J is a Jacobian used
to transform the production cross section in terms of the
Mandelstam variable −t and the angle φ between scattering
and reaction planes. The information about the hadronic system
is encoded in the virtual photon cross section. This can be
expressed in terms of contributions from transversely and
longitudinally polarized photons

2π
d2σU

dtdφ
= dσT

dt
+ ε

dσL

dt
+

√
2ε(1 + ε)

dσLT

dt
cos φ

+ ε
dσT T

dt
cos 2φ, (2)

where ε is defined as the polarization of the virtual photon,

ε = (1 + 2|q|2
Q2 tan2 θe

2 )
−1

. Here, q is the three-momentum of
the transferred virtual photon and the electron scattering angle
is denoted by θe. The individual components in Eq. (2) were
determined from a simultaneous fit to the φ dependence of
the measured cross sections at the different values of ε. A
representative example is shown in Fig. 2.

The separated cross sections are determined at fixed values
of Q2, W , and −t , common for the different values of ε.
However, the acceptance covers a range in these quantities,
so the measured yields represents an average over that range.

To minimize errors from averaging, the experimental cross
sections were calculated by comparing the experimental yield
to a Monte Carlo simulation of the experiment. To account for
variations of the cross section across the acceptance, the simu-
lation uses a 1H (e,e′,K+)� model based on kaon electropro-
duction data. In addition, the Monte Carlo simulation includes
a detailed description of the spectrometers, multiple scattering,
ionization energy loss, kaon decay, and radiative processes.

The uncertainties in the separated cross sections were
estimated with both statistical and systematic sources. The
E93-018 data were binned in two −t bins with central values
of 0.41 and 0.47 (GeV/c)2 and six φ bins of width 60 deg
between 0 and 360 deg. The statistical uncertainty in each bin
ranges from 2.6 to 3.4% at −t = 0.41 (GeV/c)2 and from 3.1
to 4.3% at −t = 0.41 (GeV/c)2, summed over ε. The FPI-2
data central −t values are 0.27 (GeV/c)2 and 0.39 (GeV/c)2

for Q2 = 1.36 and 2.07 GeV2, respectively. Available statistics
did not allow binning in −t . The data were binned in 10 φ bins
at high ε and 4 φ bins at low ε. The statistical uncertainties
range from 2.2 to 5.2% at Q2 = 1.37 GeV2 and from 2.1 to
4.4% at Q2 = 2.07 GeV2 in these bins.

Systematic uncertainties that are uncorrelated between the
different ε points are amplified by a factor of 1/�ε in the
L-T separation. Correlated systematic uncertainties propagate
directly into the separated cross sections. The uncorrelated sys-
tematic uncertainty is dominated by SOS tracking efficiency
(1%), radiative corrections (1%), and kaon decay (1.2%) for
E93-018 and HMS and SOS acceptance (both 0.7%), kaon
decay (1%), and absorption (0.5%) for FPI-2 resulting in a
total uncorrelated uncertainty of 2.3% and 1.7% respectively.
The correlated systematic uncertainty is primarily due to kaon
decay (3%) for both experiments; acceptance (2%) and charge
measurement (1.5%) for E93-018; and radiative corrections
(2%), tracking efficiency, and acceptance (all 1%) for FPI-2,
resulting in a total correlated uncertainty of 4.9% and 4.5%
respectively. More details can be found in Refs. [14,22].

IV. EXTRACTION OF THE KAON FORM FACTOR

To determine the kaon form factor, we compare the experi-
mental results for σL to a Regge model calculation by Vander-
haeghen, Guidal, and Laget (VGL) [23–26]. Since most model
parameters are fixed from photoproduction data, the cutoff of
the Regge trajectories (�K+ and �K∗ ) are the only free parame-
ters. Both form factors are parameterized by a monopole form,
(1 + Q2/�2

K+ )
−1

, where �K is taken as input to the model.
The cutoff parameter �2

K∗ is unknown and was considered
to be equal to �2

K . Varying �2
K∗ between 0.1 and 1.5 GeV2

changes FK by 0.7%. Therefore, FK can be determined in a
one-parameter fit from a comparison of the longitudinal cross
section to the one predicted from the Regge model.

The VGL model gives a good description of the longitudinal
cross section within the uncertainty. The value of FK was
thus determined from a least squares fit of the Regge model
prediction to the data. The transverse cross section is described
well in shape, but underpredicted in magnitude, similar to
what was observed for the transverse pion cross section
[14,16,17,27]. Possible explanations and further work on the
size of the transverse cross section have been been presented in
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Refs. [28–30]. Extensions to the VGL model to better describe
the transverse cross section were developed in Refs. [31–33],
which differ in the selection of the proton electromagnetic form
factor. The model by Kaskulov and Mosel is only available
for pion electroproduction cross sections. The longitudinal
predictions of VGL and Vrancx-Ryckebusch (VR) models are
reasonably consistent over the Q2-W reach of our data though
the difference between the two increases with increasing values
of Q2.

The extraction of FK from σL relies on dominance of
the kaon exchange term. The kaon pole is farther from the
physical region than the pion, which may raise doubts about
the ability to extract FK from electroproduction data. To lend
confidence to our method, we note two aspects. First, the pion
form factor was extracted from pion electroproduction data
at small −t by carefully studying the model dependence of
the analysis, not by direct extrapolation. We used the same
method in our kaon form factor analysis. Second, comparative
extractions of the pion form factor from low to large −t data,
e.g., for −t = 0.14–0.37 (GeV/c)2 in Ref. [19], suggest only
a modest model dependence. The largest −t data lie at similar
distances from the pole as our kaon data. We also note that a
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FIG. 3. Kaon form factor from E93-018 and FPI-2 (filled squares)
compared to data from Refs. [20,34]. The error bars include the
statistical and systematic uncertainty. Also shown are two kaon form
factor points (filled circles) we extracted from the cross section data
of Ref. [35] using our form factor extraction method. The blue open
squares indicate the projected reach and accuracy of data that are
anticipated from JLab 12 GeV experiment E12-09-011 [36]. The
two error estimates are based on different assumptions about the
−t and model dependence of the form factor extractions, with the
larger uncertainty being more conservative. The dashed curve shows
the monopole using a kaon charge radius of 0.56 fm obtained at
low Q2 in Ref. [20]. The remaining curves are calculations with
different kaon parton distribution amplitudes (PDAs). The solid blue
line shows the kaon form factor obtained in Ref. [1] using the
Dyson-Schwinger equation with rainbow ladder truncation. The curve
is consistent within 15% with that obtained using the leading-order
(LO), leading-twist (LT) QCD prediction with a pion valence-quark
PDA evaluated at a scale appropriate to the experiment. The dotted
pink curve corresponds to a LO/LT calculation obtained with the
conformal-limit PDA.

recent calculation [37] suggests that the kaon pole is dominant
for −t < 0.9 (GeV/c)2. Our data range from −t = 0.5–0.7
(GeV/c)2, and so fall into this regime.

In Fig. 3, our results are shown along with the results
from Refs. [20,34]. We also show the results of extracting
FK at Q2 = 1.9 and 2.35 GeV2 (W = 2.14 and 2.08 GeV,
respectively) from the cross-sectional data of Ref. [35] using
our method. We extracted the form factor at the −tmin for each
point [0.41 and 0.57 (GeV/c)2]. The total uncertainty includes
both ε-dependent and −t-correlated contributions. The higher
Q2 points from the FPI2 experiment are in addition limited
by statistics. The model dependence was estimated using a
comparative study at different values of −t and was found to
be on the order of about 0.1 on the form factor value. The two
data sets are internally consistent, lending confidence to our
method for extracting the kaon form factor from longitudinal
cross-sectional data.

It has been pointed out that the choice of suitable parton
distribution amplitudes (PDAs) plays a crucial role in pertur-
bative QCD calculations and new calculations have become
available [1,38–40]. We show our results along with a calcu-
lation using the continuum bound-state method, the Dyson-
Schwinger equation rainbow-ladder truncation, of Ref. [1].
The calculation uses a leading-order (LO), leading-twist (LT)
perturbative QCD calculation using the conformal-limit PDA.
To distinguish between the theoretical curve and the monopole,
a 10–15% measurement at Q2 = 4–5 GeV2 would be needed.
This could be achieved with JLab 12-GeV experiment E12-
09-011 [36]. The projected uncertainties are shown.

V. Q2 DEPENDENCE OF THE SEPARATED KAON
ELECTROPRODUCTION CROSS SECTION

One of the most stringent experimental tests of leading-
twist behavior in meson production is the Q2 dependence of
the longitudinal meson cross section. In the regime where the
leading-twist formalism is applicable, σL is predicted to scale
as Q−6, the transverse cross section is expected to scale as
σT ∼ Q−8, and σL � σT . Figure 4 shows the separated kaon
cross sections from our analysis and points from Ref. [35].
Here, we scaled all data to fixed values of −t = 0.4 (GeV/c)2

and x = 0.3 using the separated Regge model by Vrancx and
Ryckebusch (VR) [31] cross-sectional predictions. The VR
model extends the VGL Regge model by adding a hadronic
model, which incorporates DIS light meson electroproduction
at the amplitude level. The VR model transverse predictions are
higher in magnitude by about a factor of four compared to those
of the VGL model for all kinematic settings. At values of Q2 >
2.0 GeV2 for −t ∼ x, the VR and VGL model descriptions
underpredict the data by a factor of four (five) compared to
values of −t > x.

We have fitted σL and σT at each value of xB to the
forms σL ∼ Q−n and σT ∼ Q−m, where n and m are free
parameters. The experimental fit values are n = 5.69 ± 0.52
(probability 98%) and m = 8.47 ± 0.46 (probability 97%).
The χ2 values for constant n = −6 and m = −8 are 1.68 and
2.10, respectively. The fit values for σL appear to be consistent
with the hard scattering prediction; however, the uncertainty
on the data is large. In fact, fitting the Q2-scaling prediction,
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FIG. 4. TheQ2 dependence of the separated cross sections at fixed
values of −t = 0.4 (GeV/c)2 and xB = 0.3. The filled symbols are the
scaled cross sections from E93-018 and FPI-2 and the open symbols
from E98-108 data. The error bars denote the statistical and systematic
uncertainties combined in quadrature. The solid curves show a fit of
the form Q−n, for σL and Q−m for σT , where n = 5.69 ± 0.52 and
m = 8.47 ± 0.46. Calculations using the VR (dashed) and the VGL
(dotted) models are also shown.

σL ∼ Q−6, also results in a reasonable description of the data.
While the scaling laws appear to be reasonably consistent with
the Q2 dependence of the σL data, the Q2 dependence of the
σT data is less well described. The Q2 dependence of σT does,
however, provide less conclusive evidence for having reached
the hard scattering regime as the factorization theorem was
proven rigorously only for longitudinal photons.

The contribution of transverse photons seems to be dom-
inant over that of longitudinal ones for values of Q2 up to 2
GeV2. The ratio of transverse to longitudinal cross sections de-
creases from about ten at Q2 = 1.0 to four at Q2 ∼ 2.0 GeV2.

At Q2 = 2.35 GeV2, longitudinal and transverse cross sections
are equal in magnitude to 10%, within the uncertainty. If
σT can be confirmed to be dominant over a larger Q2 range
accessible with experiments at 12-GeV JLab, e.g., E12-09-011
[36], this would allow one to probe transversity generalized
parton distributions as discussed in Refs. [28–30,41,42].

VI. SUMMARY

In summary, we have determined separated kaon electro-
production cross sections at values of Q2 = 1.00, 1.36, and
2.07 GeV2 at W = 1.81 and 2.31 GeV. The charged kaon
form factor was extracted from the separated longitudinal cross
section using the VGL Regge model. The results establish the
method, previously used successfully for pion analyses, for
extracting the kaon form factor. Planned kaon form factor data
are expected to have sufficient precision to distinguish between
the monopole and recent perturbative QCD calculations with
modern parton distribution amplitudes. The leading-twist be-
havior for light mesons is predicted to set in for values of Q2

between 5 and 10 GeV2, which makes data in the few-GeV
regime particularly interesting. The Q2 dependence at fixed x
and −t of the longitudinal cross section we extracted appears
to be consistent with the QCD factorization prediction within
the experimental uncertainty.
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