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In 2018, the E12-17-003 experiment was conducted at the Thomas Jefferson National Accelerator Facility
(JLab) to explore the possible existence of an nn� state in the reconstructed missing mass distribution from a
tritium gas target [K. N. Suzuki et al., Prog. Theor. Exp. Phys. 2022, 013D01 (2022); B. Pandey et al., Phys.
Rev. C 105, L051001 (2022)]. As part of this investigation, data were also collected using a gaseous hydrogen
target, not only for a precise absolute mass scale calibration but also for the study of �/�0 electroproduction.
This dataset was acquired at Q2 � 0.5 (GeV/c)2, W = 2.14 GeV, and θ c.m.

γ K � 8◦. It covers forward angles where
photoproduction data are scarce and a low-Q2 region that is of interest for hypernuclear experiments. On the other
hand, this kinematic region is at a slightly higher Q2 than previous hypernuclear experiments, thus providing
crucial information for understanding the Q2 dependence of the differential cross sections for �/�0 hyperon
electroproduction. This paper reports on the Q2 dependence of the differential cross section for the e + p → e′ +
K+ + �/�0 reaction at 0.2–0.8 (GeV/c)2, and provides comparisons with the currently available theoretical
models.

DOI: 10.1103/PhysRevC.110.025203

I. INTRODUCTION

Studying the production of hyperons and hypernuclei pro-
vides invaluable insights into baryon-baryon interactions with
an extended flavor, strangeness. Due to the short lifetime of
the � hyperon/hypernucleus (≈10−10 s), it cannot be ob-
served as a stable state naturally. However, one can consider a
� hypernucleus as a stable object in view of the strong inter-
action. The development of accelerator facilities and detection
techniques has made it possible to produce and study hyperons
and hypernuclei in laboratories.

The study of hyperons and hypernuclei systems via the
(e, e′K+) reaction at the Thomas Jefferson National Accel-
erator Facility (JLab) has been a cornerstone program since
the mid 1990s. Understanding the (un)polarized differential
cross section for hyperon electroproduction is a fundamental
observable to estimate the production yield of hypernuclei.
However, experimental data on hyperon electroproduction
under various kinematic settings are far from satisfactory.
Therefore, predictions from theoretical models have become
vital to supplement the data, in particular, at low Q2 and
forward angles.

Isobaric models, based on the effective Lagrangian using
hadron degrees of freedom, play an important role: Kaon-
Maid (KM) [1,2], Saclay-Lyon A (SLA) [3,4], and other [5–9]
models describe kaon-hyperon production with reasonable
agreement compared to the existing experimental data.

In these isobaric models, background contribution from the
t channel and/or u channel often becomes problematic when
describing the kaon-hyperon channel. As a countermeasure,
Regge-plus-resonance models, which introduces Regge pole
exchange, have been recently applied to strangeness electro-
production with good results [10–12].

In the one-photon-exchange approximation, the electro-
production process p(e, e′K+)�/�0 can be related to the
photoproduction one via a virtual photon p(γ ∗, K+)�/�0 as
shown in Fig. 1. This relation is given by [13]

d3σ

dEe′d�e′d�c.m.
K

= �
dσγ ∗

d�c.m.
K

, (1)

where � is the so-called virtual photon flux. dσγ ∗/d�c.m.
K is

regarded as a differential cross section for the kaon-hyperon
production from a virtual photon. The four-momentum of

a virtual photon is denoted as qμ := (ω/c, q) = (Ee/c −
Ee′/c, Pe − Pe′). The difference between photoproduction and
electroproduction can be related using the four-momentum
transfer, Q2 := −q2 = −ω2/c2 + |q|2, i.e., Q2 = 0 for pho-
toproduction and Q2 > 0 for electroproduction.

The differential cross section for virtual photoproduction
can be decomposed into four terms when polarization observ-
ables are not measured in either the initial or the final state as
in the present experiment:

dσγ ∗

d�c.m.
K

= dσT

d�c.m.
K

+ ε
dσTT

d�c.m.
K

cos 2φγ K

+ ε
dσL

d�c.m.
K

+
√

2ε(ε + 1)
dσLT

d�c.m.
K

cos φγ K. (2)

Each term can be calculated using theoretical models and
subsequently combined as in Eq. (2) to obtain dσγ ∗/d�c.m.

K . In
Sec. V, comparison of our experimental results to theoretical
calculations will be discussed.

Hyperon electroproduction has been performed primarily
at JLab, while hyperon photoproduction experiments have
been performed by CLAS at JLab [14–17], SAPHIR at ELSA
[18], LEPS at SPring-8 [19], and GRAAL at ESRF [20].
Experimentally, the photoproduction process has been well
investigated, providing abundant data for a wide range of
angles to test theoretical models. However, there are still large
amounts of disagreements among the models due to the lack
of data on photoproduction at forward and backward angles.
The electroproduction process has the advantage of acquiring
data at forward angles, along the direction of virtual photons.

The present paper is organized as follows. In Sec. II, an
outline of our experiment is given. In Sec. III, event selection
and derivation of the differential cross sections are explained.
In Sec. IV, the results for our Q2 dependence are presented
followed by a discussion in Sec. V. A conclusion is provided
in Sec. VI.

II. EXPERIMENT

In the present paper, the data using the gaseous hy-
drogen target in the E12-17-003 experiment [21,22] [Q2 �
0.5 (GeV/c)2, W = 2.14 GeV, and θ c.m.

γ K � 8◦] were analyzed,
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FIG. 1. Schematic drawing of the p(e, e′K+)�/�0 reaction.
This shows the �/�0 − K+ production under one-photon-exchange
approximation.

and the differential cross sections for the p(e, e′K+)�/�0

reaction were obtained.
The data were collected in Experimental Hall A using

its two large magnetic spectrometers (HRS: High Resolution
Spectrometer [23]) as shown in Fig. 2. One of the HRSs
was used to detect the scattered electrons (HRS-L), and the
other was used to detect the produced kaons (HRS-R). Our
experiment ran from October 31 to November 26, 2018. We
performed the experiment using an electron beam set at an
energy of 4.326 GeV. However, a more accurate beam energy

FIG. 2. Overall experimental setup (not to scale) of the E12-17-
003 experiment at JLab Hall A. Quadrupole magnet (Q) and dipole
magnet (D) are combined as QQDQ. Z direction is defined as the
electron beam direction.

TABLE I. Kinematic settings and experimental performance for
the p(e, e′K+)�/�0 reaction using the hydrogen target in the E12-
17-003 experiment.

Parameter Value

Electron beam (e)
Beam energy 4.326 GeV
Energy spread (�E/E in FWHM) �1.0 × 10−4

Scattered electron (e′)
Central momentum 2.100 GeV/c
Momentum acceptance 4.5%
Momentum resolution (�p/p in FWHM) 1.0 × 10−4

Kaon (K+)
Central momentum 1.823 GeV/c
Momentum acceptance 4.5%
Momentum resolution (�p/p in FWHM) 1.0 × 10−4

of ≈4.313 GeV was measured periodically in front of the
target, which was used in the present analysis. The kinematic
settings of our experiment are summarized in Table I.

We dedicated about 25% of total beamtime into calibration
runs using the hydrogen target (see Table II).

III. ANALYSIS

The missing mass technique was used to reconstruct the
mass of the hyperon (MX) from the measured four-momenta
of the electrons (Ee′/c, Pe′ ) and kaons (EK/c, PK ). In the case
of the proton target, the missing masses correspond to masses
of produced hyperons:

MXc2 = [
E2

X − P2
Xc2

]1/2

= [(Ee − Ee′ + Mpc2 − EK )2−(Pe−Pe′−PK )2c2]1/2.

(3)

To obtain a background free missing mass spectrum, event
selection procedures are necessary. As a first step, we selected
the reaction point (Z vertex) to reject events originating from
the aluminum alloy of the gas cell end caps. A next step was
to identify kaons among positively charged particles detected
in the HRS-R. Kaon identification was successfully accom-
plished using the detector packages of the HRS-R, such as
the two aerogel Cherenkov detectors with refractive indices
of 1.015 and 1.055, respectively. Furthermore, time-of-flight
measurements were performed with a simultaneous use of
plastic scintillators behind both spectrometers (see Fig. 2).

TABLE II. Electron beams irradiated to the targets.

Beam current Beam charge
Target (µA) (C) Ne

Tritium 22.5 16.9 1.1 × 1020

Hydrogen 22.5 4.7 2.9 × 1019
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FIG. 3. The average Z-vertex distribution reconstructed by using
the two HRSs. The green line shows the cut |Z| < 10 cm where
events were selected. See text for details.

A. Vertex selection

Electron scattering occurs along the electron beam, in
the Z direction inside the gas target region. The Z-vertex
position was reconstructed using both HRSs independently.
Each spectrometer bends charged particles vertically along
the momentum dispersive plane leading to distinct positions
and angles at their respective focal planes. Meanwhile, the
horizontal components at the focal planes have information
of the Z vertex because it is independent of the momentum
dispersion. The Z-vertex reconstruction was found to be 5 mm
for 1σ using one of the HRSs.

The average Z-vertex distribution obtained from the HRSs
and its fitting functions are shown in Fig. 3: the two peaks at
−12.5 cm (front) and +12.5 cm (rear) come from the target
cell made of aluminum alloy [24]. Although the cell was
designed to be 25 cm long, only events within |Z| < 10 cm
were selected to avoid contamination.

In Fig. 3, the fitting functions consisted of double Gaus-
sians for the cell end caps and are shown in purple lines.
A second-order polynomial function convoluted by a Gaus-
sian to include the gas region is shown as a cyan line.
The aluminum contamination within the selected gas region
was found to be about 0.3%. The fitting worked well for
|Z| < 15 cm; however, some events can be seen outside of
the range. These events contribute to as much as 0.84% of
total counts and were taken into account as a systematic error.
Thus, the estimated Al contamination ratio within the selected
region was

(Al contami. ratio) = 0.30 ± 0.05(stat.)+0.84
−0.00(syst.) [%].

B. Kaon identification

Cherenkov detectors were used to separate K+ from
π+ and p based on their velocities in the HRS-R. The
threshold for the Cherenkov light emission is βthres =
pc/

√
m2c4 + p2c2 > 1/n. In this experiment, ≈1.8-GeV/c

particles passed through the aerogels located between the tim-
ing scintillators (see Fig. 2). Figure 4 shows the relationship

FIG. 4. K/π/p discrimination using the Cherenkov detectors for
this experiment (shaded band).

between momentum p and the velocity β for π+/K+ and
K+/p separation performed using the two aerogel detectors
in the off-line analysis. However, large amounts of contami-
nation from pions and protons still remain after applying the
Cherenkov cut as indicated in Fig. 5. In both spectrometers,
the S2 plastic scintillators measure the time of flight from the
target position:

t (target) = t (S2) − path length

βc

= t (S2) −
√

p2c2 + m2c4 × path length

pc2
(4)

with a path length of about 27 m. The coincidence time tCoin.

was defined as

tCoin. := tHRS−L(target) − tHRS−R(target). (5)

20− 15− 10− 5− 0 5 10 15 20
Coincidence Time [ns]

50

100

150

200

250

300

350

400

C
ou

nt
s/

0.
05

6n
s

FIG. 5. Coincidence time distribution obtained from Eq. (5). The
kaon region is selected as |tCoin.| < 1 ns.
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FIG. 6. Missing mass spectrum obtained from the p(e, e′K+)X
reaction.

If we assume the mass m is that of K+ for HRS-R and that
of e for HRS-L, then tCoin. = 0 for true (e, e′K+) events. The
coincidence time distribution obtained from the hydrogen data
is shown in Fig. 5. Three distinct peaks corresponding to
π+, K+, and p are clearly seen. The underlying accidental
background had a 2-ns bunch structure corresponding to the rf
of the accelerator; however, it cannot be seen due to the strict
cut of the aerogel Cherenkov detectors. This accidental back-
ground will be discussed later in Sec. III C. The cut condition
for the coincidence time was chosen to be |tCoin.| < 1 ns.

Figure 5 also shows the fitting functions used in the anal-
ysis taken to be a Voigt function for pions and kaons, and a
double Gaussian for protons. By definition, accidentals are
periodic superpositions of these distributions functions. As a
result of this fitting, the estimated pion contamination ratio
within the selected region was

(π+ contami. ratio) = 1.77+0.32
−0.28(stat.)+0.40

−0.04(syst.) [%].

C. Missing mass spectrum

The missing mass spectrum obtained from the hydrogen
target is shown in Fig. 6. Kaon identification was success-
fully accomplished using the detector packages of HRS-R. As
already shown in Fig. 5, under such a high-rate continuous
electron beam condition, background events due to accidental
coincidences of scattered electrons in HRS-L and positively
charged hadrons in HRS-R were unavoidable.

However, the accidentals contribution can be deduced by
making a distribution with artificially mixed events corre-
sponding to random coincidences between the two HRS
spectrometers. This analysis technique was applied and the
result is shown in Fig. 6 by the green line.

In Fig. 6, tail structures can be seen on the right side of both
peaks corresponding to the radiative tails. To derive the differ-
ential cross sections for the �/�0 production, these radiative
tails should be taken into account properly. Two techniques
were used for this purpose; one was to fit the spectrum by
using only the real data, and the other was to use a Monte

Carlo simulation (e.g., SIMC code [25]). Both techniques are
discussed in the following subsection.

D. Radiative tail

The background subtracted missing mass spectrum is
shown in Fig. 7. Other sources of background include events
originating from the target cell windows in the Z-vertex cut
(Fig. 3), and pion contamination in the coincidence time cut
(Fig. 5). Proton contamination in the coincidence time cut was
found to be negligible. The sum of those contributions was
estimated to be ≈2%. Radiative tails can be seen on the right
sides of the � and �0 peaks coming from both incoming and
outgoing electrons (dominant contribution).

The numbers of � and �0 events included in the radiative
tails can be obtained from the fit of the tails for both � (blue)
and �0 (cyan) as shown in Fig. 7, respectively.

Each fit function consisted of a sum of a Landau distri-
bution h(x) and exponential function f (x) convoluted by a
Gaussian g(x), namely,

[( f + h) ∗ g](x) = ( f ∗ g)(x) + (h ∗ g)(x) (6)⎧⎨
⎩

f (x) = exponential function
g(x) = Gaussian
h(x) = Landau distribution

.

Background contributions from the target cell and pion con-
tamination are shown as the orange line originating from a fit
with double Voigt functions. Scaling factors were determined
based on the contamination ratios and the total fitting function
is shown in a red line. The fitting result reproduced the data
well.

Radiative tails are dominated by events from the in-
coming and outgoing electrons and were estimated using
the in-house SIMC Monte Carlo simulation tool [25]. The
full target geometry including its aluminum end caps
as described in Sec. III A was included in the sim-
ulation. Radiation effects from both internal [26] and
external [27] contributions were taken into account. Be-
cause of the limited solid angle of the HRS (≈5.5 msr),
particles were generated uniformly assuming a negligible an-
gular dependence across the spectrometer acceptance. The
results of the simulation including radiative effects are shown
in Fig. 8.

The fitting result of Fig. 8 using a function that constructs
the tail component only by radiative effects based on the sim-
ulation gives a smaller number of detected hyperons than that
of Fig. 7, which reproduces the real data well. This is because
the data contain possible other unknown background. In the
present analysis, the number of detected hyperons obtained
from the fit of Fig. 7 was chosen as the most faithful value
based on the experimental data. Additionally, the variations
of the fitting results by changing the fit conditions and the
integral ranges, as well as those reflecting the distribution
reproduced by SIMC, were taken into account as systematic
errors. The upper error comes from the largest value among
these fitting variations, and the lower error comes from the
smallest value among them.
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FIG. 7. Fitting result of the missing mass spectrum after acciden-
tals subtraction. Blue and cyan lines are functions corresponding to
the � and �0 production, respectively. The background and total fit
function are shown in orange and red, respectively.

E. Derivation of the differential cross section

The extracted differential cross section was calculated from

(
dσγ ∗ p→K+�(�0 )

d�K+

)
HRS−R,i

= 1

NT
× 1

Nγ ∗
× 1

ε̄
×

N
�(�0 )∑
i=1

1

ε
DAQ
i ε

Decay
i ��HRS−R,i

(7)

where

N�(�0 ) = number of �(�0) events,

NT = number of proton targets [b−1],

Nγ ∗ = number of virtual photons,

ε̄ = average event cut efficiency,

ε
DAQ
i = DAQ efficiency when taking i-th event,

ε
Decay
i = survival ratio of K+,

��HRS−R,i = solid angle with HRS-R for i-th event [sr].

Since the target thickness of the gaseous hydrogen was
70.8 mg/cm2, the number of the target is NT = 0.0375 b−1.
The efficiencies, survival ratio (εDecay ≈ 14%), and solid an-
gle (��HRS−R ≈ 5.5 msr) should be considered on an event
by event basis; however, the cut efficiencies can be replaced
by the average value ε̄ obtained from the data. All compo-
nents of the efficiency and the average value are summarized
in Table III. The kaon survival ratio εDecay and solid angle
��HRS−R had a momentum dependence. Thus, these compo-
nents were explicitly separated from ε̄ and evaluated on an
event by event basis. The data acquisition efficiency εDAQ ≈
96% was evaluated on a run by run basis. Additionally,
Table IV summarizes the estimated systematic errors.

FIG. 8. Experimentally reconstructed missing mass spectrum
(black points) compared to our SIMC Monte Carlo simulation (red
points).

IV. RESULT

The measured differential cross sections for � and �0 are
summarized in Table V including an analysis of our data us-
ing two regions: Q2 < 0.5 (GeV/c)2 and Q2 � 0.5 (GeV/c)2

shown to provide a Q2 dependence. These results correspond
to Q2 � 0.5 (GeV/c)2, W = 2.14 GeV, and θ c.m.

γ K � 8◦. We
compare our results to past experiments and theoretical pre-
dictions in Figs. 9 and 10. The results with the full dataset
are shown in red and those with the divided dataset are shown
in blue. Statistical errors are represented by solid error bars,
while systematic errors are depicted as dashed boxes.

For comparison, other experimental data and theoretical
predictions based on the isobaric approach are shown in the
figures. It should be noted that the other data and the theoret-
ical calculations correspond to unpolarized differential cross
sections defined as

dσUL

d�c.m.
K

:= dσT

d�c.m.
K

+ ε
dσL

d�c.m.
K

(8)

which is obtained by averaging Eq. (2) over 360◦ with respect
to φγ K.

The other experimental data correspond to different kine-
matics [28–30]: a scaling method was used following the
procedure described by Mohring et al. [31] to compare the
various data points. All of the experimental data shown in
the figures were taken at forward angles, θ c.m.

γ K < 15◦. Also,
major isobaric models, BS1 [6], BS2 [6], BS3 [7], KM [1,2],
Saclay-Lyon (SL) [3], SLA [4], H2 [8], and Williams-Ji-
Cotanch (WJC) [9], are shown for W = 2.14 GeV, θ c.m.

γ K = 8◦,
and ε = 0.8. The KM model is displayed up to its maximum
computational range, Q2 = 2.2 (GeV/c)2. Our results do not
deviate significantly from the existing experimental data and
the theoretical calculations.

V. DISCUSSION

The unpolarized differential cross section is valid only if
the acceptance covers the whole azimuthal angular range of
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TABLE III. Efficiencies used for the cross section estimation.

Item ε̄(�) (%) ε̄(�0) (%) Description

εZ 82.5 76.2 Z-vertex cut for hydrogen target selection
εAC 60.2 59.1 Aerogel Cherenkov cut for kaon identification
εCT 98.8 97.0 Coincidence Time cut for kaon identification
εSingle 97.0 97.0 Percentage of single-hit events in HRS-L (excluding multihit)
εFP 96.2 96.2 Focal plane cut for removing unphysical events
εTrack 98.1 98.1 Percentage of successful track reconstructions
εχ2

>99.9 >99.9 χ 2 cut for the reconstructed tracks
εTotal 44.9 40.0 Total efficiencies of the above

360◦. However, our experimental apparatus covered an angle
approximately from 90◦ to 270◦. Therefore, in our dataset,
averaging over φγ K within our experimental acceptance
cancels the contribution of dσTT but retains that of dσLT with
a numerical factor:

dσave.

d�c.m.
K

:= dσT

d�c.m.
K

+ ε
dσL

d�c.m.
K

− 2

π

√
2ε(ε + 1)

dσLT

d�c.m.
K

. (9)

This average differential cross section corresponds to the ob-
tained results in Table V. A comparison with predictions of
the isobaric models calculated according to Eq. (9) is shown
in Fig. 11 for � electroproduction. Similarly, contributions
from the separate terms, the transverse dσT, longitudinal dσL,
and longitudinal-transverse interference dσLT, are compared
for the isobaric models in Figs. 12–14, respectively.

The average differential cross sections obtained in this
experiment are reproduced by the BS1 and BS2 models [6]
as seen in Fig. 11. These models were developed recently
using also the new data from the CLAS [15] and LEPS [19]
collaborations and they were proven to reproduce well the
photoproduction data at forward angles [6]. Based on our new
results, these models also reproduce the electroproduction
data in our kinematic region. The BS3 model also reproduces
our results relatively well. It is an extended version of the BS1
and BS2 models to electroproduction by adding couplings of
the nucleon resonances to the longitudinal component of the
virtual photon [7]. This is also why the BS3 model predicts
different Q2 dependence of the longitudinal terms, dσL and
dσLT, observed in Figs. 13 and 14.

TABLE IV. Summary of the estimated systematic errors.

� (%) �0 (%)

Item Lower Upper Lower Upper

B.G. from Al cell 0.89 0.05 0.89 0.05
Pion contamination 0.72 0.32 0.72 0.32
Radiative tail 9.43 4.30 25.2 47.6
Kaon survival ratio 4.13 0.76 4.13 0.76
Number of target centers 0.83 0.83 0.83 0.83
Number of beam particles 1.00 1.00 1.00 1.00
Number of virtual photons 1.40 2.30 1.76 1.11
Mixed event analysis 0.20 0.20 0.30 0.30
All 10.53 5.11 25.7 47.6

The KM model [1,2] has a steep rise at the average
differential cross section at low Q2 due to its strong dσL
term as shown in Fig. 13, and seems to reproduce our re-
sults. However, the behavior in the low-Q2 region was found
to be inconsistent with the new electroproduction data of
MAMI at Q2 = 0.055 (GeV/c)2 [32]. In particular, the lon-
gitudinal component was shown to be too large below Q2 =
0.055 (GeV/c)2. While the KM is known to reproduce well
photoproduction data, there is deviation from experimental
data for electroproduction especially at low Q2. This dis-
crepancy is due to the poor knowledge of the longitudinal
couplings since experimental data were scarce in the 1990s
when it was developed. Furthermore, the number of reso-
nances used in the KM model is only moderate similarly
as in the older models like SL, SLA, H2, and WJC. In
the K� channel, the KM model utilizes only the S11(1650),
P11(1710), P13(1720), and missing D13(1895) nucleon reso-
nances, whereas in the K� channels, the KM model makes
use of only the S11(1650), P11(1710), P13(1720), S31(1900),
and P31(1910) states. Therefore, in the K� channel, contribu-
tion to the longitudinal terms from other resonances seems
to be important to describe the small discrepancy between
the KM model and the present data as indicated in Figs. 13
and 14.

Next, the SL model [3] and the SLA model [4] also can
reproduce our results to some extent. Note that predictions
of these Saclay-Lyon models shown in the figures almost
overlap each other. Even though these models do not include
any couplings of the nucleon resonances with the longitudinal
component of the virtual photon and they could not use the
recent experimental data in their construction, they provide
results which are close to ours in this kinematic condition.

Finally, the H2 [8] and WJC model [9] are also relatively
old models but their results were shown here for comparison.
These models reveal similar Q2 dependence as the other mod-
els but they do not reproduce the magnitude of the average
differential cross section due to missing strength both in the
transverse and longitudinal terms. The H2 model was fitted
only to photoproduction data taken at CLAS in 2003 [16],
and therefore it was not expected to show great results for
electroproduction at other kinematic conditions.

The Q2 dependence of the response functions in Eq. (9)
is determined by a competition between their genuine depen-
dence on Q2 stemming from dynamics of an isobaric model
given by included Feynman diagrams [6,7], and dumping
effects due to the electromagnetic form factors which mimic
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TABLE V. Summary of the obtained differential cross sections.

Parameter Value

γ ∗ p → K+�

Full 0.426+0.024
−0.023(Stat.)+0.022

−0.045(Syst.) µb/sr at Q2 = 0.2–0.8 (GeV/c)2

Divided-1 0.554+0.033
−0.032(Stat.)+0.035

−0.079(Syst.) µb/sr at Q2 = 0.2–0.5 (GeV/c)2

Divided-2 0.338 ± 0.022(Stat.)+0.022
−0.055(Syst.) µb/sr at Q2 = 0.5–0.8 (GeV/c)2

γ ∗ p → K+�0

Full 0.086+0.009
−0.008(Stat.)+0.041

−0.022(Syst.) µb/sr at Q2 = 0.2–0.8 (GeV/c)2

Divided-1 0.128 ± 0.013(Stat.)+0.061
−0.033(Syst.) µb/sr at Q2 = 0.2–0.5 (GeV/c)2

Divided-2 0.041 ± 0.006(Stat.)+0.020
−0.010(Syst.) µb/sr at Q2 = 0.5–0.8 (GeV/c)2

an internal structure of the hadrons included in the models. In
Figs. 12 and 13, we show contributions from the transverse
and the longitudinal terms in Eq. (9), respectively. We see
that the overall Q2 dependence of the BS models observed
in Fig. 11 at Q2 < 0.5 (GeV/c)2 is given by the longitudinal
contribution. The peak observed in Fig. 13 dominates the
average differential cross sections and hence the BS models
can reproduce our results at Q2 � 0.5 (GeV/c)2. In contrast,
the SL model predicts large values of dσT but the dσL gives
only small contributions, which makes the difference between
the SL and BS models.

The longitudinal-transverse interference term is shown in
Fig. 14. This term has a relatively small effect on the average
differential cross section, hence the similarities for the average
differential cross section in Fig. 11 and unpolarized differen-
tial cross section in Fig. 9.

Let us mention that the strong Q2 dependence observed
in the divided data on the averaged full differential cross
section can impose constraints on dynamics of the theoreti-
cal models. Given the model dependence of this discussion,
the following discussion is based on the BS3 model as an
example. As already shown in Figs. 12–14, the separated
contributions dσT, dσL, and dσLT exhibit different Q2 depen-
dencies, with the peak structure being primarily formed by
dσL. In the low-Q2 region (Q2 < 0.5 (GeV/c)2), which in-

FIG. 9. Q2 dependence of the differential cross section for the
p(γ ∗, K+)� reaction.

cludes our experimental condition, this peak is mainly formed
due to the longitudinal couplings of the nucleon resonances
rather than the electromagnetic form factors. Therefore, the
pronounced Q2 dependence observed in our experimental
results is crucial for determining the longitudinal couplings
in the low-Q2 region. Significant sensitivity to a strength
of the longitudinal couplings is also observed in dσLT at
Q2 < 1 (GeV/c)2 but there are almost no effects in dσT

which reveals a steeply decreasing Q2 dependence in the BS3
model at Q2 < 1 (GeV/c)2. On the other hand, in the KM
model, dσL also shows a peak structure, but dσT remains
flatter than that of the BS3, indicating different dynamics.
Nevertheless, as mentioned in [32], the longitudinal couplings
play a significant role in determining dσL in the low-Q2

region. Thus, our experimental results, which reflect the Q2

dependence in the low-Q2 region, can impose constraints on
these theoretical models. However, it is important to note
that only two data points were obtained in the experiment,
each with a certain error. There is also no need to em-
phasize that experimental results on the separated dσT and
dσL cross sections would allow one to draw more specific
conclusions.

For �0 electroproduction, the KM model and the SL model
are the only available isobaric models to compare with our
results. The average differential cross section for �0 is shown

FIG. 10. Q2 dependence of the differential cross section for the
p(γ ∗, K+)�0 reaction.
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FIG. 11. Q2 dependence of the average differential cross sec-
tion for the p(γ ∗, K+)� reaction. Comparison in Q2 dependence
between our results and the isobaric models is shown.

FIG. 12. Q2 dependence of the transverse differential cross sec-
tion for the p(γ ∗, K+)� reaction.

FIG. 13. Q2 dependence of the longitudinal differential cross
section for the p(γ ∗, K+)� reaction.

FIG. 14. Q2 dependence of the transverse-longitudinal differen-
tial cross section for the p(γ ∗, K+)� reaction.

in Fig. 15. Similarly, the longitudinal-transverse interference
term has a small contribution. Both the KM and SL models
show similar results at our kinematic conditions. However, the
SL model can reproduce our results of steep Q2 dependence
more accurately, although having large systematic errors due
to the difficulties of the estimation of the radiative tail. For �0

electroproduction, both experimental and theoretical updates
are needed to clarify the differential cross section.

VI. CONCLUSION

In the present paper, the differential cross sections for
�/�0 electroproduction at forward angles were reported. De-
spite the fact that there are abundant experimental data for
photoproduction in a wide range of kinematics by CLAS,
SAPHIR, LEPS, and GRAAL collaborations, understanding
of production dynamics at forward angles has been lim-
ited because of the lack of experimental data at forward
angles due to experimental difficulties. On the other hand,

FIG. 15. Q2 dependence of the average differential cross sec-
tion for the p(γ ∗, K+)�0 reaction.
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electroproduction data can be taken at forward angles but
available data are still limited.

The results of the differential cross sections for �/�0

electroproduction obtained in this experiment were com-
pared with the theoretical predictions using the isobaric
models. Our results provided new data at forward angles
not covered by photoproduction so far. The best agree-
ments of � electroproduction are with the BS models,
which are also in good agreement with the new results
of CLAS.

In the BS3 model, the longitudinal couplings of the vir-
tual photon to nucleon fields play an important role in
obtaining satisfactory results as shown in [7]. At Q2 � 0.5
(GeV/c)2 contributions from these couplings enhance the
longitudinal cross section, making a peak. The contribution
from the longitudinal couplings cannot be investigated by
photoproduction, but can be approached only by electro-
production. Therefore our new data are an important input
to the theoretical models in determining the magnitudes of
the longitudinal couplings. This paper is expected not only
to advance our comprehension of fundamental aspects of
hyperon electroproduction and photoproduction but also to
extend its relevance to applied studies, such as hypernuclear
physics.
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