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Deep exclusive meson production (DEMP) reactions, such as p(é, ¢’z *)n, provide opportunities to study the three-
dimensional structure of the nucleon through differential cross section and beam- and target-spin asymmetry
measurements. This work aims to probe the onset of the hard/soft factorization regime through the exclusive
p(€,e'n*)n reaction, as measured in the KaonLT experiment at Jefferson Lab Hall C. A 10.6 GeV longitudinally
polarized electron beam was incident on an unpolarized liquid hydrogen target, and the scattered electron and
produced meson were detected in two magnetic focusing spectrometers, enabling precision cross section measure-
ments. The cross section ratio ¢;;, /o, was extracted from the beam-spin asymmetry A;;. The r-dependence of

611+/0, was determined at fixed Q% and x , over a range of kinematics from 2 < Q% < 6 GeV? above the resonance
region (W > 2 GeV). Furthermore, these data are combined with recent results from CLAS/CLAS12 to determine
the Q2-dependence of ¢, ;. /o, at two (xg, 1) settings. This was fairly flat, with Q? not having a measurable effect
on the value of 6,7, /0, in the range explored. Results are compared to predictions from the generalized parton
distribution (GPD) formalism, which relies explicitly on hard/soft factorization, and Regge formalism. The Regge
models better predict o, /o,, which suggests that the factorization regime is not yet reached.

1. Introduction

A quantitative description of simple hadronic systems such as light
mesons and nucleons is essential to our understanding of nuclear matter.
Deep exclusive meson production (DEMP) reactions, such as p(¢, ¢’z +)n,
provide opportunities to study the three-dimensional structure of the
nucleon through differential cross section and beam- and target-spin
asymmetry measurements. DEMP reactions can be conveniently de-
scribed using three Lorentz invariants. Q% = —(p, — p,/)* is the nega-
tive of the four-momentum transfer squared of the virtual photon. Ad-
ditionally, the reaction is characterized by the invariant mass of the
virtual photon-nucleon system, W2 = (p, + p,«)?, and the Mandelstam
variable t = (p,« — p,)?. Alternatively, the Bjorken scaling variable xp =
0%/(2p, - p,) may replace W.

Hard/soft factorization describes the expression of the y*p ampli-
tude as the convolution of a hard-scattering subprocess and a non-
perturbative (soft) subprocess. A factorization theorem has been proven
for DEMP events involving longitudinally polarized virtual photons
[1,2], and the contribution of transversely polarized virtual photons
has been treated as a twist-3 effect in this approach [3]. Hard/soft
factorization is expected to apply in the limit of large Q2 at fixed
xp and t. For Deep Virtual Compton Scattering (DVCS), factorization
appears valid even at modest O ~2 GeV? [4,5], but the minimum
Q? for which factorization may be valid for DEMP is still unknown
[6].

The identification of this factorization regime for p(¢, ¢’ z*)n is of high
interest to hadronic physics, as factorization allows for the extraction
of Generalized Parton Distributions (GPDs). GPDs [7,8] unify the con-
cepts of parton distributions and hadronic form factors by correlating
the transverse position and longitudinal momentum of partons. Measur-
ing these observables is expected to facilitate numerous advances in our
understanding of nucleon structure, for example providing information
on the orbital angular momentum of partons, which is needed for solv-
ing the proton spin crisis [8,9]. DEMP reactions provide complementary
information to DVCS towards the extraction of GPDs; DVCS primarily
probes chiral-even GPDs, whereas DEMP also probes chiral-odd GPDs
[3,10]. The DEMP reaction p(, ¢/ #*)n in particular has a significant con-
tribution from the GPD Hy [3], therefore polarized z* observables in
the factorization regime could be used to probe fundamental quantities
such as the still unknown tensor charge of the nucleon, which is calcu-
lated from the integral of Hy [10].

To investigate the onset of hard/soft factorization, the KaonLT ex-
periment (E12-09-011 [11]) at Hall C of the Thomas Jefferson National
Accelerator Facility (Jefferson Lab or JLab) measured DEMP reactions
over a range of kinematics from 2 < Q% < 6 GeV? above the resonance
region (W > 2 GeV). The KaonLT data will allow for the extraction of
a number of hadronic structure observables including the total cross
section o, longitudinal and transverse cross sections o; and oy (where

Fig. 1. Reaction diagram for p(€, ¢’z*)n. The angle ¢ is defined as the azimuthal
angle between the electron scattering plane (defined by e and ¢’) and the hadron
reaction plane (defined by z* and n).

the subscript denotes the virtual photon polarization), and interference
cross sections o1, o7, and oy .

In this work, the cross section ratio ;1 /oy is extracted from beam-
spin asymmetry measurements of p(¢, ¢/ z*)n. The prime in the subscript
of 6,7+ denotes polarization, as ;7 is only accessible in the case of
a longitudinally polarized incident electron beam. ¢, is proportional
to the imaginary part of interference between longitudinally and trans-
versely polarized virtual photons (as opposed to o, -, which is accessible
with an unpolarized beam, and is proportional to the real part of the
same interference amplitude) [12]. In the one-photon exchange approx-
imation, this asymmetry can be expressed as [12,13]

fre(l—e) LT &
2¢e(1-¢) 0 sin¢g (1)

OLT o OTT oo ’
l+\/2€(l+€) P cos p+e P cos 2¢p

Apy(Q%xp.t,¢) =

where ¢ is the ratio of longitudinal to transverse polarized virtual
photon flux and ¢ is the azimuthal angle shown in Fig. 1 [14]. All
three interference terms are required to vanish when ¢t = —|t|,;, and 7 =
—|#|max; for these values the y*p — z*n reaction is collinear in the struck
proton rest system and ¢ is undefined. The subscript LU specifies the
asymmetry resulting from a longitudinally polarized incident electron
beam and an unpolarized target. 6,7+ /0 is extracted from the asymme-
try via the sin ¢ amplitude of A, defined as ASL";]"’ =1/2e(1 — €)o7 /0y

There are two main approaches to describe this observable: the
first is to assume factorization and describe the reaction using GPDs
(Fig. 2(a)). An alternative description of DEMP reactions is based on
Regge models. Here, the interaction is mediated by the exchange of me-
son trajectories in the t channel (Fig. 2(b)). Regge models [15] have been
extended from photoproduction (Q?>=0) [16] to DEMP [17], and have
successfully described DEMP reactions at Hall C kinematics [18]. Unlike
GPDs, the validity of Regge models does not explicitly rely on hard/soft
factorization, neither do they describe the three-dimensional structure
of the nucleon. This work compares o/ /o, to predictions from three
models [16,19,20] to explore if a GPD or Regge description is more
applicable to DEMP reactions at these kinematics. If the GPD-based
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Fig. 2. Exclusive z* electroproduction from the proton. (a) Factorization of
the reaction into a hard scattering part and a soft part described by a GPD. An
additional soft part known as the pion distribution amplitude (DA) describes
the final state pion formation. (b) A Regge process, in which X represents the
exchange of several particles along a Regge trajectory up to a cutoff.

model clearly outperforms the Regge models, it would be a strong indi-
cation of factorization validity at these kinematics.

2. Experiment

Ajy is experimentally calculated as a fractional difference of yield
based on the helicity of the incident electron Y*.

+ e
Ay = %(%) @
A;p has been previously measured above the resonance region at Jef-
ferson Lab Hall B in exclusive z* production [21,22], and in exclusive
70 [23]. This work reports the first measurement of A Lo in pE,e'z)n
from Hall C as part of the KaonLT experiment. The experimental setup
of Hall C, with two small acceptance and high precision spectrometers,
enables a measurement with significantly finer kinematic binning and
cleaner identification of the exclusive final state compared to previous
measurements of this observable.

The KaonLT experiment ran for 90 days, of which 40 were used for
the high beam energy data set reported here. A continuous wave elec-
tron beam with energy 10.585 GeV and current up to 70 uA was used.
The beam energy was determined to +3.6 MeV by measuring the bend
angle of the beam into Hall C, as it traversed a set of dipole magnets with
precisely calibrated field integrals [24]. The beam helicity was flipped
at a frequency of 30 Hz in a pseudo-random sequence, with a helicity-
correlated charge asymmetry of up to 0.1 % [25]. No dedicated beam
polarization measurements were made in Hall C. Rather, Mott polarime-
try measurements were taken at the injector to the accelerator (90 + 1 %)
[26], and a calculation of the spin precession through the accelerator in-
dicated that for this beam energy Hall C receives 99 % of the source po-
larization. These gave a result of 89:“;% longitudinal beam polarization
to Hall C, where the uncertainty is determined from the beam energy
uncertainty and the range of possible linac energy imbalance. This spin-
precession calculation is consistent with direct measurements in Hall
B, which gave on average 86 + 2 % polarization during the same run pe-
riod. Beam quality was assured by continuous measurements from three
beam position monitors [27], four beam current monitors [28], and an
Unser monitor [29].

The electron beam was incident upon a 10 cm (762 mg/cm?) cryo-
genic unpolarized liquid hydrogen target. Charged pions were detected
in the recently commissioned Super High Momentum Spectrometer
(SHMS), which has momentum acceptance Ap/p from -10 to +20%
of the central momentum, a maximum central momentum of 11 GeV/c,
and covers a solid angle of AQ =4 msr [30]. Scattered electrons were
detected in the High Momentum Spectrometer (HMS), which has mo-
mentum acceptance Ap/p = +8% and solid angle acceptance AQ =7
msr. The maximum HMS central momentum is 7 GeV/c, and the cen-
tral momentum is chosen to set the values (Q2,x ) for each experimental
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Fig. 3. Coincidence time and missing mass spectra for Q> =3.0 GeV?, x5 =0.25,
center SHMS setting. (a) Coincidence time between the HMS and SHMS. The
prompt peak selected is highlighted in grey, and the windows used to subtract
random coincidences are hatched. (b) Missing mass distribution of p(é, ¢’z )n.
The solid line shows the upper missing mass cut used, and the dashed lines show
the variation of the cut used to calculate a cut dependence. The lower missing
mass cut is 0.91 GeV, and its contribution to the cut dependence is evaluated by
removing this cut entirely.

setting [31]. Both spectrometers include two drift chambers for track re-
construction, hodoscope arrays for triggering, threshold Cherenkov de-
tectors and lead-glass calorimeters for particle identification. An open
trigger in the hadron arm resulted in the collection of high-quality z*
data in addition to the K* sample. Positive pions were identified in
the SHMS using an aerogel Cherenkov detector with refractive index
n=1.015 (for p, <5 GeV/c) or n = 1.011 (for p, > 5 GeV/c), for a pion
detection efficiency of 97 %. Electrons were identified in the HMS via a
gas Cherenkov detector filled with C,F,, at 0.48 atm (refractive index
1.0008) in combination with the lead-glass calorimeter.

A coincidence window of +2.25ns between the SHMS and HMS
trigger was used to ensure both the pion and electron came from the
same beam bunch. Any remaining contamination from real e — p and
e — K* coincidences was eliminated with a missing mass cut of 0.91 <
m, <1.01 GeV (Fig. 3). For the p(¢,e¢’z*)n reaction, the reconstructed
missing mass, m> = (m,+ p, — py — p,)*, is close to the free neutron
mass, with a radiative tail extending to higher m, (Fig. 3). The upper
cut on the missing mass was selected to include as much of the ra-
diative tail as possible without including contamination from e — K*
events or Semi-Inclusive Deep Inelastic Scattering (SIDIS), which be-
gins at m, = 1.05 GeV (considering the experimental resolution of m,).
To investigate the effects of radiation, events were simulated both with
and without radiative corrections applied in the Hall C Monte Carlo
SIMC [32]. The simulated asymmetry was calculated for every experi-
mental (Q2,xp,~1) bin, and it was found that the radiative corrections
changed the input asymmetry by no more than 0.6 %. As this is sig-
nificantly smaller than the other uncertainties, no radiative corrections
were applied to the data.

A sample of random coincidences (~3 % of events at x5 =0.4 and
~12% at xp=0.25) was subtracted before the data was beam charge-
normalized. Additionally, a comparable amount of data was collected
on two aluminum foils placed 10 cm apart. This data was also beam
charge-normalized, then subtracted from the experimental yields to re-
move background from the aluminum target cell walls (1-2 % of events).
The detector efficiencies were verified to be uncorrelated with the elec-
tron beam helicity, and therefore they cancel in the calculation of A,
(Eq. (2)).

The (02, x p) settings studied in this experiment are shown in Fig. 4.
For each (Q?, xp) setting, the data were split into 5—8 bins in ¢ and
15 bins in ¢, with the number of ¢-bins determined by the number of
events at each setting. In exclusive pion production, the experimental
acceptances in xp, Q% and ¢ are correlated. Thus, for each -bin (but
independent of ¢), the mean (Q?) and (x ) values of the data vary from
the ‘central’ values. This is visible in Fig. 4, where each setting is not a
single point, but a group of points, each representing one ¢-bin. The value
of ¢, which determines the conversion from Af‘l'/d’ to o /0y, varies by
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Fig. 4. Phase space plot of the kinematics for which o,/ /o, has been measured
[21,22] [This work]. The error bars indicate the standard deviations in x and
0? spanned by each data point. Note that 3 variables (Q?, xp, 1) are required to
fully describe exclusive reaction kinematics, the different data points are taken
at different 7-values not indicated here. Each grouping of data points represents
one setting, where —¢ increases from left to right. For both CLAS datasets, only
—t < 0.8 GeV? data are shown, corresponding to the upper range of the KaonLT
data. By combining these data sets, the Q* dependence of ¢, /o, can be deter-
mined at fixed —¢ for two values of x5, shown as dashed lines.

at most 0.015 within a setting. See Table 2 for the precise kinematics of
each measurement.

For each (Q2, x p) setting, the HMS angle and central momentum, as
well as the SHMS central momentum, were kept fixed. To attain full
coverage in ¢, data were taken with the SHMS at +3° of the g-vector
direction (virtual photon momentum), in addition to data centered on
the g-vector (center setting). For further details on the 7 — ¢ coverage,
see the Supplemental Material. The asymmetry was calculated accord-
ing to Eq. (2) for each #-bin at each of the three SHMS angles. An
error-weighted average was then taken to obtain a complete ¢ distri-
bution. Fig. 5 shows the binned asymmetry for central kinematics of
0% =3GeV?, x5 =0.25 for illustration.

The relevant kinematic variables, Q2, xp, W, and ¢ were recon-
structed from the measured spectrometer quantities. Using proton-
electron elastic coincidences (where the proton is detected in the SHMS
and the electron in the HMS) as an over-determined reaction, the beam
momentum and the spectrometer central momenta were determined ab-
solutely to < 0.5 %, while the incident beam angle and spectrometer cen-
tral angles were absolutely determined to < 0.5 mrad (method in [34]).

Previous work assumed that 6,1 /0y < 1 and 6,1 /0y < 1, such that
Eq. (1) simplifies to

Ay = V2e(l o) ”iT’ sin ¢, 3)

0

the justification being that Egs. (1) and (3) gave extremely similar
results for Ai‘l’]‘l’ = +/2e(l — €)o 1 /0y [21,22]. Neglecting o, /0, and
orr/oy appears to be a low — approximation, which is insufficiently
accurate for our fits at higher —#, as seen in the last panel of Fig. 5.
The authors are aware of no theoretical constraints for why ¢; /06, and
orr /o, should be negligible. Additionally, a Monte Carlo study was per-
formed which determined that at the experimental precision, it is not
feasible to ac_curately determine if o, /6, and opp /0, are negligible.
Therefore, ASL“Z]‘/’ was determined using Eq. (1), with 6,1 /0, and 671 /0,
left as free parameters in the fit. The statistical error on Ai';;” is taken
as the error of fitting when including the statistical uncertainties per ¢
bin. The cross section ratio o4+ /0, and its statistical uncertainty were
then extracted from ASL"L’]"’.

There are three main sources of systematic uncertainty. First is the
difference in o/ /o, obtained using Eqgs. (1) and (3). Since such a dif-

ference is unidirectional, the total systematic error (obtained from the
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quadrature sum of systematic uncertainties) is asymmetric, denoted SSTYS

and (Sslys for the upper and lower error bars. This is the dominant sys-
tematic, contributing an average error of 12 %, but up to 70 % in the bin
(0%, xp)=(3.0, 0.40) and 0.25 < —t < 0.3. Additionally, the uncertainty
on the beam polarization contributed an uncertainty of ’_'é:j‘%, and the
dependence of o, 7+ /0, on the exact values used in the coincidence time
and missing mass cuts contributed between 1-7 %, with one outlier at
12%. In general, the systematics are on par with or smaller than the
statistical error, and of a similar magnitude to the systematic errors in
the CLAS12 measurement [21].

3. t-dependence comparison with theoretical expectations

Fig. 6 shows o}/ /0, versus —t in comparison to theoretical predic-
tions and CLAS12 data. The results from this work are in good agree-
ment with results from CLAS12, showing a similar magnitude and #-
dependence of ;7 /0, [21]. In particular, KaonLT and CLAS12 data
points with very similar Q%, x; and ¢ agree within the quoted uncer-
tainties.

Three distinct models were considered, of which two are based on
Regge trajectories, and one on GPD formalism. The Goloskokov-Kroll
(GK) model [3,19] calculates ¢4+ for deep exclusive z* production in
terms of the twist-2 longitudinal (E, H) and twist-3 transverse (Ep,Hy)
GPDs, with pion pole contributions at low —¢. The default version of the
GK model, denoted GK1, shows better agreement for xz = 0.40 than for
xp = 0.25, in which case its -dependence does not match the data. In
Ref. [21], the argument was made that increasing the GPD Hy in the GK
calculation resulted in better agreement with experimental data. In this
work, the curve GK2 is the GK model with the modification H; — 2H.
GK2 has a lower magnitude than GK1, bringing it closer to data, but it
still does not re-create the t-dependence of ¢,/ at all kinematics.

Secondly, the Vrancx-Ryckebush (VR) model [20] considers
Reggeized 7(140), p(770), and a,(1260) exchanges. Including only z(140)
and p(770) leads to a vanishing A, ;. The inclusion of the axial-vector
a,(1260) exchange generates a non-zero A, through interference with
vector p(770) exchange [35]. However, this interference is still insuffi-
cient to reproduce A, from previous CLAS data [36] without proper
treatment of the “resonant effect” caused by nucleon form factors. In
this work, the VR model predicts the data reasonably well at low —z, but
it does not capture the plateau of ¢; 7 /o, that occurs at higher —z.

Finally, the Yu-Choi-Kong (YCK) model predicts A;;, using Regge
propagators, with contribution of the magnetic moment term of the nu-
cleon with the Pauli form factor F,(Q?). It incorporates the exchange of
tensor meson a,(1320) with axial mesons a; and b,(1235), which were
not included in the earlier version [37]. In the new model, the elec-
tromagnetic form factors (EMFFs) of the nucleon are considered in two
categories: the GPD-mediated form [38], designated YCK1, and the typ-
ical dipole form, designated YCK2. The YCK1 model presents the best
agreement with this work. YCK2 underestimates o 7+ /0, but YCK1 pro-
vides a reasonable prediction of both the magnitude and 7-dependence
of 671 /0y.

Quantitatively, YCK1 has the lowest average y2/NDF, although none
of the calculated y?/NDF values are close to 1. The VR model has the
second-lowest y2/NDF, but this is artificially influenced by the majority
of data points being at low —t, before the VR model clearly diverges from
the data.

4. Q?-dependence comparison with theoretical expectations

By comparing data between CLAS, CLAS12, and this work, two kine-
matic ranges were identified where it was possible to hold x and ¢
essentially constant while varying Q2, allowing the Q?-dependence of
o7 /0p to be determined (Fig. 4). The results are shown in Fig. 7 and
tabulated in Table 1. Predictions of all models shown on Fig. 6 are also
computed for the kinematics of Fig. 7. To generate a smooth curve, a
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Fig. 5. A,y as a function of ¢ for the first four 7-bins for central values of Q> = 3 GeV?, x5 =0.25. The solid line shows the data fit with Eq. (1) and the dashed line
Eq. (3) (see text for explanation). Uncertainties are statistical only.
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Fig. 6. The extracted o, /0, as a function of —t for each (Q?, x;) setting. The horizontal error bar indicates the width of the ¢-bin, and the double vertical error
bar shows the statistical and total errors. Exact values of ¢, /o, and its uncertainties, as well as binned kinematics, are presented in Table 2. Settings are labeled
by the central (Q?, x;) values, but the mean values < Q% > and < x > vary per bin. The smooth curves represent theory predictions (see legend). GK1 refers to
the default GK version [33], and GK2 is the GK model with the modification of H; — H * 2, following the example of Ref. [21]. YCK1 is the YCK model with the
nucleon EMFFs parametrized with GPDs, whereas YCK2 uses a dipole parametrization. The VR model is also shown, and all models are described in the text. At low
—t, where o, . /6, varies rapidly, the models are evaluated at the mean kinematics per bin of the KaonLT data. When the plotting range extends beyond the — range
of the data, the model is evaluated using the kinematics of the highest-r KaonLT point available. In addition, some CLAS12 data at similar kinematics are plotted for
comparison. CLAS12 data were chosen based on two criteria; first, the mean kinematics must be similar, and second, there must be significant overlap between the
limits of the kinematic bins (see Fig. 4.).

Table 1

Data used in two scans of the Q?-dependence of ¢, . /o, (Fig. 7) [21,22][This work]. Quantities enclosed in angled brackets
denote the mean value of that variable in each ¢-bin, and the standard deviation of Q2 and x, in the bin is provided. The
columns 8, 5Slys and 5STYS refer to the uncertainties of o, /o,. In the selection of data points for each scan, (x;) and (1)
were constrained to within the provided range, even if the standard deviation of the variable is larger. The systematic error

of the KaonLT data is asymmetric, with 6Slys (6STYS) denoting the lower (upper) bounds. The total error in each direction is

the sum of d,, and 6Sly5 (5STYS) in quadrature.
Dataset (=) [GeV2] (0% [GeV2]  (xp) (e) our /o Baa Bys s
(@) x5 = 0.250 +0.006, —t = 0.111 + 0.004 GeV>
CLAS 0.108 1.58 + 0.20 0.254 + 0.030 0.648 0.0893 0.0115 0.0118 0.0118
CLAS12 0.111 1.86 + 0.26 0.252 + 0.025 0.866 0.0556 0.0078 0.0064 0.0064
CLAS12 0.111 2.78 +0.36 0.248 + 0.024 0.661 0.0670 0.0126 0.0048 0.0048
KaonLT 0.115 2.88 +0.17 0.244 + 0.014 0.678 0.0653 0.0100 0.0034 0.0047
(b) x = 0.400 + 0.008, — = 0.37 + 0.03 GeV>
CLAS12 0.365 2.63 + 0.41 0.405 + 0.022 0.895 0.1337 0.0119 0.0119 0.0119
KaonLT 0.376 3.02 +£0.17 0.406 + 0.022 0.885 0.1263 0.0233 0.0115 0.0103
CLAS12 0.398 4.22 + 0.66 0.408 + 0.023 0.704 0.1670 0.0187 0.0127 0.0127
KaonLT 0.395 4.45 + 0.22 0.402 + 0.022 0.719 0.1272 0.0153 0.0108 0.0029
KaonLT 0.347 5.42 +0.23 0.394 + 0.018 0.525 0.1324 0.0143 0.0082 0.0030
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Table 2

Summary of all KaonLT measurements of ¢, /6. The data is divided by experimental setting, each of which is labeled by a central Q* and
xp and corresponds to one panel of Fig. 6. Quantities enclosed in angled brackets denote the mean value of that variable in each #-bin. For
Mandelstam ¢, the bin borders are provided as a range, whereas for other kinematics the standard deviation of the value is given. The column
(tmin) Provides —t,.. as calculated from (Q?) and (x,). Since each event has its own Q? and x,, each event also has its own —,;,, so the
lowest border of the first 7-bin can be lower than (—1,,;,). The variation of (Q?) and (x) within a setting is statistically significant, whereas
the variation of (¢) is not. The columns 6, 5, and 5, refer to the uncertainties of o, /,. The systematic error is asymmetric, with 5

sys sys sys
(G denoting the lower (upper) bounds. The total error in each direction is the sum of &, and 5L (81 ) in quadrature.

sys sys \Osys

(-1) —t range (~Trmin) (0% (xp) (&) our/oy am Siys 8y
[GeV?] [GeV?] [GeV?] [GeV?]

(a) Q*=3.0GeV?, x; =0.40

0.150 0.09 - 0.20 0.141 2.50 = 0.10 0.336 + 0.017 0.890 + 0.005 0.0852 0.0211 0.0054 0.0118
0.227 0.20 - 0.25 0.168 2.67 +0.12 0.362 + 0.016 0.891 + 0.006 0.0764 0.0193 0.0075 0.0063
0.275 0.25-0.30 0.186 2.80 + 0.15 0.378 + 0.019 0.888 + 0.007 0.0570 0.0155 0.0028 0.0356
0.323 0.30-0.35 0.205 292 +0.17 0.393 + 0.021 0.886 + 0.008 0.1133 0.0180 0.0057 0.0060
0.376 0.35 - 0.40 0.223 3.02+0.17 0.406 + 0.023 0.884 + 0.009 0.1263 0.0233 0.0115 0.0103
0.447 0.40 - 0.50 0.248 3.13+0.17 0.424 + 0.025 0.884 + 0.009 0.1259 0.0167 0.0071 0.0162
0.621 0.50 - 0.80 0.303 3.34+0.17 0.459 + 0.029 0.885 + 0.009 0.1479 0.0140 0.0138 0.0022
(b) Q> =4.4GeV?, x5 =0.40

0.154 0.09 - 0.20 0.167 3.90 + 0.16 0.358 + 0.017 0.709 + 0.010 0.0382 0.0107 0.0281 0.0281
0.242 0.21 - 0.28 0.190 412 +0.17 0.377 + 0.015 0.724 + 0.009 0.1012 0.0156 0.0084 0.0026
0.316 0.28 - 0.35 0.208 4.30 + 0.20 0.390 + 0.019 0.719 + 0.011 0.1323 0.0143 0.0053 0.0082
0.398 0.35-0.45 0.224 4.45 + 0.22 0.402 + 0.022 0.719 + 0.012 0.1272 0.0153 0.0108 0.0029
0.574 0.45-0.80 0.250 4.67 + 0.24 0.420 + 0.026 0.722 + 0.011 0.1356 0.0134 0.0118 0.0032
(0) Q*=5.5GeV?, x5 =0.40

0.183 0.11 -0.24 0.178 5.07 £ 0.18 0.365 + 0.015 0.520 + 0.009 0.0281 0.0254 0.033 0.0132
0.271 0.24 - 0.30 0.198 5.26 +0.19 0.381 + 0.015 0.532 + 0.009 0.0559 0.0191 0.0037 0.0120
0.347 0.30 - 0.40 0.215 5.42 + 0.23 0.394 + 0.018 0.530 + 0.010 0.0880 0.0200 0.0082 0.0030
0.445 0.40 - 0.50 0.230 5.55+0.25 0.405 + 0.020 0.532 + 0.011 0.1205 0.0200 0.0065 0.0054
0.616 0.50 - 0.80 0.251 5.71 + 0.25 0.418 + 0.021 0.535 + 0.011 0.1095 0.0187 0.0118 0.0046
(d) Q>=2.1GeV?, x5 =0.21

0.026 0.01 - 0.04 0.034 1.74 + 0.09 0.177 + 0.011 0.785 + 0.009 0.0310 0.0124 0.0037 0.0039
0.055 0.04 - 0.07 0.041 1.87 £ 0.12 0.194 + 0.012 0.801 + 0.008 0.0483 0.0071 0.0021 0.0019
0.085 0.07 - 0.10 0.046 1.99 + 0.15 0.204 + 0.015 0.797 + 0.009 0.0572 0.0075 0.0021 0.0072
0.115 0.10-0.13 0.049 2.06 + 0.17 0.210 + 0.018 0.794 + 0.010 0.0803 0.0073 0.0042 0.0021
0.145 0.13-0.16 0.051 2.11 +0.18 0.215 + 0.019 0.792 + 0.011 0.0929 0.0075 0.0100 0.0044
0.180 0.16 - 0.20 0.054 2.16 + 0.18 0.219 + 0.019 0.791 + 0.012 0.1084 0.0079 0.0104 0.0019
0.244 0.20 - 0.30 0.057 2.25+0.18 0.225 + 0.020 0.790 + 0.012 0.1055 0.0071 0.0080 0.0015
0.373 0.30 - 0.50 0.064 2.38 +0.17 0.237 + 0.020 0.789 + 0.012 0.1079 0.0103 0.0078 0.0036
(e) Q*=3.0GeV?, x;=0.25

0.046 0.02 - 0.07 0.055 2.60 + 0.11 0.221 + 0.011 0.661 + 0.010 0.0324 0.0145 0.0026 0.0037
0.085 0.07 - 0.10 0.062 2.77 + 0.14 0.234 + 0.012 0.677 + 0.009 0.0626 0.0100 0.0034 0.0018
0.115 0.10-0.13 0.068 2.88 +0.17 0.244 + 0.014 0.678 + 0.009 0.0653 0.0100 0.0034 0.0047
0.145 0.13-0.16 0.071 2.95+0.18 0.249 + 0.016 0.674 + 0.010 0.0822 0.0109 0.0045 0.0048
0.179 0.16 - 0.20 0.073 2.99 +0.20 0.252 + 0.017 0.671 + 0.012 0.1098 0.0092 0.0075 0.0034
0.246 0.20 - 0.30 0.077 3.07 + 0.20 0.257 + 0.019 0.670 + 0.012 0.1084 0.0075 0.0061 0.0022
0.379 0.30 - 0.50 0.082 3.21 +0.19 0.265 + 0.018 0.671 + 0.012 0.1123 0.0089 0.0071 0.0044
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Fig. 7. Values of ¢, /o, from three experiments [21,22] [This work] plotted
as a function of Q? for the kinematics (a) x = 0.250 + 0.006, —t = 0.111 + 0.004
GeV?, (b) xp = 0.400 + 0.008, —t = 0.37 + 0.03 GeV>. The Q?-dependence of the
data is consistent, within error, with a horizontal line. The GK1 and GK2 curves
continue a uniform increase after going off-scale. Theory curves are evaluated
at (a) e = 0.71 (b) e = 0.77. Fig. 4 shows the x regions selected for this analysis.
Only the points which also satisfy the criterion in — are included here.

single ¢ value is used when calculating theoretical predictions; some de-
viations between data and theory could be a result of this averaging
effect. In Fig. 6, it can be seen that most theory curves incorporate a Q-
dependence, in which the magnitude of the predicted o, /0, increases
with Q2. This work suggests that in this regime, a description involving
a significant Q2-dependence is not supported by the data.

At the two (xp,r) points investigated, (xz = 0.400 +0.008,—r =
0.37 £0.03) and (x5 = 0.250 + 0.006, — = 0.111 + 0.004), the asymmetry
is largely independent of Q. Future measurements of o, /c, over a
wider range of Q%> would be beneficial to further test this dependence.
Additional data have been taken in Hall C (PionLT experiment, E12-19-
006 [39]) which could be used for this analysis.

Both Regge-based models (VR, YCK) outperform the GPD-based GK
model in predicting the Q>-dependence of ¢,7/6,. The GK model is
among the best available GPD models, and provides a good benchmark
for comparison of experimental data with factorization expectations. As
such, the fact that the GK model provides a poor description of the #-
dependence of o, /0, at low —¢ in Fig. 6, as well as a poor descrip-
tion of the Q?-dependence in Fig. 7, lends support to the hypothesis
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that the factorization regime has not yet been reached. However, it
should be noted that ¢ 7 /o, is a twist-3 quantity, which adds additional
complexity to a GPD-based prediction. Some of the deviations of the GK
model from the data could owe to higher-twist effects not included in
the GK model while still being consistent with factorization. We encour-
age the development of future GPD models which could be used for a
more thorough test of o; 7 /0.

5. Discussion and conclusions

The recent CLAS12 measurement of o7 /o [21] concluded that the
GK2 model best described the data, at least at higher Q2, ergo the data
(maximum Q?=5.5GeV?) reached the hard/soft factorization regime.
With the finer binning at lower —¢ afforded by the KaonLT data and ac-
cess to the new YCK model, we believe there is insufficient evidence
to support this conclusion. We suggest the extraction of GPDs from
these data should be delayed until a model-independent test can be
performed, for example a Q™" scaling study at fixed x of Rosenbluth
separated cross-sections. A previous scaling study of pion electroproduc-
tion up to 0*=3.9 GeV? from the Fz-2 Collaboration was inconclusive
[40], but analysis is ongoing with data from the KaonLT (maximum
0?=5.5GeV? [11]) and PionLT (maximum Q®=8.5GeV? [39]) experi-
ments.

In summary, the observable A, and the cross section ratio ;4 /0
of the p(¢,e’z+)n reaction have been measured at Hall C of Jefferson
Lab over a wide range of kinematics. The dependence of ¢/ /6, on
t at fixed (Q?, xp), and the dependence on Q? at two fixed (f, xp)
was explored and compared to theoretical calculations. In all cases, the
Regge-based models outperformed the GPD-based GK model, with the
best agreement being with YCK1, a Regge model in which the nucleon
EMFFs are parametrized with GPDs. This lends support to the hypothesis
that the hard-soft factorization scheme is not yet applicable to this reac-
tion in these kinematics. Rosenbluth separation and factorization scaling
studies of the p(e, ¢’ z1)n reaction forthcoming from Hall C will be able
to provide a model-independent check of this hypothesis. Additional
KaonLT results will include measurements of ¢, 7+ /o, in p(e, ¢’ z+)A° and
u-channel meson production, and Rosenbluth separated cross-sections
for p(e,e’ KT)A/Z.
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