1 Regge and GPD Comparison of Beam Spin Asymmetry in Exclusive Pion
2 Electroproduction
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The cross section ratio o7/ /oo was extracted from the beam spin asymmetry Ary in exclusive
ple, e’n)n in the KaonLT experiment at Jefferson Lab Hall C. Az was measured using a 10.6 GeV
longitudinally polarized electron beam incident on an unpolarized liquid hydrogen target, with the
scattered electron and produced meson detected in two magnetic focusing spectrometers enabling
precision cross section measurements. The t-dependence of o7/ /0o was determined at fixed Q? and
xp over a range of kinematics from 2 < Q* < 6 GeV? above the resonance region (W > 2 GeV).
Results are compared to predictions from both the generalized parton distribution (GPD) and
Regge formalisms. Furthermore, these data are combined with recent results from CLAS/CLAS12
to determine the Q2 dependence of oy 7/ /oo at fixed x5 and t at two kinematic points.

s A quantitative description of simple hadronic systems
a such as light mesons and nucleons is essential to our un-
»s derstanding of nuclear matter. Deep exclusive meson
% production (DEMP) reactions, such as p(e, e’nt)n, pro-
a7 vide opportunities to study the three-dimensional struc-

s ture of the nucleon through differential cross section
w» and beam- and target-spin asymmetry measurements.
so The KaonLT experiment (E12-09-011) at Hall C of the
ss Thomas Jefferson National Accelerator Facility (Jeffer-
2 son Lab or JLab) measured DEMP reactions to extract
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FIG. 1. Exclusive n% electroproduction from the proton.
(a) A Regge process, in which X represents the exchange of
several particles along a Regge trajectory up to a cutoff. (b)
Factorization of the reaction into a hard scattering part and
a soft part described by a GPD.

a number of hadronic structure observables including oy,
or, ort, orr, and oppr /oo [1].

DEMP reactions can be conveniently described using
three Lorentz invariants. Q? = —(p. — per)? is the usual
negative of the four-momentum transfer squared of the
virtual photon. Additionally, the reaction is character-
ized by the invariant mass of the virtual photon-nucleon

m2 +2my(E. — Eer) — Q%, where m,,
is the proton mass, and the Mandelstam variable ¢t =

(pp — pn)?. Alternately, one may use the Bjorken scaling
variable x5 = Q?/2m,,(E. — E.) instead of W.

Generalized parton distributions (GPDs) [2, B] unify
the concepts of parton distributions and hadronic form
factors by correlating the transverse position and the lon-
gitudinal momentum of partons. In the limit of large Q2
at fixed xp and ¢, the v*p amplitude factorizes into a
hard-scattering subprocess and a non-perturbative sub-
process described by nucleon GPDs (Fig. [[{b)). The
factorization theorem has been proven for longitudinally
polarized virtual photons [4, [5], and the contribution of
transversely polarized virtual photons can be treated as a
twist-3 effect in this approach [6]. GPDs are experimen-
tally accessible through DEMP in the hard-soft factoriza-
tion regime, but the minimum @Q? for which factorization
may be valid is still unknown [7]. An alternative descrip-
tion of DEMP reactions is based on Regge models. Here,
the interaction is mediated by the exchange of meson tra-
jectories in the ¢ channel (Fig. a)). Regge models were
first developed for photoproduction (Q?=0) [8], but have
since been extended to DEMP [9]. Their validity does
not explicitly rely on hard-soft factorization.

system, W =

In this work, the cross section ratio opr//og is ex-
tracted from beam-spin asymmetry measurements of
p(e, e’m)n. In the one-photon exchange approximation,
this asymmetry can be expressed as [10, [I1]
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ALU(Q27xB7ta ¢) =

(1 — )7L sing

14 /2€(1 + €) %L cosg + e”f—fcongﬁ’

where 09 = o7 + €0, is the unpolarized cross section,
€ is the ratio of longitudinal and transverse virtual pho-
ton polarization, orr, oprr, o are interference cross
sections, and ¢ is the azimuthal angle between the elec-
tron scattering plane and the hadron reaction plane [12].
All three interference terms are required to vanish when
t = —|t|min and t = —[t|;maz, as for these values the
~v*p — wtn reaction is collinear in the struck proton
rest system and ¢ is undefined. The subscript LU speci-
fies the asymmetry resulting from a longitudinally polar-
ized incident electron beam and an unpolarized target,
and o1/ /09 is accessible only in the case of a longitudi-
nally polarized electron beam. o7/ /0 is extracted from
the asymmetry via the sin ¢ moment of Ay, defined as
Aig‘b \2€e(1 —€)orr /og.

This work compares o7/ /0g to predictions from three
models to explore if a GPD or Regge description is more
applicable to DEMP reactions at these kinematics. The
Goloskokov-Kroll (GK) model [0} 13] calculates o1 for
deep exclusiveerr production in terms of the twist-2 lon-
gitudinal (F, H) and twist-3 transverse (Ep, Hr) GPDs,
with inclusion of the pion pole contributions. For m+
production, the contribution of the GPD Hrp is signifi-
cant [6], therefore polarized 7" observables can be used
to probe fundamental observables such as the still un-
known tensor charge of the nucleon, which is calculated
from the integral of Hr [14].

The Vrancx-Ryckebush (VR) model considers
Reggeized 7(140), p(770), and a;(1260) exchange.
Including only 7(140) and p(770) leads to a vanishing
Apy. The inclusion of the axial-vector a;(1260) ex-
change generates a non-zero Apy through interference
with the vector p(770) exchange [15]. However, this
interference is still insufficient to reproduce Apy from
previous CLAS data [I6] without proper treatment of
the “resonant effect” caused by nucleon form factors
[15]. The VR model is an extension of the earlier
Kaskulov-Mosel model [I5], using a different resonant
form factor, resulting in better agreement with previous
JLab data [I7].

The Yu-Choi-Kong (YCK) model also predicts Ary
using Regge propagators. This model represents an ex-
tension of the Regge model for pion photoproduction [I§]
to electroproduction. It incorporates the exchange of ten-
sor meson ay(1320) with axial mesons a; and by (1235),
which were not included in the earlier version [19]. In the
new model, the electromagnetic form factors (EMFFs) of
the nucleon are considered in two distinct categories: the
GPD-mediated form [20], designated YCK1, and the typ-
ical dipole form, designated YCK2. In both approaches,
the contribution of the magnetic moment term of the nu-
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cleon with the Pauli form factor F5(Q?) provides a more
accurate description of Ary.

Apy is experimentally calculated as a fractional dif-
ference of events based on the helicity of the incident
electron N*.

Ay = L(NEENTN o2 [ NENS
LU—P N++N7 7stat—P (N++N7)3

Ary has been previously measured above the reso-
nance region at Jefferson Lab Hall B in exclusive 7T
production in Refs. [2I} 22], and in exclusive 7° in [23].
This is the first reported measurement of Apy in ex-
clusive p(e,e’n")n from Hall C as part of the KaonLT
experiment [I], with significantly finer kinematic binning
and cleaner identification of the exclusive final state.

A continuous wave electron beam with energy 10.585
GeV and beam current up to 70 A 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 inte-
grals [24]. The beam helicity was flipped at a frequency
of 30 Hz in a pseudo-random sequence, with a charge
asymmetry of about 0.1% [25]. No dedicated beam po-
larization measurements were made in Hall C. Rather,
Mott polarimetry measurements at the injector to the
accelerator (90 £+ 1%) [26], and a calculation of the spin
precession through the accelerator indicated that for this
beam energy Hall C receives 99% of the source polariza-
tion. These gave a result of 895,% longitudinal beam
polarization to Hall C, where the uncertainty is deter-
mined from the beam energy uncertainty and the range
of possible linac energy imbalance.

The electrons were incident upon a 10 cm (762
mg/cm?) cryogenic unpolarized liquid hydrogen target.
Two aluminum foils placed 10 cm apart were used for
subtraction of the background from the aluminum end
caps of the hydrogen target cell. Beam quality was as-
sured by continuous measurements from three beam po-
sition monitors [27], four beam current monitors [28], and
an Unser monitor [29].

Charged 7t were detected in the recently commis-
sioned 11 GeV/c Super High Momentum Spectrome-
ter (SHMS, momentum acceptance Ap/p from -10 to
w +20%, solid angle AQ) = 4 msr [30]), in coincidence
1o with scattered electrons detected in the 7 GeV/c High
111 Momentum Spectrometer (HMS7 momentum acceptance
12 Ap/p +8%, solid angle AQ = 7 msr [31]). Both
183 spectrometers include two drift chambers for track re-
184 construction, hodoscope arrays for triggering, Cerenkov
185 detectors and lead-glass calorimeters for particle identi-
186 fication. Positively charged pions were identified in the
w7 SHMS using an aerogel Cerenkov detector with refractive
s index n = 1.015 (for p, < 5 GeV/c) or n = 1.011 (for
1w pr > 5 GeV/c). Electrons were identified in the HMS
100 via a gas Cerenkov detector filled with C4F1g with re-
1 fractive index 1.0008 in combination with the lead-glass
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FIG. 2. Coincidence time and missing mass spectra for
Q2?=3.0 GeV?, £5=0.25, center SHMS setting. Left: coin-
cidence time between the HMS and SHMS. The prompt peak
selected is highlighted in grey, and the windows used to sub-
tract random coincidences are filled in with lines. Right: the
missing mass distribution of p(e, ¢'7*)n. The solid line shows
the missing mass cut used, and the dashed lines show the
variation of the cut used to calculate a cut dependence as a
systematic error.

calorimeter. Any remaining contamination from real e—p
and e — KT coincidences were eliminated with a coin-
cidence time cut of +£2.25 ns. Background from alu-
minum target cell walls (1-2% of the yield) and random
coincidences (~3% of the yield at x5=0.4 and ~12% at
xp=0.25) were subtracted from charge normalized yields.
The exclusive neutron final state was selected with a cut
of m,, <1.01 GeV on the reconstructed missing mass
m2, = (pe—per —px)?, which in the case of the p(e, /7t )n
201 reaction should be close to the free neutron mass (Fig.
202 . As the detector inefficiencies and data acquisition
livetimes are uncorrelated with the electron beam helic-
ity, they cancel in the calculation of Apy (Equ. [2)).
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FIG. 3. Phase space plot of the kinematics for which o7/ /og
has been measured. Legend: Black circles: KaonLT [This
work]; Blue triangles: CLAS [21]; Magenta squares: CLAS12
[22]. Only data with —t < 0.7 GeV? are shown. By com-
bining these data sets, the Q? dependence of o017/ /0o can be
determined at fixed xp and —t at two values of x5, shown as
dashed lines.

205 The Q? — zp settings studied in this experiment are
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FIG. 4. Apy as a function of ¢ for the first four ¢-bins for central values of Q2 =3 GeV2, xp =0.25. The solid line shows the
full fit and the dashed line the approximated fit. Uncertainties are statistical only.

shown in Fig. |3l This work targets the range 2 < Q% < 6
GeV?, above the resonance region, W > 2 GeV. For each
Q? — xp setting, the HMS angle and momentum, as well
as the SHMS momentum, were kept fixed. To attain
full coverage in ¢, data were taken with the SHMS at
+3° of the ¢-vector direction (direction of virtual photon
momentum), in addition to the data centered on the ¢-
vector.

The relevant electroproduction kinematic variables,
Q?, xp, W, and t were reconstructed from the measured
spectrometer quantities.  Using the over-determined

ar p(e, e’'p) reaction, the beam momentum and the spec-
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trometer central momenta were determined absolutely to
< 0.5%, while the incident beam angle and spectrometer
central angles were absolutely determined to < 0.5 mrad.

For each Q? — zp setting, the data were split into 5-8
bins in ¢ and 15 bins in ¢, with the number of bins deter-
mined by the raw number of events at each setting. The
asymmetry was calculated according to Eqn. [2 for each
t-bin. The asymmetry was calculated separately for each
of the three SHMS angles, and an error-weighted average
taken to obtain a complete ¢ distribution. In exclusive
pion production, the experimental acceptances in z 5, Q2
and t are correlated. Thus, for each ¢-bin (but indepen-
dent of ¢), the mean Q2 and xp values of the data vary
slightly from the ‘central’ values. The exact kinematics
for each data point are given in the supplemental mate-
rial [32]. Fig. 4] shows the binned asymmetry for central
kinematics of Q?=3 GeV?, x3=0.25.

Previous work assumed that opr/og < 1 and
orr/oo < 1, such that Eqn. simplifies to Apy =
ASLiI(qu5 sin ¢, the justification being that the full functional
form and the approximated form gave extremely similar
results for AT 21, 22]. In this work, it was found that
the choice of fitting function makes a significant difference
in the extracted A?E¢, as seen in the last panel of Fig.
The authors are aware of no theoretical constraints for
why orr/0¢ and orr/og should be negligible. There-
fore, A5 was determined using the full functional form
of Eqn. and the difference between this result and
that obtained using the approximated fit was used as a
systematic uncertainty. Since such a difference is uni-
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directional, the total systematic error (obtained from the
quadrature sum of systematic uncertainties) is asymmet-
ric, denoted 5;!3 and 5in for the upper and lower error
bars. The other main sources of systematic error were
the uncertainty on the beam polarization and the depen-
dence of A?rf]d) on the exact values used for the coinci-
dence time and missing mass cuts. The statistical error
on A?I&‘b is taken as the error of fitting when including

the statistical uncertainties per ¢ bin.

The cross section ratio o1/ /og and its uncertainty
were then extracted from ASLi?]qb. The polarization con-
tributed an uncertainty of 3.4%, and the cut dependence
contributed between 1-7%, with one outlier at 12%. The
point-to-point uncertainty was dominated by the method
of fit, which contributed an average error of 12%, but for
one t-bin contributed 70%. Exact values of or1/ /0 and
its uncertainties are available in [32].

Fig. shows o1/ /09 compared to predictions from
five theoretical models. The VR model agrees with the
data reasonably well at low —t, but does not capture
the plateau of op7/og that occurs at higher —t. GK1
shows significantly better agreement for zp = 0.40 than
for xp = 0.25, in which case the ¢ dependence does not
match the prediction. In Ref. [22], the argument was
made that increasing the GPD Hy in the GK calculation
resulted in good agreement with experimental data. In
this work, the curve GK2 has a lower magnitude, bringing
it closer to data than GK1, but it still does not re-create
the shape properly at all kinematics. The best agreement
with this work is the YCK model. YCK2 underestimates
orr /oo, but YCK1 provides a reasonable prediction of
both the magnitude and ¢-dependence of o1/ /0. Since
this data is in the QCD transition regime, it is not unex-
pected that a combined Regge and GPD prediction would
give the best description of experimental results.

These results are in good agreement with recent re-
sults from CLASI12, showing a similar magnitude and ¢
dependence of o1/ /0o [22]. At points with very similar
Q?, xp and t, the KaonLT and CLAS12 measurements
agree within the quoted uncertainties. Furthermore, by
comparing data between CLAS, CLAS12, and this work,
two kinematics were identified to determine the Q? de-
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FIG. 5. The extracted o7/ /00 as a function of ¢ for each Q? — xp setting. The horizontal error bar indicates the width of the
t-bin, and the double vertical error bar shows the statistical and total errors. The smooth curves represent theory predictions,

evaluated at the central kinematics of each Q? — zp setting.

GK1 refers to the default GK version [33], and GK2 is the GK

model with the modification of Hr — Hr * 2, following the example of Ref. [22]. YCK1 is the YCK model with the nucleon
EMFFs parametrized with GPDs, whereas YCK2 uses a dipole parametrization.

0.2 T T T T T
(@) x,=0.25,-t=0.11GeV’ | (b) x, =0.40, -t=0365 GeV’

015 T T — yexi
--- YCK2
4 CLAS

do, .. /do,

0.1+ } T 7| = CLASI2
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] .
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FIG. 6. Values of o1/ /00 from three different experiments
[2T, 22] [This work] plotted as a function of @? at fixed zp
and —t. The Q? dependence is consistent, within error, with
a horizontal line.

200 pendence of op7/ /o, the first at zp = 0.250 £ 0.006,
201 t = 0.110 £ 0.006, and the second at xp = 0.400 4 0.006,
20 t = 0.365 +0.015. At the two xpg — t values investigated,
23 the asymmetry was largely independent of Q2 (Fig. @
20 In Fig. it can be seen that all theory curves incor-
205 porate a Q2 dependence, in which the magnitude of the
26 predicted o7/ /og increases with Q2. This work suggests
207 that in this regime, a description involving a Q? depen-
206 dence is not entirely accurate.

In summary, the observable Ay and the structure
s00 function ratio opr: /o of the p(e,e’m™)n reaction have
s been measured at Hall C of Jefferson Lab over a wide
range of kinematics. The dependence of o7/ /0p on t at
fixed Q? and g has been explored and compared to the-
sn oretical calculations. The best agreement is with YCK1,
a Regge-based model in which the nucleon EMFFs are

299

302

303

305

s parametrized with GPDs. Based on this, and the fact
s7 that both the VR and GK models predicted some char-
s acteristics of the data, a combined Regge and GPD de-
scription is thought to be most applicable to these results.
Additionally, the dependence on Q2 at fixed xp and t
was found to be flat, a feature which was predicted by
a1z none of the theoretical calculations. Future work with
a3 KaonLT data will include measurements of o7/ /oo in
24 ple, €7T)AY and u-channel meson production.
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