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Extraction of beam-spin asymmetries from the hard exclusive 7" channel off protons
in a wide range of kinematics
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We have measured beam-spin asymmetries to extract the sin ¢ moment ASLiZ‘P from the hard
exclusive &p — e'nm ™ reaction above the resonance region, for the first time with nearly full coverage
from forward to backward angles in the center-of-mass. The Ai?ﬁ’ moment has been measured up
to 6.6 GeV? in —t, covering the kinematic regimes of Generalized Parton Distributions (GPD) and
baryon-to-meson Transition Distribution Amplitudes (TDA) at the same time. The experimental
results in very forward kinematics demonstrate the sensitivity to chiral-odd and chiral-even GPDs.
In very backward kinematics where the TDA framework is applicable, we found A‘Z‘?fb to be negative,
while a sign change was observed near 90° in the center-of-mass. The unique results presented in
this paper will provide critical constraints to establish reaction mechanisms that can help to further
develop the GPD and TDA frameworks.

PACS numbers: 13.60.Le, 14.20.Dh, 14.40.Be, 24.85.4+p

Hard exclusive pseudoscalar meson electroproduction
processes offer a unique opportunity to study the struc-
ture of the nucleon. They allow one to vary the size of
both the probe (i.e. the photon virtuality @?) and the
target (the four-momentum transfer to the nucleon (me-
son) t (u)). These reactions reveal rich information about
the structure of the nucleon and the reaction dynamics.

At very forward kinematics (—t/Q? < 1) where the
Bjorken limit is applicable, hard exclusive pseudoscalar
meson electroproduction can be factorized into a pertur-
batively calculable hard sub-process at the quark level,
v*q — mq, and the hadronic matrix elements which are
expressed via the leading twist Generalized Parton Distri-
butions (GPDs) of the nucleon and the pion Distribution
Amplitude (DA) [IH3] as shown in Fig.|l| (a). GPDs are
light-cone matrix elements that can be expressed as non-
local bilinear quark and gluon operators that describe the
transition from the initial to the final nucleon and reveal
the 3-dimensional structure of the nucleon at the par-
ton level by correlating the internal transverse position
of the partons to their longitudinal momentum [4H6]. A
first experimental confirmation of the applicability of the
leading twist GPD framework was provided by deeply
virtual Compton scattering (DVCS) experiments at Jef-

ferson Lab (JLab), DESY and CERN (see, e.g., [(HI2]).

While the DVCS process gives access to all chiral-even
GPDs H, H, E and E, pseudoscalar meson production
is especially helpful in probing the polarized GPDs (H
and E), which contain information about the spatial dis-

tribution of the quark spin [I3] [14]. However, extensive

experimental [I5H29] and theoretical [2] [3 BOH32] inves-
tigations of hard exclusive pseudoscalar meson electro-
production in recent years have shown that the asymp-
totic leading-twist approximation is not readily applica-
ble in the range of kinematics accessible to current ex-
periments. In fact, there are strong contributions from
transversely polarized virtual photons that are asymp-
totically suppressed by 1/Q? in the cross sections and
have to be considered by introducing chiral-odd GPDs
(Hr, Hr, Ep, and E7) into the framework. For in-
stance for 7 and 7 electroproduction, the contributions
from transversely polarized virtual photons are signifi-
cant and the introduction of chiral-odd GPDs is needed
to reproduce the measured cross sections as well as large
beam- and target-spin asymmetries with GPD models
12,3, 211, 23] 24, 28, 33, [34].

A further generalization of the GPD concept has been
introduced for non-diagonal transitions where the ini-
tial and final states are hadronic states of different
baryon number [35H38]. In very backward kinematics
(—u/Q? < 1) the collinear factorized description can
be applied in terms of a convolution of a hard part
calculable in perturbative QCD, and the soft parts ex-
pressed in terms of nucleon-to-pion baryonic Transition
Distribution Amplitudes (TDAs) and the nucleon DA
as shown in Fig. [1| (b). Like GPDs, nucleon-to-meson
TDAs are defined through hadronic matrix elements of
non-local three-quark light-cone operators. Nucleon-to-
meson TDAs are universal functions that parameter-
ize the non-perturbative structure of hadrons. Within



the reaction mechanism involving TDAs, the three-quark
core of the target nucleon absorbs most of the virtual pho-
ton momentum and recoils forward, while a pion from the
mesonic cloud of the nucleon remains with a low momen-
tum heading backward. Therefore, the process brings a
bulk of new information on hadronic structure and can
be used e.g. to probe the non-minimal Fock components
of hadronic light-cone wave functions. In contrast to the
very forward kinematic regime in the Bjorken limit, the
contribution of the transversely polarized virtual photon
exchange is expected to dominate the process to leading
twist-3 accuracy in very backward kinematics. Recent
publications on exclusive 7T electroproduction by the
CLAS collaboration [39] and on w electroproduction from
JLab Hall C [40)] in very backward kinematics have shown
a first indication of the applicability of the TDA model
to predict the magnitude and the scaling behavior of the
cross section, as well as the dominance of the transverse
over the longitudinal cross section at sufficiently large Q2
in the backward regime.

FIG. 1: (a) Exclusive electroproduction of a pion on the
proton in very forward kinematics (—t/Q* < 1), described
by GPDs [2] [3]. (b) Factorization of the same reaction
in very backward kinematics (—u/Q* < 1), described by
TDAs [39, 6.

The GPD and TDA approaches describe complemen-
tary kinematic domains. While GPDs are applicable for
small —¢, TDAs can be applied for small —u, correspond-
ing to large —t. Although these two approaches deal with
domains that are well distinct at asymptotic energies,
they are not well separated in the kinematic range acces-

sible to current experiments. Therefore, it is important
to investigate in detail the phenomenological differences
of the two approaches over a large range of momentum
transfer ¢. In previous publications, e.g. [27, [39], only
very limited kinematic regions covering either the GPD
or the TDA regime exclusively have been investigated. In
this letter, we present a measurement of the beam-spin
asymmetries (BSA) for the hard exclusive electroproduc-
tion ep — e'nm™ for full 7 center-of-mass (CM) angular
coverage with a large range of t or u.

GPDs and TDAs can be accessed through different ob-
servables in exclusive meson production, such as differ-
ential cross sections and beam and target polarization
asymmetries [41] [42]. The focus of this work is on the ex-
traction of the ASLir,}d’ moment from the beam-spin asym-
metry. The beam-spin asymmetry in the one-photon ex-
change approximation is defined as follows [41]:

dot —do~

BSA(t =

S (7¢7QjB,Q ) do_++do__
AsLir(‘](bsinng

1+ A‘I}O;fs cos ¢ + A‘l:]ogw cos 2¢ W)

where do* is the differential cross section for each beam
helicity state (). For the positive / negative helicity the
spin is parallel / anti-parallel to the beam direction. The
subscripts ij represent the longitudinal (L) or unpolar-
ized (U) state of the beam and the target, respectively.
¢ is the azimuthal angle between the electron scattering
plane and the hadronic reaction plane.

Due to the interference between the amplitudes for lon-
gitudinal (77 ) and transverse (;) virtual photon polar-
izations, the moment A??ﬁ is proportional to the polar-
ized structure function o [41]:

Asin¢ _ 26(1 — 6) arLT’ (2)

Lu or + €0y,
where the structure functions o and o correspond to
longitudinal and transverse virtual photons, and € de-
scribes the ratio of their fluxes.

Hard exclusive 71 electroproduction was measured at
Jefferson Lab with the CEBAF Large Acceptance Spec-
trometer (CLAS) [43]. Beam-spin asymmetries were ex-
tracted over a wide range in Q2, t, xp and ¢. The inci-
dent electron beam was longitudinally polarized and had
an energy of 5.498 GeV. The target was unpolarized lig-
uid hydrogen. The CLAS detector consisted of six identi-
cal sectors within a toroidal magnetic field. The momen-
tum and the charge polarity of the particles were deter-
mined by 3 regions of drift chambers from the curvature
of the particle trajectories in the magnetic field. The elec-
tron identification was based on a lead-scintillator elec-
tromagnetic sampling calorimeter in combination with a
Cherenkov counter. For the selection of deeply inelastic
scattered electrons, cuts on Q? > 1 GeV? and on the



invariant mass of the hadronic final state W > 2 GeV
were applied. Positive pions were identified by time-of-
flight measurements. To select the exclusive e/mn final
state, events with exactly one electron and one 71 were
detected, and a cut around the neutron peak in the miss-
ing mass spectrum was performed. The mean signal-to-
background ratio in the forward region is 15.3, while it
decreases to 4.9 in the backward region.

Beam-spin asymmetries (BSA) were measured in the
Q? range from 1 to 4.6 GeV?2, —t up to 6.6 GeV? and
rpg from 0.1 - 0.6. The BSA and its statistical uncer-
tainty were determined experimentally from the number
of counts with positive and negative helicity (N:), in a
specific bin 7 as:

1 Nt — N~ 2 | NN~
BSA=—-—"*_~*t | = ——L"t (3
Pb Nz+ + Nii opsa Pb (N:r + Nii)g ( )

where P, is the average magnitude of the beam po-
larization. P, was measured with a Mgller polarime-
ter upstream of CLAS and was 74.9 + 2.4% (stat.) +
3.0% (sys.).

To extract the sin¢ moment AsLig(b, the beam-spin
asymmetry was measured as a function of the azimuthal
angle ¢. Then a fit of the data with the functional
form shown in Eq. was applied. Figure |2| shows the
beam-spin asymmetry as a function of ¢ for events in the
forward and backward regions, integrated over all other
kinematic variables. Experimentally the forward region
is defined as cosfcas > 0 and —t < 1.5 GeV?, while the
backward region is defined by a cut on cosf¢cp; < 0 and
—u < 2.0 GeV?, where ¢y is the polar angle of the
pion in the frame boosted along the momentum trans-
fer ¢ direction. As expected the ¢-dependence can be

> 0_17\“‘ L L L L L L B B Lt |
= | [727nat 3.867/9 4 Bl 2/ nof 6.162/9 | |
g 0.08 pi* 0,087 = 0.004 _}Z+=- ElS Al -0.053+0.013
£ 0.061| A’ -0.0390.067 - E A‘g“jz 0.129+0.359 | =
Z 004" 0127 +0.068 N[ | | 00160337/
© : L . — ]
< 002f + e = NelE :
a / N7 Bk
%-0.025- + =k =&+ .
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FIG. 2: Beam-spin asymmetry as a function of ¢ for 7% emit-
ted in the forward (left) and backward (right) regions, inte-
grated over all other kinematic variables. The vertical error
bars show the statistical uncertainty of each point, while the
horizontal bars correspond to the bin width. The red line
shows the fit with the functional form of Eq. .

well described by Eq. . The asymmetry of the back-
ground has been extracted with the side-band method
by selecting a missing-mass interval on the right side of
the missing neutron peak. These events represent the

background under the region of interest and therefore
its asymmetry has to be subtracted. The amplitude of
the background asymmetry has been determined in the
same way as for the exclusive events, with a sin ¢ fit of
the ¢-dependence of the BSA. The sin ¢ amplitude of the
background is 0.03240.006 in the forward region and de-
creases to 0.00 £ 0.01 in the backward region. Based on
the signal-to-background ratio determined from a fit of
the missing mass spectrum in each kinematic bin, a bin-
by-bin background subtraction has been performed for
the extracted A??J‘b values.

Several sources of systematic uncertainty were investi-
gated, including particle identification, background sub-
traction, beam polarization, and the influence of the
Afjof,‘b and A?[S]% moments. The correlation between the
unpolarized moments and ASLi?Jd) was found to be very
small. The systematic uncertainty for each contribu-
tion was determined by a variation of the contributing
source around its nominal value. To estimate the impact
of acceptance effects, a Monte Carlo simulation which
included a parametrization of the kinematic behaviour
following that of the actual data was performed. The
impact of acceptance effects turned out to be small and
is included in the systematic uncertainty. The total sys-
tematic uncertainty in each bin is defined as the square-
root of the quadratic sum of the uncertainties from all
sources. It has been found to be comparable to the sta-
tistical uncertainty.

Figure |3| shows the results for ASLiIg]‘z) in the region of
—t up to 0.75 GeV? (—t/Q? ~ 0.25) where the leading-
twist GPD framework is applicable and compares them
to the theoretical predictions from the GPD-based model
by Goloskokov and Kroll (GK) [44]. The experimental
data is binned in —t and integrated over the complete
Q? distribution ranging from 1.0 to 4.5 GeV? and zp
ranging from 0.1 to 0.6. The band on the theoretical
prediction represents the range in Q? and zp accessible
with our measurements. The GK model includes chiral-
odd GPDs to calculate the contributions from the trans-
versely polarized virtual photon amplitudes, with their
t-dependence incorporated from Regge phenomenology.
The GPDs are constructed from double distributions and
constrained by results from lattice QCD and transversity
parton distribution functions [44]. A special emphasis is
given to the GPDs Hp and Ep = QI;TTJrET, while contri-
butions from other chiral-odd GPDs are neglected in the
calculations, unlike chiral-even GPDs, where some con-
tributions are negligible but still included. The pion pole
contribution to the amplitudes is taken into account for
both the longitudinally and transversely polarized virtual
photons. However, its contribution to the transversely
polarized virtual photon amplitudes is very small.

The magnitude of A??ﬁ (see Eq. ) is proportional to
the ratio of the interference structure function o7/ and
the unseparated cross section oy = op + €0, where og
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FIG. 3: A5%% (black rectangles) as a function of —t in the
forward kinematic regime and their systematic uncertainty
(grey bins). For comparison the theoretical prediction from
the GPD-based Goloskokov-Kroll model (blue band) is shown.
The band of the theoretical prediction corresponds to the
range accessible with our measurements in Q% and z5.

is forward peaked due to the pion pole term contribution
and o is constrained to be zero at t = tpin 0oy = 0)
due to angular momentum conservation. o7/ can be ex-
pressed through the convolutions of GPDs with subpro-
cess amplitudes (twist-2 for the longitudinal and twist-3
for the transverse amplitudes) and contains the products
of chiral-odd and chiral-even terms [2]:

opr ~ Im [<ET—eff>*<Heff> + <HT—eff>*<Eeff>] , (4)

where all involved GPDs are influenced directly or indi-
rectly by the pion pole term, for example:

E.rp = E + pole term, (5)

~ ~ 2 ~
15752 Eeff’ (6)

with the skewness £ ~ z5/(2 — xp). For nT the imag-
inary part of small chiral-odd GPDs in oy is signifi-
cantly amplified by the pion pole term, which is real and
exactly calculable. This feature increases the sensitivity
of polarized observables to chiral-odd GPDs in contrast
to the 7 and 7 channels where the pole contribution
is not present. In the GK model o7/ is dominated by
Im[(Hp_csf)*(Eess)] and Ecfy is dominated by the pion
pole term, while other GPD products are considered to
be negligible.

The comparison between the experimental results and
the theoretical predictions shows that the magnitude of
the GK model calculations is overestimated and the t-
dependence of the measured Airfjd) values shows a much
flatter slope than the predicted curve. The discrepancy in
magnitude and t-dependence might be due to the inter-
play of the pion pole term with the poorly known chiral-
odd GPDs Hy and Er. Even though previous studies

showed that the GPD model can be well applied to pre-
dict 7% and 7 cross sections [20, 21, 23], the results in Fig.
show that the GPDs and the model have to be tuned
to describe BSA as well. While the beam-spin asymme-
try calculations for the 7 channel are overestimated by
the GK model, the absence of the pion pole term in case
of the 7% and 71 channels leads to a significantly smaller
predicted beam-spin asymmetry by the GK model, which
underestimates the experimental observation as shown in
Ref. |28]. The combined analysis of these unique 7+ data
with the 7° and 7 channels [16] 20, 21], 23, 28] can be
performed to significantly constrain these poorly known
GPDs.

While the framework of GPDs is only applicable in
very forward kinematics, a complete understanding of
the reaction mechanism requires measurements over the
complete range of —¢t. As shown in Fig. [] we extended
the kinematic region for the extraction of A??fﬁ up to
—t = 6.6 GeV?2, which is close to the maximal accessi-
ble —t value. The data are binned in —¢ and integrated
over the complete Q? distribution ranging from 1 GeV?
- 4.5 GeV? and xp ranging from 0.1 to 0.6.
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FIG. 4: Azhz,d’ as function of —t. The shaded area represents
the systematic uncertainty.

The sign of of A?g¢ in forward kinematics is clearly
positive, which is confirmed by the most recent GPD
models [44], while in backward kinematics a clearly neg-
ative sign is observed. Large ¢ corresponds to small u, so
that at backward angles the u channel dominates (Fig.
(b)). Thus it is expected that the TDA-based framework
can be applied in very backward kinematics.

Similarly to Eq. for very forward kinematics, o7
in the backward regime can be expressed through the in-
terference between the leading twist transverse amplitude
of the convolution in terms of twist-3 7N TDAs (H™3)
and nucleon DAs (¢*™3) and the next leading sub-process
longitudinal amplitude of the convolution involving twist-
4 TDAs (H™*) and DAs (¢'"4) [46/48]:

™ [<H;w3¢;w3> ((EEv g3y 4 <H;w3¢;w4>)*:| (7



A complete theoretical study of this twist-4 longitudinal
amplitude is not yet available, and it is an open question
which particular twist-4 7N TDAs and DAs will con-
tribute to the BSA and what kind of phenomenological
models can be implemented for these quantities. Never-
theless, our measurement will significantly constrain the
nearly unknown TDAs and help to further develop the
TDA-based framework.

Also, for the intermediate kinematic region around
Ocam = 90°, first models have been introduced [49] [50].
However, calculations exist only for wide-angle Comp-
ton scattering [49] and the photoproduction of pions [50].
Nevertheless, the introduced concepts can also be applied
to electroproduction and will help to connect the GPD
and TDA kinematic regimes in the future. _

As shown in Fig. |4} the t-dependence of ASL”,}¢ makes
a clear transition from positive values with a maximum
value of 0.10 in the forward region to negative values
down to a minimum value of -0.06 in the backward re-
gion. The sign change occurs around —t = 3 GeV?2, which
corresponds to 6oy = 90°, and marks the transition be-
tween the 7T emitted in the forward and backward di-
rections. Therefore, the sign change may be interpreted
as an indication for a transition between the GPD and
TDA regimes. The wide range of kinematics presented
in this work will also enable the development of a more
consistent reaction mechanism for the intermediate kine-
matical regime in-between the very forward regime with
GPD-based description and the very backward regime
with description in terms of TDAs.

Figure shows Ai?ﬁ as a function of Q2, integrated
over zp in the top plots and as a function of xpg, in-
tegrated over @2 in the bottom plots, for pions going
in the forward (left) and backward (right) regions, as
defined earlier. The figure clearly shows that the sign
change between the forward and the backward region is
present for all Q- and zp-bins. In the forward region,
the Q?*-dependence shows a rather flat behavior, while
A?r(‘](b rises for small g until it reaches a constant level
for xp > 0.26. In the backward region the Q- and zp-
dependencies show a rather flat behavior. However, the
effect is not statistically significant.

In summary, we have measured for the first time
the sin¢ moment A57? of beam-spin asymmetries for
ép — e'nmt at large photon virtuality, above the res-
onance region over the full range of polar angles 0oy
that cover the complete kinematic region of the GPD
and TDA frameworks simultaneously. A comparison in
very forward kinematics showed that our A57? measure-
ment cannot be described in magnitude or ¢t-dependence
by the most advanced GPD-based model [44]. In very
forward kinematics where the GPD framework is appli-
cable, we measure clearly positive values of A??J‘b, while
in very backward kinematics where the TDA framework
is applicable, negative Ai’-j?fi) values have been measured.

A clear sign change of ASL%QS has been observed around
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Al T | ]
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FIG. 5: AS"? as function of Q? (top) and zp (bottom) for
pions going in the forward (left) and backward (right) regions.
The shaded area represents the systematic uncertainty.

Ocar = 90°. The presented data provide important con-
straints for the development of a reaction mechanism that
describes the complete kinematic regime including GPDs
and TDAs as well as the intermediate regime. To obtain
a deeper understanding, and to reveal more details of the
reaction mechanism, measurements with a higher preci-
sion and over a larger range of Q? will be performed with
the upgraded 12 GeV CEBAF accelerator at JLab and in
the crossed reaction NN — ~*r, accessible with PANDA
at FAIR [5IH53] and 7N — N~* or 1N — NJ/U at J-
PARC [54]. The data-set presented in this work can be
downloaded from Ref. [45].
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