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A multidimensional extraction of the structure function ratio σLT ′/σ0 from the hard exclusive
e⃗p → e′nπ+ reaction above the resonance region has been performed. The study was done based on
beam-spin asymmetry measurements using a 10.6 GeV incident electron beam on a liquid-hydrogen
target and the CLAS12 spectrometer at Jefferson Lab. The measurements focus on the very forward
regime (t/Q2 ≪ 1) with a wide kinematic range of xB in the valence regime (0.17 < xB < 0.55),
and virtualities Q2 ranging from 1.5 GeV2 up to 6 GeV2. The results and their comparison to
theoretical models based on Generalized Parton Distributions demonstrate the sensitivity to chiral-
odd GPDs and the directly related tensor charge of the nucleon. In addition, the data is compared
to an extension of a Regge formalism at high photon virtualities. It was found that the Regge model
provides a better description at low Q2, while the GPD model is more appropriate at high Q2.

PACS numbers: 13.60.Le, 14.20.Dh, 14.40.Be, 24.85.+p

Hard exclusive meson electro-production provides a
powerful tool to study the structure of the nucleon and
the underlying reaction dynamics within the framework
of perturbative quantum chromodynamics (pQCD) as
the process amplitude contains Generalized Parton Dis-
tributions (GPDs) [1–3]. For longitudinally polarized vir-
tual photons, the rigorous factorization of this amplitude
into a perturbatively calculable hard-scattering part and
two soft parts [4, 5] has been proven. For transversely
polarized virtual photons, a modified perturbative ap-
proach [6] is used in current phenomenological models to
take the parton transverse momenta into account. As
shown in Fig. 1, the soft parts of the convolution can be
described with GPDs and a meson distribution amplitude
(DA).

Previous experimental [7–21] and theoretical [22–26]
studies of hard exclusive pseudoscalar meson electro-
production, especially π0 and η electroproduction [13,
15, 16, 20, 22, 23, 27, 28], have shown that the asymp-
totic leading-twist approximation is not sufficient to de-
scribe the experimental results from the existing mea-
surements. It was found that there are strong contri-
butions from transversely polarized virtual photons that
have to be considered by including contributions from
chiral-odd GPDs (HT , H̃T , ET , and ẼT ) in addition to

the chiral-even GPDs (H, H̃, E and Ẽ), which depend
on the momentum fraction of the parton x, the skewness

ξ and the four-momentum transfer to the nucleon t.
While chiral-even GPDs can be related to the well

known nucleon form factors [29], only a few phenomeno-
logical constraints exist for the chiral-odd GPDs. For ex-
ample, the first moment of 2H̃T +ET can be interpreted
as the proton’s transverse anomalous magnetic moment
[30], while in the forward limit, HT becomes the transver-
sity structure function h1, which is directly related to the
still unknown tensor charge of the nucleon [29].
In exclusive meson production experiments, GPDs are

typically accessed through differential cross sections and
beam and target polarization asymmetries [31–33]. The
focus of this work is on the extraction of the structure
function ratio σLT ′/σ0 from beam-spin asymmetry mea-
surements. In the one-photon exchange approximation
the beam-spin asymmetry is defined as [31, 32]:

BSA =

√
2ϵ(1− ϵ)σLT ′

σ0
sinϕ

1 +
√

2ϵ(1 + ϵ)σLT

σ0
cosϕ+ ϵσTT

σ0
cos 2ϕ

, (1)

where the structure functions σL and σT , which con-
tribute to σ0 = σT + ϵσL, correspond to coupling to lon-
gitudinal and transverse virtual photons, and ϵ describes
the flux ratio of longitudinally and transversely polarized
virtual photons. σLT , σTT and the polarized structure
function σLT ′ describe the interference between their am-
plitudes. ϕ is the azimuthal angle between the electron
scattering plane and the hadronic reaction plane.
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σLT ′ can be expressed through the convolutions of
GPDs with sub-process amplitudes (see Eq. 9) and con-
tains the products of chiral-odd and chiral-even terms
[22]. For the π+ channel, the imaginary parts of chiral-
odd GPDs in σLT ′ are significantly amplified by the pion
pole term, where the contributions of GPDs are largely
imaginary and those of the pion pole are real and can be
accurately calculated. Due to this feature, polarized π+

observables show an increased sensitivity to chiral-odd
GPDs like HT and can therefore be used to probe funda-
mental observables like the tensor charge δT for up (u)
and down (d) quarks of the nucleon by

δu,dT =

∫ 1

ξ−1

dxHu,d
T (x, ξ, t = 0), (2)

with the longitudinal momentum transfer ξ [27]. Due
to the missing pion pole contribution, this sensitivity is
much lower for exclusive π0 and η production. In addi-
tion, π+ observables are especially suited to access HT ,
in contrast to π0 and η production, due to the flavour
composition of the charged pions.

An alternative description of hard excluisve pion pro-
duction is based on Regge models. In these models, the
interaction is mediated by the exchange of trajectories
in the t channel. While Regge models were initially ex-
tensively studied for photoproduction (Q2 = 0) [34], an
extension to the deeply virtual regime has been imple-
mented within the Laget model (JML), which is based on
Reggeized π+ and ρ+ meson exchanges in the t-channel
[35, 36] and unitarity cuts [37, 38]. The t-channel ex-
change of the pion and the ρ rely on the canonical VGL
[39] description, supplemented by the t-dependent elec-

FIG. 1. Hard exclusive electro-production of a pion on the
proton in very forward kinematics (−t/Q2 ≪ 1), described
by GPDs [22, 23].

tromagnetic form factor introduced in Ref. [40]. Alone
these pole terms lead to a vanishing BSA. The elastic
π−N [37] and inelastic ρ−N unitarity cuts [37, 38] pro-
vide the phase necessary to get a non-zero BSA, through
their interference with the Regge poles. The JML model,
which provides a unified description at the real photon
point, as well as in the virtual photon sector, nicely re-
produces the recent CLAS [41] and HERMES [42] data
on un-polarized π+ electro-production cross sections.

Altogether, two theoretical descriptions are available
for hard exclusive π+ electro-production. While the
Regge model starts at the real photon point and extends
to the deeply virtual regime, a firm QCD foundation ex-
ists for the GPD model within the Bjorken regime and its
applicability must be tested in the accessible Q2 range.

Previous measurements of the hard exclusive π+ pro-
duction BSA (i.e. [43]) only provided a binning in −t
and ϕ, while the virtuality Q2 and the Bjorken scaling
variable xB where integrated over the complete acces-
sible range due to limited statistics. In addition, only
a limited range in Q2 could be accessed due to the low
electron beam energies that were available for these stud-
ies. For a precise comparison to theoretical models and
especially for a study of higher-twist effects, a multidi-
mensional study in t, ϕ, xB and Q2 with fine binning
is needed to reduce uncertainties and to access the kine-
matic dependencies of the involved GPDs. In addition, a
fully multidimensional study can provide a better com-
parison between the theoretical models and the data and
help to investigate the validity of the two models.

For the present study, hard exclusive π+ electro-
production was measured at Jefferson Lab with CLAS12
(CEBAF Large Acceptance Spectrometer for operation
at 12 GeV) [44]. Beam-spin asymmetries in forward kine-
matics were extracted over a wide range in Q2, xB and ϕ.
The incident electron beam was longitudinally polarized
and had an energy of 10.6 GeV and an average current of
40-55 nA, impinging on a 5-cm-long un-polarized liquid-
hydrogen target placed at the center of the solenoid mag-
net of CLAS12. The CLAS12 forward detector consists of
six identical sectors within a toroidal magnetic field. The
momentum and the charge 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. Positive pions were identified by
time-of-flight measurements. Based on the high statis-
tics of CLAS12, a precise, multidimensional study of the
cross section ratio σLT ′/σ0 becomes possible for the first
time.

For the selection of deeply inelastic scattered electrons,
cuts on Q2 > 1.5GeV2, y < 0.75 and on the invariant
mass of the hadronic final state W > 2 GeV, were ap-
plied. To select the exclusive e′π+n final state, events
with exactly one electron and one π+ were detected, and
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the missing neutron was selected via a cut on the neu-
tron peak in the e′π+X missing mass spectrum. Figure
2 shows the missing mass spectrum for e′π+X in the re-
gion around the missing neutron peak for selected bins
of −t in the forward region, integrated over Q2 and xB .

FIG. 2. Missing mass spectrum of e′π+X in the region of the
missing neutron peak for selected bins of −t in the forward
region. The raw distributions (upper histogram in each plot)
were fit with a Gaussian (green curve) and a polynomial back-
ground (orange curve). For comparison, the background his-
togram obtained with the CERN-ROOT based background
estimator applying a sensitive nonlinear iterative peak clip-
ping algorithm [45] is shown in red and the background sub-
tracted missing neutron peak is displayed as a black histogram
fitted with a Gaussian (brown). The cut borders for the event
selection are shown as vertical lines.

As illustrated in Fig. 2, the signal-to-background ratio
decreases with −t from ≈ 4.5 at −t close to the threshold
tmin to ≈ 2 for −t ≈ tmin+1 GeV2, making a background
subtraction necessary for beam-spin asymmetry extrac-
tions. The observed background behaviour was found
to be nearly independent of the Q2 and xB bin. To
determine the signal and background counts, the com-
plete distribution (signal + background) was fit with a
Gaussian (describing the signal) plus a third-order poly-
nomial (describing the background). After the combined
fit, the signal and background contributions can be sepa-
rated and integrated within a 2 σ region of the Gaussian
distribution. As a crosscheck, another background his-
togram was obtained with the CERN-root based back-
ground estimator applying a sensitive nonlinear iterative
peak clipping algorithm [45]. The obtained background
was found to be very similar to the result from a full fit
of the signal and background function (see Fig. 2), and
was used to estimate the systematic uncertainty of the
background subtraction.

Figure 3 shows the Q2 versus xB distribution of the
exclusive events, together with the binning scheme ap-

plied for the multidimensional study. For each of the

FIG. 3. Distribution of Q2 versus xB . The bin boundaries are
shown as black lines and the bin numbering is given. The bin
borders are also provided in the supplemental material [46].

nine Q2 − xB bins, up to six bins in −t and 12 bins in ϕ
were defined to extract the beam-spin asymmetry (BSA).
The BSA was determined experimentally from the

number of counts with positive and negative helicity
(N±

i ), in a specific bin i as:

BSAi =
1

Pe

N+
i −N−

i

N+
i +N−

i

, (3)

where Pe is the average magnitude of the beam polar-
ization. Pe was measured with a Møller polarimeter up-
stream of CLAS12 to be 86.3%±2.6%. To obtain the
signal counts, a full fit of the signal and background as
described above was applied for each multidimensional
bin in Q2, xB , −t and ϕ and for each helicity state sepa-
rately. The number of counts and their uncertainty were
then given by the integral over the fit function of the
signal distribution and the uncertainty of the beam-spin
asymmetry was calculated based on standard error prop-
agation.
To extract the structure function ratio σLT ′/σ0, the

beam-spin asymmetry was plotted as a function of the
azimuthal angle ϕ. Then a fit of the data with a sinϕ
function was applied. The flux ratio ϵ (see Eq.1) was
calculated for each bin based on the electron kinematics.
Figure 4 shows the beam-spin asymmetry as a function of
ϕ in two different −t bins for the example of Q2−xB bin
9. Even in the highest Q2 bin shown, a precise measure-
ment of the ϕ dependence is possible. As expected, the
ϕ-dependence can be well described by the assumed sinϕ
shape. The impact of the denominator terms in Eq.1 on
σLT ′/σ0 was studied during the analysis using different
extraction methods and was found to be on average 2.7%
and, therefore, much smaller than the statistical and the
total systematic uncertainty, and was considered as a sys-
tematic uncertainty.
The main source of systematic uncertainty is given by

the background subtraction. It was evaluated by com-
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FIG. 4. Beam-spin asymmetry as a function of ϕ for repre-
sentative −t bins of Q2 − xB bin 9 (Q2 = 5.8 GeV2, xB =
0.55). The vertical error bars show the statistical uncertainty
of each point. The red line shows the fit with the functional
form of Eq. (1).

paring the two described background subtraction meth-
ods. The variation between the two methods which was
in average 4.9% is considered as systematic uncertainty.
The systematic effect due to the uncertainty of the beam
polarization (3.4%) was determined based on the uncer-
tainty of the measurement with the Møller polarimeter.
To estimate the impact of acceptance effects, a realis-
tic Monte Carlo simulation including all detector effects
was performed. The impact of acceptance effects was
evaluated by comparing the injected and reconstructed
asymmetries and was found to be in the order of 2.6%.
Also bin migration effects (2.5%) and radiative effects
(3.0%) were studied based on Monte Carlo simulations.
Several additional sources of systematic uncertainty, in-
cluding particle identification and the effect of fiducial
volume definitions, were investigated and found to give
a small contribution to the total systematic uncertainty
(<1.5%). The total systematic uncertainty in each bin
is defined as the square-root of the quadratic sum of the
uncertainties from all sources. On average it was found
to be on the order of 8.3%, which is smaller than the
statistical uncertainty in most kinematic bins.

Figure 5 shows the final results for σLT ′/σ0 in the re-
gion of −t up to 0.8 GeV2 - 1.2 GeV2, depending on
the Q2 bin (−t/Q2 ≈ 0.2− 0.4), where the leading-twist
GPD framework is applicable and compares them to the
theoretical predictions from the Laget model [35], which
is based on hadronic degrees of freedom and to the pre-
dictions from the GPD-based model by Goloskokov and
Kroll (GK) [48]. The band on the theoretical predic-
tion represents the variation of the mean value of Q2

and xB within each multidimensional bin. The increas-
ing width of these bands for bins 8 and 9, which cover a
larger xB and Q2 range than the other bins, clearly shows
the advantages of a fine multidimensional binning for a
precise theory comparison. The structure function ratio
σLT ′/σ0 is clearly positive in all kinematic bins and shows
a typical shape that can be explained by the contributing
structure functions. The non-ϕ-dependent cross section
σ0 = σT +ϵσL is typically forward peaked due to the pion
pole term contribution, while σLT ′ is constrained to be
zero at t = tmin due to angular momentum conservation.
The GK model includes chiral-odd GPDs to calculate

the contributions from the transversely polarized virtual
photon amplitudes, with their t-dependence incorporated
from Regge phenomenology. The GPDs are constructed
from double distributions and constrained by the latest
results from lattice QCD and transversity parton distri-
bution functions [48]. A special emphasis is given to the

GPDs HT and ET = 2H̃T +ET , while contributions from
other chiral-odd GPDs are neglected in the calculations,
unlike chiral-even GPDs. The pion pole contribution to
the amplitudes is taken into account for longitudinally
and transversely polarized virtual photons.
σLT ′ can be expressed through the convolutions of

GPDs with sub-process amplitudes (twist-2 for the lon-
gitudinal and twist-3 for the transverse amplitudes) and
contains the products of chiral-odd and chiral-even terms
[22]:

σLT ′ ∼ ξ
√

1− ξ2
√
−t′

2m
Im[⟨ET−eff ⟩∗⟨H̃eff ⟩

+⟨HT−eff ⟩∗⟨Ẽeff ⟩], (4)

where m is the proton mass and the “eff” in the subscript
describes the inclusion of the pion pole term, i.e.

⟨Ẽeff ⟩ = ⟨Ẽnon-pole⟩+ c
ρπ

t−m2
π

(5)

⟨H̃eff ⟩ = ⟨H̃⟩+ ξ2

1− ξ2
⟨Ẽeff ⟩ (6)

with a factor c = mpQ
2/ξ, the residue ρπ and the pion

mass mπ [48].
For π+ the imaginary part of small chiral-odd GPDs

in σLT ′ is significantly amplified by the pion pole term,
which is real and theoretically well described. The
strength of this effect is illustrated in Fig. 5, which shows
the comparison between the calculation with and with-
out considering the pion pole (blue band vs green dotted
line). Due to this feature, polarized π+ observables show
an increased sensitivity to chiral-odd GPDs in contrast
to the exclusive π0 and η production where the pole con-
tribution is not present. The pion pole is well determined
from cross section measurements with an uncertainty of
less than 10%. Therefore, it cannot explain the observed
overestimation of the experimental result by the theoret-
ical prediction.
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FIG. 5. σLT ′/σ0 and its statistical uncertainty as a function of −t in the forward kinematic regime and its systematic uncertainty
(grey bins). The bold dotted magenta line shows the theoretical prediction from the Regge based Laget model [35]. The blue
band shows the theoretical prediction from the GPD-based Goloskokov-Kroll model. The dashed brown and the dash-dotted
red curve show the effect of increasing the GPD HT by an overall factor of 1.5 and 2.0 for the mean kinematics.The dotted
green curve shows the theory result under the assumption that no pion pole term is contributing. The corresponding result
tables can be found in the supplemental material [46] and can be downloaded from Ref. [47].

The denominator terms of the structure function ratio
σL and σT can be expressed by [22]:

σL ∼ (1− ξ2)
∣∣∣⟨H̃eff ⟩

∣∣∣2 − 2ξ2Re
[
⟨H̃eff ⟩∗⟨Ẽeff ⟩

]
− t′

4m2
ξ2

∣∣∣⟨Ẽeff ⟩
∣∣∣2 (7)

σT ∼ (1− ξ2) |⟨HT−eff ⟩|2 −
t′

8m2

∣∣⟨ET−eff ⟩
∣∣2 . (8)

Due to the quark flavour composition of the pions, π+

production is typically dominated by HT , while the con-
tribution from ET is significantly smaller. In contrast

to this, neutral psuedoscalar-mesons like π0 and η show
a significantly stronger contribution from ET , except at
very small values of −t where HT dominates. Since chi-
ral even GPDs are much better known than their chi-
ral odd counterparts, the strongest uncertainty for the
theoretical prediction is expected from the so far poorly
known GPD HT for which the dependence on the mea-
sured structure function ratio is given in Eq.9.

σLT ′

σ0
∼

Im
[
⟨HT−eff ⟩∗⟨Ẽeff ⟩]

]
|⟨HT−eff ⟩|2 + ϵσL

. (9)

The comparison between the experimental results and
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the theoretical predictions shows that the magnitude of
the GK model calculations is overestimated, while the t-
dependence of the measured σLT ′/σ0 values is, especially
if the variation with Q2 and xB is considered, much bet-
ter, but not perfectly reproduced. This discrepancy of
the magnitude might be due to the interplay of the pion
pole term with the poorly known chiral-odd GPD HT .
Based on Eq.9 the results especially hint on an underes-
timation of HT . To show the sensitivity of σLT ′/σ0 on
the GPD HT , Fig. 5 also contains calculations under the
assumption that the GPD HT is increased by an overall
factor of 1.5 (brown dashed line) and by a factor of 2.0
(red dash-dotted line). Due to the amplification by the
pion pole term, a strong sensitivity to such a variation
can be observed. After the modification of the GPD HT ,
a significantly better agreement between the theoretical
predictions and the experimental result is observed.

However, a change of HT will help as far as σLT ′/σ0

is concerned, but the consequences for other observables
remain to be checked. Especially observables with trans-
versely polarized targets like the sinϕS modulation of the
AUT moment for hard exclusive π+ production, for which
measurements based on HERMES data exist [48] and var-
ious modulations of AUT and ALT for ρ0 production [49]
show strong contributions from the transversity GPDs
and need to be considered for the determination of HT .
Altogether, a new global fit of the GPDs to all existing
data, e.g. [8, 12, 13, 15, 20], as well as the aforementioned
HERMES results and additional upcoming CLAS12 re-
sults on other mesons becomes necessary. Here, the new
multidimensional, high precision π+ beam-spin asymme-
try data from this work and its high sensitivity to the
GPD HT due to the amplification by the pion pole, will
allow a much better determination of this so far poorly
known GPD. Based on the improvements in the knowl-
edge of HT , it will become possible to extract the tensor
charge of the proton, which is a fundamental quantity
and so far only poorly constrained.

The JML model, which turns out to reproduce avail-
able measurements of un-polartized electro-production
cross-sections with a focus on Q2 up to 5 GeV2 and W
up to 4 GeV [41, 42], provides a reasonable description of
the sign and the shape of σLT ′/σ0 at low and medium Q2

and xB values, but shows extrapolation problems for the
highest Q2 and xB bins for which no explicit tuning could
be performed based on previous data. The predicted the-
oretical σLT ′/σ0 values also fall short by a factor of two
on average to reproduce the experimental values. How-
ever, a better agreement can be observed in the region of
the lowest investigated Q2 values, while the difference in-
creases for higher values of Q2. The observed effects may
originate from missing ingredients in the model. For in-
stance, only the dominant singular unitary part of the
re-scattering integrals is taken into account, while the ef-
fect of the principal part may be significant in the inter-
ference with the pole amplitudes. However, the observed

difference in magnitude may also reflect the smallness of
the theoretical transverse amplitude, which also misses
the experimental value by a factor two at lower W [35].

In summary, we have performed a multidimensional
measurement of the structure function ratio σLT ′/σ0 for
e⃗p → e′nπ+ at large photon virtuality, above the reso-
nance region. The comparison in very forward kinematics
showed that, especially, the magnitude of σLT ′/σ0 is over-
estimated in all Q2 and xB bins by the most advanced
GPD-based model [48], indicating that a new global fit
for the dominating GPDHT becomes necessary to obtain
a better fit for the dominant GPD HT and the directly
related tensor charge of the proton. Also the Regge-based
JML model shows difficulties to fully reproduce the data
and underestimates σLT ′/σ0 in the investigated Q2 and
xB region. However, especially at low Q2, the Regge
model shows a slightly better agreement than the GK
model, while the situation changes for high Q2 where the
GPD-based model provides a better reproduction of the
data, especially after the GPD HT is adjusted.
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