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A R T I C L E I N F O A B S T R A C T

Editor: M. Doser The new experimental measurements of beam spin asymmetry were performed for the deeply virtual exclusive 
𝜋0 production in a wide kinematic region with the photon virtualities 𝑄2 up to 6.6 GeV2 and the Bjorken 
scaling variable 𝑥𝐵 in the valence regime. The data were collected by the CEBAF Large Acceptance Spectrometer 
(CLAS12) at Jefferson Lab with longitudinally polarized 10.6 GeV electrons scattered on an unpolarized liquid-

hydrogen target. Sizable asymmetry values indicate a substantial contribution from transverse virtual photon 
amplitudes to the polarized structure functions. The interpretation of these measurements in terms of the 
Generalized Parton Distributions (GPDs) demonstrates their sensitivity to the chiral-odd GPD �̄�𝑇 , which contains 
information on quark transverse spin densities in unpolarized and polarized nucleons and provides access to the 
nucleon’s transverse anomalous magnetic moment. Additionally, the data were compared to a theoretical model 
based on a Regge formalism that was extended to the high photon virtualities.

Deeply virtual meson electroproduction (DVMP) is one of the most 
effective ways to access Generalized Parton Distributions (GPDs), which 
are essential non-perturbative objects that provide extensive informa-

tion on the 3D structure of hadrons [1–3]. DVMP processes at large 
photon virtuality can be factorized into a hard-scattering subprocess 
and a soft subprocess. For longitudinally polarized virtual photons at 
large photon virtuality 𝑄2 the factorization of this amplitude shown in 
Fig. 1 has been proven [2,4]. For transversely polarized virtual photons, 
a modified perturbative approach is used in current phenomenological 
models to take the parton transverse momenta into account as a higher-

twist effect [5]. The hard subprocess can be calculated perturbatively 
and the soft parts of the convolution can be described with GPDs and a 
meson distribution amplitude (DA).

Previous experimental [7–23] and theoretical [5,6,24–26] studies 
of hard exclusive pseudoscalar meson electroproduction, especially 𝜋0

and 𝜂 electroproduction [5,6,12,13,16,17,27,28], have shown that the 
asymptotic leading-twist approximation is not sufficient to describe the 
experimental results from the existing measurements. It was found that 
there are strong contributions from transversely polarized virtual pho-

tons that have to be considered by including contributions from chiral-

odd GPDs (𝐻𝑇 , �̃�𝑇 , 𝐸𝑇 , and 𝐸𝑇 ) in addition to the chiral-even GPDs 
(𝐻 , �̃� , 𝐸, and 𝐸), which depend on the momentum fraction of the par-

ton 𝑥, the skewness 𝜉, and the four-momentum transfer to the nucleon 
𝑡. 𝜋0 meson production was shown to have an increased sensitivity to 
chiral-odd GPDs and is especially suited to constrain �̄�𝑇 = 2�̃�𝑇 + 𝐸𝑇 , 
due to the quark flavor composition.
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Fig. 1. Hard exclusive electroproduction of a pion on the proton in very forward 
kinematics (−𝑡∕𝑄2 ≪ 1), described by GPDs [5,6].

The chiral-even GPDs can be related to the well-known nucleon 
form factors [6] but a few phenomenological constraints exist for the 
chiral-odd GPDs that cannot be accessed from the chiral-even sector. 
For example, the first moment of �̄�𝑇 can be interpreted as the proton’s 
transverse anomalous magnetic moment [29], and in the forward limit, 
𝐻𝑇 becomes the transversity structure function ℎ1, which is directly 
related to the still unknown tensor charge of the nucleon [6,30].

An alternative description of hard exclusive pion production is pro-

vided by Laget (JML) model, which is based on Reggeized exchange of 
trajectories in the 𝑡-channel [31,32] and unitarity cuts [33,34]. While 
the Regge model starts at the real photon point and extends to the 
deeply virtual regime, a firm QCD foundation exists for the GPD model 
within the Bjorken regime and its applicability must be tested in the 
accessible 𝑄2 range. For a precise comparison to theoretical models 
and especially for a study of higher-twist effects, a study in −𝑡, 𝜙, 𝑥𝐵 , 
and 𝑄2 with multidimensional binning is needed to reduce uncertain-

ties and to access the kinematic dependencies of the GPDs involved, 
where 𝑄2 is the photon virtuality, 𝑥𝐵 is the Bjorken scaling variable, 𝑡
is the four-momentum transfer between the initial and final proton, and 
𝜙 is the azimuthal angle between the electron scattering plane and the 
hadronic reaction plane in the center-of-mass frame.

In exclusive meson production experiments, GPDs are typically ac-

cessed through differential cross sections and beam and target polariza-

tion asymmetries [35–37]. In the one-photon exchange approximation 
the beam spin asymmetry (BSA) is defined as [35,36]:

𝐵𝑆𝐴 =

√
2𝜖(1 − 𝜖) 𝜎𝐿𝑇 ′

𝜎0
sin𝜙

1 +
√
2𝜖(1 + 𝜖) 𝜎𝐿𝑇

𝜎0
cos𝜙+ 𝜖

𝜎𝑇𝑇
𝜎0

cos 2𝜙
, (1)

where the structure functions 𝜎𝐿 and 𝜎𝑇 , which contribute to 𝜎0 =
𝜎𝑇 + 𝜖𝜎𝐿, correspond to coupling to longitudinal and transverse virtual 
photons, and 𝜖 describes the flux ratio of longitudinally and transversely 
polarized virtual photons. 𝜎𝐿𝑇 , 𝜎𝑇𝑇 , and the polarized structure func-

tion 𝜎𝐿𝑇 ′ describe the interference between their amplitudes. The focus 
of this work is on the extraction of the beam spin asymmetry moments 
related to the structure function ratio 𝜎𝐿𝑇 ′ ∕𝜎0.

For the present study, hard exclusive 𝜋0 electroproduction was mea-

sured at Jefferson Lab with CLAS12 (CEBAF Large Acceptance Spec-

trometer for operation at 12 GeV) [38]. Beam spin asymmetries in 
forward kinematics were extracted over a wide range in 𝑄2, 𝑥𝐵 and 
𝜙. The longitudinally polarized incident electron beam had an energy 
of 10.6 GeV with an average current of 40-55 nA, impinging on a 5-

cm-long unpolarized liquid-hydrogen target placed at the center of the 
solenoid magnet of CLAS12. The large acceptance of the CLAS12 de-

tector allowed simultaneous detection of all four final state particles of 
the 𝑒𝑝 → 𝑒′𝑝′𝜋0 reaction, with the 𝜋0 reconstructed by measuring the 
2𝛾 decay channel. The scattered electron was identified in the forward 
detector using the track reconstructed in the drift chambers (DC) and 
matching it with signals in a lead-scintillator electromagnetic sampling 

Fig. 2. Distributions of missing mass squared of the 𝑒𝑝𝑋 system before (black 
line) and after (red line) application of the exclusive constraints. The blue 
dashed lines represent the cuts on 𝑀𝑀2

𝑒𝑝𝑋
that were also used for final ex-

clusive 𝑒𝑝 → 𝑒′𝑝′𝜋0 event selection.

calorimeter (EC) and Cherenkov counter. The proton was identified as 
a positively charged particle track in the DC with the time-of-flight 
measurements from the scintillator counters. The neutral pion decay 
photons were detected using the EC energy and timing information.

For the selection of deeply inelastic scattered electrons, cuts on 
𝑄2 > 2 GeV2 and on the invariant mass of the hadronic final state 
𝑊 > 2 GeV, were applied. The events with exactly one electron, one 
proton and at least two photons were selected as candidates for the 
exclusive 𝑒𝑝 → 𝑒′𝑝′𝜋0 final state. With the 4-momenta reconstructed 
for all final state particles, the event kinematics is fully known, and 
energy and momentum conservation can be used to develop cuts to en-

sure exclusivity of the reconstructed events. These constraints reject the 
backgrounds from different channels (e.g. 𝜂, 𝜌 or 𝜔 meson production) 
and from reactions with any additional undetected particle present. The 
exclusivity cuts were based on the following variables:

• ||Δ𝑃𝑇
|| < 0.3 GeV and −0.5 < Δ𝑃𝑧 < 0.9 GeV - missing transverse 

and longitudinal momenta of the 𝑒′𝑝′𝛾𝛾 system;

• ||Δ𝜙𝑋𝜋
|| < 4◦ - the difference between the azimuthal angles of the 

reconstructed and computed 𝜋0 using the beam, target, and recon-

structed 𝑒′ and 𝑝′ particles, peaked around zero;

• −0.3 <𝑀𝑀2
𝑒𝑝𝑋

< 0.4 GeV2 - missing mass squared of 𝑒𝑝 → 𝑒𝑝′𝑋

with the distribution peaked around the neutral pion mass squared.

Each exclusive variable distribution was fit and the experimental res-

olution 𝜎 was observed from the fit, the events within a ±3𝜎 range 
from the expected peak values were chosen as the final exclusive can-

didates. Fig. 2 illustrates the effect of the Δ𝑃𝑇 , Δ𝑃𝑧, and Δ𝜙𝑋𝜋 cuts 
on the missing mass squared of the 𝑒𝑝𝑋 system and demonstrates the 
power of these exclusive constraints to achieve clean 𝑒𝑝 → 𝑒′𝑝′𝜋0 event 
selection.

After application of all exclusivity cuts, the invariant mass of two 
photons was used to estimate the remaining background from acciden-

tal photons using the sideband method. The observed background was 
found to be very small for all multidimensional bins, two of which are 
shown in Fig. 3. As a cross-check, the 𝑀𝛾𝛾 distributions were fit with a 
Gaussian (describing the signal) plus a first-order polynomial (describ-

ing the background). The background estimate using the fit method 
was found to be consistent with the result from the sideband subtrac-

tion method, and was used to estimate the systematic uncertainty of the 
background subtraction.

The BSA was determined experimentally from the number of signal 
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

, (2)

p' 

J!l 
C 

51000 
(.) 

-- before exclusive selection 

-- after exclusive selection 

1.5 2 

MM~px [GeV2] 



Physics Letters B 849 (2024) 138459

4

The CLAS Collaboration

Fig. 3. The invariant mass spectra of two decay photons show distributions 
peaked at the neutral pion mass. The plots for two opposite 𝜙 bins are shown 
on top (80◦ < 𝜙 < 120◦) and bottom (240◦ < 𝜙 < 280◦). Both plots are from the 
third −𝑡 bin of fifth 𝑄2, 𝑥𝐵 bin. The black solid histogram corresponds to the 
events with positive helicity and the red dashed histogram corresponds to the 
events with negative helicity. The blue dashed lines represent 3𝜎 cuts on the 
invariant mass of two photons. The events outside of these lines are used for 
sideband subtraction to estimate the background, which is at the level of a few 
percent in all kinematic bins.

where 𝑃𝑒 is the average magnitude of the beam polarization. 𝑃𝑒

was measured with a Møller polarimeter upstream of CLAS12 to be 
86.3%±2.6%. To obtain the signal counts, the 𝑀𝛾𝛾 distribution for 
each multidimensional bin in 𝑄2, 𝑥𝐵 , −𝑡, and 𝜙 and for each helicity 
state was analyzed separately, and the background counts were sub-

tracted using the sideband method, as described above. Fig. 4 shows 
the 𝑄2 versus 𝑥𝐵 distribution of the exclusive events, together with 
the binning scheme applied for the multidimensional study. The size 
of binning grid was influenced by available statistics and aimed to of-

fer a distinct kinematic representation of experimental measurements 
in a multi-dimensional space comparable with the measurements of ex-

clusive deeply virtual 𝜋+ production channel from CLAS12 [23]. The 
statistical uncertainty of the beam spin asymmetry was calculated based 
on standard error propagation. For each of the five {𝑄2, 𝑥𝐵} bins, three 
bins in −𝑡 and nine equidistant bins in 𝜙 were defined to extract the 
BSA. Applying the same analysis procedure, the measurements were 
performed for two independent datasets with different experimental 
conditions, and the table with results can be found in the supplemen-

tal material. The bin sizes for each kinematic variable are greater than 
their respective resolutions.

To access the structure function ratio 𝜎𝐿𝑇 ′ ∕𝜎0, the BSA was plotted 
as a function of the azimuthal angle 𝜙. Fig. 5 shows the BSA as a func-

tion of 𝜙 in two exemplar −𝑡 bins for two different 𝑄2 − 𝑥𝐵 bin. As 
expected, the 𝜙-dependence can be well described by Eq. (1). The de-

nominator terms were fixed using the model parameterizations of the 
unpolarized structure functions measured by CLAS [11]. The impact of 
these terms in Eq. (1) on 𝜎𝐿𝑇 ′ ∕𝜎0 was studied using different parame-

terization values for the unpolarized structure functions and was found 
to be much smaller than the statistical uncertainty.

The extraction of the BSAs for the exclusive 𝑒𝑝 → 𝑒′𝑝′𝜋0 channel 
includes several sources of systematic uncertainty. Above we have dis-

cussed the contribution from the background subtraction, evaluated by 
using two different methods to estimate the background counts from 
the invariant mass distribution of the two decay photons. The vari-

ations between asymmetries extracted using these two methods were 
0.006 on average and were considered as systematic uncertainties. The 
systematic effect due to the uncertainty of the beam polarization was 
determined to be around 0.003 based on the uncertainty of the measure-

Fig. 4. Distribution of 𝑄2 versus 𝑥𝐵 . The red lines represent the bin boundaries, 
and the bin numbering is given.

Fig. 5. Beam spin asymmetry as a function of 𝜙 for two representative kinematic 
bins. The vertical error bars show the statistical uncertainty of each point. The 
gray bands represent systematic uncertainties of the BSA measurements. The 
red lines show the fit with functional form of Eq. (1).

ment with the Møller polarimeter. A Geant4 Monte Carlo simulation 
was performed to estimate the impact of acceptance effects. This simula-

tion included the CLAS12 detector response and generated asymmetries 
based on experimental values. The impact was evaluated by comparing 
the modeled and reconstructed asymmetries, and was found to be on 
the order of 0.013. Also bin migration effects and radiative effects were 
studied based on Monte Carlo simulations and estimated to be around 
0.002. Additionally, for the systematic uncertainty associated with the 
event selection procedure, the exclusivity cuts were varied, and the cor-

responding BSA variations were estimated to be 0.014 on average. As 
mentioned above, the effect of the denominator terms from Eq. (1) on 
the fit results was also studied and estimated to be around 0.005. The 
individual systematic uncertainties were combined in quadrature, and 
the total uncertainty was conservatively estimated at 0.015 on aver-

age, which is smaller than the statistical uncertainty in most kinematic 
bins. Similarly, each individual source of systematic uncertainty was 
propagated to the extraction of 𝜎𝐿𝑇 ′ ∕𝜎0, and their combined values are 
shown on Fig. 6 as shaded band.
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Fig. 6. The measurements of 𝜎𝐿𝑇 ′ ∕𝜎0 and its statistical uncertainty as a function of −𝑡 in the forward kinematic regime. The gray bins represent the systematic 
uncertainties. The black curves show the theoretical prediction from the GPD-based Goloskokov-Kroll model. The black dashed lines show the effect of the GPD �̄�𝑇

multiplied by a factor of 0.5, and the black dotted lines show the effect of the GPD 𝐻𝑇 multiplied by a factor 0.5. The red curve shows the theoretical predictions 
from the Regge-based JML model.

Fig. 6 shows the final results for the BSA moments extracted in 
the region of −𝑡 up to 1.6 GeV2 for the five {𝑄2, 𝑥𝐵} bins (−𝑡∕𝑄2 ≈
0.2 − 0.4), where the leading-twist GPD framework is applicable. It 
includes the comparison to the theoretical predictions from the GPD-

based model by Goloskokov and Kroll (GK) [39] and the Regge-based 
JML model [31,32]. The structure function ratio 𝜎𝐿𝑇 ′ ∕𝜎0 is clearly pos-

itive in all kinematic bins and shaped by the contributing structure 
functions. The non-𝜙-dependent cross section 𝜎0 = 𝜎𝑇 + 𝜖𝜎𝐿 is deter-

mined by the interplay between the �̄�𝑇 and 𝐻𝑇 contributions in the 
low −𝑡 region, while 𝜎𝐿𝑇 ′ is constrained to be zero at −𝑡𝑚𝑖𝑛 due to an-

gular momentum conservation.

The GK model includes chiral-odd GPDs to calculate the contribu-

tions 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 distribution functions 
[39]. A special emphasis is given to the GPDs 𝐻𝑇 and �̄�𝑇 = 2�̃�𝑇 +𝐸𝑇 , 
while contributions from other chiral-odd GPDs are neglected in the cal-

culations, unlike chiral-even GPDs. 𝜎𝐿𝑇 ′ can be expressed through the 
convolutions of GPDs with subprocess 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 [5]:

𝜎𝐿𝑇 ′ ∼ 𝜉
√
1 − 𝜉2

√
−𝑡′
2𝑚

𝐼𝑚[⟨�̄�𝑇 ⟩∗⟨�̃�⟩+ ⟨𝐻𝑇 ⟩∗⟨𝐸⟩]. (3)

After expanding the dominating chiral-odd denominator term [5], the 
structure function ratio 𝜎𝐿𝑇 ′ ∕𝜎0 can be expressed by:

𝜎𝐿𝑇 ′

𝜎0
∼

𝐼𝑚[⟨�̄�𝑇 ⟩∗⟨�̃�⟩+ ⟨𝐻𝑇 ⟩∗⟨𝐸⟩]
(1 − 𝜉2) ||⟨𝐻𝑇 ⟩||2 − 𝑡′

8𝑚2
||⟨�̄�𝑇 ⟩||2 + 𝜖𝜎𝐿

. (4)

Due to the quark flavor composition of the pions, 𝜋0 production is typi-

cally dominated by �̄�𝑇 , while the contribution from 𝐻𝑇 is significantly 
smaller. In contrast, 𝜋+ electroproduction shows a significantly stronger 
contribution from 𝐻𝑇 . Since chiral even GPDs are much better known 
than their chiral odd counterparts, the strongest uncertainty for the the-

oretical prediction is expected from the so far poorly known GPD �̄�𝑇 .

The comparisons between the experimental results and theoretical 
calculations demonstrate the difficulty to parameterize the delicate in-

terference structure function 𝜎𝐿𝑇 ′ and estimate its sizable magnitude. 
The JML model shows positive values for the beam spin asymmetries 
in the three lowest 𝑥𝐵 (close to 0.35) and 𝑄2 (below 4.5 GeV2) bins 
for the low −𝑡 regions, but fails to extrapolate to the two highest 𝑥𝐵
and 𝑄2 bins. This model incorporates the dominant contributions which 
successfully build the unpolarized cross section. However, smaller con-

tributions which are neglected may become relevant in BSA through 
their interference. For instance, the model does not include the real 
principal part of the rescattering amplitudes but takes into account only 
its singular part which provides the necessary imaginary part of the am-

plitude, and therefore a non-vanishing BSA. This conjecture, as well as 
the contributions of less likely intermediate states, remain to be investi-

gated. The GK model provides a better description of the experimental 
measurements in a wide 𝑄2 and −𝑡 range, but still predicts significantly 
smaller values for 𝜎𝐿𝑇 ′ ∕𝜎0. This discrepancy between the GK predic-

tions and the experimental data might be explained by the interplay 
between the magnitudes of the chiral-odd GPDs 𝐻𝑇 and �̄�𝑇 . Based on 
Eq. (3) the results especially hint that �̄�𝑇 is overestimated. To illustrate 
the sensitivity of 𝜎𝐿𝑇 ′ ∕𝜎0 on the GPD �̄�𝑇 , Fig. 6 also contains calcula-

tions with the GPD �̄�𝑇 reduced by an overall factor of 2 (black dashed 
line) and with the GPD 𝐻𝑇 reduced by a factor 2 (black dotted line). 
The modification of the GPD �̄�𝑇 generates substantially larger BSA val-

ues, whereas the reduction of the GPD 𝐻𝑇 shows a significantly smaller 
effect. This disparity reflects the dominance of the GPD �̄�𝑇 in the the-

oretical description of 𝜋0 electroproduction, which makes it the most 
relevant channel to constrain �̄�𝑇 . These effects are especially evident 
for the lower 𝑄2 bins, while the increase in the high 𝑄2 bins is notice-

ably smaller, which can indicate that the contributions of chiral-odd 
GPDs are still significant at the range of 𝑄2 accessible in CLAS12, and 
should be improved in the GK model calculations.

While a change of �̄�𝑇 helps as far as the description of 𝜎𝐿𝑇 ′ ∕𝜎0
is concerned, the consequences for other observables remain to be 
checked. This includes the measurements that show strong contri-

butions from the transversity GPDs and need to be considered for 
the determination of �̄�𝑇 , such as unpolarized cross section measure-

ments for deeply virtual 𝜋0 production from CLAS [8,11,12,16,17], 
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Hall A [18–20], COMPASS [21], and observables with transversely po-

larized targets for hard exclusive 𝜋+ production from HERMES [39]. 
Altogether, a new global fit of the GPDs to all existing data from CLAS 
and Hall A, as well as the aforementioned HERMES and COMPASS 
results, and additional upcoming CLAS12 results on other mesons, be-

comes necessary. Here, the new multidimensional precision 𝜋0 BSA 
data from this work and its high sensitivity to the GPD �̄�𝑇 will al-

low a better determination of this so far poorly known GPD. Based on 
the improvements in the knowledge of �̄�𝑇 , it will become possible to 
improve the knowledge of the nucleon’s anomalous magnetic moment 
𝑘𝑢,𝑑
𝑇

= ∫ 𝑑𝑥�̄�𝑢,𝑑
𝑇

(𝑥, 𝜉, 𝑡 = 0), which is a fundamental quantity and so far 
only poorly constrained using lattice QCD results.

In summary, we have performed a multidimensional study of the 
BSA measurements for 𝑒𝑝 → 𝑒′𝑝′𝜋0 at large photon virtuality, above 
the resonance region. In very forward kinematics, the magnitude of 
𝜎𝐿𝑇 ′ ∕𝜎0 is underestimated in all 𝑄2 and 𝑥𝐵 bins by the most advanced 
GPD-based model [39], indicating that a global fit of the model to 
existing experimental data is necessary to achieve an improved param-

eterization of the chiral odd GPDs, especially the dominating GPD �̄�𝑇 .
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