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Scaling study of the pion electroproduction cross sections
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The 1H(e, e′π+)n cross section was measured for arange of four-momentum transfer up to Q2 = 3.91 GeV2

at values of the invariant mass W above the resonance region. The Q2 dependence of the longitudinal component
was found to be consistent with the Q2-scaling prediction for hard exclusive processes. This suggests that the
QCD factorization theorem is applicable at rather low values of Q2. The transverse term falls off slower than the
naive Q−8 expectation and remains appreciable even at Q2 = 3.91 GeV2.
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The partonic picture of the hadron predicts a factorization
of short- and long-distance physics, where the factorization
scale is given by the four-momentum transfer squared (Q2).
Measurements of inclusive processes, such as deep inelastic
scattering (DIS), confirm that in the limit of large Q2, at fixed
values of the Bjorken variable xB (the longitudinal momentum
fraction of the hadron carried by the parton in the infinite
momentum frame), such processes can be viewed as scattering
from individual partons within the hadronic system. The
long-distance physics is summarized in the parton distribution
functions, which can be related to the structure of the hadron.

A similar factorization of scales may be expected to apply to
hard exclusive processes.

In meson electroproduction, a factorization theorem has
been proven for longitudinally polarized photons [1]. It
predicts that for sufficiently large values of Q2, at fixed xB , and
fixed momentum transfer to the nucleon, −t , the amplitude for
hard exclusive reactions can be expressed in terms of a short-
distance (hard) process, a distribution amplitude describing
the formation of the final state meson, and generalized parton
distributions (GPDs). The last two encode the long-distance
(soft) physics. Though it is expected that the factorization
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theorem is valid for Q2 > 10 GeV2, to date it is unclear
whether it may already be approximately valid at moderately
high values of Q2 under certain conditions [2].

Longitudinal/transverse (L/T) separated pion production
cross sections are one way to test the predictions of the factor-
ization theorem for hard exclusive processes. To leading order,
the meson electroproduction cross section for longitudinally
polarized virtual photons scales like σL ∼ Q−6 at fixed −t

and xB [3]. The contribution of transversely polarized photons
is suppressed by at least an additional power of 1/Q in the
amplitude.

The goal of the present analysis is to investigate which
values of Q2 are sufficient for factorization to apply in pion
electroproduction. The Q2-scaling prediction can be exper-
imentally tested with measurements of σL, while the size of
transverse contributions can be quantified via σT . The interfer-
ence terms, σLT and σTT, may provide additional information
on the applicability of the QCD factorization prediction. Based
on the expected 1/Q suppression of transverse contributions,
one may naively expect the corresponding power laws of
1/Q and 1/Q2 for σLT/σL and σTT/σL, respectively.

In our analysis, we use the previously published L/T
separated 1H(e, e′π+)n cross sections, as well as newly
available results from the pion transparency experiment (E01-
107), which was carried out in Hall C at the Thomas Jefferson
National Accelerator Facility (JLab). The data were acquired at
Q2 = 2.15 and 3.91 GeV2 for values of −t ranging between
0.145 and 0.450 GeV2, at a center-of-mass energy of W =
2.2 GeV. A more detailed description of the experiment can
be found in Ref. [4].

The experimental cross sections are calculated by compar-
ing the experimental yields to a Monte Carlo simulation of the
experiment. To take into account variations of the cross section
across the acceptance, the simulation uses a 1H(e, e′π+)n
model based on pion electroproduction data. The model was
optimized in an iterative fitting procedure to match the t and
Q2 dependence of the data. The W dependence of the data is
well described by the empirical form (W 2 − M2

p)2, where Mp

is the proton mass [5]. The resulting model cross section is
known to 10%.

The uncorrelated systematic uncertainty, which is amplified
by 1/�ε in the L/T separation, is 0.6% at Q2 = 2.15 GeV2

and 3.7% at Q2 = 3.91 GeV2. The latter is dominated by the
model dependence of the cross section. At Q2 = 2.15 GeV2,
the model dependence is <1%, as the data were analyzed at the
same values of W and Q2 at high and low ε. This was achieved
by placing constraints to equalize the W/Q2 phase space,
and obtaining average central values from datasets over the
overlapping region. At Q2 = 3.91 GeV2, the W/Q2 kinematic
coverage at high ε does not overlap with the one at low ε, and
it does not allow for selecting the bin centers from a common
set of values. An explicit correction (on the order of 4%) was
required to perform the L/T separation at common values of
W and Q2. Other contributions to the systematic uncertainties
are the correlated systematic uncertainty (3.7%), which is
dominated by radiative corrections and pion absorption, and
the −t-correlated systematic uncertainty (1.2%).

Because tests of the Q2 dependence of the cross section
require scaling of our data in −t and xB , it is beneficial
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FIG. 1. (Color online) The t dependence of the separated cross
sections from E01-107 data. The error bars include the statistical
and uncorrelated systematic uncertainty combined in quadrature, and
the error band includes the correlated and t-correlated systematic
uncertainties. The solid black lines denote the best fit of the
VGL/Regge model [6] to the data. The fit parameter is the pion
cutoff, which relates to the pion form factor in a monopole form. The
fit value for the pion cutoff is �2

π = 0.518 GeV2 at Q2 = 2.15 GeV2,
and �2

π = 0.584 GeV2 at Q2 = 3.91 GeV2. The value for the ρ cutoff
was taken to be �2

ρ = 1.7 GeV2 at both values of Q2. The red-dashed
curve shows the result of a calculation using the VGG/GPD model [7].

to first look into the agreement with the well-known −t

dependence. Our results are shown in Fig. 1. The separated
cross sections were evaluated at fixed values of W,Q2,
and −t . At Q2 = 2.15 GeV2, σL shows the expected almost
exponential falloff with −t , while σT is largely independent of
−t . The interference terms are not large but clearly contribute
to the total cross section.

Regge-based calculations such as the one by
Vanderhaeghen, Guidal, and Laget (VGL) [6], in which
the t dependence is determined by the exchange of Regge
trajectories for π - and ρ-like particles, have been well
established over a wide kinematic range in −t and W .
Most parameters are fixed by pion photoproduction data
with the pion and pion transition form factor as the only
free parameters. Both form factors are parametrized by a
monopole form, [1 + Q2/�2

i ]−1, where �2
π,ρ is the π (ρ)

mass scale. The VGL Regge model does a good job overall in
describing the magnitude and t and Q2 dependences of our σL

data, but it strongly underestimates the magnitude of σT , for
which the model seems to have limited predictive power. This
emphasizes the need for L/T separations in these kinematics.

Our data are also compared with a GPD calculation by
Vanderhaeghen, Guidal, and Guichon (VGG) [7], which uses
a factorized ansatz in terms of a form factor and a quark
distribution function. The pion pole part of the amplitude
is obtained using a parametrization of Fπ data including
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power corrections due to intrinsic transverse momenta and
soft overlap contributions. The strong coupling constant
between quarks and the exchanged gluon is deduced from
the asymptotic freedom expression for αs and by imposing
Q2 analyticity. This infrared (IR) finite form can be found in
Refs. [7,8]. The GPD calculation gives a rather good descrip-
tion of the t dependence of the data, and the Q2 dependence
is also described fairly well.

It is interesting to note that both the Regge and the GPD
models describe the Q2 dependence of σL quite well at low
−t and low Q2. The agreement at low values of −t may
be expected, because the Regge calculation, which is valid
at low −t and low Q2, overlaps with the region of validity
of the GPD calculation. However, this observation suggests
that the agreement between data and GPD calculations is a
necessary but not sufficient condition for the applicability of
QCD factorization in this kinematic regime.

A more stringent and model-independent test of QCD
factorization is the leading order Q2 power law scaling of
the separated cross sections. The Q2 dependences of σL and
σT , where results from this experiment have been combined
with other recent results from JLab [9,10], are shown in
Fig. 2. The data were scaled to constant values of −t and
xB using the separated VGL/Regge cross section predictions.
The additional uncertainty due to this kinematic scaling was
determined from comparisons of the resulting cross section
with one obtained using the GPD prediction (for σL only) and
a parametrization based on pion electroproduction data. The
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FIG. 2. (Color online) The Q2 dependence of the separated cross
sections at fixed values of −t and xB . The error bars denote the
statistical and systematic uncertainties combined in quadrature. The
red, solid curve shows a fit of the form Q−6 for σL and Q−8 for σT .
The green dotted line is a GPD calculation from Ref. [7]. In this
calculation, power corrections to the leading order are included. The
blue dashed line is a VGL/Regge [6] calculation using �2

π from a
global fit to Fπ .

kinematic scaling uncertainty ranges from 7% to 13% in σL

for both xB kinematics, while the σT uncertainty is larger by a
factor of 3.

The “hard scattering” predictions for σL(∼Q−6) and σT

(∼Q−8) are indicated by the red lines in Fig. 2. We have
also fitted σL and σT at each value of xB to the forms σL ∼
Qn and σT ∼ Qm, where n and m are free parameters. The
experimental fit values are listed in Table I together with the
χ2 for n = −6 and m = −8. The fit values for σL are consistent
with the hard scattering prediction within the uncertainty. In
fact, fitting the Q2-scaling prediction, σL ∼ Q−6, also results
in a good description of the data. Note that the fit at xB = 0.451
is not well constrained because of the precision of the available
data. While the scaling laws are reasonably consistent with the
Q2 dependence of the σL data, they fail to describe the Q2

dependence of the σT data. The Q2 dependence of σT does,
however, provide less conclusive evidence for having reached
the hard scattering regime, as the factorization theorem was
proven rigorously only for longitudinal photons [1].

It has been suggested that additional information about
QCD factorization may be obtained through the interference
terms [11]. However, the small size of these components
may complicate the interpretation of the experimentally fitted
scaling power. A fit to the interference terms from Ref. [12]
suggests that the Q2 dependence is reasonably well described
by a functional form 1/Q(χ2 = 0.94, probability= 0.62)
for σLT/σL, while a functional form of 1/Q2(χ2 = 1.34,
probability= 0.51) does a reasonable job describing the Q2

dependence of σTT/σL at xB = 0.311. Because of the small
size of σLT, the Q2 dependence of the exponent can only be
determined at the ±17% level.

An interesting observation is that at first glance, σL appears
to scale in a manner consistent with the Q−6 hard scattering
prediction. However, an observation of the “correct” power
law behavior of the cross section is not proof that QCD
factorization is already applicable, and it is necessary to
examine several characteristics of the reaction before drawing
conclusions about the reaction mechanism.

High-energy experiments using the 1H(e, e′ρ)1H reaction
have produced data that agree with the Q2-scaling expectation
for the cross section ratio σL/σT under the assumption of
s-channel helicity conservation. Data have been obtained at
DESY [13,14], Cornell [15], and Fermilab [16] for values of
Q2 ranging from 0.3 to 5.0 GeV2 at center-of-mass energies W
ranging from 1.3 to 6 GeV, and more recently at JLab [17,18].

The Q2-scaling expectation was also tested using unsep-
arated ω cross section data from JLab for Q2 values up
to 5 GeV2. The t-channel process was found to dominate,
but considerable transverse contributions complicated the
isolation of contributions from hard and soft processes from
these unseparated data [19].

Higher order (soft) corrections play an important role at
experimentally accessible energies [2,20] in electroproduction
and may mimic the expected Q2-scaling behavior character-
istic for the hard pQCD term [21] in σL. Recall that the fitted
scaling power for σL could only be determined to ±0.95, and
the experimental uncertainties are rather large. In fact, devia-
tions from the hard scattering prediction comparable to those
shown in Table I have been observed in earlier measurements
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TABLE I. Central fit values for the Q2 scaling laws σL ∼ Q−n and σT ∼ Q−m

for both xB settings. Also shown are the χ 2 values for fitting the data with the hard
scattering predictions σL ∼ Q−6 and σT ∼ Q−8, and the corresponding probability
P for finding this value of χ 2 or larger in the sampling distribution assuming
Poisson statistics.

xB −t σL ∼ Q−n σL ∼ Q−6 σT ∼ Q−m σT ∼ Q−8

n χ 2/ν (P ) m χ 2/ν (P )

0.31 0.15 5.08 ± 0.95 0.45 (0.64) 4.20 ± 0.78 10.7(<10−3)
0.45 0.41 4.17 ± 2.95 0.24 (0.62) 6.01 ± 0.90 4.5 (0.034)

of the energy dependence of large-angle Compton scattering
performed at CEA [22]. While the Compton data are in good
agreement with the predicted energy dependence from pQCD,
at least one other theoretical model describes the data equally
well, including the contribution of subleading logarithms
at values of Q2 < 10 GeV2 [23]. Furthermore, recent data
from Jefferson Lab [24], covering the same kinematic range
at higher precision, show good agreement with the hard
scattering prediction, while the extracted scaling power at
fixed center-of-mass angles differs considerably from the one
predicted by pQCD. If similar effects are significant in σL for
charged pion production, the observed “scaling” behavior may
be accidental. The measurements will thus have to be extended
to higher values of Q2, for instance, at JLab after the 12 GeV
upgrade, or to even higher energies, for instance, at an electron
ion collider.

In summary, the Q2 dependence of the separated pion
electroproduction cross sections plays a large role in the
determination of the Q2 regime for which the factorization
of long- and short-distance physics needed for the extraction

of GPDs from hard exclusive processes is valid. The Q2

dependence of separated 1H(e, e′π+)n longitudinal cross
sections from Jefferson Lab is in good agreement with the
Q−6-scaling prediction within the experimental uncertainty.
This would suggest that GPDs can be accessed at relatively
low values of Q2. However, higher order contributions may
still be significant in this kinematic regime and mimic the
expected Q2-scaling behavior. Transverse contributions to the
cross section drop considerably slower than the naive Q−8

scaling expectation.
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