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FIG. 15: (Color online) Total cross sections as a function of
Q2 for our data (red full circles), previous JLab data (open
circles) [22], Cornell data (stars) for W between 2 and 3.7
GeV [21], HERMES data (triangles) for W between 4 and
6 GeV [23], and HERA data (squares) at high W [26]. The
curves show the predictions of the JML model at W=2.9, 2.45
and 2.1 GeV (top to bottom).

[20, 21, 22, 23, 26] in Fig. 15. The one overlap point at
Q2 = 1.5 GeV 2 is in good agreement with the previous
CLAS measurement [22]. The data sets span the range
from threshold at W=2 GeV up to HERA energies.

The data sets have a similar trend as a function of
Q2 and increase monotonically as a function of W . The
three curves using the JML model at W = 2.1, 2.45 and
2.9 GeV are also plotted for Q2 greater than 1.5 GeV2.
The calculation for W=2.45 GeV, which is close to the
average of our data, seems to overestimate our data by
about a factor of two, although it does reproduce the
existing Cornell data from Ref. [21]. The Cornell data
has a much wider acceptance range in W between 2.0
and 3.7 GeV, so in fact it could be representative of the
cross section at higher W . The new data from CLAS,
together with the existing world data, in particular the
data from HERA, indicate that the qualitative behavior
as a function of Q2 does not change between threshold
and a W of about 100 GeV.

Of interest is the applicability of factorization and the
formalism of GPDs to meson production in general, and
φ production in particular. QCD factorization makes
certain asymptotic predictions about the cross section,
namely that the longitudinal part of the cross section,
σL, becomes dominant as Q2 increases, and that the dif-
ferential cross section will scale as 1/(Q2)3 at fixed t and
xB . For a slow variation of the cross section over the
range of xB of the data (0.2–0.5), this prediction can be
compared to the Q2 dependence integrated over W and
t, although quantitative estimates are modified by power
corrections as well as kinematics near threshold. On the
other hand, the VDM model predicts the cross section to
scale as 1/(Q2 + M2

φ)n with n = 2. The Q2 range of our
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FIG. 16: (Color online) Fit to the cross section as a function
of Q2 distribution to determine scaling using data from the
present experiment and CLAS data from Ref. [22].

data is limited, but in combination with previous CLAS
data at lower Q2 [22] (see Fig. 16) we can determine the
scaling exponent of 1/(Q2 + M2

φ)n to be n = 2.49± 0.33.
Present theoretical calculations of the φ production

cross section based on GPD models suffer from consid-
erable quantitative uncertainties when applied to fixed–
target energies. At HERA energies the approach taken
in Ref. [40], which relies on the equivalence of leading-
order QCD factorization with the dipole picture of high–
energy scattering, gives a good description of the abso-
lute cross section, as well as of subtle features such as the
change of the W– and t–dependence with Q2. Essential
for the success of this approach is the fact that the effec-
tive scale of the gluon GPD, Q2

eff, is considerably smaller
than the external photon virtuality, Q2, as has been con-
firmed by detailed quantitative studies [41]. The same
is expected in vector meson production at fixed–target
energies; however, implementing it in a consistent man-
ner in these kinematics has so far proven to be difficult.
Leading-twist, leading-order QCD calculations of the φ
production cross section at JLab and HERMES energies
done with the assumption that Q2

eff = Q2 [7] overestimate
the measured cross section by a factor 5–10 and predict
too steep an energy dependence. A satisfactory solution
to this problem likely requires a comprehensive approach
that combines contributions from small–size (∼ 1/Q)
and hadronic–size configurations in the virtual photon
at moderate coherence lengths (cτ ! 1 fm), and possi-
bly higher–order (NLO) QCD corrections. We note that
a modified perturbative approach [8] which includes the
intrinsic transverse momentum in the meson wave func-
tion has been fairly successful in reproducing the mea-
sured cross sections down to relatively low Q2 and W .

The four-momentum transfer distribution probes the
size of the interaction volume. At high energies, the
exponential slope (see Fig.11) is directly related to the
transverse size bφ ∼ 1

3
R2

int in analogy to the classical
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FIG. 19: (Color online) R = σL/σT vs. Q2 for our data (solid
circles), previous CLAS result (open circle), HERMES results
(triangles) Cornell data (stars), ZEUS data (open diamonds)
and HERA data (squares). The two determinations from the
present analysis are separated for ease of viewing about the
actual Q2 value of 2.21 GeV2.

GeV2, and 2.0 ≤ W ≤ 3.0 GeV. This data set dou-
bles the range of Q2 previously reported at JLab energies
[22], accruing approximately four times the luminosity re-
quired for sensitivity to smaller cross sections. We have
presented distributions as a function of the momentum
transfer −t, the azimuthal angle Φ between the electron
and hadron scattering planes, as well as angular decay
distributions in the rest frame of the φ-meson.

We have analyzed the angular distributions under the
assumption of SCHC to extract the ratio of longitudinal
to transverse cross sections of R = 0.85 ± 0.24, which is
consistent with the world trend. The longitudinal com-
ponent is comparable to the transverse one, which sug-

gests that we have not yet reached the asymptotic regime
where QCD factorization can be applied without sub-
stantial corrections.

The cross sections have a weak dependence on −t,
which indicates that at this Q2, the photons couple to
configurations of substantially smaller size than the tar-
get. Our data provide a very precise measurement of the
exponential slope bφ at small c∆τ ∼ 0.5 fm, which shows
that we are probing very small distances, approaching
about one third the size of the proton itself. A natu-
ral explanation is that φ production is dominated by the
scattering of small size ss virtual pairs off the target.
This conclusion is supported by the good agreement be-
tween our data and the extension of the JML model from
the real photon point (where it has been calibrated) to
the virtual photon sector. It describes the interaction
between this ss pair and the nucleon by the exchange of
two dressed gluons. We conclude that these constituent
degrees of freedom are appropriate for the description of
φ-meson production at low W and Q2 ∼ 2-3 GeV2.
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