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1. Introduction

The present note is a short version of our paper [1] where we have
attempted a systematic comparison of the theoretical predictions of the
kr-factorization approach [2—4] with experimental data regarding the charm
production processes at HERA. The production of open-flavored cé pairs in
ep-collisions is described in terms of the photon—gluon fusion mechanism. A
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generalization of the usual parton model to the kp-factorization approach
implies two essential steps. These are the introduction of unintegrated
gluon distributions and the modification of the gluon spin density matrix
in the parton-level matrix elements. The matrix-element squared for open
heavy quark production has already been calculated in [3,4], which we label
CE-CCH in the following. In [5] (labelled as SZ) the calculation of the ma-
trix elements for open heavy quark production has been repeated. In [6,7]
(labelled as BZ) the method of orthogonal amplitudes [8] was applied. In
the calculation of CE-CCH and SZ the photon is treated in a similar way as
was the gluon in [3]:
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This formula converges to the usual ) e#e*” = —¢g"” when kr — 0.

In SZ and BZ the complete set of matrix elements have been tested for
gauge invariance by substituting the gluon momenta with their polarization
vectors showing explicitly the gauge invariance of the matrix element in
order O(ayg).

The hard scattering cross section for a boson gluon fusion process is
written as a convolution of the partonic cross section (x4, kT; v*¢* — ¢q)
with the kr dependent (unintegrated) gluon density A(z, k%, u?) (here and

in the following kr is a shorthand notation for |kr| with kr being the two-
dimensional vector of the transverse momentum of the gluon):

o= / A2 dg Ay, Ko 12)6 (29, kv 7" = q0) @)

with the off-shell matrix elements either given by CE-CCH, SZ or by BZ. The
multidimensional integrations can be performed by means of Monte-Carlo
technique either by using VEGAS [9] for the pure parton level calculations,
or by using the full Monte Carlo event generator CASCADE [10-12].

Since it is difficult to compare the different matrix elements with each
other analytically, we have performed several numerical checks. Whereas
the calculations of CE-CCH and SZ agree perfectly in all cases, a systematic
difference of the order of ~ 10% to the calculation of BZ is observed. Since
we obtained agreement in the high energy limit, this can be attributed to
the effect of the small = approximation.

It is also interesting to consider the limit k1 — 0 of the matrix elements.
A smooth behavior for kt — 0 is observed. It is also interesting to note that
the parton subprocess cross section starts to decrease at k?r > 4m?. The
region k’% > 4m? is still contributing to the total cross section significantly,
showing one of the main differences to the usual collinear approximation,
where this region is completely ignored.
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2. The unintegrated gluon distributions

Cross section calculations require an explicit representation of the kr
dependent (unintegrated) gluon density A(z, k%, u%). We have used three
different representations, one (JB) coming from a leading-order perturbative
solution of the BFKL equations [13], the second set (JS) derived from a
numerical solution of the CCFM equation [10,11] and the third (KMR)
from solution of a combination of the BFKL and DGLAP equations [14].

We show a comparison of the gluon density distributions at p? =
100 GeV? obtained from JB, JS and KMR as a function of z for differ-
ent values of k% and as a function of k% for different values of z. All three
unintegrated gluon distributions show a significantly different behavior as a
function of z but even more as a function of kr. It will be interesting to see,
how this different behavior is reflected in the prediction of cross sections for
experimentally observable quantities like charm production at HERA.

3. Numerical results and discussion

A comparison between model predictions and data in principle has to
be made on hadron level and only if it turns out that hadronization ef-
fects are small will a comparison to parton level predictions make sense.
However, a full simulation even of the partonic final state, including the ini-
tial and final state QCD cascade needs a full Monte Carlo event generator.
Such a Monte Carlo generator based on kr-factorization and using explic-
itly off-shell matrix elements for the hard scattering process convoluted with
kr-unintegrated gluon densities is presently only offered by the CASCADE
[10-12] program which uses the CCFM unintegrated gluon distribution.

In the Ref. [1] we systematically compared the predictions from the k-
factorization approach to published data on charm production at HERA. For
this we use D* photo-production data from ZEUS [16] and D* production
in deep inelastic scattering from both ZEUS [17] and H1 [18]. First we cal-
culate observables using a pure parton level calculation based on the matrix
element calculation of BZ including the Peterson fragmentation function [19]
for the transition from the charm quark to the observed D* meson. Then
we compare the result with a full hadron level simulation using the Monte
Carlo generator CASCADE with the matrix element of CE-CCH. Also here
the Peterson fragmentation function is used but now with z being defined
as the light-cone momentum fraction in the center-of-mass system of the
string connecting the charm quark with its light quark partner, as imple-
mented in JETSET/PYTHIA [20]. We choose the JS unintegrated gluon for
this comparison.
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Next we investigate on parton level different unintegrated gluon densities.
After the optimal choice of model parameters has been found for the JB
gluon density, giving the best possible agreement with data, we show a
comparison to the JS and KMR unintegrated gluon density. We then study
the sensitivity of the model predictions to the details of the unintegrated
gluon density, the charm mass and the scale.

We observed [1] that the pr distribution of D* mesons both in photo-
production and deep inelastic scattering is in general well described, both
with the full hadron level simulation as implemented in CASCADE and also
with the parton level calculation supplemented with the Peterson fragmen-
tation function. We can thus conclude, that the pt distribution is only little
sensitive to the details of the charm fragmentation.

We also consider the rapidity distribution of the produced D*. In photo-
production and in DIS the differential cross section do/dn, where n is the
pseudo-rapidity of the D* meson, is sensitive to the choice of the uninte-
grated gluon distribution, but one has to keep in mind that especially the n
distribution is also sensitive to the details of the ¢ — D* fragmentation, and
therefore a clear distinction of the unintegrated gluon distributions based on
this quantity alone might be questionable.

We observed, that the parton level prediction including the Peterson
fragmentation function is not able to describe the measurement over the full
range of 1. The effect of a full hadron level simulation is clearly visible as
CASCADE provides a much better description of the experimental data.

Then we investigate the =z, distribution, which is sensitive to the de-
tails of the initial state cascade. We compare the predictions from a pure
parton level calculation and a full event simulation of CASCADE with the
measurements.

At the end we showed, motivated by preliminary studies of ZEUS [21],
predictions which are sensitive to the details of the heavy quark production
mechanism.

The ZEUS collaboration has measured charm and associated jet pro-

duction [16]. The experimentally observed mgBS spectrum shows a tail to

small values of xSBS, indicating that the hardest emission is indeed not al-

ways coming from the charm quarks. A significant part of the cross section
comes from events, where the gluon is the jet with the largest transverse
momentum [7]. A comparison of the measurement from the ZEUS collabo-
ration [16] with the prediction from the full event simulation of CASCADE
using the JS unintegrated gluon distribution and applying jet reconstruction
and jet selection at the hadron level shows a reasonably good agreement. We
can conclude that the kp-factorization approach effectively simulates heavy
quark excitation and indeed the hardest pt emission comes frequently from
a gluon in the initial state gluon cascade.
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Other interesting quantities are the angular distributions of resolved pho-
ton like events (xSBS < 0.75) compared to the direct-photon like events

(x,?BS > 0.75) [21] and also the ones of dijet events when the D* proceeds
along the photon direction, (i.e. np« < 0) and one where it travels along the
proton direction (i.e. np« > 0). In the kp-factorization approach the angu-
lar distribution will be determined from the off-shell matrix element, which
covers both scattering processes. Comparisons of the CASCADE results with
the ZEUS experimental data for these angular distributions were done by
Padhi at this Workshop [22].

4. Conclusion

We have shown, that the kp-factorization approach can be consistently
used to describe measurements of charm production at HERA, which are
known to be not well reproduced in the collinear approach. We have also
shown, that in kp-factorization, resolved photon like processes are effectively
simulated including the proper angular distributions. The krp-factorization
approach has become now a challenging tool to understand the underlying
dynamical processes in high energy collisions.
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