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ABSTRACT

Hard scattering processes in electron-proton collisions which can be treated within a fixed order of perturbative QCD
are discussed. Recent next-to-leading order results for HERA are reviewed, in particular on the photoproduction and

electroproduction of jets, heavy quarks and single hadrons.

Introduction

The electron-proton (ep) collider HERA provides a
unique opportunity to study a variety of hard scatter-
ing processes. This will allow for tests of QCD and will
yield information about the structure of the proton and
the photon. If the involved momentum transfer is large
compared to the QCD scale parameter Aqcp, the cor-
responding cross sections can be expanded in powers
of the strong coupling constant a,. Since the contri-
butions due to W and Z boson exchange are small at
HERA energies only the pure photon exchange will be
considered. The leptonic variables will be denoted by
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with Q% = —¢3, ¢ = I — I'. Here p, | and I’ are the
momenta of the proton, the incoming electron and the
scattered electron, respectively.

For small Q? the exchanged photon may be treated
as real (photoproduction) and the ep cross section can
be expressed by the photon-proton cross section using
the Weizsiicker-Williams approximation. Then there
are two distinct production mechanisms. Firstly, the
photon may couple directly to the partons involved in
the hard scattering process (direct photon contribu-
tion). In the second case it gets resolved into its hadronic
constituents, one of which scatters off a parton from
the proton (resolved photon contribution). The distri-
bution function of parton type a carrying a fraction &,
of the photon momentum fJ(€,, M,) is of the order
&em/5. Therefore the direct and resolved contribu-
tions are of the same order in a,. Here M, denotes the
factorization scale associated with the photon. The dis-
tinction of direct and resolved part is unambiguosly de-
fined only for the leading order (LO) cross sections. In
the real corrections to the direct contribution a quark or
antiquark may be emitted in the direction of the incom-
ing photon. This causes a collinear singularity, which
has to be absorbed into the (anti-) quark distribution
of the photon. In this way one obtains an explicit M.,
dependence of the direct contribution and only the sum

of direct part and resolved part is independent of M,
up to higher order terms.

At large Q? (electroproduction) there are contribu-
tions from both transversely (T) and longitudinally (L)
polarized photons:

dr  aem _1_
dedz =~ 27w zz
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Additional terms are obtained if one considers correla-
tions between the scattered electron and the hadrons in
the final state.

“In this article we concentrate on processes for which
the LO cross sections are O(@ema,), in particular the
production of hadronic jets and single hadrons with
large transverse energy and the production of heavy
quarks.

Jets

Photoproduction

In the small E; region the one-jet-inclusive cross sec-
tion do/dEdy , where E; and y denote the transverse
energy and the rapidity of the jet, at HERA is dom-
inated by the resolved photon contribution. There a
sizable fraction of the cross section is due to the gluon
component of the photon. At higher E; (~ 25 GeV)
the size of the direct part becomes comparable to that
of the resolved one. The one-jet-inclusive cross section
has been computed at next-to-leading order (NLO) for
the resolved [1, 2, 3] and the direct photon contribution
[2, 4]. In all these calculations jets have been defined
in terms of the cone algorithm od refs. [5, 6]. The re-
sults for the resolved part have been obtained by using
the calculation of ref. [7]. There the real corrections
to the one-jet-inclusive cross section for parton-parton
scattering have been calculated analytically in the limit
of vanishing jet cone size. The finite cone corrections
are nonsingular and have been computed numerically.
In ref. [4] the phase space integral of the real corrections




has been made finite by subtracting the singular contri-
butions under the integral sign. Then the integration
has been performed numerically. On the other hand
the subtracted terms have been added to the virtual
corrections. After the factorization of the initial state
collinear singularities this yields a finite sum for any
infrared safe jet cross section (for details see ref. [8]).
In ref. [2] the calculation of ref. [9] has been employed,
where the integrals over the soft and collinear regions of
the phase space have been performed analytically in the
limit of small cut parameters. The remaining finite part
of the real corrections has been evaluated numerically.

The O(aema?) corrections turned out to be mod-
erate and all the mentioned groups find the full NLO
results to be more stable with respect to variation of
the renormalization scale and factorization scales than
the LO ones. Thus this allows for quantitative predic-
tions of the cross sections at HERA. In ref. [4] this has
been found to be valid only if M, is fixed in the direct
contribution. A strong M., dependence also of the NLO
resolved contribution has been observed in ref. [3]. This
suggests that only the sum of direct and resolved part
is a meaningful quantity in the kinematic range rele-
vant for HERA. The dependence of the jet cone size for
the direct and resolved part turned out to be significant
and should be observable.

More detailed information about the parton dynam-
ics and the parton distributions can be obtained consid-
ering the two-jet-inclusive cross section do/d Mj;dy;;dy*.
Here Mj; and y; are the invariant mass and the rapid-
ity of the two jets and y* is the rapidity of one jet with
respect to the other. The corresponding O(aema?) cor-
rections for the direct contribution have been computed
in ref. [8]. They turned out to be ~ 10% over a wide
range of Mj;, when the jet radius is chosen as R = 0.7.
The shape of the y* distributions, which should allow
for a clear distinction of direct photon contribution and
the resolved one is flattened when the O(aema?) cor-
rections are included.

Electroproduction

QCD corrections to jet electroproduction have been
calculated in refs. [10, 11, 12]. In these calculations jets
have been defined by a modified JADE cluster algo-
rithm where the remnant jet of the proton is included
in the clustering procedure. In refs. [10, 11] the (1+1)
jet and (2+1) jet cross sections, where '+1’ denotes
the proton remnant, for transversely polarized photons
have been calculated at NLO. It turned out that the
scale dependence of the LO results is reduced signif-
icantly when the O(aema?) corrections are included.
Choosing the jet recombination cut M? as M? = cW?,
where W is the photon-proton c.m. energy, the correc-

tions turned out to be small for ¢ > 0.01. The large
corrections for smaller values of ¢ indicate a breakdown
of the fixed order perturbative expansion. In ref. [11]
it has also been discussed how to investigate the small

£, behavior of the parton distributions of the proton. .

fB(€s). With M2 = cW? the probed £,-range is limited
to €, > c. Therefore alternative choices for M? have
been investigated, which allow for probing smaller val-
ues of £,. In ref. [12] analytic results for the O(aema?)
corrections to the longitudinal photon contribution and
to some lepton-hadron correlations have been obtained.

Heavy Quarks

Photoproduction

Photon-gluon fusion is expected to be the dominant
mechanism for heavy quark photoproduction. There-
fore this process should allow for a measurement of the
gluon distribution of the proton fZ(€;). The total and
single inclusive NLO cross sections for the direct and
the resolved contribution have been calculated in refs.
[13, 14]. This calculation has been confirmed by refs.
[15, 16].

In refs. [17, 18] an O(a.ma?) calculation of the ex-
clusive heavy quark production in parton-parton and
photon-parton scattering has been performed. It can be
used to compute any infrared safe quantity like heavy
quark correlations or heavy quark jet cross sections
with cuts on any final state parton momentum. In ref.
[19] this calculation has been applied to the double in-
clusive cC cross section at HERA. In particular, these
authors investigated the determination of f£(§,) from
the direct photon contribution to do/df,, when £ is
reconstructed from the heavy quark momenta. Only
very little is known about the gluon density in the
photon and so the resolved contribution might domi-
nate the cross section completely (see ref. [20]). It has
been shown in ref. [19] that the resolved contribution
can be strongly suppressed by applying a cut on the
invariant mass of the heavy quark pair. With these
cuts a determination of f?(£;) should be possible in
the range 102 < & < 10~!. Furthermore, these au-
thors found the O(aema?) corrections to be moderate.
They can, however, not simply be accounted for by a
K-factor, since they slightly change the shape of the
§g-distributions.

Electroproduction

The difficulties in the determination of f£({;) can
also be circumvented by considering heavy quark pro-
duction via off shell photons. The corresponding NLO



cross sections have been calculated in refs. [21, 22] for
both transversely polarized photons, which yield the

dominant contribution, and longitudinally polarized ones.

There numerical results for charm and bottom produc-
tion at HERA have been presented. The cross sections,
which are totally inclusive with respect to the final state
partons, contribute to the proton structure functions F,
and Fp, and have been discussed in ref. [21]. The sin-
gle inclusive transverse momentum and rapidity distri-
butions of charm quarks, dF; 1,/dp, and dF; 1,/dy have
been investigated in ref. [22]. The O(aema?) corrections
turned out to be large at HERA energies and they sig-
nificantly modify the shapes of the distributions. The
corrections to the p; distributions are in general pos-
itive except at very small p;. For dF;/dp,; they have
been found to be ~ 50% in the range 10™% < z < 1073.
The relative size of the corrections to dFy/dp, in gen-
eral turned out to be larger and strongly p; dependent.
However they are still moderate in the small p, region,
which yields the dominant contribution to the p; inte-
grated cross section Fy,.

Photoproduction of Single Hadrons

The cross sections for single hadron production can
be obtained from the partonic ones by convolution with
fragmentation functions. These have to be extracted
from data. Their variation with the factorization scale
is predicted by QCD. NLO cross sections for the re-
solved photoproduction at HERA have been computed
in ref. [23]. These authors have used the results of ref.
[7] for the NLO partonic cross sections together with
LO fragmentation functions for charged hadrons and
a NLO parameterization for 7°. They have found that
the O(a.ma?) corrections increase the cross sections rel-
ative to the LO results by a factor between 2.5 and 1.6
when p; varies between 1 GeV and 10 GeV. Further-
more, they have investigated the contribution due to the
gluon content of the photon, which yields 60% and 30%
of the cross section at p; = 2 GeV and p, = 10 GeV,
respectively. It turned out that these values are hardly
affected by the O(aema?) corrections. The shape of the
p¢ distribution of charged hadrons has been found to be
consistent with the H1 data.
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