
ar
X

iv
:h

ep
-p

h/
97

11
25

0v
1 

 6
 N

ov
 1

99
7

CERN-TH/97-310

DTP/97/98
UCL/HEP 97-08

November 1997

Photoproduction Processes

in Polarized ep - Collisions at HERA

J.M. Butterwortha, N. Goodmana, M. Stratmannb, W. Vogelsangc

aDepartment of Physics and Astronomy, University College London,

Gower Street, London WC1E 6BT, England
bDepartment of Physics, University of Durham, Durham DH1 3LE, England

cTheoretical Physics Division, CERN, CH-1211 Geneva 23, Switzerland

Abstract

We study various conceivable photoproduction reactions in a polarized ep collider mode of HERA
with respect to their sensitivity to the proton’s polarized gluon distribution. A special emphasis
is put on the ‘resolved’ part of the cross sections which in principle opens the possibility to deter-
mine for the first time also the completely unknown parton content of longitudinally polarized
photons. In the very promising case of dijet production we also investigate the impact of parton
showering, hadronization and jet finding on the parton level results.

Contribution to the proceedings of the 1997 workshop on ‘Physics with Polarized Protons at HERA’,
DESY-Hamburg and DESY-Zeuthen, March-September 1997.

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by CERN Document Server

https://core.ac.uk/display/25223018?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://arxiv.org/abs/hep-ph/9711250v1


Photoproduction Processes

in Polarized ep - Collisions at HERA

J.M. Butterwortha, N. Goodmana, M. Stratmannb, W. Vogelsangc

aDepartment of Physics and Astronomy, University College London,

Gower Street, London WC1E 6BT, England
bDepartment of Physics, University of Durham, Durham DH1 3LE, England

cTheoretical Physics Division, CERN, CH-1211 Geneva 23, Switzerland

Abstract

We study various conceivable photoproduction reactions in a polarized ep collider mode
of HERA with respect to their sensitivity to the proton’s polarized gluon distribution. A
special emphasis is put on the ‘resolved’ part of the cross sections which in principle opens
the possibility to determine for the first time also the completely unknown parton content
of longitudinally polarized photons. In the very promising case of dijet production we also
investigate the impact of parton showering, hadronization and jet finding on the parton
level results.

1 Introduction

Despite the recent experimental progress in the field of polarized deep-inelastic scattering (DIS),
the presently available data sets of inclusive and semi-inclusive DIS are still not sufficient to
accurately fix the spin-dependent parton distributions ∆f(x, Q2) of the nucleons, in particular
they hardly constrain the gluon density ∆g [1-3]. Even less satisfactory is the situation for
the ∆fγ(x, Q2), the parton distributions of longitudinally (more precisely, circularly) polarized
photons, where nothing at all is known experimentally.

In past years, HERA has already been very successful in pinning down the proton’s unpolar-
ized gluon distribution g(x, Q2) from observations of scaling violations in increasingly accurate
F2(x, Q2) measurements and from several exclusive processes such as jet, large-pT hadron, and
heavy flavour production. Moreover, since the bulk of the HERA events originates from the pho-
toproduction region (Q2 → 0), ‘resolved’ processes have been measured, in which the (quasi-real)
photon interacts not only in a ‘direct’ (‘point-like’) way but resolves into its hadronic structure.
These HERA measurements [4-13] have been precise enough to improve not only our knowledge
about the parton content of the unpolarized proton, but even about that of the photon, fγ.

Given the success of such unpolarized photoproduction experiments at HERA, it seems to
be quite natural to closely examine the same processes also for the situation with longitudinally
polarized beams, in order to determine their sensitivity to ∆g and ∆fγ . In preceding studies
[14] we have already analyzed jet and heavy flavour production, with the latter turning out to
be less useful at collider energies. Here we reanalyze in detail the whole range of conceivable
photoproduction processes, covering this time also single-inclusive charged hadron, prompt pho-
ton, and Drell-Yan dimuon production. Our previous results for single-inclusive jet production
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are extended towards the largest values of the laboratory rapidity ηLAB which should be ex-
perimentally accessible. At large ηLAB one finds an improved sensitivity to ∆fγ. In the case
of dijet production we study an additional, less exclusive, kinematic selection (as compared to
our previous analysis). This selection allows jets to be measured at higher transverse energies
without loss of statistics, and is also more suited to eventual next-to-leading order (NLO) QCD
calculations.

It should be stressed that HERA could play a unique role in the determination of the parton
content of polarized photons even if it should succeed in establishing only the very existence
of a resolved contribution to polarized photon-proton reactions. Other determinations of the
∆fγ , for instance, via a measurement of the photon’s spin-dependent structure function gγ

1 in
polarized e+e− collisions, are not planned in the near future and in case of future lepton-nucleon
fixed-target photoproduction experiments such as COMPASS [15], the resolved component is
too small to be extracted experimentally [14].

Our previous results, as well as most of those presented here, are based only on leading order
(LO) QCD parton level calculations. Of course, in real jet production processes, initial and final
state QCD radiation, as well as non-perturbative effects such as hadronization are also present.
These lead to multiparticle final states, and necessitate the use of a jet algorithm to recombine
the final-state particles into jets. The details of the final-state and the jet algorithm used can
in practice lead to significant differences with respect to the parton level results. In general
at HERA for jets of the energies considered here, these effects are larger than the smearing
introduced by detector resolutions (see, for example [7]). In order to investigate the impact of
such effects on the measurement of asymmetries at a polarized HERA, we use a Monte Carlo
simulation, SPHINX [16], which includes the polarized matrix elements for jet photoproduction.
Here we limit ourselves to the case of dijet production which is the only process that provides a
clean separation of the ‘resolved’ part of the cross section, as will be discussed later. Nevertheless,
we expect similar hadronization effects also for single-inclusive jet or hadron production.

Our contribution is organized as follows: In the next section we collect the necessary in-
gredients for our calculations. Section 3 is devoted to a discussion of the various conceivable
photoproduction processes, namely inclusive jet, inclusive hadron, heavy flavour, prompt pho-
ton, and dimuon production. Section 4 contains a more detailed investigation of dijet production
including our Monte Carlo studies. Finally, section 5 presents the conclusions.

2 Status of the Polarized Parton Distributions

of the Proton and the Photon

Even though all recent analyses of polarized DIS [1-3,17] have been carried out at next-to-leading
order (NLO) accuracy, we have to stick to LO calculations throughout this work since the NLO
corrections to polarized photoproduction processes are not yet known (except for prompt photon
production [18] and the ‘direct’ part of single-inclusive hadron production [19]). This implies
use of LO parton distributions, which have been provided in the studies of [1, 2] where various
sets, mainly differing in the x-shape of the polarized gluon distribution, were presented.

To study the physics potential of HERA for pinning down ∆g in photoproduction processes
we will choose four very different LO sets which represent to a good extent the presently large
uncertainty in ∆g. One should keep in mind that all these sets provide very good descriptions
of the present polarized DIS data. For definiteness we will take the LO ‘standard’ set of the
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Figure 1: Gluon distributions at Q2 = 10 GeV2 of the four LO sets of polarized parton distributions
used. The dotted line refers to set C of [2], whereas the other distributions are taken from [1] as
described in the text. Also shown (long-dashed line) is the unpolarized LO gluon distribution of [20].

radiative parton model analysis [1], which corresponds to the best-fit result of that paper1, along
with two other ‘extreme’ sets of [1] which are based on either assuming ∆g(x, µ2) = g(x, µ2) or
∆g(x, µ2) = 0 at the low input scale µ of [1], where g(x, µ2) is the unpolarized LO GRV [20]
input gluon distribution. In the following these two sets will be referred to as ‘∆g = g input’
and ‘∆g = 0 input’ scenarios, respectively. The gluon of set C of [2], henceforth denoted as
‘GS C’, is qualitatively different as it has a substantial negative polarization at large x. We
will therefore also use this set in our calculations. For illustration, we show in fig. 1 the gluon
distributions of the four different sets of parton distributions we will use, taking a typical scale
Q2 = 10 GeV2. We have also plotted the unpolarized GRV LO gluon distribution in fig. 1, in
order to demonstrate that the spin asymmetry for any process sensitive to the gluon is likely to
be very small if it gets sizeable contributions from the region of small xgluon. This observation
has implications for the kinematical cuts we will choose in our phenomenological studies to be
presented in the next sections.

In the case of photoproduction the electron just serves as a source of quasi-real photons which
are radiated according to the Weizsäcker-Williams spectrum [21]. The photons can then interact
either directly or via their partonic structure (‘resolved’ contribution). For a longitudinally
polarized electron beam, the resulting photon will be also longitudinally (circularly) polarized
and, in the resolved case, the polarized parton distributions ∆fγ(x, Q2) of the photon enter the
calculations. The ∆fγ(xγ , Q

2) are completely unmeasured so far, so that models for them have
to be invoked. To obtain a realistic estimate for the theoretical uncertainties in the polarized
photonic parton densities two very different scenarios were considered in [22] assuming ‘maximal’
(∆fγ(x, µ2) = fγ(x, µ2)) or ‘minimal’ (∆fγ(x, µ2) = 0) saturation of the fundamental positivity

1It should be noted that one obtains almost indistinguishable results for all photoproduction cross sections
and asymmetries presented in this contribution if one uses the best-fit in the so-called ‘valence’ scenario of [1]
instead. These two sets mainly differ in the strange sea-quark content which is of minor importance for our
calculations.
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Figure 2: Photonic LO parton asymmetries Aγ
f ≡ ∆fγ/fγ at Q2 = 30 GeV2 for the two scenarios

considered in [22] (see text). The unpolarized LO photonic parton distributions were taken from [23].

constraints (similar to the case of nucleons)

|∆fγ(x, µ2)| ≤ fγ(x, µ2) (1)

at the input scale µ for the QCD evolution. Here µ and the unpolarized photon structure
functions fγ(x, µ2) were adopted from the phenomenologically successful radiative parton model
predictions in [23]. The results of these two extreme approaches are presented in fig. 2 in terms
of the photonic parton asymmetries Aγ

f ≡ ∆fγ/fγ, evolved to Q2 = 30 GeV2 in LO. An ideal
aim of measurements in a polarized collider mode of HERA would of course be to determine
the ∆fγ and to see which ansatz is more realistic. The sets presented in fig. 2, which we will
use in what follows, should in any case be sufficient to study the sensitivity of the various cross
sections to the ∆fγ, but also to see how far they influence a determination of ∆g.

3 Photoproduction Reactions at Polarized HERA

3.1 General Framework

Let us now turn to some technical preliminaries required for our analyses. First of all, it is useful
to define the effective polarized parton densities at a scale M in the longitudinally polarized
electron by2

∆f e(xe, M
2) =

∫ 1

xe

dy

y
∆Pγ/e(y)∆fγ(xγ =

xe

y
, M2) (2)

(f = q, g), where ∆Pγ/e is the polarized Weizsäcker-Williams spectrum for which we will use

∆Pγ/e(y) =
αem

2π

[

1 − (1 − y)2

y

]

ln
Q2

max(1 − y)

m2
ey

2
, (3)

2We include here the additional definition ∆fγ(xγ , M2) ≡ δ(1 − xγ) for the direct (‘unresolved’) case.
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with the electron mass me. For the time being, it seems most sensible to follow as closely as
possible the analyses successfully performed in the unpolarized case, which implies to introduce
the same kinematical cuts. As in [5, 7, 8, 9, 12] we will use an upper cut3 Q2

max = 4 GeV2, and
the y-cuts 0.2 ≤ y ≤ 0.85 (for single-jet [5] and heavy flavour [9] production) and 0.2 ≤ y ≤ 0.8
(for dijet [7, 8], inclusive hadron [12], prompt photon [13] and Drell-Yan dimuon production)
will be imposed.

Furthermore, it should be noted that in what follows a polarized cross section will always be
defined as

∆σ ≡ 1

2
(σ(++) − σ(+−)) , (4)

the signs denoting the helicities of the scattering particles. The corresponding unpolarized cross
section σ is obtained by taking the sum instead, and the experimentally relevant cross section
asymmetry is A ≡ ∆σ/σ. Whenever calculating an asymmetry A, we will use the LO GRV
parton distributions for the proton [20] and the photon [23] to calculate the unpolarized cross
section. For consistency, we will employ the LO expression for the strong coupling αs with
[1, 2, 20, 22, 23] Λ

(f=4)
QCD = 200 MeV for four active flavours.

Rapidity distributions will always be presented in terms of the laboratory frame rapidity
ηLAB which is related to the centre-of-mass ηcms via

ηcms = ηLAB − 1

2
ln(Ep/Ee) . (5)

As conventional for HERA, ηLAB is defined to be positive in the proton forward direction.
Studying distributions in ηLAB is a particularly suitable way of separating the direct from the
resolved contributions in single-inclusive measurements of jets or hadrons: for negative ηLAB,
the main contributions are expected to come from the region xγ → 1 and thus mostly from the
direct piece at xγ = 1. The situation is reversed at positive ηLAB.

In the asymmetry plots we will always show the expected statistical errors δA for a measure-
ment at HERA, estimated from

δA =
1

PePp

√
Lσǫ

, (6)

where Pe, Pp are the beam polarizations, L is the integrated luminosity and ǫ the detection
efficiency for the desired final state. For all our calculations we assume Pe ∗ Pp = 0.5 and a
conservative value of L = 100/pb.

3.2 Single-Inclusive Jet Production

For this process we can be rather brief, as all details of the calculation were already described
in our previous report [14]. Here we only present updated plots of the cross sections and their
asymmetries, extending to larger, but still experimentally accessible, values of ηLAB.

Fig. 3 shows our results for the single-inclusive jet cross section and its asymmetry vs. ηLAB

and integrated over pT > 8 GeV for the four sets of the polarized proton’s parton distributions.
For figs. 3a,b we have used the ‘maximally’ saturated set of polarized photonic parton densities,
whereas figs. 3c,d correspond to the ‘minimally’ saturated one. Comparison of figs. 3a,c or 3b,d
shows that as expected the direct contribution clearly dominates for ηLAB . −0.5, where also

3In H1 analyses of HERA photoproduction data [4, 6, 10, 11] the cut Q2

max
= 0.01 GeV2 is used along with

slightly different y-cuts as compared to the corresponding ZEUS measurements [5, 7, 8, 9, 12], which leads to
smaller rates.
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Figure 3: a: ηLAB dependence of the polarized single-jet inclusive photoproduction cross section
in ep-collisions at HERA, integrated over pT > 8 GeV. The renormalization/factorization scale was
chosen to be M = pT . The resolved contribution to the cross section has been calculated with the
‘maximally’ saturated set of polarized photonic parton distributions. b: Asymmetry corresponding to
a. The expected statistical errors have been calculated according to (6) and as described in the text.
c,d: Same as a,b, but for the ‘minimally’ saturated set of polarized photonic parton distributions.

differences between the polarized gluon distributions of the proton show up clearly. Furthermore,
the cross sections are generally large in this region with asymmetries of a few per cent. At
positive ηLAB, in particular in the region ηLAB & 2 now included in the plot, we find that the
cross section is dominated by the resolved contribution. Here it is sensitive to the parton content
of both the polarized proton and the photon, which means that one can only learn something
about the polarized photon structure functions if the polarized parton distributions of the proton
are already known to some accuracy, e.g., from an analysis of the region of negative rapidities.
We note that the dominant contributions to the resolved part at large ηLAB are driven by the
polarized photonic gluon distribution ∆gγ.

We have included in the asymmetry plots in figs. 3b,d the expected statistical errors δA
at HERA estimated from eq. (6) for ǫ = 1. From the results it appears that a measurement
of the proton’s ∆g should be possible from single-jet events at negative rapidities where the
contamination from the resolved contribution is minimal.

3.3 Single-Inclusive Charged Hadron Production

From our results for one-jet production in fig. 3 it seems worthwhile to consider also single-
inclusive production of charged hadrons. At first glance, this process appears less interesting
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Figure 4: a: ηLAB dependence of the polarized single-inclusive hadron photoproduction cross section
in ep-collisions at HERA, integrated over pT > 2 GeV. The error bars have been calculated assuming
an efficiency ǫ = 0.8 for the hadron detection. All other parameters were chosen as in fig. 3.

than jet production, as the cross section for producing a definite hadron at a given pT will
always be smaller than the one for a jet. On the other hand, in case of inclusive hadrons one can
obviously go experimentally to pT much smaller than the pmin

T = 8 GeV employed in our single
jet study. Moreover, in the unpolarized case single-inclusive hadron production was successfully
studied experimentally at HERA prior to jets [11, 12].

The generic LO cross section formula for the photoproduction of a single hadron H with
transverse momentum pT and cms-rapidity η in polarized ep collisions reads:

d2∆σH

dpT dη
=

∑

fe,fp,c

∆f e(xe, M
2) ⊗ ∆f p(xp, M

2) ⊗ d2∆σ̂fefp→cd

dpTdη
⊗ DH

c (z, M2) , (7)

where ⊗ denotes a convolution and the sum is running over all appropriate 2 → 2 subprocesses
for the direct (γb → cd, ∆f e(xe, M

2) ≡ ∆Pγ/e(xe)) and resolved (ab → cd) cases. These
subprocesses are the same as the ones for jet production. In (7), ŝ ≡ xexps and M is the
factorization/renormalization scale for which we will use M = pT as for our jet calculations. The
∆f p stand for the polarized parton distributions of the proton, and the DH

c are the unpolarized
fragmentation functions for c → H . For the latter we will use the LO functions of [24] which
yield a good description of the unpolarized HERA inclusive hadron data [11, 12]. Needless to
say that we obtain the corresponding unpolarized LO jet cross section d2σH/dpTdη by using LO
unpolarized parton distributions and subprocess cross sections in (7).

Figs. 4a,b show our results for the sum of charged pions and kaons after integration over
pT > 2 GeV, where all other parameters were chosen exactly as for figs. 3a,b. One can see
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that the spin asymmetries behave rather similarly in shape as the corresponding results in figs.
3a,b, but are somewhat smaller in magnitude mainly due to the smaller x values probed here for
pmin

T = 2 GeV compared to the single jet case where pmin
T = 8 GeV (see also fig. 1). Nevertheless,

the expected statistical errors, calculated for the realistic choice of ǫ = 0.8 in eq. (6) and displayed
in fig. 4b,d, demonstrate that single-inclusive hadron photoproduction is also a very promising
candidate.

We finally mention that apart from charged-hadron production we have also studied the
photoproduction of Λ baryons. This is another particularly interesting topic, as it turns out to
be possible experimentally to determine the polarization of the produced Λ’s from their parity-
violating decays to pπ. This implies that a measurement of the spin asymmetry in this case
could allow statements concerning the spin-dependent fragmentation functions of the Λ, hereby
possibly providing some complementary new insight into ‘spin-physics’. Encouraging theoretical
predictions for photoproduction of Λ’s are also presented in these proceedings [26].

3.4 Other Processes: Heavy Flavours, Prompt Photons, and Drell-

Yan dimuon production

Heavy flavour (charm) production was already considered in our previous report [14], where we
found expected statistical errors roughly of the size of the spin asymmetry itself. This process,
albeit being very sensitive to ∆g thanks to the dominance of the photon-gluon-fusion subprocess
γg → cc̄, appears therefore less favourable than the ones considered in the previous subsections.
It is expected to be more useful for fixed-target experiments, where measurements of ∆g in
open-charm production are planned [15].

Prompt photon production at HERA is currently under investigation in the unpolarized case
[13]. Here important contributions at LO result, for instance, from the subprocess qg → γq,
with the initial quark coming from the resolved photon and the gluon from the proton, or vice
versa. This process, which is therefore sensitive to ∆g in the polarized case, has to compete
with qq̄ → γg annihilation and with the Compton process γq → γq from the direct (unresolved)
photon. We found that the main problem of prompt photon production is the smallness of the
unpolarized cross section (with respect to, say, the single-inclusive hadron cross section), which
results in large expected statistical errors, δAγ > Aγ. The experimental study of prompt photon
production at a polarized HERA thus appears to be impossible.

Finally, we have also examined photoproduction of Drell-Yan dimuon pairs. This process
is of potential interest due to the fact that the relevant LO subprocess is simply qq̄ → µ+µ−,
which means for the case of photoproduction that only the resolved contribution is present at
LO. The experimental finding of a nonvanishing asymmetry would therefore be evidence for the
existence of polarized (anti)quarks in a polarized real photon. Unfortunately, again the expected
statistical errors turn out to be way larger than the asymmetry itself due to the smallness of the
unpolarized cross section.

4 Dijet Production

In the case of unpolarized photoproduction of dijets at HERA, an experimental criterion for
a distinction between direct and resolved contributions has been introduced [27, 7, 8]. In our
previous analysis [14], we have adopted this criterion for the polarized case to see whether it
would enable a further access to ∆g and/or the polarized photon structure functions. Very
encouraging results were obtained. However, the results presented in [14] were based on LO
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QCD parton level calculations. One implication of this is that, although the kinematic cuts
applied to jets in [14] reflect the cuts which have been used in experimental analyses, the ‘jets’
to which they are applied consist of single quarks or gluons. In a real event, higher order
effects such as QCD radiation (in the initial and final state) and non-perturbative effects such as
hadronization are also present. These lead to multiparticle final states, and necessitate the use
of a jet algorithm to recombine the final state particles into jets. The jet kinematics should then
reflect the kinematics of the initiating parton. However, the details of the final state and the
jet algorithm used can in practice lead to significant differences with respect to the parton level
predictions. In general, at HERA these effects are larger than smearing introduced by detector
resolutions (see, e.g., [7]).

In this section, we will therefore present a more sophisticated analysis of dijet production
that includes these additional effects, as modelled in the Monte Carlo simulation mentioned in
the introduction. Among all our results, the ones presented in this section are therefore the ‘most
realistic’ ones. We expect the typical size of the effects from hadronization and QCD radiation
found here to be representative for all other photoproduction processes considered in this work.

4.1 Separating Direct and Resolved Contributions

To begin with, let us briefly recall the underlying idea for the separation of direct and resolved
contributions [27, 7, 8]. The generic expression for the polarized cross section for the photopro-
duction of two jets with laboratory system rapidities η1, η2 is to LO

d3∆σ

dpT dη1dη2
= 2pT

∑

fe,fp

xe∆f e(xe, M
2)xp∆f p(xp, M

2)
d∆σ̂

dt̂
, (8)

where pT is the transverse momentum of one of the two jets (which balance each other in LO)
and

xe ≡
pT

2Ee

(

e−η1 + e−η2

)

, xp ≡ pT

2Ep

(eη1 + eη2) . (9)

The important point is that measurement of the jet rapidities allows for fully reconstructing the
kinematics of the underlying hard subprocess and thus for determining the variable [7]

xOBS
γ =

∑

jets pjet
T e−ηjet

2yEe
, (10)

which in LO equals xγ = xe/y, with y as before being the fraction of the electron’s energy taken
by the photon. Thus it becomes possible to experimentally select events at large xγ , xOBS

γ > 0.75
[27, 7, 8], hereby extracting the direct contribution to the cross section with a relatively small
contamination from resolved processes. Conversely, the events with xOBS

γ ≤ 0.75 will represent
the resolved part of the cross section. This procedure should therefore be ideal to extract ∆g on
the one hand, and to examine the polarized photon structure functions on the other.

4.2 Monte Carlo Simulation

In order to investigate the impact of effects from hadronization on the measurement of spin
asymmetries at a polarized HERA, a Monte Carlo simulation, SPHINX [16], has been used.
SPHINX is based upon the general purpose library of Monte Carlo routines, PYTHIA [28].

As used in this analysis, the program generates hard scatterings according to the LO QCD
matrix element, in addition it includes initial and final state QCD radiation calculated to leading
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logarithmic accuracy in Q2. The parton shower evolves from the scale of the hard interaction
down to 1 GeV2. Below this scale, the further evolution is considered to be non-perturbative,
and the Lund string model is used to hadronize the (in general many) partons.

The additional feature of SPHINX as compared to PYTHIA is that it includes the polarized
matrix elements for jet photoproduction, as well as implementing the various different polarized
parton distributions (for the proton and photon) discussed previously. Thus the simulation of
asymmetries in realistic final states is possible. However, the polarization information is only
used in the hard subprocess. The parton showers and fragmentation stages do not preserve a
memory of the polarization.

SPHINX/PYTHIA use pT for the hard scale of the interaction, which is the relative transverse
momentum of the scattered partons. Events were generated down to a minimum pT of 5 GeV.

As a case study, 50 pb−1 of luminosity was generated for direct and resolved photoproduction
for four options, using the GS C parton distribution for the proton and the maximally and
minimally saturated distributions for the photon (36 million events in total). This leaves a
pessimistic (or conservative) estimate of the statistical errors which might eventually be obtained,
but is sufficient to show whether or not the migrations between parton and hadron level might
preserve observable asymmetries.

Most measurements of jet cross sections at hadron-hadron colliders and in photoproduction
at HERA have used some variation of a cone-based jet algorithm. These algorithms maximize
the transverse energy inside a cone in η − φ space. They are invariant under boosts along the
beam axis, and successfully isolate ‘hard’ physics which in hadron-hadron or photon-hadron
interactions is generally at large transverse energies with respect to the beam axis. However,
they suffer from various ambiguities in how jet finding is initiated in the first place and in how
jets are merged or split, and are in general not infrared safe [29].

In this analysis the cluster algorithm KTCLUS [30, 31] is therefore used. In this algorithm,
the quantity

di,j =
(

(ηi − ηj)
2 + (φi − φj)

2
)

min(ETi
, ETj

)2 (11)

is calculated for each pair of objects (where the initial objects are the final state particles), and
for each individual object:

di = E2
Ti

. (12)

If, of all the numbers {di,j, di}, dk,l is the smallest, then objects k and l are combined into a
single new object. If however dk is the smallest, then object k is a jet and is removed from the
sample. This is repeated until all objects are assigned to jets. The parameters for the jet are
calculated as:

Ejet
T =

∑

i

ETi
, ηjet =

1

Ejet
T

∑

i

ETi
ηi , φjet =

1

Ejet
T

∑

i

ETi
φi (13)

in which the sums run over all particles belonging to the jet. This scheme is also used to determine
the parameters of the intermediate objects. In this scheme KTCLUS retains the advantages of
cone algorithms, without suffering from their associated problems. This algorithm has now been
used in more recent experimental analyses (see, e.g., [8]).

4.3 Results for Dijet Production

We first compare the Monte Carlo results with the predictions presented in our previous study.
For this purpose we integrate over the cross section in (8) to obtain d∆σ/dη̄, where η̄ ≡ (η1 +
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Figure 5: η̄-dependence of the ‘direct’ and ‘resolved’ parts of polarized two-jet photoproduction at
HERA for the four different sets of polarized parton densities of the proton. The left hand column
shows the cross section for xOBS

γ > 0.75, and for xOBS
γ < 0.75 with the ‘maximally’ and ‘minimally’

saturated sets of polarized photonic parton densities, reading from top to bottom, respectively. The
right hand column shows the corresponding asymmetries. In the top row, the resolved contribution
with xOBS

γ > 0.75 has been included using the ‘maximal’ photon set. Also shown are the Monte
Carlo results based on a generated sample of 50/pb using the GS C [2] distributions (see text).

η2)/2. Furthermore, we will apply the cuts [7] |∆η| ≡ |η1 − η2| ≤ 0.5 , pT > 6 GeV. The
results are shown in fig. 5. The left hand column shows the d∆σ/dη̄ distribution for xOBS

γ >
0.75, and for xOBS

γ < 0.75 with the ‘maximally’ and ‘minimally’ saturated sets of polarized
photonic parton distributions, reading from top to bottom, respectively. The right hand column
shows the corresponding asymmetries. The bin widths are chosen to be commensurate with the
experimental resolution, rather than being optimized for the size of the statistical sample shown
here.

In the high xOBS
γ case (xOBS

γ > 0.75), the agreement with the parton level predictions is
generally good in both the cross section and the asymmetry. The exception is at very forward
rapidities (η > 1) where the parton level cross section is very small and the behaviour of the dijet
asymmetry is dominated by the effects of high xOBS

γ resolved contributions and the migration
of LO direct jets towards high η due to the presence of the proton remnant (to which they
are colour-connected). Nevertheless, overall the prospects for an independent, direct constraint
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Figure 6: Similar as in fig. 5 but now showing the η1-dependence of the polarized two-jet asymmetries
at HERA for three different kinematical configurations (see text).

on the polarized parton distributions in the proton by this method appear to be good. In the
equally interesting low xOBS

γ case (xOBS
γ < 0.75), the agreement is not as good, although it is

still reasonable. In particular, the minimally saturated case clearly still shows lower asymmetries
than the maximally saturated one, and is in fact consistent with zero for this luminosity.

In the unpolarized case, the above cross sections were proposed following arguments based
upon LO QCD [27], but have since been calculated to NLO [32]. In the course of these calcu-
lations, it was discovered that soft gluon radiation leads to difficulties when the Ejet

T threshold
is the same for both jets at NLO, and so subsequent measurements have concentrated on cases
where a different threshold is applied to each jet. We study here an example of such a cross
section. In this case we demand that there must be two jets with Ejet

T > 6 GeV, as before,
but that at least one of them must have Ejet

T > 8 GeV. The jets are then symmetrized in η.
The measured cross sections are then dσ/dηjet

1 for one jet, where the other jet is required to be
either ‘backward’ (−1 < ηjet

2 < 0), ‘central’ (0 < ηjet
2 < 2), or ‘forward’ (1 < ηjet

2 < 2). The
cross sections are measured for the two regions, xOBS

γ > 0.75 and xOBS
γ < 0.75. The ∆η cut is

removed. In the LO calculations shown here, which are currently all that is available for such
cross sections in the polarized case, both jets of course have the same Ejet

T anyway, and so both
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Figure 7: Same as in fig. 6 but now showing the corresponding polarized two-jet cross sections.

have Ejet
T > 8 GeV. However, in the MC there is smearing due to the additional effects which

can lead to jets having different Ejet
T .

The results are shown in fig. 6 (asymmetries) and 7 (cross sections). Again in the high xOBS
γ

case the agreement is good. In the low xOBS
γ case, the asymmetries are in general lower than in

the parton level case, and indeed are consistent with zero for the minimally saturated photonic
parton distributions. However, there is still a measurable non-zero asymmetry in the maximally
saturated case. The bins widths in these results are dictated by the statistics.

5 Summary and Conclusions

We have analyzed various conceivable photoproduction experiments in the context of a polarized
ep-collider mode of HERA. Leading order theory predictions for jet and single-inclusive hadron
production show a very encouraging sensitivity to the polarized gluon distribution of the proton
and also to the completely unknown parton content of a circularly polarized photon. In particu-
lar, it turns out that for these processes the differences between results obtained for different sets
of polarized parton distributions are usually clearly larger than the expected statistical errors
for a measurement at polarized HERA, even for a rather conservative luminosity of 100/pb. In
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contrast to this, the experimental study of photoproduction of heavy flavours, prompt photons
and Drell-Yan dimuon pairs at a polarized HERA appears impossible.

In the very promising case of dijet photoproduction which allows for a separation of the
‘direct’ and ‘resolved’ contributions on an experimental basis, we have investigated the impact
of parton showering, hadronization and jet finding on the parton level results, which is a crucial
ingredient for making contact between theoretical estimates based on LO parton level calculations
and the ‘real world’. We have found that although the combined effects of hadronization and
QCD radiation can be significant, measurable asymmetries are preserved. Thus the prospects
both of obtaining an independent constraint on the polarized parton distributions in the proton,
and of observing for the first time a possible asymmetry in those of the photon seem excellent,
even with relatively limited integrated luminosity.

Finally, it should be again stressed that HERA could be the place to obtain at least some
experimental information on the presently completely unmeasured parton distributions of a
longitudinally polarized photon in the foreseeable future. Most of the various photoproduction
processes studied here appear to be promising and experimentally feasible to achieve this aim
even with a conservative luminosity of 100/pb.
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