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Abstract

Dijet angular distributions of photoproduction events in whics" meson is produced in association with one of two
energetic jets have been measured with the ZEUS detector at HERA, using an integrated luminosity ofl1 Zgiffavential
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cross sections as a function of the angle between the charm-jet and the proton-beam direction in the dijet rest frame have been
measured for samples enriched in direct or resolved photon events. The results are compared with predictions from leading-
order parton-shower Monte Carlo models and with next-to-leading-order QCD calculations. The angular distributions show

clear evidence for the existence of charm originating from the photon.

0 2003 Published by Elsevier B.V. Open access under CC BY license
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tum chromodynamics (QCD) in two sub-classes: di-
rect processes are those in which the photon couples
as a point-like object in the hard scattering; resolved
processes are those in which the photon acts as a
source of incoming partons, one of which participates
in the hard interaction. Both processes can lead to two
jets in the final state. Samples enriched in direct and
resolved photon events can be identified using the vari-
ablex)‘fbs[l], which is the fraction of the photon’s mo- Y
mentum contributing to the production of the two jets.

Inclusive cross sections for photoproduction of
D**(2010 mesons as well as cross sections for
“charm dijet” events, in which th®* is observed in
events with two energetic jets, have been previously
reported [2]. Differential cross sections of the* @)
and associated dijet system are larger than next-to- Fig. 1. LO QCD charm-production diagrams. (a) Direct photon:
leading-order (NLO) QCD predictions [3] at |0V\f S vg — c¢; (b) resolved photorgg — ¢¢; () resolved-photon charm
but are in agreement at hlgkfbs The data were excitation:;g — 8¢ (cin proFon hemispher_e); (d) resolved-photon
also compared to predictions of leading-logarithmic S"aM excitationcg — cg (¢ in photon hemisphere).
parton-shower Monte Carlo (MC) models. According
to these comparisons, about 60% of the events can
be attributed to the direct photon—gluon-fusion (PGF)
processyg — cc, illustrated in Fig. 1(a). The MC
models predict that most of the resolved photon
events come from charm excitation of the photon
(Figs. 1(c) and (d)) rather than from thg — cc
process (Fig. 1(b)). The aim of this analysis is to
determine the dominant mechanisms for charm dijet
photoproduction in both direct and resolved photon
processes.

Measuring the angular distribution of the outgo-
ing jets allows the dominant subprocesses to be de-
termined and the MC predictions to be tested, as
was done previously [4] for inclusive dijet events.
This study showed that the differential cross-section
do/d| cos9*|, whered* is the angle between the jet—
jet axis and the proton beam direction in the dijet rest
frame, is sensitive to the spin of the propagator in the ~ The analysis was performed using data collected
hard subprocess. In direct photon processes, in whichWith the ZEUS detector at HERA during 1996—-2000.
the propagator in the |eading_order (LO) QCD dia- In this period, HERA collided electrons or positrons
grams is a quark, the differential cross section rises With energyE, = 27.5 GeV and protons with energy
slowly towards high cosv*| values (o /d| cos9*| ~ E, = 820 GeV (1996-1997) o, = 920 GeV
(1 — |cosv*))~1). In resolved photon processes, the (1998-2000), correspondlngtomtegrated luminosities
gluon propagator is allowed at LO and dominates over Of 386+ 0.6 and 819+ 1.8 pb~! and to centre-of-
the quark propagator due to the stronger gluon—gluon mass energieg/s = 300 GeV andy/s = 318 GeV,
coupling compared to the quark—gluon coupling. In respectively. This data sample is about a factor of
this case the cross section rises steeply whes*| three larger than that used for the previous charm dijet
increasesdo/d| cosv*| ~ (1 — | cosd*|)~2). Similar analysis [2].

results have been reported in photon—photon colli-
sions [5].

If most of the resolved-photon charm dijet events
are produced as a result of charm from the photon,
a gluon-exchange contribution, as seen in Fig. 1(d),
should dominate. This results in a steep rise of the
cross section towards higltoss*| values. The other
diagrams of Fig. 1 involve quark exchange and thus
should not show such a sharp rise. If one of the jets is
explicitly tagged as a charm jet, the sign of 66<an
be defined. If the charm originates from the photon,
the charm jet generally lies in the photon hemisphere.

2. Experimental conditions
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A detailed description of the ZEUS detector can be was measured using the Jacquet—Blondel [11] estima-
found elsewhere [6]. A brief outline of the components tor Wig = ,/4yiBE.E,, Wwhereyijg =) ;(E; — pz.i)/
that are most relevant for this analysis is given below. 2E,, the sum runs over all CAL cells ang; ; istheZ

Charged particles are tracked in the central track- component of the momentum vector assigned to each
ing detector (CTD) [7], which operates in a mag- cell of energyE;. Jets were reconstructed with the
netic field of 1.43 T provided by a thin supercon- cluster algorithm [12] in its longitudinally invariant in-
ducting coil. The CTD consists of 72 cylindrical drift  clusive mode [13]. The events were required to have
chamber layers, organized in 9 superlayers cover- at least two jett with pseudorapidityr®!| < 2.4 and
ing the polar-angle region 15 < ¢ < 164. The  transverse energfs' > 5 GeV. The measured jet en-
transverse-momentum resolution for fuII-Iength tracks ergies as well a§/;g were corrected for energy losses
is o(pr)/pr = 0.00587 & 0.0065@ 0.0014/pr in inactive material in front of the CAL, using the MC
(pr in GeV). simulation.

The high-resolution uranium-scintillator calorime- The D* mesons were reconstructed using the mass-
ter (CAL) [8] consists of three parts: the forward difference technique applied to the decay ch&in
(FCAL), the barrel (BCAL) and the rear (RCAL) p*t _ DO,T;E s K:Fninsi_ Tracks in the CTD
calorimeters. Each part is subdivided transversely into with opposite charges and transverse momenta-
towers and longitudinally into one electromagnetic 0.5 GeV were combined in pairs to form° candi-
section (EMC) and either one (in RCAL) or two dates. Kaon and pion masses were assumed in turn

(in BCAL and FCAL) hadronic sections (HAC). The  for each track to calculate the pair invariant mass,
smallest subdivision of the calorimeter is called acell. a7(k ). A third track, 75, assumed to be the “soft

The CAL energy resolutions, as measured under test-pion” from the D* decay, withpy > 0.15 GeV and

beam conditions, are (E)/E = 0.18//E for elec- a charge opposite to the kaon, was added to form a
trons ando (E)/E = 0.35/+/E for hadrons(E in D* candidate. Events with a mass differensé/ =
GeV). M(Knms) — M(Km) in the range A435< AM <

The luminosity was measured from the rate of 0.1475 GeV around the nominal value [14] and the
the bremsstrahlung proces$p — e*yp, where the range 181 < M(Kx) < 1.92 GeV around theD®
photon was measured in a lead-scintillator calorimeter mass were calle®* candidates. To suppress combi-
[9] placed in the HERA tunnel & = —107 m. natorial background, a cyt?”/E9>1% > 0.15 was
applied [2], whereE}>1" is the transverse energy
measured in the CAL outside a conetoE 10° in the

3. Event selection forward direction. The reconstructéd® mesons were
required to haV@?* > 3 GeV and pseudorapidity in

Photoproduction events were selected with a three- the rangen?’| < 1.5.
level trigger [6,10]. The inclusive photoproduction These cuts ensure that the events lie in a well
sample was defined by requiring a reconstructed ver- understood acceptance region of the detector.
tex and no scattered electron or positron found in the
CAL, thus restricting the photon virtuality?, to be

below 1 GeV, with medianQ? ~ 3 x 10~* Ge\~. 4. Jet kinematic variables
The photon—proton centre-of-mass enefigy,was re-
stricted to the range 13@ W < 280 GeV. The latter Samples enriched in direct and resolved photon

events were separated by a selection on the variable

47 The ZEUS coordinate system is a right-handed Cartesian T el Elot
. . L . . . b jets\=T €
system, with theZ axis pointing in the proton beam direction,  ,00S_

referred to as the “forward direction”, and theaxis pointing left 14 2yE,
towards the centre of HERA. The coordinate origin is at the nominal

interaction point. The pseudorapidity is definedyas — In(tan%), -

where the polar angled, is measured with respect to the proton 48 The fraction of events with more than two jets E 11%.
beam direction. 49 Throughout this LetterpO refers to bothp® and DO.

)



ZEUS Collaboration / Physics Letters B 565 (2003) 87-101 95

wherey E, is the initial photon energy and the sum is ference are included. The parton density functions

over the two jets with the highe&ts". The selectionof ~ (PDF) CTEQSL [18] for the proton and GRV-G LO
x;’b5> 0.75 andx;’bs< 0.75 yields samples enriched [19] for the photon were used. The LO direct and re-

in direct and resolved photon processes, respectively. Solved photon processes were generated proportion-

A complementary variable is ally to their predicted MC cross sections, using charm-
et et and beauty-quark massesmf = 1.5 GeV andm;, =
obs  2jets(ET €T) 4.75 GeV, respectively. Fragmentation into hadrons is
P 2E, ’ simulated in HERWIG with a cluster algorithm [20]

and in PYTHIA with the Lund string model [21].
Samples of MC events larger than the dataset were

produced. To calculate the acceptances and to esti-

mate hadronisation effects, the events were passed

which is the fraction of the proton’s momentum
contributing to the production of the two jets.
The dijet scattering angle§*, is reconstructed

using _ _ through the GEANT 3.13-based [22] simulation of the
. pletl _ pet2 ZEUS detector and trigger. They were reconstructed
cosy™ =tan 2 : @) and analysed by the same program chain as the data.

Samples corresponding to different data taking condi-
tions were generated in proportion to their luminosi-
%ies. For PYTHIA, in addition to thed* decay chain
used for this analysis, background events that arise

In the simple case in which two jets are back-to-
back in the transverse plane and have equal transvers
energies, the dijet invariant mass is given bff =

2ET'/1—|cosp*2. Therefore, for a givenj, from otherD** decay modes or similar decay modes

events with high values gitoss*| have lowerE’s". In of other charm mesons were also simulated.

order to study th¢coso™| distribution up td cosv*| = The MC event generator CASCADE 1.00/09 [23]

0.83 without bias from theE’T‘Et cut, Mj; was required simulates heavy-quark photoproduction in the frame-

to be above 18 GeV. work of the semi-hard ok;-factorisation approach
A cut on the average longitudinal boosj, = [24]. The matrix element used in CASCADE is the off-

(et 4 yie2) /2 of || < 0.7 was applied. This se-  shell LO PGF process. The CASCADE initial-state ra-
lection limits 7/t to |7/®!| < 1.9 and removes the bias  diation is based on CCFM evolution [25], which in-
caused by the explicit cuts ot [4]. It also reduces  cludes in the perturbative expansion théljx) terms
the bias caused by the cut on°"| < 1.5 while re- in addition to the InD? terms used in DGLAP evo-
taining a sufficiently large number of events. Monte lution. To simulate final-state radiation, CASCADE
Carlo studies show that the residual distortion due to uses PYTHIA 6.1 and the fragmentation into hadrons
the|n?”"| cutis small and confined to the extreme bins is simulated with the Lund string model. The cross
of the co®* distribution. section is calculated by convoluting the off-shell PGF
These cuts ensure that any features seen in the meamatrix element with the unintegrated gluon density
sured distributions can be attributed to the dynamics of of the proton obtained from the CCFM fit to the
the hard scattering processes. HERA F> data, by fixing most of the free parameters
[23]. Although the CASCADE matrix element corre-
sponds to the off-shell PGF direct photon process only

5. Modelsand QCD calculations (Fig. 1(a)), resolved photon processes are reproduced
by the CCFM initial-state radiation [26]

The MC simulation programs PYTHIA 6.156 [15] The NLO QCD calculations of differential cross
and HERWIG 6.301 [16] were used to model the fi- sections for photoproduction of charm dijet events in
nal states. The PYTHIA and HERWIG simulations the HERA kinematic region are available [3] in the
use on-shell LO matrix elements for charm photopro- fixed-order (FO) scheme. The PDF parameterisations
duction processes. Higher-order QCD effects are sim- used were CTEQ5M1 [18] for the proton and AFGHO
ulated in the leading-logarithmic approximation with [27] for the photon. The factorisation scales of the
initial- and final-state radiation obeying DGLAP evo- photon and proton PDFg,, and the renormalisation
lution [17]. Coherence effects from soft-gluon inter- scale,ug, used for the calculation were set g =
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pr =mr = /m2+ (p2), where(p2) was set to the gz.s [ 4) © ZEUS 1996 - 2000 I
averagep§ of the charm quark and antiquark. The £ _ ﬁ?;ﬁ}ﬂ:ﬁ?
charm fragmentation int@* was performed using g 20 pyTHIAGL2)
the Peterson fragmentation function [28] with an 8, o | e .
parameter Of 0035 [29] . — Jet energy scale uncertainty ]
In all cases, the fraction aof quarks fragmenting 1 - ]
into a D* was assumed to be 0.235 [30] and a charm ]
quark mass ofn. = 1.5 GeV was used. 0.5 [ ]
0 0 1
6. Results X$bs
~The AM distribution for dijet events in thed® E25FD) e N0 00D & HAD ]
signal region shows a cle@r* signal. The analysisis £.. - - - NLOQCD EE—
based on 1092 43D*i mesons found in the.0435< g 2t T Jet energy scale uncertainty i /t g
AM < 0.1475 GeV region over a background of 328 . 15F 1
events. The signal has similar characteristics as that ]
in the previous ZEUS publication [2] except that the 1k E
signal to background ratio has improved by a factor of ]
three due to the tighter cuts (see Sections 3and 4) usec (.5 | .
here. The background was determined from the ]
distribution for wrong-charge combinations, where the 00 ‘ : 1
tracks formingD® candidates had the same charge and ) ’ ) ) x0bs

thers had the opposite charge.

The number of events in each bin of the measured Fig. 2. Differential cross sectionlo/dx3% for the data (dots)
variables was extracted by performing a bin-by-bin compared with: (a) various MC simulations (histograms); (b) NLO
wrong-charge background subtraction. To obtain dif- FO predictions after hadronisation correction (full lines) and at

ferential cross sections. each value was then multi- parton level (dashed lines). The inner error bars show the statistical
' uncertainty, while the outer ones show the statistical and systematic

plied by a correction factor proportional to the ratio of -, cenainties added in quadrature. The jet-energy-scale uncertainty
generated to reconstructed events from the PYTHIA s given by the two dashed-dotted lines. In (a), each MC distribution

MC simulation. The measured cross sections are theis normalised to the data, as indicated in the brackets. Also shown in
luminosity-weighted average of the cross sections at _(a) is the resolved photon distribution (hatched) of PYTHIA and

h ntre-of-m nerai — V an _ in (b) the uncertainty of the NLO prediction after hadronisation
glescg Ji/e of-mass energigs = 300 GeV and/s correction (shaded). In (b) the two higheé)ibs bins have been
ev. combined.

The systematic uncertainties were determined by
adding the contributions from several sources in
quadrature. The largest contributions were associatedprocesses, but there is also a sizeable contribution
with the cuts onW and with the difference between from resolved photon processes at IowgPs values.
the correction factors evaluated using HERWIG rather Fig. 3 shows the differential cross section as a function
than PYTHIA. The uncertainties due to the knowledge of xgbs. Thexgbs range of the data is concentrated in
of the CAL energy scale(3%) are highly correlated  the region 00055 < xSPS < 0.044, where the proton
between bins and are therefore shown separately. StappFs are well determined.
tistical uncertainties dominate over systematic onesin  Fig. 4 shows the differential cross sections as
most bins. a function of |coss*| separately for the resolved-
The differential cross section as a function of enriched (C}gbs< 0.75) and direct-enrichedxf?s >
x%PSis shown in Fig. 2. The peak at high values of (.75) samples. The cross section for the sample en-
x)‘fbs indicates a large contribution from direct photon riched in resolved photons exhibits a more rapid rise
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Fig. 3. Differential cross sectiorda/dxgbs for the data (dots) i ) . ) .
compared with: (a) PYTHIA and HERWIG MC simulations (his-  F9- 4. Differential cross sectiondo/d| cos9*| (dots) compared

tograms); (b) CASCADE (short-dashed lines) and NLO FO predic- With: () _and (b) PYTHIA and HERWIG MC simulations (his-
tions after hadronisation correction (full lines) and at parton level tograms); (c) and (d) CASCADE (short-dashed lines) and NLO FO

(long-dashed lines). The inner error bars show the statistical uncer- Predictions after hadronisation correction (full lines) and at par-
tainty, while the outer ones show the statistical and systematic un- 10 1evel (long-dashed lines). Results are given separately in (@)
certainties added in quadrature. The jet-energy-scale uncertainty is 2hd () for samples enriched in resolved photon events and in (b)
given by the two dashed-dotted lines. In (a), each MC distribution and (d) for samples enriched in direct photon events. The inner er-
is normalised to the data. as indicated in the brackets. Also shown " bars show the statistical uncertainty, while the outer ones show
in (a) is the resolved photon distribution (hatched) of PYTHIA and the statistical and systematic uncertainties added in quadrature. The
in (b) the uncertainty of the NLO prediction after hadronisation cor- 1€t-énergy-scale uncertainty is given by the two dashed-dotted lines.

rection (shaded). In (a) and (b), each MC distribution is normalised to the data, as in-
dicated in the brackets. Also shown in (c) and (d) are the uncertain-
ties of the NLO prediction after hadronisation correction (shaded).
towards high values ofcos9*| than does the cross
section for the sample enriched in direct photons. Con-
sequently, the LO subprocegg — cc (Fig. 1(b)), cosp* was determined. In the present Letter, the two
with g-exchange in the channel, cannot be the dom- jets were distinguished by associating tie me-
inant resolved photon process for charm dijet events. son to the closest jet in—¢ space. The associated
This observation suggests a large gluon-exchange con-et is defined to be the jet with the smalleBi =
tribution originating from a charm-excitation process. /(pieti — nP*)2 4 (gieti — pD*)2; (i = 1, 2) and with
The | cosv*| distributions of Fig. 4 are similar in R < 1, wheregi€ (¢2") is the azimuthal angle of the
shape to the previously reported dijet angular distri- jet (D*) in the laboratory frame. Calling thig>* jet”
butions [4], which did not require the presence of jet 1 in Eq. (1), the rise oflo/d coss* can be stud-
charm. In those analyses, only the absolute value of ied separately for the photon and proton directions.
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% 0.6 1 ® ZEUS 1996 - 2000 2) the resolved-enriched samp. bs _ 0.75, and the re-

' --- HERWIG (x 2.0) . .

s 0.4 [ . AL o < 075 solved process to the direct-enriched sampﬁ§’§>

z ___3}. 3 PYTHIA:direct (x12) ! 0.75, are also indicated.

o2l === et energyscaleuncertalnty Direct photon events originating from the dominant

° [ . ety g-exchange processg — cc (Fig. 1(a)) should have
0 p—= . ‘ ' a distribution symmetric in cag‘. The angular dis-
1r = PYTHIA: resolved (x 1.2) b) tribution of direct-enriched events§’S > 0.75) ex-

% 075 hibits a slight asymmetry, which can be explained by

the feedthrough from resolved photon processes near
cosv* = —1, as predicted by PYTHIA (Fig. 5(b)).

The sample enriched in resolved photons (Fig. 5(a),
(c)) exhibits a mild rise in the proton hemisphere

©) towards cog* = 1, consistent with expectations from

X < 0.75 quark exchange. In contrast, they have a strong rise
towards cog* = —1, i.e., in the photon direction,
consistent with a dominant contribution from gluon
exchange. For the latter case, the charm quark emerges
in the photon hemisphere (Fig. 1(d)). Gluon-exchange
diagrams with this topology can only come, at LO,
from the processes?g” — cg and ¢’q? — cq,
where the superscripts refer to an origin in either the
photon or proton. The partonic cross sections for these
2 — 2 subprocesses are highly asymmetric in@os
and show a steep rise towards the photon direction,
while the subprocesgs — cc (Fig. 1(b)) is symmetric
Fig. 5. Differential cross sectiongo/d coss* (dots) compared 1N COSO™. This observation suggests that the source
with: (a) and (b) PYTHIA and HERWIG MC simulations (his- Of the LO gluon-exchange contribution as seen in
tograms); (c) and (d) CASCADE (short-dashed lines) and NLO FO  Fig. 4(a) and (c) is charm originating from the photon.
{JredlictiolnsI afte(; h:;\]dr(;)rlm'isatiochorr(l-:;ction (fgll lines) an? Iat Par- This is consistent with the MC prediction [2] that
on level (long-dasnea lines). rResults are given separately in (a . . .
and (c) fo(r sa?nples enrichegl in resolved pr?oton evgnts an{i in Ebg most of the reSOI\{Ed photon Cont”bl“!“(_)n t(_) charm dljet
and (d) for samples enriched in direct photon events. The inner er- events at HERA is due to charm originating from the

ror bars show the statistical uncertainty, while the outer ones show photon.
the statistical and systematic uncertainties added in quadrature. The
jet-energy-scale uncertainty is given by the two dashed-dotted lines.
In (a) and (b), each MC distribution is normalised to the data, as in-
dicated in the brackets. Also shown as shaded areas in (a) and (b)
are the contribution of the direct photon process in PYTHIA to the . . Lo
resolved-enriched sample and the contribution of the resolved pho- 7-1. Comparison with MC predictions
ton process to the direct-enriched sample, respectively. The uncer-
tainties of the NLO prediction after the hadronisation correction are
shown as the shaded areas in (c) and (d).

NLO QCD ® HAD
- - NLOQCD
----- CASCADE

0.0806 04 02 0 02 04 06 08

« 7y direction COSS* p direction —

7. Comparisonswith theoretical predictions

Figs. 2-5 compare the distributions of the data with
those of the MC simulations PYTHIA, HERWIG and
CASCADE. For PYTHIA and HERWIG, the predic-
Fig. 5 shows the differential cross sections as a func- tions are normalised to the data with normalisation
tion of co®* for the resolved- and direct-enriched factors shown in brackets within the figures. For a
samples. Events that did not satisfy the requirement shape comparison, the prediction for CASCADE is
R < 1 for at least one of the two jets .®%6 for shown in Fig. 2 normalised to the data. Since there is a
x;’bs < 0.75 and 11% for x§,’b5> 0.75) were not in- hope [31] that higher-order correctionsdefactorised
cluded in these ca¥® distributions. The PYTHIA es-  calculations might be smaller than those to LO parton-
timation of the contribution of the direct process to shower calculations using DGLAP evolution, the ab-
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solute predictions from CASCADE for the differential
cross sections are shown in Figs. 3-5.

The shapes of all data distributions are well repro-
duced by PYTHIA. The HERWIG predictions give

an adequate description of the shapes in the data, al-o}23ronyPar"

though the rise in the cross section as a function of
cosv* at IOWx;’bSis stronger in the data, particularly in
the photon direction. There is a sizeable contribution
from a resolved photon component in both PYTHIA
(35%) and HERWIG (22%). Fitting the MC distribu-
tions to the data, allowing the resolved and direct pho-
ton contributions to vary independently, results in a
resolved contribution of 46% for PYTHIA and 30%
for HERWIG. The fraction of charm dijet events that
originates from beauty production is predicted to be
~ 10% by PYTHIA and~ 6% by HERWIG. The
shape of the beauty component is similar to that of the
overall distributions.

The x9S distribution of CASCADE, normalised

to the data, gives a larger contribution at higyPPS

and a smaller contribution at Iow;fbs (Fig. 2(a)).
The absolute cross section predictions for CASCADE,

99

The differential cross sections predicted by the FO
calculation were corrected for hadronisation effects.
For each bin, the partonic cross section was mul-
tiplied by a hadronisation correction factafhag =
* which is the ratio of the MC cross
sections after and before the hadronisation process.
The value ofChag was taken as the mean of the ra-
tios obtained using HERWIG and PYTHIA. Half the
spread between the two MCs was added in quadrature
to the uncertainty in the NLO calculation. The devia-
tion of Chagfrom unity is typically below 20%.

Fig. 2(b) shows a comparison for the differential
Cross section irx)‘}bs. To minimise the large migration

effects atx;jb5> 0.75 due to hadronisation, a wider
bin than that of Fig. 2(a) was used. Migrations to low
x)‘jbs are small. The cross section can have a
contribution at NLO due to three-parton final states in
which one of the partons is treated as a photon rem-
nant. However, the Iowgbstail of the NLO cross sec-
tion is below the data [2]. For)9b5> 0.75, the data are
well described by the NLO prediction.

The differential cross section as a functiomxg‘f"S

shown in Figs. 3-5, are larger than the data by around is compared in Fig. 3(b) with the NLO FO calculation.

30%. This difference is concentrated in the region
x3b5> 0.75 and cannot be accounted for by a variation
of m.: changingm. to 1.3 and 1.7 GeV gave a
deviation in the prediction of:10%. However, the
CASCADE prediction reproduces the shapexﬁ‘i’s.
The angular distributions are well described 8PS <
0.75, although CASCADE underestimates the data
in the proton direction (Fig. 5(c)). Fox)‘jb5> 0.75
(Fig. 5(d)), the prediction overestimates the data in
all regions of cos*, although the shape is described
reasonably well.

7.2. Comparison with NLO QCD predictions

The differential cross sections of Figs. 2-5 have
been compared to the NLO FO calculation [32]. The
uncertainties in the NLO calculation, shown as the

shaded area, come from the simultaneous variation of

m. between 1.3 and 1.7 GeV apgk betweenny /2
and 2nr. Changing the photon PD parameterisation
from AFGHO to GRVHO [19,33], as well as varying
wur of the photon and proton PDFs between /2
and 2n7, produce small effectsq{ 5%) on the NLO
predictions.

The NLO prediction is in reasonable agreement with
the data. As expected from thje;’bs comparison,

the NLO prediction for the resolved—enrichexgbs
distribution (not shown) is too low, but the shape is
well reproduced.

Figs. 4(c), (d) and 5(c), (d) compare the charm dijet
angular distributions to the NLO calculation. For high
x)‘ij(Figs. 4(d) and 5(d)), the NLO prediction gives a
good description of the data. For Iovng(Fig. 4(c)),
the NLO prediction is significantly below the data.
In Fig. 5(c), the NLO predicts a lower cross section
than the data in both proton and photon directions.
The shapes of thecos9*| and co®* distributions are
reasonably well described by the NLO predictions.

8. Conclusions

The differential cross sections as a function of
cosv* for charm dijet photoproduction events (me-
dian 02 ~ 3 x 1074 GeV?) have been measured in
the kinematic range 13& W < 280 GeV, 0? <
1 Ge\?, p2" >3 GeV, |n?"| < 15, EX' > 5 GeV
and|7®!| < 2.4. The cuts on the dijet invariant mass,
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Mj > 18 GeV, and on the average jet pseudorapid- ments of the HERA machine group were essential
ity, |n] < 0.7, select anMj; and || region where the  for the successful completion of this work and are
biases from other kinematic cuts are minimised. The greatly appreciated. We are grateful for the support of
distributions have been measured separately for sam-the DESY computing and network services. The de-
ples of events enriched in resolver,f}'e5< 0.75) and sign, construction and installation of the ZEUS detec-

d|rect(x°b5> 0.75) photon processes. The angular de- tor have been made possible owing to the ingenuity
pendence for the two samples is significantly different, and effort of many people from DESY and home in-
reflecting the different spins of the quark and gluon Stitutes who are not listed as authors. We thank H. Jung
propagators. The cross section rises faster with in- for informative discussions and S. Frixione for provid-
creasing cos9*| for resolved photoproduction, where ing his NLO code.
processes involving spin-1 gluon exchange dominate,
than for direct photoproduction, where processes in-
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