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Abstract

Dijet angular distributions of photoproduction events in which aD∗± meson is produced in association with one of t
energetic jets have been measured with the ZEUS detector at HERA, using an integrated luminosity of 120 pb−1. Differential
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have been
leading-

ns show
cross sections as a function of the angle between the charm-jet and the proton-beam direction in the dijet rest frame
measured for samples enriched in direct or resolved photon events. The results are compared with predictions from
order parton-shower Monte Carlo models and with next-to-leading-order QCD calculations. The angular distributio
clear evidence for the existence of charm originating from the photon.
 2003 Published by Elsevier B.V. Open access under CC BY license.
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25 Also at Łódź University, Poland.
26 Supported by the Polish State Committee for Scientific

search, grant No. 2 P03B 07222.
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tum chromodynamics (QCD) in two sub-classes:
rect processes are those in which the photon cou
as a point-like object in the hard scattering; resolv
processes are those in which the photon acts
source of incoming partons, one of which participa
in the hard interaction. Both processes can lead to
jets in the final state. Samples enriched in direct
resolved photon events can be identified using the v
ablexobs

γ [1], which is the fraction of the photon’s mo
mentum contributing to the production of the two je

Inclusive cross sections for photoproduction
D∗±(2010) mesons as well as cross sections
“charm dijet” events, in which theD∗ is observed in
events with two energetic jets, have been previou
reported [2]. Differential cross sections of theD∗
and associated dijet system are larger than nex
leading-order (NLO) QCD predictions [3] at lowxobs

γ ,

but are in agreement at highxobs
γ . The data were

also compared to predictions of leading-logarithm
parton-shower Monte Carlo (MC) models. Accordi
to these comparisons, about 60% of the events
be attributed to the direct photon–gluon-fusion (PG
processγg → cc̄, illustrated in Fig. 1(a). The MC
models predict that most of the resolved pho
events come from charm excitation of the pho
(Figs. 1(c) and (d)) rather than from thegg → cc̄

process (Fig. 1(b)). The aim of this analysis is
determine the dominant mechanisms for charm d
photoproduction in both direct and resolved pho
processes.

Measuring the angular distribution of the outg
ing jets allows the dominant subprocesses to be
termined and the MC predictions to be tested,
was done previously [4] for inclusive dijet even
This study showed that the differential cross-sect
dσ/d|cosθ∗|, whereθ∗ is the angle between the je
jet axis and the proton beam direction in the dijet r
frame, is sensitive to the spin of the propagator in
hard subprocess. In direct photon processes, in w
the propagator in the leading-order (LO) QCD d
grams is a quark, the differential cross section ri
slowly towards high|cosθ∗| values (dσ/d|cosθ∗| ≈
(1 − |cosθ∗|)−1). In resolved photon processes, t
gluon propagator is allowed at LO and dominates o
the quark propagator due to the stronger gluon–gl
coupling compared to the quark–gluon coupling.
this case the cross section rises steeply when|cosθ∗|
increases (dσ/d|cosθ∗| ≈ (1 − |cosθ∗|)−2). Similar
(a) (b)

(c) (d)

Fig. 1. LO QCD charm-production diagrams. (a) Direct phot
γg→ cc̄; (b) resolved photon:gg→ cc̄; (c) resolved-photon charm
excitation:cg→ gc (c in proton hemisphere); (d) resolved-phot
charm excitation:cg→ cg (c in photon hemisphere).

results have been reported in photon–photon c
sions [5].

If most of the resolved-photon charm dijet eve
are produced as a result of charm from the pho
a gluon-exchange contribution, as seen in Fig. 1
should dominate. This results in a steep rise of
cross section towards high|cosθ∗| values. The othe
diagrams of Fig. 1 involve quark exchange and t
should not show such a sharp rise. If one of the jet
explicitly tagged as a charm jet, the sign of cosθ∗ can
be defined. If the charm originates from the phot
the charm jet generally lies in the photon hemisphe

2. Experimental conditions

The analysis was performed using data collec
with the ZEUS detector at HERA during 1996–200
In this period, HERA collided electrons or positro
with energyEe = 27.5 GeV and protons with energ
Ep = 820 GeV (1996–1997) orEp = 920 GeV
(1998–2000), corresponding to integrated luminosi
of 38.6 ± 0.6 and 81.9 ± 1.8 pb−1 and to centre-of-
mass energies

√
s = 300 GeV and

√
s = 318 GeV,

respectively. This data sample is about a factor
three larger than that used for the previous charm d
analysis [2].
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A detailed description of the ZEUS detector can
found elsewhere [6]. A brief outline of the compone
that are most relevant for this analysis is given belo

Charged particles are tracked in the central tra
ing detector (CTD) [7], which operates in a ma
netic field of 1.43 T provided by a thin superco
ducting coil. The CTD consists of 72 cylindrical dri
chamber layers, organized in 9 superlayers co
ing the polar-angle47 region 15◦ < θ < 164◦. The
transverse-momentum resolution for full-length trac
is σ(pT )/pT = 0.0058pT ⊕ 0.0065⊕ 0.0014/pT
(pT in GeV).

The high-resolution uranium-scintillator calorim
ter (CAL) [8] consists of three parts: the forwa
(FCAL), the barrel (BCAL) and the rear (RCAL
calorimeters. Each part is subdivided transversely
towers and longitudinally into one electromagne
section (EMC) and either one (in RCAL) or tw
(in BCAL and FCAL) hadronic sections (HAC). Th
smallest subdivision of the calorimeter is called a c
The CAL energy resolutions, as measured under t
beam conditions, areσ(E)/E = 0.18/

√
E for elec-

trons andσ(E)/E = 0.35/
√
E for hadrons(E in

GeV).
The luminosity was measured from the rate

the bremsstrahlung processe+p→ e+γp, where the
photon was measured in a lead-scintillator calorime
[9] placed in the HERA tunnel atZ = −107 m.

3. Event selection

Photoproduction events were selected with a th
level trigger [6,10]. The inclusive photoproductio
sample was defined by requiring a reconstructed
tex and no scattered electron or positron found in
CAL, thus restricting the photon virtuality,Q2, to be
below 1 GeV2, with medianQ2 ≈ 3 × 10−4 GeV2.
The photon–proton centre-of-mass energy,W , was re-
stricted to the range 130<W < 280 GeV. The latter

47 The ZEUS coordinate system is a right-handed Carte
system, with theZ axis pointing in the proton beam directio
referred to as the “forward direction”, and theX axis pointing left
towards the centre of HERA. The coordinate origin is at the nom
interaction point. The pseudorapidity is defined asη= − ln(tan θ2 ),
where the polar angle,θ , is measured with respect to the prot
beam direction.
was measured using the Jacquet–Blondel [11] est
torWJB = √

4yJBEeEp , whereyJB = ∑
i (Ei − pZ,i)/

2Ee, the sum runs over all CAL cells andpZ,i is theZ
component of the momentum vector assigned to e
cell of energyEi . Jets were reconstructed with thekT
cluster algorithm [12] in its longitudinally invariant in
clusive mode [13]. The events were required to h
at least two jets48 with pseudorapidity|ηjet|< 2.4 and
transverse energyE jet

T > 5 GeV. The measured jet en
ergies as well asWJB were corrected for energy loss
in inactive material in front of the CAL, using the M
simulation.

TheD∗ mesons were reconstructed using the ma
difference technique applied to the decay chai49

D∗± → D0π±
S → K∓π±π±

S . Tracks in the CTD
with opposite charges and transverse momentapT >

0.5 GeV were combined in pairs to formD0 candi-
dates. Kaon and pion masses were assumed in
for each track to calculate the pair invariant ma
M(Kπ). A third track,πS , assumed to be the “so
pion” from theD∗ decay, withpT > 0.15 GeV and
a charge opposite to the kaon, was added to for
D∗ candidate. Events with a mass difference!M =
M(KππS) −M(Kπ) in the range 0.1435< !M <
0.1475 GeV around the nominal value [14] and t
range 1.81< M(Kπ) < 1.92 GeV around theD0

mass were calledD∗ candidates. To suppress com
natorial background, a cutpD

∗
T /E

θ>10◦
T > 0.15 was

applied [2], whereEθ>10◦
T is the transverse energ

measured in the CAL outside a cone ofθ = 10◦ in the
forward direction. The reconstructedD∗ mesons were
required to havepD

∗
T > 3 GeV and pseudorapidity i

the range|ηD∗ |< 1.5.
These cuts ensure that the events lie in a w

understood acceptance region of the detector.

4. Jet kinematic variables

Samples enriched in direct and resolved pho
events were separated by a selection on the variab

xobs
γ =

∑
jets(E

jet
T e

−ηjet
)

2yEe
,

48 The fraction of events with more than two jets is 11%.
49 Throughout this Letter,D0 refers to bothD0 and �D0.
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whereyEe is the initial photon energy and the sum
over the two jets with the highestE jet

T . The selection of
xobs
γ > 0.75 andxobs

γ < 0.75 yields samples enriche
in direct and resolved photon processes, respectiv

A complementary variable is

xobs
p =

∑
jets(E

jet
T e

ηjet
)

2Ep
,

which is the fraction of the proton’s momentu
contributing to the production of the two jets.

The dijet scattering angle,θ∗, is reconstructed
using

(1)cosθ∗ = tanh

(
ηjet1 − ηjet2

2

)
.

In the simple case in which two jets are back-
back in the transverse plane and have equal transv
energies, the dijet invariant mass is given byMjj =
2E jet
T /

√
1− |cosθ∗|2. Therefore, for a givenMjj ,

events with high values of|cosθ∗| have lowerE jet
T . In

order to study the|cosθ∗| distribution up to|cosθ∗| =
0.83 without bias from theE jet

T cut,Mjj was required
to be above 18 GeV.

A cut on the average longitudinal boost,η̄ =
(ηjet1 + ηjet2)/2, of |η̄| < 0.7 was applied. This se
lection limitsηjet to |ηjet|< 1.9 and removes the bia
caused by the explicit cuts onηjet [4]. It also reduces
the bias caused by the cut on|ηD∗ | < 1.5 while re-
taining a sufficiently large number of events. Mon
Carlo studies show that the residual distortion due
the|ηD∗ | cut is small and confined to the extreme b
of the cosθ∗ distribution.

These cuts ensure that any features seen in the
sured distributions can be attributed to the dynamic
the hard scattering processes.

5. Models and QCD calculations

The MC simulation programs PYTHIA 6.156 [15
and HERWIG 6.301 [16] were used to model the
nal states. The PYTHIA and HERWIG simulatio
use on-shell LO matrix elements for charm photop
duction processes. Higher-order QCD effects are s
ulated in the leading-logarithmic approximation w
initial- and final-state radiation obeying DGLAP ev
lution [17]. Coherence effects from soft-gluon inte
e

-

ference are included. The parton density functi
(PDF) CTEQ5L [18] for the proton and GRV-G LO
[19] for the photon were used. The LO direct and
solved photon processes were generated propor
ally to their predicted MC cross sections, using cha
and beauty-quark masses ofmc = 1.5 GeV andmb =
4.75 GeV, respectively. Fragmentation into hadron
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 w
produced. To calculate the acceptances and to
mate hadronisation effects, the events were pa
through the GEANT 3.13-based [22] simulation of t
ZEUS detector and trigger. They were reconstruc
and analysed by the same program chain as the
Samples corresponding to different data taking con
tions were generated in proportion to their lumino
ties. For PYTHIA, in addition to theD∗ decay chain
used for this analysis, background events that a
from otherD∗± decay modes or similar decay mod
of other charm mesons were also simulated.

The MC event generator CASCADE 1.00/09 [2
simulates heavy-quark photoproduction in the fram
work of the semi-hard orkt -factorisation approac
[24]. The matrix element used in CASCADE is the o
shell LO PGF process. The CASCADE initial-state
diation is based on CCFM evolution [25], which i
cludes in the perturbative expansion the ln(1/x) terms
in addition to the lnQ2 terms used in DGLAP evo
lution. To simulate final-state radiation, CASCAD
uses PYTHIA 6.1 and the fragmentation into hadro
is simulated with the Lund string model. The cro
section is calculated by convoluting the off-shell PG
matrix element with the unintegrated gluon dens
of the proton obtained from the CCFM fit to th
HERA F2 data, by fixing most of the free paramete
[23]. Although the CASCADE matrix element corr
sponds to the off-shell PGF direct photon process o
(Fig. 1(a)), resolved photon processes are reprodu
by the CCFM initial-state radiation [26]

The NLO QCD calculations of differential cros
sections for photoproduction of charm dijet events
the HERA kinematic region are available [3] in th
fixed-order (FO) scheme. The PDF parameterisat
used were CTEQ5M1 [18] for the proton and AFGH
[27] for the photon. The factorisation scales of t
photon and proton PDFs,µF , and the renormalisatio
scale,µR , used for the calculation were set toµF =
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µR = mT ≡
√
m2
c + 〈p2

T 〉, where〈p2
T 〉 was set to the

averagep2
T of the charm quark and antiquark. Th

charm fragmentation intoD∗ was performed using
the Peterson fragmentation function [28] with anε
parameter of 0.035 [29].

In all cases, the fraction ofc quarks fragmenting
into aD∗ was assumed to be 0.235 [30] and a cha
quark mass ofmc = 1.5 GeV was used.

6. Results

The !M distribution for dijet events in theD0

signal region shows a clearD∗ signal. The analysis i
based on 1092±43D∗± mesons found in the 0.1435<
!M < 0.1475 GeV region over a background of 3
events. The signal has similar characteristics as
in the previous ZEUS publication [2] except that t
signal to background ratio has improved by a facto
three due to the tighter cuts (see Sections 3 and 4)
here. The background was determined from the!M
distribution for wrong-charge combinations, where
tracks formingD0 candidates had the same charge
theπS had the opposite charge.

The number of events in each bin of the measu
variables was extracted by performing a bin-by-
wrong-charge background subtraction. To obtain
ferential cross sections, each value was then m
plied by a correction factor proportional to the ratio
generated to reconstructed events from the PYTH
MC simulation. The measured cross sections are
luminosity-weighted average of the cross section
the centre-of-mass energies

√
s = 300 GeV and

√
s =

318 GeV.
The systematic uncertainties were determined

adding the contributions from several sources
quadrature. The largest contributions were associ
with the cuts onW and with the difference betwee
the correction factors evaluated using HERWIG rat
than PYTHIA. The uncertainties due to the knowled
of the CAL energy scale (±3%) are highly correlated
between bins and are therefore shown separately.
tistical uncertainties dominate over systematic one
most bins.

The differential cross section as a function
xobs
γ is shown in Fig. 2. The peak at high values

xobs
γ indicates a large contribution from direct phot
-

Fig. 2. Differential cross sectiondσ/dxobs
γ for the data (dots)

compared with: (a) various MC simulations (histograms); (b) N
FO predictions after hadronisation correction (full lines) and
parton level (dashed lines). The inner error bars show the statis
uncertainty, while the outer ones show the statistical and system
uncertainties added in quadrature. The jet-energy-scale uncer
is given by the two dashed-dotted lines. In (a), each MC distribu
is normalised to the data, as indicated in the brackets. Also show
(a) is the resolved photon distribution (hatched) of PYTHIA a
in (b) the uncertainty of the NLO prediction after hadronisat
correction (shaded). In (b) the two highestxobs

γ bins have been
combined.

processes, but there is also a sizeable contribu
from resolved photon processes at lowerxobs

γ values.
Fig. 3 shows the differential cross section as a func
of xobs

p . Thexobs
p range of the data is concentrated

the region 0.0055< xobs
p < 0.044, where the proto

PDFs are well determined.
Fig. 4 shows the differential cross sections

a function of |cosθ∗| separately for the resolved
enriched (xobs

γ < 0.75) and direct-enriched (xobs
γ >

0.75) samples. The cross section for the sample
riched in resolved photons exhibits a more rapid r
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Fig. 3. Differential cross sectiondσ/dxobs
p for the data (dots)

compared with: (a) PYTHIA and HERWIG MC simulations (hi
tograms); (b) CASCADE (short-dashed lines) and NLO FO pre
tions after hadronisation correction (full lines) and at parton le
(long-dashed lines). The inner error bars show the statistical un
tainty, while the outer ones show the statistical and systematic
certainties added in quadrature. The jet-energy-scale uncertain
given by the two dashed-dotted lines. In (a), each MC distribu
is normalised to the data, as indicated in the brackets. Also sh
in (a) is the resolved photon distribution (hatched) of PYTHIA a
in (b) the uncertainty of the NLO prediction after hadronisation c
rection (shaded).

towards high values of|cosθ∗| than does the cros
section for the sample enriched in direct photons. C
sequently, the LO subprocessgg → cc̄ (Fig. 1(b)),
with q-exchange in thet channel, cannot be the dom
inant resolved photon process for charm dijet eve
This observation suggests a large gluon-exchange
tribution originating from a charm-excitation proces

The |cosθ∗| distributions of Fig. 4 are similar in
shape to the previously reported dijet angular dis
butions [4], which did not require the presence
charm. In those analyses, only the absolute valu
-

Fig. 4. Differential cross sectionsdσ/d|cosθ∗| (dots) compared
with: (a) and (b) PYTHIA and HERWIG MC simulations (his
tograms); (c) and (d) CASCADE (short-dashed lines) and NLO
predictions after hadronisation correction (full lines) and at p
ton level (long-dashed lines). Results are given separately in
and (c) for samples enriched in resolved photon events and in
and (d) for samples enriched in direct photon events. The inne
ror bars show the statistical uncertainty, while the outer ones s
the statistical and systematic uncertainties added in quadrature
jet-energy-scale uncertainty is given by the two dashed-dotted l
In (a) and (b), each MC distribution is normalised to the data, as
dicated in the brackets. Also shown in (c) and (d) are the uncer
ties of the NLO prediction after hadronisation correction (shade

cosθ∗ was determined. In the present Letter, the t
jets were distinguished by associating theD∗ me-
son to the closest jet inη–φ space. The associate
jet is defined to be the jet with the smallestRi =√
(ηjet,i − ηD∗

)2 + (φjet,i − φD∗
)2; (i = 1,2) and with

R < 1, whereφjet (φD
∗
) is the azimuthal angle of th

jet (D∗) in the laboratory frame. Calling this “D∗ jet”
jet 1 in Eq. (1), the rise ofdσ/d cosθ∗ can be stud-
ied separately for the photon and proton directio
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Fig. 5. Differential cross sectionsdσ/d cosθ∗ (dots) compared
with: (a) and (b) PYTHIA and HERWIG MC simulations (his
tograms); (c) and (d) CASCADE (short-dashed lines) and NLO
predictions after hadronisation correction (full lines) and at p
ton level (long-dashed lines). Results are given separately in
and (c) for samples enriched in resolved photon events and in
and (d) for samples enriched in direct photon events. The inne
ror bars show the statistical uncertainty, while the outer ones s
the statistical and systematic uncertainties added in quadrature
jet-energy-scale uncertainty is given by the two dashed-dotted l
In (a) and (b), each MC distribution is normalised to the data, as
dicated in the brackets. Also shown as shaded areas in (a) an
are the contribution of the direct photon process in PYTHIA to
resolved-enriched sample and the contribution of the resolved
ton process to the direct-enriched sample, respectively. The u
tainties of the NLO prediction after the hadronisation correction
shown as the shaded areas in (c) and (d).

Fig. 5 shows the differential cross sections as a fu
tion of cosθ∗ for the resolved- and direct-enriche
samples. Events that did not satisfy the requirem
R < 1 for at least one of the two jets (8.7% for
xobs
γ < 0.75 and 1.1% for xobs

γ > 0.75) were not in-
cluded in these cosθ∗ distributions. The PYTHIA es
timation of the contribution of the direct process
the resolved-enriched sample,xobs
γ < 0.75, and the re-

solved process to the direct-enriched sample,xobs
γ >

0.75, are also indicated.
Direct photon events originating from the domina

q-exchange processγg→ cc̄ (Fig. 1(a)) should have
a distribution symmetric in cosθ∗. The angular dis-
tribution of direct-enriched events (xobs

γ > 0.75) ex-
hibits a slight asymmetry, which can be explained
the feedthrough from resolved photon processes
cosθ∗ = −1, as predicted by PYTHIA (Fig. 5(b)).

The sample enriched in resolved photons (Fig. 5
(c)) exhibits a mild rise in the proton hemisphe
towards cosθ∗ = 1, consistent with expectations fro
quark exchange. In contrast, they have a strong
towards cosθ∗ = −1, i.e., in the photon direction
consistent with a dominant contribution from glu
exchange. For the latter case, the charm quark eme
in the photon hemisphere (Fig. 1(d)). Gluon-excha
diagrams with this topology can only come, at L
from the processescγ gp → cg and cγ qp → cq ,
where the superscripts refer to an origin in either
photon or proton. The partonic cross sections for th
2 → 2 subprocesses are highly asymmetric in coθ∗
and show a steep rise towards the photon direct
while the subprocessgg→ cc̄ (Fig. 1(b)) is symmetric
in cosθ∗. This observation suggests that the sou
of the LO gluon-exchange contribution as seen
Fig. 4(a) and (c) is charm originating from the photo
This is consistent with the MC prediction [2] th
most of the resolved photon contribution to charm d
events at HERA is due to charm originating from t
photon.

7. Comparisons with theoretical predictions

7.1. Comparison with MC predictions

Figs. 2–5 compare the distributions of the data w
those of the MC simulations PYTHIA, HERWIG an
CASCADE. For PYTHIA and HERWIG, the predic
tions are normalised to the data with normalisat
factors shown in brackets within the figures. Fo
shape comparison, the prediction for CASCADE
shown in Fig. 2 normalised to the data. Since there
hope [31] that higher-order corrections tokt -factorised
calculations might be smaller than those to LO part
shower calculations using DGLAP evolution, the a
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solute predictions from CASCADE for the differenti
cross sections are shown in Figs. 3–5.

The shapes of all data distributions are well rep
duced by PYTHIA. The HERWIG predictions giv
an adequate description of the shapes in the data
though the rise in the cross section as a function
cosθ∗ at lowxobs

γ is stronger in the data, particularly
the photon direction. There is a sizeable contribut
from a resolved photon component in both PYTH
(35%) and HERWIG (22%). Fitting the MC distribu
tions to the data, allowing the resolved and direct p
ton contributions to vary independently, results in
resolved contribution of 46% for PYTHIA and 30%
for HERWIG. The fraction of charm dijet events th
originates from beauty production is predicted to
≈ 10% by PYTHIA and≈ 6% by HERWIG. The
shape of the beauty component is similar to that of
overall distributions.

The xobs
γ distribution of CASCADE, normalise

to the data, gives a larger contribution at highxobs
γ

and a smaller contribution at lowxobs
γ (Fig. 2(a)).

The absolute cross section predictions for CASCAD
shown in Figs. 3–5, are larger than the data by aro
30%. This difference is concentrated in the reg
xobs
γ > 0.75 and cannot be accounted for by a variat

of mc: changingmc to 1.3 and 1.7 GeV gave
deviation in the prediction of±10%. However, the
CASCADE prediction reproduces the shape inxobs

p .

The angular distributions are well described forxobs
γ <

0.75, although CASCADE underestimates the d
in the proton direction (Fig. 5(c)). Forxobs

γ > 0.75
(Fig. 5(d)), the prediction overestimates the data
all regions of cosθ∗, although the shape is describ
reasonably well.

7.2. Comparison with NLO QCD predictions

The differential cross sections of Figs. 2–5 ha
been compared to the NLO FO calculation [32]. T
uncertainties in the NLO calculation, shown as
shaded area, come from the simultaneous variatio
mc between 1.3 and 1.7 GeV andµR betweenmT /2
and 2mT . Changing the photon PD parameterisat
from AFGHO to GRVHO [19,33], as well as varyin
µF of the photon and proton PDFs betweenmT /2
and 2mT , produce small effects (< 5%) on the NLO
predictions.
The differential cross sections predicted by the
calculation were corrected for hadronisation effe
For each bin, the partonic cross section was m
tiplied by a hadronisation correction factor,Chad =
σ hadrons

MC /σ
partons
MC , which is the ratio of the MC cros

sections after and before the hadronisation proc
The value ofChad was taken as the mean of the r
tios obtained using HERWIG and PYTHIA. Half th
spread between the two MCs was added in quadra
to the uncertainty in the NLO calculation. The dev
tion ofChad from unity is typically below 20%.

Fig. 2(b) shows a comparison for the different
cross section inxobs

γ . To minimise the large migratio

effects atxobs
γ > 0.75 due to hadronisation, a wide

bin than that of Fig. 2(a) was used. Migrations to lo
xobs
γ are small. The cross section can have a lowxobs

γ

contribution at NLO due to three-parton final states
which one of the partons is treated as a photon r
nant. However, the lowxobs

γ tail of the NLO cross sec

tion is below the data [2]. Forxobs
γ > 0.75, the data are

well described by the NLO prediction.
The differential cross section as a function ofxobs

p

is compared in Fig. 3(b) with the NLO FO calculatio
The NLO prediction is in reasonable agreement w
the data. As expected from thexobs

γ comparison,

the NLO prediction for the resolved-enrichedxobs
p

distribution (not shown) is too low, but the shape
well reproduced.

Figs. 4(c), (d) and 5(c), (d) compare the charm d
angular distributions to the NLO calculation. For hi
xobs
γ (Figs. 4(d) and 5(d)), the NLO prediction gives

good description of the data. For lowxobs
γ (Fig. 4(c)),

the NLO prediction is significantly below the dat
In Fig. 5(c), the NLO predicts a lower cross secti
than the data in both proton and photon directio
The shapes of the|cosθ∗| and cosθ∗ distributions are
reasonably well described by the NLO predictions.

8. Conclusions

The differential cross sections as a function
cosθ∗ for charm dijet photoproduction events (m
dianQ2 ≈ 3 × 10−4 GeV2) have been measured
the kinematic range 130< W < 280 GeV,Q2 <

1 GeV2, pD
∗
T > 3 GeV, |ηD∗ | < 1.5, E jet

T > 5 GeV
and |ηjet| < 2.4. The cuts on the dijet invariant mas
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Mjj > 18 GeV, and on the average jet pseudorap
ity, |η̄| < 0.7, select anMjj and |η̄| region where the
biases from other kinematic cuts are minimised. T
distributions have been measured separately for s
ples of events enriched in resolved (xobs

γ < 0.75) and

direct (xobs
γ > 0.75) photon processes. The angular

pendence for the two samples is significantly differe
reflecting the different spins of the quark and glu
propagators. The cross section rises faster with
creasing|cosθ∗| for resolved photoproduction, whe
processes involving spin-1 gluon exchange domin
than for direct photoproduction, where processes
volving spin-1/2 quark exchange dominate.

The shapes of the measured differential cross
tions are well reproduced by PYTHIA. Except for th
angular distributions at lowxobs

γ , HERWIG gives an
adequate description of these shapes. The predic
of CASCADE describe the data at lowxobs

γ in both

shape and normalisation. For highxobs
γ , the prediction

significantly overestimates the data, but gives a r
sonable description of the shapes. The shapes o
measured angular distributions are approximately
produced by the NLO FO predictions. The absol
cross sections predicted by the NLO FO calculat
reproduce the data for the sample enriched in di
photons but are below the data for the sample enric
in resolved photons.

Associating theD∗ meson with one of the jets a
lows the sign of cosθ∗ to be defined. In all case
the cosθ∗ distributions show a mild rise toward
|cosθ∗| = 1, as expected from quark exchange, exc
for the resolved-enriched sample in which the cr
section rises steeply in the photon direction (cosθ∗ =
−1), as expected from gluon exchange. This obse
tion indicates that most of the resolved photon con
bution in LO QCD charm production is due to cha
originating from the photon, rather than to the comp
ing resolved photon processgg → cc̄. This demon-
strates that charm originating from the photon is
dominant component in the resolved photoproduc
of dijet events with charm.
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