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Abstract. The dijet cross section in photoproduction has been measured with the ZEUS detector at HERA
using an integrated luminosity of 38.6 pb~'. The events were required to have a virtuality of the incoming
photon, @2, of less than 1 GeV? and a photon-proton centre-of-mass energy in the range 134 < W, <
277 GeV. Each event contains at least two jets satisfying transverse-energy requirements of E%ftl > 14
GeV and E%?m > 11 GeV and pseudorapidity requirements of —1 < 7***1'2 < 2.4, The measurements are
compared to next-to-leading-order QCD predictions. The data show particular sensitivity to the density
of partons in the photon, allowing the validity of the current parameterisations to be tested.
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1 Introduction

In photoproduction at HERA, a quasi-real photon, emit-
ted from the incoming positron, collides with a parton
from the incoming proton. The photoproduction of jets
can be classified into two types of process in leading-order
(LO) Quantum Chromodynamics (QCD). In direct pro-
cesses (Fig. 1a), the photon participates in the hard scatter
via either boson-gluon fusion or QCD Compton scatter-
ing. The second class, resolved processes (Fig. 1b), involve
the photon acting as a source of quarks and gluons, with
only a fraction of its momentum participating in the hard
scatter. Measurements of jet cross sections in photopro-
duction [1-14] are thus sensitive to the structure of the
photon and the proton, and to the dynamics of the hard
sub-processes as calculated in perturbative QCD (pQCD).
These jet cross sections can therefore be used in global fits
to data to determine the parton densities in both the pho-
ton and proton.

In the kinematic range of the measurements presented
in this paper, the value of x,, the fractional momentum at
which partons inside the proton are probed, lies predom-
inantly in the region between 0.01 and 0.1. At these xz,
values, the parton densities in the proton are constrained
by measurements of the structure function, F¥, [15-18]
in deep inelastic scattering (DIS). The present measure-
ments are directly sensitive to both the quark and the
gluon content of the photon. The fractional momentum
of the photon carried by the interacting parton, z., lies

n
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a b

Fig. 1a,b. Examples of a direct and b resolved dijet photo-
production diagrams in LO QCD

between 0.1 and 1. For x, values above 0.5, the quark
densities in the photon are not well constrained by Fj
data obtained from ~y* scattering in ete™ experiments
[19-30]. The gluon density, to which jet photoproduction
is directly sensitive at LO, is also poorly constrained by
the F) data for all 2. The most recent measurements of
FJ from LEP extend up to an average scale of ~ 25 GeV.
These, and higher scales, can be studied in jet production
at HERA.

The aim of the present investigation is to provide con-
straints, from data on dijet photoproduction, on the par-
ton densities in the photon in the range 0.1 < z, < 1
and to probe the dynamics of the hard sub-processes. For
this purpose, the dijet cross section is measured at high
transverse energies where next-to-leading-order (NLO)
QCD calculations are expected to describe the data. In
this kinematic region, where the effects of soft physics are
suppressed and the parton densities in the proton are well
known, the data can be used to test the validity of the
current parameterisations of the parton densities in the
photon. At high z.,, where the effects of the uncertainties
in the photon structure are small, these data also provide
a consistency check of the gluon distribution in the proton
extracted from deep inelastic scattering.

This analysis builds on the improved understanding
of jet photoproduction and of comparisons to NLO QCD
calculations gained in previous analyses [7,5]. With an in-
crease of a factor of six in luminosity, an extension of the
kinematic region and reduced systematic uncertainties,
the measurements in this paper! have greatly improved
precision compared to the previous ZEUS dijet measure-
ment [5].

2 Theoretical framework
Within the framework of pQCD, the dijet photon-proton
cross section, do.p, can be written as a convolution of the

proton parton density functions (PDFs), f,, and photon
PDFs, f.,, with the partonic hard cross section, dé,:

oy, =Y / / dxpdy fo(xp, u2) fo (2, 12)
ab Y %p YTy

xd&ab(xp,mv,;f) - (1 4+ Onaq)-

L After submission of this paper, a similar study from the H1
Collaboration became available [31]
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For photoproduction cross sections measured in lepton-
proton scattering, there was an additional convolution with
the distribution of photons from the lepton beam. In the
case of the direct cross section, the photon structure is
replaced by a delta function at z, = 1. The scale of
the process, u, represents both the renormalisation scale,
1R, and factorisation scale, ug, which were set equal for
this study. The hadronisation correction, .4, accounts
for non-perturbative effects in the final state and can be
estimated using Monte Carlo (MC) models for the parton
cascade and fragmentation; it is, in general, a function of
the variable being measured (see Sect. 5).

The distribution of the dijet angle, 8, in the parton-
parton centre-of-mass frame was directly sensitive to the
form of the matrix elements, and hence to the partonic
hard cross section. For massless partons, the centre-of-
mass scattering angle is given by

jetl _ jet2
cos 0* = tanh (77277> )

where 7! and 7’**2 are the pseudorapidities in the lab-
oratory frame of the two jets of highest transverse en-
ergy. Only the absolute value of cos#* can be determined
because the originating parton cannot be identified. The
variable cos 6% is invariant under the different boosts along
the beam axis arising from the spectrum of incoming par-
ton momenta. This minimises the sensitivity of the differ-
ential cross section, do/dcos 6*, to the momentum density
distribution of the partons in the photon and proton.

For jets of transverse energy of more than 6 GeV, it
has been shown [8] that samples of events enriched in ei-
ther direct or resolved photon processes have very different
angular distributions. The cross section for the sample en-
riched in resolved photon events increases more rapidly at
high cos * than that in direct photon events. This is ex-
pected at both LO and NLO QCD [32]; both predictions
give a good description of the data. The different angular
dependence of the cross sections can be explained in terms
of the dominant propagators in the respective samples.
In direct events, the dominant processes (mostly boson-
gluon fusion) have a spinfé quark propagator and the an-
gular dependence is approximately oc (1 — |cos6*|)~L. In
resolved events (e.g. g9 — qg and gg — ¢g), the dominant
processes have a spin—1 gluon propagator, which has an
angular dependence oc (1 — |cos §*]) 2.

To probe the structure of the photon, it is desirable to
measure cross sections as functions of variables that are
sensitive to the spectrum of incoming parton momenta,
such as the pseudorapidity of the jets or the momentum
fraction, . Since - is not directly measurable, an ob-
servable, $?Ybs, which is the fraction of the photon’s mo-
mentum participating in the production of the two highest
transverse-energy jets (and is equal to z. for partons in
LO QCD), is introduced [9]:

jetl jet2

E%?tle_" —|—E¥t26_’7
T 2yE,

obs _
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Here EiS*" and EJ*? are the transverse energies of the
two jets in the laboratory frame (EJTetl > EJTetZ) and y is
the fraction of the positron’s energy, F., carried by the
photon in the proton rest frame. The quantity z°" is a
particularly useful variable with which to discriminate be-
tween various photon PDFs.

3 Experimental conditions

The data were collected during the 1996 and 1997 run-
ning periods, when HERA operated with protons of energy
E, = 820 GeV and positrons of energy F, = 27.5GeV,
and correspond to an integrated luminosity of 38.6 +
0.6 pb~'. A detailed description of the ZEUS detector
can be found elsewhere [33,34]. A brief outline of the com-
ponents that are most relevant for this analysis is given
below.

The high-resolution uranium-scintillator calorimeter
(CAL) [35-38] consists of three parts: the forward, the
barrel and the rear calorimeters. Each part is subdivided
transversely into towers and longitudinally into one elec-
tromagnetic and either one (in the rear) or two (in the
barrel and forward) hadronic sections. The smallest subdi-
vision of the calorimeter is called a cell. The CAL relative
energy resolutions, as measured under test-beam condi-
tions, are 0.18/\/E for electrons and O.35/\/E for hadrons
(E in GeV).

Charged particles are measured in the central tracking
detector (CTD) [39-41], which operates in a magnetic field
of 1.43 T provided by a thin superconducting coil. The
CTD covers the polar-angle? region 15° < 6 < 164°. The
relative transverse-momentum resolution for full-length
tracks is op,. /pr = 0.0058pr ©0.006560.0014/pr with pr
in GeV. Tracking information along with energy deposits
in the CAL were used to measure the transverse energy
and direction of jets as described in detail in Sect. 7.

The luminosity was measured from the rate of the
bremsstrahlung process etp — eTyp, where the pho-
ton was measured in a lead-scintillator calorimeter [42-44]
placed in the HERA tunnel at Z = —107 m.

A three-level trigger system was used to select events
online [34,7]. At the third level, a cone algorithm was ap-
plied to the CAL cells and jets were reconstructed using
the energies and positions of these cells. Events with at
least two jets, each of which satisfied the requirements
that the transverse energy exceeded 4 GeV and the pseu-
dorapidity was less than 2.5, were accepted.

4 Definition of the cross section

The kinematic region for this study is the photoproduc-
tion region, defined as Q% < 1GeV?2, with a photon-proton

2 The ZEUS coordinate system is a right-handed Cartesian
system, with the Z axis pointing in the proton beam direction,
referred to as the “forward direction”, and the X axis pointing
left towards the centre of HERA. The coordinate origin is at
the nominal interaction point. The pseudorapidity is defined
as n = —In(tan g), where the polar angle, 0, is measured with
respect to the proton beam direction

The ZEUS Collaboration: Dijet photoproduction at HERA and the structure of the photon

centre-of-mass energy, W,,, in the range 134GeV to
277 GeV. Each event is required to have at least two jets
reconstructed with the kr cluster algorithm [45] in its lon-
gitudinally invariant inclusive mode [46], with at least one
jet having transverse energy greater than 14 GeV and an-
other greater than 11 GeV. The jets are required to sat-
isfy —1 < ni°*1:2 < 2.4, an extension of the pseudorapidity
range by 0.4 units in the forward direction over the pre-
vious analysis [5], thereby increasing the sensitivity of the
measurement to resolved photon processes.

. . jetl
Cross sections are presented as a function of xf;bs, EY

and 7¢*2. The cross sections for jet variables are sym-
metrised [47] with respect to the pseudorapidities of the
two jets. Each event, therefore, contributes twice to the
cross section. The cross sections have been determined for
regions enriched in direct and resolved photon processes
by requiring x?ybs to be greater than 0.75 or less than 0.75,
respectively.

Additional kinematic constraints were applied to the
measurement of the cross section as a function of |cos 6*|
to remove biases imposed by the other requirements. For
a given centre-of-mass energy, events at high |cos 6*| have
small scattering angles and thus lower E%?t. To study the
|cos 8*| distribution up to |cos 8*| = 0.8 without bias from

the E%?t requirements, a cut on the dijet mass of M >
42 GeV was applied. The dijet mass is defined in terms of
the two jets with highest transverse energy as

M (1)

— 2B B [cosh(ett — 1jet?) — cos(giet? — ¢i2)]

where ¢°* and ¢%* are the azimuthal angles of the two
jets. For jets back-to-back in azimuthal angle and of equal
transverse energy, E}et, the dijet mass is related to the
scattering angle by

jet
2B
/1 — |cos 6*|?

When the minimum EJ* is taken to be 12.5 GeV, the
average of the minimum transverse energies of the two jets,
the requirement on the minimum dijet mass up to a given
value of the scattering angle can be deduced from (2).
Simulation studies show that the choice of cut dictated by
this approximation does indeed eliminate any bias from
the choice of transverse-energy cuts [48]. A further cut
on the boost of the dijet system in the laboratory frame,
n = (Pt + nt2) /2, of 0.1 < i < 1.3 was also applied.
This ensures that the phase space is uniform as a function
of |cos 0*|, so that any shape seen in the measured distri-
butions is attributable to the dynamics and not biased by
the cuts imposed.

MY = (2)

5 Monte Carlo models

The acceptance and the effects of detector response were
determined using samples of simulated events. The pro-
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grams HERWIG 6.1 [49] and PYTHIA 6.1 [50], which imple-
ment the leading-order matrix elements, followed by par-
ton showers and hadronisation, were used. The HERWIG
and PYTHIA generators differ in the details of the imple-
mentation of the leading-logarithmic parton-shower mod-
els. They also use different hadronisation models: HERWIG
uses the cluster [51] model and PYTHIA uses the Lund
string [52] model. Direct and resolved events were gener-
ated separately. For all generated events, the ZEUS de-
tector response was simulated in detail using a program
based on GEANT 3.13 [53].

Parameters tuned to HERA data [54] were used in the
generation of the HERWIG sample. The GRV-LO [55,56]
and CTEQ4L [57] set of PDFs were used for the photon
and proton, respectively. For the PYTHIA generator, the
parameters were chosen to be consistent with fits to jet
data from both HERA and LEP [58]. Here, the SaS-2D
[59] and GRV94-LO [60] set of PDFs were used for the
photon and proton, respectively. Multiparton interactions
(MPT) were also included with a minimum transverse mo-
mentum of the secondary scatter of 2.0 GeV [61]. However,
at the high transverse energies studied here, the effects of
the “underlying event” are small: models with or without
MPI describe the data equally well.

6 NLO QCD calculations

Many calculations of jet photoproduction at NLO exist
[62-69], all of which have been compared with each other
and agree to within (5 — 10)% [69,70]. The calculation
used here is that of Frixione and Ridolfi [62-64], which
employs the subtraction method [71] for dealing with the
collinear and infra-red divergences. The number of flavours
was set to b and the renormalisation and factorisation
scales, u, were set to half the sum of the transverse en-
ergies of the final-state partons, Er/2. Two different pa-
rameterisations of the photon parton density were used®:
GRV-HO [55,56] and AFG-HO [74]. The parton densi-
ties in the proton were parameterised using CTEQ5M1
[57]; the value as(Mz) = 0.118 used therein was adopted
for the central prediction. The parameterisation MRST99
(as(Mz) = 0.1175) was also considered. Parameter set-
tings in the NLO calculation were varied to test the stabil-
ity of the theoretical predictions, as discussed in Sect. 10.

The NLO QCD predictions were corrected for hadro-
nisation effects using a bin-by-bin procedure according to
do = do™NkO . C};ld, where doNLO is the cross section for
partons in the final state of the NLO calculation. The
hadronisation correction factor, Chag = (1 + 0paa) !, was
defined as the ratio of the dijet cross sections before and af-
ter the hadronisation process, Chaq = doffétons Jdohzdrons,
The value of Cl.q was taken as the mean of the ratios
obtained using the HERWIG and PYTHIA predictions. The
hadronisation correction, dy,q, was generally below 10% in

3 The GS96-HO [72] parameterisation was not used because
it has been shown that the available code does not reproduce
the published results [73]

621

Table 1. Measured cross sections as a function of |cos8*| for
x?ybs < 0.75 and mf;bs > 0.75. The statistical, systematic and jet
energy scale, Ags, uncertainties are shown separately. The mul-
tiplicative hadronisation correction applied to the NLO predic-
tion is shown in the last column. The uncertainty shown for the
hadronisation correction is half the spread between the values
obtained using the HERWIG and PYTHIA models

|cos 0*| bin do/d|cos0*| Astat Asyst Agrs Chaa
(pb)
xS < 0.75
0.0, 0.1 44.5 +3.5 T3S 2T 0.994 + 0.010
0.1,0.2 40.1 +3.3 32 2% 1.027 +0.021
0.2, 0.3 48.1 +3.6 35 21 1.006 £ 0.001
0.3, 0.4 54.5 +3.7 *tos T3Y 0 1.022 +£0.017
0.4,0.5 83.9 +4.7 27 T35 1.008 £0.014
0.5, 0.6 115.7 +55 T3 T4 1.028 +0.020
0.6, 0.7 205.5 +7.6 47 L. 1.024 £ 0.010
0.7, 0.8 406.9  +11.5 57, T1%3 1.031 £ 0.001
x> > 0.75
0.0, 0.1 141.8 +7.1 3% 35 0.973 +0.003
0.1, 0.2 142.1 +7.1 T, T35 0.969 £ 0.010
0.2, 0.3 155.3 +7.3  15% T8 0.958 +£0.016
0.3,0.4 182.7 +7.9 22 *73 0.970 £+ 0.007
0.4, 0.5 233.8 +8.8 15, 155 0.964 £ 0.006
0.5, 0.6 283.9 +9.7 s Tos  0.963 £ 0.008
0.6, 0.7 439.7 4122 192, T8 0.946 + 0.020
0.7,0.8 686.6  +15.9 TI59 *20%  0.933 £ 0.020

each bin except at the edges of phase space (see Tables 1—
6). There are significant migrations in x‘v’bs for ;vgbs > 0.7;
however, the migrations to lower values are small.

7 Energy corrections

Kinematic variables and jets were reconstructed using a
combination of track and calorimeter information that op-
timises the resolution of reconstructed kinematic variables
[75]. The selected tracks and calorimeter clusters are re-
ferred to as Energy Flow Objects (EFOs).

The addition of track information to the CAL infor-
mation reduces the sensitivity to energy losses in inactive
material in front of the CAL, and exploits the good mo-
mentum and angular resolution of the tracking for low-
momentum particles. The energies of particles for which
no track information was available (e.g. neutral particles),
or for which the calorimeter energy resolution was bet-
ter than that of the tracking (e.g. at the highest ener-
gies), were measured using CAL information. These ener-
gies were corrected for losses in the inactive material as
discussed in a previous publication [5]. Conservation of en-
ergy and momentum in neutral current (NC) DIS events
was exploited to determine the required energy corrections
[76] by balancing the scattered positron with the hadronic
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Table 2. Measured cross section as a function of E¥tl for Table 3. Measured cross section as a function of EJ;“ for

events with x;’bs > 0.75. The measurement is divided into six events with x?ybs < 0.75. The measurement is divided into six

regions of the pseudorapidities of the jets. For further details, regions of the pseudorapidities of the jets. For further details,

see the caption to Table 1 see the caption to Table 1
jetl jetl . .
LT do/dEy St e s Chaa EEY dofdEEY Aga Ags Aws Chaa
in (GeV) (pb/GeV) bin (GeV) (pb/GeV)
—l<nt? <o .
! ; ) —1< 2 <o
14, 17 12.2 +0.6 36 F05 0794 + 0.034 Py ——
17, 21 3.0 +0.3 i—g‘é tg% 0.757 + 0.046 14, 17 0.30 +0.08 g4 t0:01 1.116 4+ 0.130
0< njetl <1, -1< ,r]jetZ <0 0< njctl <1 -1< njctQ <0
14, 17 34.3 +0.7 1 tIY 0 0.909 £ 0.024 14, 17 6.2 +0.3 199 t52 1.006 + 0.003
17, 21 16.0 +0.4 f%:? tg‘% 0.907 + 0.016 17, 21 2.1 +0.1 gL *91 1.014 + 0.012
21, 25 4.0 +0.2 oL o) 0.863 + 0.007 21, 25 0.23 £0.04 1005 4001 513 4 (27
25, 29 0.74  £0.08 592 1007 0.834 £ 0.013 ‘ ‘

25, 29 0.032  £0.015 5000 0005  0.888 & 0.001

0< ,r]jctl,Q <1

0< 77je':l,2 <1

14, 17 51.4 +1.1 27 TS 0.954 +£0.030

17, 21 261  +0.7 19T 00 gogra+o017 1417 204 £08 I95 Tip 1.006 £ 0.013
21, 25 12.3 +0.5 t93 H04 0973 +0.015 17,21 12.7 +0.4 105 92 1.006 £ 0.005
25, 29 6.3 +£0.3 9L 0% 0.958 £ 0.021 21, 25 4.6 +0.3 92 9% 1.004 £ 0.014
29, 35 L7 0.1 Fg® 0T 0953 £0.003 95 29 1.2 +£0.1 192 4010 (972 £ 0.020
35, 41 0.56  £0.08 00z TO05  0.920 £ 0.006 29, 35 021 4004 00T 4002 454 0 0sg

41, 48 0.122  £0.037 503 T00%  0.872 & 0.044

1<yt <24 -1 <™ <0

1<t <24, -1 <2 <0
- +2.3 408
14, 17 281 0.6 T34 10 g913xo0015 1T 154 +04 [0s 05 1.040 = 0.019
17, 21 15.8 +0.4  *93 H06 0922 4+ 0.028 17,21 6.0 +02 Ty Tgz 1039 £ 0.017
21, 25 5.4 0.2 102 02 gg99 40012 21,25 1.4 +0.1  *92 +00° 1007 + 0.019
25, 29 1.6 +0.1 52 T01 0 0.923 +0.012 25, 29 0.38  £0.05 0% 003 1.031 £ 0.017
29, 35 041 £0.05 Fogs Topp  0.862+£ 0014 99 35 0057  +£0.015 TO03 00 0,913 + 0.013
35, 41 0.043  £0.014 5013 0005  0.827 & 0.004
jetl jet2
1< < 24,0 < <1 L<n” <24, 0<y77 <1
14, 17 56.7 +0.8 *16 211007 £ 0.024
14, 17 38.9 +0.7 55 Tl 0.990 + 0.010 oy
17, 21 231 404 02 405 go7gpoonn 102 266 £04 “os Lo 1.021 £ 0.018
21, 25 112 +03 f9r 04 o967 +o0017 2525 12 £0.3  Zo7  Zo5  1013£0.014
25, 29 5.3 £02  TO03 02 0969 £ 0.015 25,29 3.7 0.2 X5y Ton o 0.999 £0.015
29, 35 2.1 +0.1 5L O 0.962 + 0.022 29, 35 1.3 +0.1 902 F1 1.003 £ 0.004
35, 41 087  £0.07 f§i§‘1§ f§§§, 0.971 £ 0.016 35 41 035  +0.04 *3% 003 1026+ 0.009
+0. +0.
48, 55 0.13 +0.03 *ooL TO01 0.954 4+ 0.023 40,014 +0.001
S 48, 55 0.019  40.009 *9:914 +0.001 1 000 + 0.014

55, 65 0.035  40.011 *3:999 +6-092° 0.974 4+ 0.032

1< pt? <24

1< npert? <24
17, 21 40  +02 *05 402 399940032 17,21 382  +0.7 ¥ 1T 1.019 £ 0.025
21, 25 5.0 +0.3 9% 02 1.083 4 0.032 21, 25 16.9 +0.5 95 38 1.016 + 0.025
25, 29 3.3 0.2 55 Tor LOI7T£0.030 25 29 6.3 +£0.3  TO4 03 9019 4 0.025
29, 35 19 £01 Eogii 3031(?8 1010 £ 0012 99 35 25 01 35 01 1.020 £ 0.032
i? j; 8:?1? ig:ég E%zg)g E%%g 8:322 i 8:322 35, 41 0.92  +0.08 tg;gz t§;§§ 1.018 + 0.031
48, 55 0.23 4005 *003 +001 qg0 4 gz AL 48 031 +0.05 *goi 55 1.000 + 0.026
55,65 0033  +0.015 t002 40002 gog9q 4 goos 48,55 042 003 TGg g 0.995 £ 0.019

65,75  0.041  £0.017 0004 +0002 gggr 4 go14 55,65  0.045 +£0.016 TO014 FO001  0.998 + 0.003
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Table 4. Measured cross section as a function of 7°*? for
events with 23" > 0.75. The measurement is divided into
three regions of the pseudorapidity of the other jet. For fur-
ther details, see the caption to Table 1
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Table 5. Measured cross section as a function of 79°*? for
events with 25" < 0.75. The measurement is divided into
three regions of the pseudorapidity of the other jet. For fur-
ther details, see the caption to Table 1

T]'jetz bin dO’/d’l]jet2 Agtay Asyst Ags (pb) Chad
1<t <o
-1.0, 0.5 89 +1.0 95 *93 0.538 £ 0.021
05,00 882 428 T30 +i2 0.805 + 0.031
0.0, 0.5 175.0 +£3.8 fii 138 0.881 + 0.016
0.5, 1.0 195.8  +4.0 T87, *&° 0.906 + 0.012
1.0,1.5 1603 434 *25 +55 0.921 + 0.012
15,20 1300 433 F5% +i2 0.913 + 0.021
2.0, 2.4 89.3 435 *t¥l 43¢ 0.899 + 0.021
0< ™ <1
~1.0, -0.5 993  +£3.1 Ft 2T 0.805 4 0.012
—0.5,0.0 2720 4.6 g7 9% 0.922 £ 0.010
0.0, 0.5 347.0 451 TH6, il 0.952 + 0.015
0.5, 1.0 3471 +5.0 32, TILT 0.960 + 0.013
1.0, 1.5 287.9  +4.2 T30 93 0.971 + 0.004
1.5, 2.0 208.1  +3.7 1S fI3 0.978 £ 0.012
2.0, 2.4 125.1 437 *tL9 439 0.967 + 0.020
1<yt <24
-1.0, —0.5 1154  +3.2 *205 +22 0.866 & 0.022
—0.5,0.0  241.7 442 *&& +82 0.933 & 0.011
0.0, 0.5 3157 4+4.6 T35, 19 0.953 & 0.018
0.5, 1.0 277.5 442 *12. 82 0.992 + 0.002
1.0, 1.5 104.0  +24 *3L 8 1.021 + 0.007
1.5, 2.0 372 +£1.5 19§ 18 1.018 + 0.008
2.0, 2.4 132 411 95 108 1.031 £ 0.017

final state. This was performed independently for data and
simulated event samples. The EFOs thus corrected were
used both to reconstruct jets and to determine kinematic
variables. Comparisons of kinematic variables for data and
simulated events led to the assignment of a 1% correlated
systematic uncertainty in the transverse jet energies and in
the hadronic variables [76]. The improved precision in this
uncertainty compared with the previous measurement [5]
was obtained from an increased data sample, better selec-
tion requirements and improved parameterisations of the
energy losses. In the overlapping kinematic region, the to-
tal cross section measured here is 6% lower than the previ-
ous measurement [5], but within the quoted uncertainties
arising from the uncertainty in the jet energy scale.

8 Event selection

After applying the energy corrections described in Sect. 7,
dijet events were selected offline by using the following
procedures and cuts designed to remove sources of back-
ground:

njet2 bin da/dnj6t2 Astat Asyst AES (pb) Chad
—1< nJetl 0
—0.5, 0.0 2.2 404 TiE o4 1.088 + 0.113
0.0, 0.5 158  +1.0 23 *0° 1.003 + 0.019
0.5, 1.0 40.0  +1.7 t27 *iB 1.008 % 0.008
1.0, 1.5 524 +18 *52 26 1.033 + 0.027
1.5, 2.0 60.4  £20 *r2 30 1.028 + 0.002
2.0, 2.4 541 424 T§9 0 3T 1.038 & 0.024
0<net <1
-1.0, =0.5 41  +0.5 *i5 03 1.046 + 0.020
05,00 5.7 419 *in +16 1.004 + 0.002
0.0, 0.5 131.7 431 T332 +%0 1.002 + 0.005
05,10 1954 +38 *t4t 474 1.002 = 0.002
1.0, 1.5 230.1 437 T8, 157 0.998 + 0.023
1.5, 2.0 262.4  +4.1 5T S 1.012 + 0.014
20,24 2437 +50 97 %' 1.020 £ 0.011
1<t <24
-1.0,-05 205  £1.2 *tiL o9 1.056 + 0.020
05,00 1350 43.0 f1%° 69 1.028 + 0.022
0.0, 0.5 288.8 444 T5E H124 1.016 & 0.013
0.5, 1.0 403.6  +£5.2 *T95 HT8 1.006 + 0.018
1.0, 1.5  403.0 +4.8 *22 +163 1.008 + 0.029
1.5, 2.0 355.2  +4.5 tIE *13¢ 1.013 + 0.026
2.0,24 3050 453 *274 +11.0 1.015 + 0.021

— the kr clustering algorithm was applied to the cor-
rected EFOs. Events were selected in which at least
two jets were found with —1 < ni*th2 < 2.4, FI*' > 14

GeV and EJ;Q > 11 GeV;

— to remove background due to proton beam-gas interac-
tions and cosmic-ray showers, the longitudinal position
of the reconstructed vertex was required to be in the
range | Zyertex| < 40 cm;

— to remove background due to charged current DIS
events and cosmic-ray showers, a cut on the relative
transverse momentum of pr/vEr < 1.5v/GeV was
made, where pr and Er are, respectively, the mea-
sured transverse momentum and transverse energy of
the event;

— NC DIS events with a scattered positron candidate in
the CAL were removed by cutting [10] on the inelastic-

E; /

55 (1—cosby),
where E! and ¢/ are the energy and polar angle, re-
spectively, of the scattered positron candidate. Events
were rejected if y. < 0.85;

— the requirement 0.2 < yjg < 0.85 was imposed, where
yyB is the estimator of y measured from the CAL en-

ity, y, which is estimated from y, = 1—
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regions of E%?“A For further details, see the caption to Table 1

Table 6. Measured cross section as a function of x5"° in four

mgbs bin dU/dxi;bs Astat Asyst AES (pb) Chad
14 < B < 17 GeV
0.1,0.2 4214 4141 *339 199 0.970 4 0.002
0.2,0.3 631.6 +16.2 *Ti22 193 0.994 + 0.027
03,04 607.2 +150 *+3%2 +20.2 0.992 + 0.022
04,05 599.9 +14.4 *+367 +26.0 1.002 + 0.023
0.5,0.6 621.2 £14.6 *g%% f210 1.016 + 0.026
0.6,0.7 6958 +154 *352 1299 1.035 + 0.014
0.7,0.8 8421 4165 13755 f3%0 1.113 + 0.002
0.8,1.0 1784.0 +18.8 *13%6 372  0.906 + 0.016
17 < B < 25 GeV
0.1,0.2 251.2 9.6 *i1o 151 1.006 + 0.019
02,03 419.2 +11.3 *255 +208 1.005 + 0.013
0.3,04 5231 4125 *+391 +273 1.008 + 0.019
0.4,0.5 539.7 125 *+193 +22¢ 1.008 + 0.012
0.5,0.6 597.3 +13.2 *Ti3% 280 1.025 + 0.018
0.6,0.7 641.3 +13.6 *213 +294 1.022 + 0.019
0.7,0.8 8122 4152 *+22 +34.0 1.079 + 0.002
0.8,1.0 17915 4+17.9 306 +65.9 0.933 + 0.018
25 < B < 35 GeV
0.1,04 400  +1.8 *5% +29 1.002 + 0.025
04,06 898 £33 131 439 1.011 £ 0.011
0.6,0.8 130.0 +4.0 T35 *31 1.019 + 0.021
0.8,1.0 3322 £7.3 1397 +116 0.948 + 0.016
35 < B < 90 GeV
0.1,04 39 406 *9& +93 0.991 + 0.018
04,06 127  +1.2 *1 *il 1.017 + 0.020
06,08 245 1.7 *33 +22 1.017 + 0.015
0.8,1.0 77.6  +3.6 TL6 +i5 0.961 + 0.011

ergy deposits according to the Jacquet-Blondel method
[77]. The upper cut removed NC DIS events where the
lepton was not identified and which therefore have a
value of y;g close to 1. The lower cut removed proton
beam-gas events which have a low value of y;5. These
requirements on yjp restrict the photon-proton centre-
of-mass energy to be in the range 134 to 277 GeV.

The cuts on y. and y;p reduced the background from
DIS events to less than 0.5% and restricted the range of
the virtuality of the exchanged photon to Q% < 1 GeV?,
with a median value of about 102 GeV2. After these re-
quirements, 62573 events with two or more jets remained
in the sample; 2919 of these events had a third jet of
transverse energy greater than 11 GeV in the range —1 <
e < 2.4. For the measurements of the cross section as
a function of cos #*, the following additional requirements
were imposed:

The ZEUS Collaboration: Dijet photoproduction at HERA and the structure of the photon

— the dijet scattering angle was restricted to be in the
range |cos 0*| < 0.8;

— the invariant mass of the two jets of highest transverse
energy was required to satisfy M4 > 42 GeV;

— the boost of the dijet system was required to be in the
range 0.1 <7 < 1.3.

These cuts reduced the sample to 10811 events.

9 Event characteristics

For the high transverse energies studied here, it has been
shown previously [7,5] that the transverse energy flow
around jets is generally well described by the simulation.
This agreement is maintained in the more-forward region
studied here, with PYTHIA giving a description similar to
that of HERWIG.

Kinematic distributions in the data are compared to
the two simulation programs in Fig. 2. The simulated dis-
tributions were fit to the data distribution in x?ybs, shown
in Fig. 2a, by varying the fractions of direct and resolved
processes and minimising the x2. The simulations gen-
erally describe the data well for all variables, although
some discrepancies are seen. The shape of the distribu-
tion in y;p is better described by the HERWIG prediction,
although the description by the PYTHIA simulation is ade-
quate. Both simulations have similar distributions for the
transverse energies of the jets and describe the data well.
However, neither gives a good description of the pseudo-
rapidity of the jet of highest transverse energy, whereas
the pseudorapidity distribution of the second jet is well
described by HERWIG. Figure 2 also shows that, accord-
ing to the HERWIG simulation, the proportion of resolved
photon events decreases with increasing x?YbS and Ely " and

increases with increasing yjg and 79¢*.

Since HERWIG gives a better overall description of the
data than PYTHIA, it was chosen as the primary MC gen-
erator to correct the data. The correction was performed
using the bin-by-bin method, in which the correction fac-
tor, as a function of an observable O in a given bin i, is
Ci(0) = NPad(©)/Nget(O). The variable NP2 (0) is the
number of events passing the kinematic requirements on
the hadronic final state described in Sect. 4 and N3t(0) is
the number of reconstructed events passing the selection
requirements as detailed in Sect.8. Both numbers were
computed using the MC generators described in Sect. 5.
For distributions as a function of x%bs, the correction fac-
tors lie in the range 0.85—1.25.

10 Experimental and theoretical uncertainties
10.1 Experimental uncertainties

The results of a detailed analysis of the possible sources
of systematic uncertainty are listed below. Typical values
for the systematic uncertainty are quoted for the cross

sections as a function of xgbsz
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Fig. 2a—f. Comparison of data and

MC simulation for a xf’ybs, b yis,

c E%:aﬂ’ d E¥t27 e 7 and f 72,
The data are shown as points compared
to HERWIG (solid line) and PYTHIA
(dashed line). Also shown is the LO
component of direct photon processes
in HERWIG (hatched area). The simu-
lated sample is normalised to the data
and the fraction of direct and resolved
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— varying the measured jet energies by +1% in only the
simulated sample, in accordance with the uncertainty
in the jet energy scale, gave an uncertainty of F5%,
increasing with B

— correcting the data with PYTHIA instead of the HER-
WIG generator gave an uncertainty within +9% and
typically +4%; . ‘

— changing the cuts on EJ**" and EJT8t2 in both the data
and simulated samples by the value of the average res-
olution (~ 9%) gave an uncertainty of +5%;

— changing the cuts on yjp in both the data and simu-
lated samples by the value of the resolution (~ 0.03 at
low y;p and ~ 0.05 at high yjg) gave an uncertainty
of less than +2%;

— changing the cuts on 7°*"2 in both the data and sim-
ulated samples by the value of the resolution (~ 0.04)
gave an uncertainty of =0.5%;

— varying the cuts to remove DIS and beam-gas back-
grounds in both data and simulated samples gave a
total uncertainty of less than +1%.

In addition to the above, the cuts made to evaluate the
cross section as a function of |cos 8*| also lead to sources
of systematic uncertainty. The following were evaluated,
with typical uncertainties quoted:

— changing the cuts on M¥ in both the data and sim-
ulated samples by the value of the average resolution
(~ 8%) gave an uncertainty of £5%;

photon processes combined according
to a x2-fit to the :vgbs distribution in a

2
rIje’[2

— changing the cuts on 7 in both the data and simulated
samples by the value of the resolution (~ 0.04) gave
an uncertainty of £2%;

— changing the cuts on as‘;bs in both the data and simu-

lated samples by the value of the resolution (~ 0.04)

gave an uncertainty of +4%. This systematic uncer-

tainty also contributes to the measurements of the

cross-sections do/ dE%?tl and do /dniet?.

The uncertainty in the cross sections due to that of the
energy scale is correlated between bins and is therefore
displayed separately as a shaded band in the figures. All
other systematic uncertainties were added in quadrature.
In addition, an overall normalisation uncertainty of 1.6%
from the luminosity determination is not included in either
the figures or tables.

As a cross check, cross sections were obtained with
an iterative matrix-unfolding technique [78], using Bayes’
theorem. The resultant cross sections were found to be
consistent with those using the standard bin-by-bin pro-
cedure [48].

10.2 Theoretical uncertainties

The NLO QCD predictions for the dijet cross section are
affected by the systematic uncertainties listed below. Typ-
ical values for the systematic uncertainty are quoted for

the cross sections as a function of x%bsr
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— the uncertainty due to terms beyond NLO, estimated
by varying p between Er and Er/4, is +(10 — 20)%,
increasing with decreasing acgbs;

— the uncertainty due to the hadronisation correction,
estimated as half the spread between the dn.q values
obtained using the HERWIG and PYTHIA models, is
+(2 - 3)%;

— the uncertainty due to the value of as(My), estimated
by repeating the calculations using the CTEQ4 series
of PDFs determined using values of a(Mz) = 0.113,
0.116 and 0.119, is £(5 — 8)%.

The above systematic uncertainties are largely inde-
pendent of the choice of photon PDF and were added in
quadrature to give the total uncertainty on the predictions
in each case. Differences between parameterisations of the
photon and proton parton densities are discussed in the
comparison to the measured data in Sect. 11.

11 Results
11.1 Probing the matrix elements

The dijet cross section as a function of |cos 6*|, is given
in Table 1 and shown in Fig. 3. The data are shown sepa-
rately for 25" < 0.75 (Fig. 3a) and 25> > 0.75 (Fig. 3b)

and compared to NLO predictions. For xgbs < 0.75, the
measured cross section lies above the NLO prediction us-
ing GRV-HO for the photon PDF by an average of (10 —
15)%. Considering the theoretical and experimental un-
certainties, both of (5 — 10)%, the NLO prediction gives
a reasonable description of the data. The predictions us-
ing the AFG-HO parameterisation for the photon give a
lower cross section than that of GRV-HO, and are thus
around (20 — 25)% lower than the data. For 2" > 0.75,
the NLO prediction is in agreement with the measured
cross section.

In Fig. 3c, the shapes of the data and NLO distribu-
tions are compared. The predictions give a generally good
description of the data; the shapes of the predictions when
using the GRV-HO and AFG-HO parameterisations are

similar. The data at low xgbs rise more rapidly at high

|cos 6| than those at high x2"*. This is consistent with a
difference in the dominant propagators, as observed in a
previous publication [8]; this is seen here at higher energies
and masses. The agreement in shape of these distributions,
which are sensitive to the matrix elements, demonstrates
that also in this high-mass region the dynamics of the
short-distance process is understood.

11.2 Cross sections in E{ﬁ“ and niet?

Measurements of the dijet cross section as a function of
EX* are given in Tables 2 and 3 and shown in Figs. 4
7, in different regions of the pseudorapidities of the two
jets for xf’ybs > 0.75 and 2°P% < 0.75. The ratios of the

5
cross sections to theory are shown in Figs.5 and 7. In
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Fig. 3a—c. Measured cross sections as a function of |cos 6"
for a xzbs < 0.75and b xﬁbs > 0.75, compared to NLO predic-
tions. The data are shown with statistical errors (inner bars)
and statistical and systematic uncertainties added in quadra-
ture (outer bars). The uncertainty due to that of the jet en-
ergy scale is shown as the shaded band. The NLO prediction
corrected for hadronisation effects is shown calculated using
the GRV-HO and CTEQ5M1 PDFs for the photon and pro-
ton, respectively, and the scale set to Er/2 (solid line). The
hatched band represents the quadratic sum of the theoretical
uncertainties as discussed in Sect.10.2. The prediction using
the AFG-HO photon PDF is also shown (dashed line). In c
the cross sections are area-normalised and the data shown for
x3P < 0.75 (solid points) and 25> > 0.75 (open circles)

Fig. 4, the measurement for x%bs > 0.75 extends to trans-
verse energies of ~ 70 GeV, extending the region mea-
sured previously [5]. In general, the overall description of
the data by the predictions is reasonable. In particular,
when the jets are produced in the region 1 < ni°t! < 2.4
and 0 < 7**2 < 1, the cross section in Fig.4 falls three
orders of magnitude and is well described by the NLO
calculation. When both jets are produced in the region
1 < pieth2 < 2.4, the NLO prediction lies below the data
at low transverse energy, although both the experimental
and theoretical uncertainties are sizeable. In this region,
the hadronisation corrections are significant but do not ac-
count for all the differences. This region is near the edge
of phase space due to the cuts applied.

At low Jigbs (Figs.6 and 7), the data are also gen-
erally well described by the NLO predictions, although
a difference in shape is seen, with the predictions lying
above the data at low transverse energy and below for
EX*™ > 20 GeV. The predictions using AFG-HO are uni-
formly about 15% below those of GRV-HO for the entire

range of transverse energies.
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caption to Fig. 3

The pseudorapidities of the two jets are sensitive to
the momentum distributions of the incoming partons. The
cross section is measured as a function of the pseudora-
pidity of one of the jets, in different regions of pseudo-
rapidity of the other, and is shown at high xObs (Fig. 8)

and low xObS (Fig.9). The NLO predictions give a good

description of the data except for —1 < ni**! < 0 for low
a:f’ybs, where the data are at or below the lower edge of the
scale-uncertainty band. The predictions using AFG-HO

lie about (10 — 15)% below those of GRV-HO.

11.3 Testing the current parameterisations
of the photon PDF

The cross sections and ratios of data and theory as a
function of z°P in regions of increasing transverse energy
are shown in Figs. 10-12. The predictions lie significantly
above the data using the GRV-HO parameterisation at
the lowest values (14 < F$*! < 17GeV) of transverse en-
ergy for x%bs > 0.5, but are increasingly below the data
for values larger than 17 GeV. This trend with transverse
energy is stronger for x?ybs < 0.8, as can be seen in Fig. 11.
Given the uncertainties, the data and predictions are con-
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sistent except in the region of lowest transverse energy
for z°P > 0.5. The dominant theoretical uncertainty, esti-
mated from the variation of the renormalisation and fac-
torisation scales, arises from the higher-order contribu-
tions not present in an NLO calculation. The inclusion of
higher-order contributions would have to result in a sig-
nificant change of shape of the distribution as a function
of both the transverse energy and xgbs if it were to de-
scribe the data. The data in Fig. 10 are also compared to
the NLO prediction using the AFG-HO photon param-
eterisation; the ratio of data to the theory is shown in
Fig. 12. The prediction agrees with the data in the region
of lowest transverse energy, but is below the data for the
higher EJ;H bins. The predictions using AFG-HO are sim-
ilar in shape to those using GRV-HO but are (10 — 15)%
lower. Figures11 and 12 also show the predictions using
the MRST99 PDFs in the proton. The differences between
the predictions with CTEQ5M1 and MRST99 are every-
where less than 5%.

11.4 Discussion
To improve the understanding of the features of the cross

section in different regions of transverse energy, the sensi-
tivity of the above comparisons to the value of the cut on
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the second jet has been studied. Starting at a minimum of
11 GeV, the cut on the second jet was raised in both data
and theory for the region 25 < Eﬂﬁtl < 35 GeV; the results

are shown in Fig.13. With increasing Ej-'>“", the data
fall, as expected; the trend is well reproduced by the HER-
WIG simulation, which includes leading-logarithmic par-
ton showers. The prediction from HERWIG is normalised
to the data in the first bin in Fig. 13a. The LO prediction
(not shown) for this cross section is flat, since only two
partons are emitted, which must have equal transverse
energies by conservation of energy. The predictions of the
shape of this distribution from O(aa?) QCD are therefore
the lowest non-trivial order predictions. The predictions
from NLO QCD are shown; they fall less rapidly at low
EX*™ and more rapidly at high E}S"*°* than the data.
Frixione and Ridolfi [64] have shown that, when the re-
quirements on the minimum transverse energy of the two
jets are similar, the NLO calculation is infrared sensitive.
This has been investigated further by considering the cross
section for regions of high and low x?/bs. For x‘;bs > 0.8,
shown in Fig.13b, the data and NLO QCD converge for
low EI*°" hoth being reasonably insensitive to the cut
and similar in shape. From Fig. 13, it can be seen that
for a cut on the first jet of 25 < EJ;H < 35GeV, the
cut on the jet of lower transverse energy has to be below
21 GeV for the NLO predictions to agree with the data.
Figure 13c shows the region xgbs < 0.8; the predictions lie

below the data at low E%'?ﬂ’wt, but within the theoreti-
cal uncertainties. The prediction using AFG-HO is about
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for a fixed range of transverse energy of the leading jet, 25 <
EJ;U < 35GeV, compared to MC simulation and NLO predic-
tions for a 0 < m?,bs <1, b at?ybs > 0.8 and ¢ mi’,bs < 0.8. The
typical magnitude of the statistical and systematic uncertain-
ties added in quadrature is +10%. The NLO prediction, cor-
rected for hadronisation effects, calculated using the GRV-HO
and CTEQ5M1 PDFs for the photon and proton, respectively,
is shown as the thick solid line. The shaded band represents
the quadratic sum of the systematic uncertainties, as discussed
in Sect. 10.2. The prediction using the AFG-HO photon PDF
is shown as the dashed line. The prediction of HERWIG, calcu-
lated using the GRV-LO and CTEQ4L PDFs for the photon
and proton, respectively, is normalised to the first point in the

range 0 < 25 < 1; it is shown as the histogram

(10—15)% below that of GRV-HO, but is similar in shape
and is therefore just compatible with the data.

The difference in the behaviour of the data and the
calculations in Fig.13 implies that there is a significant
dependence on EJFQ’CM in the comparisons between the
measurements in the previous section and NLO QCD. By
adjusting F)S*> " separately in each E)*' range, it would
be possible to achieve agreement between the NLO predic-
tion and the data. However, this seems to be a somewhat
arbitrary procedure.

The agreement with theory at high xgbs and high trans-
verse energy, where the dependence on the photon struc-
ture is small, demonstrates a consistency between these
data and the gluon distribution in the proton extracted
from DIS data. Further discrimination between the cur-
rent PDFs is currently not possible given the large uncer-
tainties in the theory at low transverse energies and both
the experimental and theoretical uncertainties at higher
transverse energies. However, the data shown here signifi-
cantly constrain the parton densities in the photon. These

The ZEUS Collaboration: Dijet photoproduction at HERA and the structure of the photon

constraints would be made more stringent with improved
higher-order, or resummed, calculations.

12 Conclusions

The dijet cross section in photoproduction has been mea-
sured in the kinematic region Q? < 1 GeV?, 0.2 < y <
0.85, EN*' > 14 GeV, B > 11 GeV and —1 < pieth2 <
2.4. In the high-mass region defined by M¥ > 42 GeV and
0.1 < 77 < 1.3, the dijet angular distribution of the data is
well reproduced by the NLO predictions, indicating that
the dynamics of the short-distance process is understood.
Over the wider region, the measurements are compared
with NLO predictions using different parameterisations
for the parton densities of the photon. The data fall less
steeply with increasing transverse energy than do the NLO
QCD predictions, and show sensitivity to the parton den-
sities of the photon. Neither the AFG-HO nor the GRV-
HO parameterisation, convoluted with the NLO matrix
elements, fully describes all features of the data. There is
agreement with theory at high a:‘v)bs and high transverse
energy, where the dependence on the photon structure is
small, which represents a consistency check of the gluon
distribution in the proton extracted from deep inelastic
scattering. The data at low x‘v’bs significantly constrain the
parton densities in the photon; future parameterisations
of the photon PDF's should take them into account. These
constraints would be made more stringent were improved
higher-order or resummed calculations available.
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