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The cross section for high-E7 dijet production in photoproduction has been measured with the ZEUS
detector at HERA using an integrated luminosity of 81.8 pb~!. The events were required to have a
virtuality of the incoming photon, Q?, of less than 1 GeV? and a photon-proton center-of-mass energy in
the range 142 < W, , <293 GeV. Events were selected if at least two jets satisfied the transverse-energy
requirements of E’Tew >20 GeV and EJTet2 > 15 GeV and pseudorapidity (with respect to the proton beam
direction) requirements of —1 < %i¢tl? < 3, with at least one of the jets satisfying —1 < it < 2.5. The
measurements show sensitivity to the parton distributions in the photon and proton and to effects beyond
next-to-leading order in QCD. Hence these data can be used to constrain further the parton densities in the

proton and photon.

DOI: 10.1103/PhysRevD.76.072011

L. 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 processes in leading-
order (LO) quantum chromodynamics (QCD). In direct
processes, the photon participates in the hard scatter via
either boson-gluon fusion [see Fig. 1(a)] or QCD Compton
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scattering. The second class, resolved processes [see
Fig. 1(b)], involves the photon acting as a source of quarks
and gluons, with only a fraction of its momentum, x,,
participating in the hard scatter. Measurements of jet cross
sections in photoproduction [1-6] are sensitive to the
structure of both the proton and the photon and thus
provide input to global fits to determine their parton
densities.

There are three objectives of the measurement reported
in this paper. First, the analysis was designed to provide
constraints on the parton density functions (PDFs) of the
photon. Over the last two years there has been active
research in the area of fitting photon PDFs and a number
of new parametrizations have become available [7-9]. In
two of these [7,8], fits were performed exclusively to
photon structure function, F;y , data; the other [9] also
considered data from a previous dijet photoproduction
analysis published by the ZEUS collaboration [4]. It is

(b)

FIG. 1. Examples of (a) direct and (b) resolved dijet photo-
production diagrams in positron-proton, ep, collisions in LO
QCD. This direct-photon process is the collision of a photon, ¥,
and gluon, g from the proton. This resolved-photon process is a
collision of a parton from the photon and a gluon, g, from the
proton.
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the purpose of this analysis to test the effectiveness of each
parametrization at describing HERA photoproduction
data. To this end, the present analysis was conducted at
higher transverse energy relative to previous publications.
It is expected that at these high transverse energies the
predictions of next-to-leading-order (NLO) QCD calcula-
tions should describe the data well, have smaller uncer-
tainties, and allow a more precise discrimination between
the different parametrizations of the photon PDFs. The
reduction in statistics associated with moving to higher
transverse energies was in part compensated by the factor
of two increase in luminosity, for this independent data
sample, and the extension to higher pseudorapidity? of the
jet compared to the previous analysis [4].

Second, the present analysis was designed to provide
constraints on the proton PDFs. Global fits to determine the
proton PDFs continue to be a very active and important
area of research. A common feature of these global fits is a
large uncertainty in the gluon PDF for high values of x,,,
the fractional momentum at which partons inside the pro-
ton are probed. At such high values (x, = 0.1), the gluon
PDF is poorly constrained and so attempts were made for
the present investigation to measure cross sections which
show particular sensitivity to these uncertainties. Recently,
the ZEUS collaboration included jet data into fits for the
proton PDFs [10].

Finally, the difference in azimuthal angle of two jets was
considered, as in previous measurements of charm and
prompt photon photoproduction [11,12]. In LO QCD, the
cross section as a function of the azimuthal difference
would simply be a delta function located at 7 radians.
However, the presence of higher-order effects leads to
extra jets in the final state and in values less than 77 radians.
The cross section is therefore directly sensitive to higher-
order topologies and provides a test of NLO QCD and of
Monte Carlo (MC) models with different implementations
of parton-cascade algorithms. The data for charm photo-
production [11] demonstrated the inadequacy of NLO
QCD, particularly when the azimuthal angle difference
was significantly different from 7 and for a sample of
events enriched in resolved-photon processes. To investi-
gate this inadequacy in a more inclusive way and with
higher precision, such distributions were also measured.

II. DEFINITION OF THE CROSS SECTION AND
VARIABLES

Within the framework of perturbative QCD, the dijet
positron-proton cross section, do,,, can be written as a

>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 center of HERA. The coordinate origin is at the
nominal interaction point. The pseudorapidity is defined as n =
— ln(tang), where the polar angle, 0, is measured with respect to
the proton beam direction.

PHYSICAL REVIEW D 76, 072011 (2007)

convolution of the proton PDFs, f,, and photon PDFs, £,
with the partonic hard cross section, dd,;,, as

do,, = ZhjdyfV/e(y)ﬂdedefP(xp’ M%)
X f'y(x'}/’ M%)d&ab(xpr -x'yr ,u'%g), (1)

where y = E, /E, is the longitudinal momentum fraction
of the almost-real photon emitted by the positron and the
function f,/, is the flux of photons from the positron. The
equation is a sum over all possible partons, a and b. In the
case of the direct cross section, the photon PDF is replaced
by a delta function at x,, = 1. The scales of the process are
the renormalization, wg, and factorization scales, (i r.

To probe the structure of the photon, it is desirable to
measure cross sections as functions of variables that are
sensitive to the incoming parton momentum spectrum,
such as the momentum fraction, x,,, at which partons inside
the photon are probed. Since x, is not directly measurable,
it is necessary to define [1] an observable, x‘;bs, which is the
fraction of the photon momentum participating in the
production of the two highest transverse-energy jets (and
is equal to x,, for partons in LO QCD), as

Jjetl — pijetl jet2  — pie2
xobs:ET e ” +ET e" )
’y )
2yE,
where E, is the incident positron energy, EjTEtl and Ej;ftz are
the transverse energies, and 7! and 7*? the pseudora-
pidities of the two jets in the laboratory frame (EJTetl >
EJTetz). At LO (see Fig. 1), direct processes have x‘;bs =1,
while resolved processes have x‘;bs <.
For the proton, the observable xf,bs is similarly defined
[1] as

jetl  petl et pie2
s Er em + Efte™

’ 2E, ’

X

3

where E, is the incident proton energy. This observable is
the fraction of the proton momentum participating in the
production of the two highest-energy jets (and is equal to
x,, for partons in LO QCD).

Cross sections are presented as functions of x‘;bs, x‘,’,bs,

Er, EjTe“, 7, and |A ¢ii|. The mean transverse energy of the
two jets, Er, is given by

_ Ejetl + Ejet2
E;,="1T T 3 r. “4)

Similarly, the mean pseudorapidity of the two jets, 7, is
given by

njetl + njetZ

. 5)

77’:
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The absolute difference in azimuthal angle of the two jets,
@il and @2, is given by

|AGT| = |pFt! — piee|. (6)

The kinematic region for this study is defined as Q? <
1 GeV?, where Q> = 2E,E.(1 + cosf,) and E, and 6, are
the energy and angle, respectively, of the scattered posi-
tron. The photon-proton center-of-mass energy, W,, =
VHVE.E,, is required to be in the range 142 GeV to
293 GeV. Each event is required to have at least two jets
reconstructed with the k; cluster algorithm [13] in its
longitudinally invariant inclusive mode [14], with at least
one jet having transverse energy greater than 20 GeV and
another greater than 15 GeV. The jets are required to satisfy
—1 < npi*th2 < 3 with at least one jet lying in the range
between —1 and 2.5. The upper bound of 3 units represents
an extension of the pseudorapidity range by 0.6 units in the
forward direction over the previous analysis [4], thereby
increasing the sensitivity of the measurement to low-x,,
and high-x, processes. The cross sections for all distribu-
tions have been determined for regions enriched in direct-
and resolved-photon processes by requiring x‘;bs to be
greater than 0.75 or less than 0.75, respectively.

One of the goals of the present investigation is to provide
data that constrain the gluon PDF in the proton, which
exhibits large uncertainties at values of x, = 0.1. A study
was performed [15] by considering the x;bs cross section in
different kinematic regions, varying the cuts on the jet
transverse energies and pseudorapidities as well as on
x‘;bs. This allowed the determination of kinematic regions
in which the cross section was large enough to be measured
and in which the uncertainties on the cross section that
arise due to those of the gluon PDF were largest. These
cross sections will be referred to as ‘““optimized” cross
sections and are those which have the largest uncertainty
from the gluon PDF; in total eight cross sections were
measured (four direct enriched and four resolved en-
riched). The PDF sets chosen to conduct the optimization
study were the ZEUS-S [16] and ZEUS-JETS [10] PDF
sets. The kinematic regions of the cross sections are de-

PHYSICAL REVIEW D 76, 072011 (2007)

fined in Table I, where the W, , and Q? requirements are as
above.

ITII. EXPERIMENTAL CONDITIONS

The data were collected during the 1998—2000 running
periods, where HERA operated with protons of energy
E, = 920 GeV and electrons or positrons of energy E, =
27.5 GeV. During 1998 and the first half of 1999, a sample
of electron data corresponding to an integrated luminosity
of 16.7 = 0.3 pb~! was collected. The remaining data up
to the year 2000 were taken using positrons and correspond
to an integrated luminosity of 65.1 = 1.5 pb~!. The results
presented here are therefore based on a total integrated
luminosity of 81.8 + 1.8 pb~!. A detailed description of
the ZEUS detector can be found elsewhere [17,18]. A brief
outline of the components that are most relevant for this
analysis is given below.

Charged particles are tracked in the central tracking
detector (CTD) [19], which operates in a magnetic field
of 1.43 T provided by a thin superconducting coil. The
CTD consists of 72 cylindrical drift chamber layers, or-
ganized in 9 superlayers covering the polar-angle region
15° < <164°. The transverse-momentum resolution
for full-length tracks is o(py)/ pr = 0.0058 p; @ 0.0065 &
0.0014/ py, with py in GeV.

The high-resolution uranium-scintillator calorimeter
(CAL) [20] consists of three parts: the forward (FCAL),
the barrel (BCAL), and the rear (RCAL) calorimeters.
Each part is subdivided transversely into towers and lon-
gitudinally into one electromagnetic section (EMC) and
either one (in RCAL) or two (in BCAL and FCAL) had-
ronic sections (HAC). The smallest subdivision of the
calorimeter is called a cell. The CAL energy resolutions,
as measured under test-beam conditions, are o(E)/E =
0.18/+/E for electrons and o(E)/E = 0.35/+/E for had-
rons, with E in GeV.

The luminosity was measured from the rate of the
bremsstrahlung process ep — eyp, where the photon
was measured in a lead-scintillator calorimeter [21] placed
in the HERA tunnel at Z = —107 m.

TABLE I. Kinematic regions of the optimized cross sections.

Label x9S cut o2 cuts ES? cuts

“High-x™ 17 X35 > 0,75 0< gl < 1,2< pie? <3 ES? > 2515 GeV
“High-x$> 27 X3 >0.75 0O< el <1,2< 2 <3 ES? >0, 15 GeV
“High-x$> 37 X3 >0.75 1< g2 <2 EX™? > 30, 15 GeV
“High-x$> 47 X3 > 0.75 —1< gl <0,0< g2 <] EFY? >0, 15 GeV
“Low-x3™ 17 X <075 2< il <25, 2< g2 <3 EF"? > 20, 15 GeV
“Low-x$ 27 X3P <075 1< pieth2 <2 Ef"? >25, 15 GeV
“Low-x$> 37 X <075 I < gt <2,2< g2 <3 Ef"? >0, 15 GeV
“Low-x3> 47 X9 < 0.75 1 <qiett <2,2< g2 <3 Ef"? >25,15 GeV
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IV. MONTE CARLO MODELS

The acceptance and the effects of detector response were
determined using samples of simulated events. The pro-
grams HERWIG 6.505 [22] and PYTHIA 6.221 [23], which
implement the leading-order matrix elements, followed by
parton showers and hadronization, were used. The HERWIG
and PYTHIA generators differ in the details of the imple-
mentation of the leading-logarithmic parton-shower mod-
els and hence are also compared to the measured cross
section do/d|A¢ii|. The MC programs also use different
hadronization models: HERWIG uses the cluster model [24]
and PYTHIA uses the Lund string model [25]. Direct and
resolved events were generated separately. For the pur-
poses of correction, the relative contribution of direct and
resolved events was fitted to the data. For all generated
events, the ZEUS detector response was simulated in detail
using a program based on GEANT 3.13 [26].

For both MC programs, the CTEQSL [27] and GRV-LO
[28] proton and photon PDFs, respectively, were used. The
pmin for the outgoing partons from the hard scatter was set
to 4 GeV. For the generation of resolved-photon events, the
default multiparton interaction models [29,30] were used.
A comparably reasonable description of the raw data kine-
matic distributions was observed with both HERWIG and
PYTHIA MC simulations.

V. NLO QCD CALCULATIONS

The calculation for jet photoproduction used is that of
Frixione and Ridolfi [31,32], which employs the subtrac-
tion method [33] for dealing with the collinear and infrared
divergencies. The number of flavors was set to 5 and the
renormalization and factorization scales were both set to
(ER™"), which is half the sum of the transverse energies of
the final-state partons. The parton densities in the proton
were parametrized using CTEQS5SMI1 [27]; the value
a,(M;) = 0.118 used therein was adopted for the central
prediction.

The following parametrizations of the photon PDFs
were used: Cornet et al. (CJK) [7], Aurenche et al.
(AFGO04) [8], Slominski er al. (SAL) [9], Gliick et al
(GRV-HO) [28], and a previous set of PDFs from
Aurenche et al. (AFG) [34]. The three new PDFs [7-9]
use all available data on F) from the LEP experiments. The
data are of higher precision and cover a wider region of
phase space, reaching lower in x, and higher in the mo-
mentum of the exchanged photon, compared to the data
used in the AFG and GRV-HO parametrizations. The
parametrization from CJK uses a more careful treatment
of heavy quarks, whereas that from SAL also considers
previous dijet photoproduction data from ZEUS [4].
The most striking difference between the resulting PDFs
is that CJK has a more rapid rise of the gluon density at low

Xy-
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The NLO QCD predictions were corrected for hadroni-
zation effects using a bin-by-bin procedure according to
do = doN\'© - C,,4, where doNO is the cross section for
partons in the final state of the NLO calculation. The
hadronization correction factor, Cj,q, was defined as the
ratio of the dijet cross sections after and before the hadro-
nization process, Cp,q = doadons /dgpit®™ . The value of
Ciaq Was taken as the mean of the ratios obtained using the
HERWIG and PYTHIA predictions. The hadronization cor-
rection was generally below 10% in each bin.

Several sources of theoretical uncertainty were investi-
gated, which are given below with their typical size,

(i) the renormalization scale was changed to 2-03 -
(EP™™) [10]. This led to an uncertainty of +(10 —
20)%;

(ii) the factorization scale was changed to 2703 -
(EP™™) [10]. This led to an uncertainty of +(5 —
10)%;

(iii) the value of a; was changed by *0.001, the uncer-
tainty on the world average [35], by using the
CTEQ4 PDFs for a,(M,) = 0.113, 0.116, and
0.119 and interpolating accordingly. This led to
an uncertainty of about *2%;

(iv) the uncertainty in the hadronization correction was
estimated as half the spread between the two MC
correction factors. This led to an uncertainty of
generally less than +=5%.

The above four uncertainties were added in quadrature
and are displayed on the figures as the shaded band around
the central prediction. The size of these uncertainties is
also shown as a function of £z, x$* and x5 in Fig. 2. The
uncertainty from changing the renormalization scale is
dominant. It should be noted that here the renormalization
and factorization scales were varied independently by fac-
tors of 2703 and the resulting changes were added in
quadrature as in the determination of the ZEUS-JETS
PDF [10]. The result of this procedure leads to an uncer-
tainty which is approximately the same as varying both
simultaneously by 2*! as has been done previously [4].

Other uncertainties which were considered are:

(i) the uncertainties in determining the proton PDFs
were assessed by using the ZEUS-JETS PDF uncer-
tainties propagated from the experimental uncertain-
ties of the fitted data. This led to an uncertainty of
+(5 — 10)%;

(i1) the uncertainties in determining the photon PDFs
were assessed by using sets from different authors.
Differences of generally less than 25% were ob-
served between the AFG, AFGO04, SAL, and
GRV sets. However, the predictions based on CJK
were up to 70% higher than those based on the other
four.

These uncertainties were not added in quadrature with
the others, but examples of their size are given in Fig. 2.
Differences between the two photon PDFs, CJK, and
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FIG. 2 (color online). The theoretical uncertainties (see
Sec. V) for sample distributions: (a) x3, (b) Er for x{™ =
0.75, (¢) “Low-x‘;bs 3,” and (d) “High-x‘;IJS 2,” which are defined
in Table I. The uncertainties are the total (outer shaded band),
that from varying wp (inner shaded band), the experimental
uncertainties of data propagated in the ZEUS-JETS fit (solid
lines), and using the most different photon PDF, CJK (dashed
line) instead of AFGO4.

AFGO04, are concentrated at low x‘;bs and low E;; the low
x‘;bs region is most sensitive to the gluon distribution in the
photon, which increases more rapidly for CJK as shown in
Fig. 3. At lowest x?ybs, the fraction of the cross section
arising from the gluon distribution in the photon is 66%
for CJK. The uncertainty on the proton PDF increases with
increasing E; and x?,bs and is sometimes, as seen in
Fig. 2(c), as large as the other combined uncertainties.
The fraction of the cross section arising from the gluon
distribution in the proton is about 50% for the lower E; and
x?,bs values considered, but decreases to below 20% for
high values. However, the uncertainty on the gluon domi-
nates the proton PDF uncertainty in most of the kinematic
region investigated.
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FIG. 3 (color online). Predictions of the fraction of the cross
section initiated by gluons for sample distributions: (a) x‘;bs,
(b) E;, for x‘;'” = 0.75, (¢) “Low-x‘;'3S 3,” and (d) “High-xﬂ;bs
2,” which are defined in Table I. The gluon fractions are from the
proton using the CTEQ5M1 PDF (long-dashed line), and from
the photon using the AFGO04 (solid line) and CJK PDFs (short-
dashed line).

VI. EVENT SELECTION

A three-level trigger system was used to select events
online [2,18,36]. At the third level, a cone algorithm was
applied to the CAL cells and jets were reconstructed using
the energies and positions of these cells. Events with at
least one jet, which satisfied the requirements that the
transverse energy exceeded 10 GeV and the pseudorapidity
was less than 2.5, were accepted. Dijet events in photo-
production were then selected offline by using the follow-
ing procedures and cuts designed to remove sources of
background:

(i) to remove background due to proton beam-gas inter-

actions and cosmic-ray showers, the longitudinal
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position of the reconstructed vertex was required to
be in the range |Z o] < 40 cm;

(i1) a cut on the ratio of the number of tracks assigned to
the primary vertex to the total number of tracks,
N /Ny > 0.1, was also imposed to remove beam-
related background, which have values of this ratio
typically below 0.1;

(iii) to remove background due to charged current deep
inelastic scattering (DIS) and cosmic-ray showers,

events were required to have a relative transverse
momentum of p;//Ey < 1.5+/GeV, where pr and
E; are, respectively, the measured transverse mo-
mentum and transverse energy of the event;

(iv) neutral current (NC) DIS events with a scattered
positron candidate in the CAL were removed by
cutting [1] on the inelasticity, y, which is estimated
from the energy, E,, and polar angle, 6, of the

7 X
(1 — cosf’,). Events were rejected if y, < 0.7;

(v) the requirement 0.15 <y;g3 <0.7 was imposed,
where yjp is the estimator of y measured from the
CAL energy deposits according to the Jacquet-
Blondel method [37]. The upper cut removed NC
DIS events where the positron was not identified and
which therefore have a value of y;p close to 1. The
lower cut removed proton beam-gas events which
typically have a low value of yjg;

(vi) the kp-clustering algorithm was applied to the CAL
energy deposits. The transverse energies of the jets
were corrected [3,4,38] in order to compensate for
energy losses in inactive material in front of the
CAL. Events were selected in which at least
two jets were found with ES"' > 20 GeV, Ef? >

15 GeV, and —1 < nieth2 < 3, with at least one jet
lying in the range between —1 and 2.5. In this
region, the resolution of the jet transverse energy
was about 10%.

scattered positron candidate using y, = 1 —

VII. DATA CORRECTION AND SYSTEMATICS

The data were corrected using the MC samples detailed
in Sec. IV for acceptance and the effects of detector
response using the bin-by-bin method, in which the cor-
rection factor, as a function of an observable O in a given
bin i, is C;(0) = NM(©)/N%Y(O). The variable N'(O)
is the number of events in the simulation passing the
kinematic requirements on the hadronic final state de-
scribed in Sec. II and N$(@) is the number of recon-
structed events passing the selection requirements as
detailed in Sec. VI.

The results of a detailed analysis [15,39] 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 x?ybs,

PHYSICAL REVIEW D 76, 072011 (2007)

(i) varying the measured jet energies by 1% [3,4,38]
in the simulation, in accordance with the uncertainty
in the jet energy scale, gave an uncertainty of +5%;

(i1) the central correction factors were determined using
the PYTHIA MC. The HERWIG MC sample was used
to assess the model dependency of this correction
and gave an uncertainty of +4%, but up to +12% at
lowest x3°;

(iii) changing the values of the various cuts to remove
backgrounds from DIS, cosmic-ray and beam-gas

events gave a combined uncertainty of less than
*+1%;

(iv) varying the fraction of direct processes between
34% and 70% of the total MC sample in order to
describe each of the kinematic distributions gave an
uncertainty of about *Z%;

(v) changing the proton and photon PDFs to CTEQ4L
[27] and WHIT2 [40], respectively, in the MC
samples gave an uncertainty of about *=1.5% and
+2.5%.

The uncertainty in the cross sections due to the jet

energy-scale uncertainty is correlated between bins and
is therefore displayed separately as a shaded band in
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FIG. 4 (color online). Measured cross section do/dE; for
(a) x5 >0.75 and (b) x> = 0.75 compared with NLO QCD
predictions using the AFG04 (solid line) and CJK (dashed line)
photon PDFs. The data (dots) are shown with statistical (inner
bars) and statistical and systematic uncertainties added in quad-
rature (outer bars) along with the jet energy-scale (Jet ES)
uncertainty (shaded band). The NLO QCD predictions are shown
(NLO QCD ® HAD) multiplied by the hadronization correc-
tions, Cj,q, discussed in Sec. V. The predictions using AFG04
are also shown with their associated uncertainties (shaded his-
togram) as discussed in Sec. V. The ratios to the prediction using
the AFGO04 photon PDF are shown at the bottom of the figure.
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Figs. 4-13. All other systematic uncertainties were added
in quadrature when displayed in these figures. The choice
of MC sample also exhibited some correlation between
bins and is hence given separately in Tables II-XX. In
addition, an overall normalization uncertainty of 2.2%
from the luminosity determination is not included in either

the figures or tables.
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FIG. 5 (color online). Measured cross section do/ dEjTell for
(a) x‘,}bs > (.75 and (b) x‘;bs = 0.75. For further details, see the

caption to Fig. 4.
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FIG. 6 (color online). Measured cross section do/d# for

(a) x> >0.75 and (b) x3™ = 0.75. For further details, see the
caption to Fig. 4.
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FIG. 7 (color online). Measured cross section do/ dx?,bs for
(a) x> >0.75 and (b) x3” = 0.75. For further details, see the
caption to Fig. 4.

G G IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
@ 10°Fx> 075 & 1°F <075 ® .3
re] * ZEUS82pb’ 5 f

£ ' NLO (AFGO4) ® HAD 2
:=e_102'---Pythiax1.44 E :=6-102§ E
< e Herwig x 1.60 <

% Jet ES uncertainty % I

S 10} 4 O 10} E

10'F E 107

10
0 05 1 15 2 25 3
A¢"l (rad)

P{NTETY SNENE FRRTH ARRTI ANARE FRRTA N 2

0 05 1 15 2 25 3
A6 (rad)

10

FIG. 8 (color online). Measured cross section do/dA|p¥i| for
(a) x‘;bs > (.75 and (b) xﬂ;bs = 0.75 compared with NLO QCD
predictions using the AFGO4 (solid line) photon PDFE
Predictions from the MC programs HERWIG (dot-dashed) and
PYTHIA (dashed), area normalized to the data by the factors
given, are also shown. The data (dots) are shown with statistical
(inner bars) and statistical and systematic uncertainties added in
quadrature (outer bars) along with the jet energy-scale (Jet ES)
uncertainty (shaded band). The NLO QCD predictions are shown
(NLO QCD ® HAD) multiplied by the hadronization correc-
tions, Ci,q, discussed in Sec. V. The predictions using AFG04
are also shown with their associated uncertainties (shaded his-
togram) as discussed in Sec. V.
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FIG. 9 (color online). Optimized cross sections do/ dx}’,bS for
x‘;"s >0.75 in the kinematic regions defined in Table I. For
further details, see the caption to Fig. 4.

VIII. RESULTS
A. Dijet differential cross sections

Differential cross sections do/dEy, do/dES", do/d7,
and do/ d)cgbS are given in Tables II-IX and shown in
Figs. 4-7 for xgbs above and below 0.75. For x‘;bs >0.75,

do/dE; and do/ a’EjTetl fall by over 3 orders of magnitude
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FIG. 10 (color online). Optimized cross sections do/ d)c‘;,bS for
x3* = 0.75 in the kinematic regions defined in Table I. For
further details, see the caption to Fig. 4.
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FIG. 11 (color online). Measured cross section for do/ dx?,bS
compared with NLO QCD predictions using the AFG04 (solid
line), CJK (dashed line), AFG (dotted line), GRV (dashed and
double-dotted line), and SAL (dashed and single-dotted line)
photon PDFs. The data (dots) are shown with statistical (inner
bars) and statistical and systematic uncertainties added in quad-
rature (outer bars) along with the jet energy-scale (Jet ES)
uncertainty (shaded band). The NLO QCD predictions are shown
(NLO QCD ® HAD) multiplied by the hadronization correc-
tions, Cj,q, discussed in Sec. V. The predictions using AFG04
are also shown with their associated uncertainties (shaded his-
togram) as discussed in Sec. V. The ratios to the prediction using
the AFG04 photon PDF are shown at the bottom of the figure.

over the E; and Ej;tl ranges measured and the jets are
produced up to % ~ 2. For x‘;bs = 0.75, the slopes of

do/dEy and do/dES" are steeper, with the jets produced
further forward in %. It is interesting to note that in both
regions of x‘;bs, the data probe high values of x in the
proton.

The NLO QCD predictions, corrected for hadronization
and using the AFG04 and CJK photon PDFs, are compared
to the data. For x‘;bs >0.75, the NLO QCD predictions
describe the data well, although some differences in shape
are observed for do/dE; and da/dEJTetl. Although mea-
surements at high x‘;bs are less sensitive to the structure of
the photon, it is interesting to note that the prediction using
the CJK photon PDF describes the E; spectrum somewhat
better. The shapes for the 7 and x‘;,bs distributions are also
better reproduced using the CJK photon PDF.
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At low x‘;bs, the difference in shapes between data and

NLO QCD for do/dEy and do/dEX" is more marked, as
has been seen previously [4]. For the prediction using
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FIG. 13 (color online). Measured cross section for
(a) do/dx$™ and (b) do/d7) both for x$* = 0.75. For further
details, see the caption to Fig. 11.
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AFGO04, the data and NLO agree in the lowest bin whereas

the prediction is significantly lower at higher £ and EJ;H.
In contrast, the prediction from CJK is too high in the first
bin, which dominates the cross section, but agrees well at
higher E; and EX"'. For the % and x9 distributions, the
shapes are again better described by NLO QCD using the
CJK photon PDF, although the normalization is too high.
Sensitivity to the photon PDFs is discussed further in
Sec. VIIID.

B. Measurement of do/d|A ¢pii|

The cross section do/d|A ¢¥| is presented for x> above
and below 0.75 in Tables X and XI and Fig. 8. For x‘;bs >
0.75, the cross section data fall by about 3 orders of
magnitude in the cross section, more steeply than for
x‘;bs = 0.75. The predictions from NLO QCD and also
both HERWIG and PYTHIA MC programs (plotted separately
since the implementation of parton showers differs be-
tween the two programs) are compared to the data. The
MC predictions are area normalized to the data in the
measured kinematic region. At high x"bs NLO QCD agrees
with the data at highest |A ¢, but it has a somewhat
steeper falloff. The prediction from the PYTHIA MC pro-
gram is similar to that for NLO QCD, whereas the pre-
diction from the HERWIG program describes the data well.
For low x‘;bs, the distribution for NLO QCD is much too
steep and is significantly below the data for all values of
|Aii| except the highest bin. The prediction from the
PYTHIA program is less steep, but still gives a poor descrip-
tion. The prediction from the HERWIG program is in re-
markable agreement with the data.

The results and conclusions shown are qualitatively
similar to those already seen in dijet photoproduction in
which at least one of the jets was tagged as originating
from a charm quark [11]. The results here confirm that the
parton-shower model in HERWIG gives a good simulation of
high-order processes and suggests that a matching of it to
NLO QCD would give a good description of the data in
both shape and normalization. Should such a calculation or
other high-order prediction become available, the distribu-
tions presented here would be ideal tests of their validity as
they present inclusive quantities and also have higher
precision compared to the previous result [11].

C. Optimized cross sections

The cross sections do/ dx‘,’,bs, optimized to be most
sensitive to the uncertainty on the gluon PDF in the proton,
are given in Tables XII-XIX and shown in Figs. 9 and 10
for x"bb above and below 0.75, respectively. The measure-
ments cover a range in x9* of about 0.1 to 0.5. At high x$™,
the data are very well descrlbed by NLO QCD predlctlons
At low x‘;bs, the description by NLO QCD is poorer,
particularly when using the AFGO4 photon PDF

Generally the predictions with CJK describe the data better
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TABLE II. Measured cross section do/dE; for x‘;bs > (.75. The statistical, §,;, MC model,
Omc, uncorrelated systematic, &4y, and jet energy scale, Sgg, uncertainties are shown separately.
The hadronization correction factor, Cy.4, applied to the NLO QCD prediction is shown in the
last column, where its uncertainty is half the spread between the values obtained using the
HERWIG and PYTHIA models.

ET bin (GCV) dU/dET 5slat 5MC 6sysl 6ES (pb/GeV) Chad

17.5, 225 2573 %036 t§;§§ t§§ t(})ﬁéé 0.955 = 0.017
+0. +0. +0.

225,215 1466  *0.28 T ok oes 0.931 = 0.008
+0. +0. +0.

275,325 557 *0.18  *00 0N *00 0.937 = 0.029

325,375 237 *012  f500 Hols Ol 0.927 +0.012

37.5, 42.5 096  +0.07 5 ro0e r0oT 0.907 = 0.034

425,555 0300  *+0.024 j§§§g t(g)gz% jggég 0.932 + 0.044
+0. +0. +0.

55.5,70.5 0.046  +0.009 T 0.926 = 0.029
+0. +0. +0.

70.5, 90.5 0.009  £0.004 FO001  +0.001  +0.000 0.917 = 0.085

TABLE III. Measured cross section do/dE; for xi;bs = 0.75. For further details, see the
caption to Table II.

ET bin (GGV) do-/dET 5slat 5MC 6sysl (SES (pb/GeV) Chad

17.5, 225 27.10  *036 040 O HLAs 1.082 * 0.045

225,275 1197 =024 i% t§;% fgzg 1.047 % 0.009
+0. +0. +0.

275,325 369  *+0.14 e fn o 1.057 = 0.016
+0.03 +0. +0.

325,375 124 *0.08 % r0l0 007 1.004 = 0.024

37.5, 42.5 046  +0.05 90 *por O 1.069 = 0.043

425,555 0.090  *0.013 j§§§§ tgg‘gé j§§‘8’? 1.019 = 0.015
+0. +0. +0.

555,705 0.011  +0.005 *fos  +oo06  *+O.001 0.924 = 0.064

TABLE IV. Measured cross section do/ dEjTe” for x?/bs > (.75. For further details, see the
caption to Table II.

Ef' bin (GeV) | do/dEF" 84y Swc  Oyw  Ops  (pb/GeV) Chaa

20, 26 2724 £033  fM8 *036 HLOS 0.957 = 0.021
26, 32 921  *020 i foal o 049 0.920 = 0.011
32,38 334 x0.12  F000 +0I6 4044 0.916 = 0.024
38, 44 125 007 008 rols *007 0.943 = 0.005
44, 55 037 %003  *00 *00L *002 0.921 = 0.035
55,70 0.056  *£0.009 *5008 *0.004 +0.007 0.889 = 0.051
70, 90 0.010  *£0.004 *5008 *0.004  +0.002 0.85 = 0.11

TABLE V. Measured cross section do/ dEj;tl for x?ybs = 0.75. For further details, see the
caption to Table II.

Ef' bin (GeV) | do/dEF" 84y Suc  Oya  Ops  (pb/GeV) Chad

20, 26 2559  +031  fo43 *02l *i3a 1.081 * 0.043
26, 32 811  x0.18 0zl +0I0 4049 1.041 = 0.015
32,38 239 *0.10 006 040 4044 1.017 = 0.025
38, 44 072 %005  fX0 002 +0.04 0.997 = 0.006
44, 55 018  *0.02 fx2 *001 *0.0a 0.963 + 0.027
55,70 0.018  *0.006 *5o01 *0.008 *+0.000 0.927 = 0.033
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TABLE VI. Measured cross section do/dm for x‘;"s > 0.75. For further details, see the caption

to Table II.

7 bin do/d7 Ostat Omc Osyst Os (pb) Chad
-0.50, 0.00 4.8 ) W o 0.551 = 0.037
0.00, 0.50 90.1 *23  l B . 0.892 + 0.018
0.50, 1.00 177.8 *29 1 e 1 0.940 = 0.001
1.00, 1.50 167.6 26 199 ey 188 0.952 = 0.014
1.50, 2.00 59.0 *15 158 Tt 1.079 * 0.035
2.00, 2.50 2.8 05 199 Lo 1o 1.062 * 0.064

TABLE VII. Measured cross section do/d# for x‘;bs = 0.75. For further details, see the
caption to Table II.

7 bin do/dn Ogtat Omc Ogyst Ogs (pb) Chad
0.00, 0.50 72 *0.8 50 o 1 1.052 = 0.080
0.50, 1.00 65.9 *1.9 oo s e 1.074 = 0.054
1.00, 1.50 144.0 26 132 A 1.080 = 0.021
1.50, 2.00 1468 *24 6 A2 472 1.063 + 0.019
2.00, 2.50 713 17 3 22 14 1.062 + 0.022
2.50, 275 18.4 15 A e 1 1.066 = 0.002

TABLE VIII. Measured cross section do/ a,'x‘;,bS for x‘;bs > (.75. For further details, see the
caption to Table II.

x5 bin do/dx$ Stat Smc Sy Ogs  (pb) Chad
0.00, 0.05 1260 26 7 T - 0.902 = 0.025
0.05, 0.10 1960 +30 o o o 0.932 = 0.007
0.10, 0.15 925 *20 o 6 Y 0.996 = 0.024
0.15, 0.20 468 =15 0 i ks 0.999 = 0.015
0.20, 0.25 220 *11 - 2 S 0.982 = 0.012
0.25, 030 104.9 84 S S VA 0.963 = 0.015
0.30, 0.35 45.0 *5.6 By S St 1.063 = 0.023
035, 0.40 232 *4.1 oo s 108 1.027 + 0.008
0.40, 0.45 8.7 24 S S 1.010 = 0.020
045, 0.50 32 1.4 o e 1.006 = 0.016
0.50, 1.00 040  *+0.17  *o08  rOO8 - H0.00 0.987 = 0.018

TABLE IX. Measured cross section a,’a'/abcj;bs for x?ybs = 0.75. For further details, see the
caption to Table II.

x5 bin do/dx$® Ogtat Omc Ogyst Os (pb) Chad
0.00, 0.05 236 *12 2 Y i 1.103 = 0.092
0.05, 0.10 1131 *24 B e i 1.063 + 0.046
0.10, 0.15 1120 *22 ) i 6 1.086 = 0.022
0.15, 0.20 829 *19 i s 48 1.074 * 0.001
0.20, 0.25 581 *17 i _+459 il 1.053 + 0.001
0.25, 0.30 302 12 i o o 1.052 * 0.052
0.30, 0.35 1468 *9.4 83 w2 470 1052 + 0.014
0.35, 0.40 65.5 *6.6 L S o< 1.041 * 0.008
0.40, 0.45 24.6 4.2 BT S S 1.036 * 0.004
0.45, 0.50 9.6 2.7 B S A o 1.020 = 0.005
0.50, 1.00 086  *+027 M8 032 007 1.012 = 0.034
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TABLE X. Measured cross section do/d IAd)jjl for x‘;,bs > (.75. For further details, see the
caption to Table II.

|A | bin do/d|A¢I| 8y Ouc  Oyw  Ops  (pb/rad) Chad
1.83, 2.09 1.7 *05 ol 0z H0d 0.65 = 0.11
2.09, 2.36 7.8 *1.0 0 fi2o e 0.729 = 0.059
2.36, 2.62 36.1 22 t0z L6 42l 0.826 = 0.013
2.62, 2.88 1329 *39 8 39 e 0.868 = 0.008
2.88, 3.14 779.1 +81  fA0 A0 4as 0.984 = 0.015

TABLE XI. Measured cross section do/d |A¢jj| for x‘;bs = 0.75. For further details, see the
caption to Table II.

|A¢jj| bin dO'/dlAd)”l 6stat 6MC Ssyst BES (Pb/rad) Chad
0.00, 1.57 0.26 *£0.07 oS 002 F00 0.84 £ 0.15
1.57, 1.83 29 0.6 fo3 x00 0l 0.869 = 0.083
1.83,2.09 6.6 *0.8 02 Fos 03 0.910 + 0.031
2.09, 2.36 282 e s S 0.959 = 0.004
2.36, 2.62 78.4 *28  fi2 ws s 0.988 = 0.006
2.62, 2.88 203.2 45 90 06 H0d 1.006 * 0.015
2.88, 3.14 528.6 x67 6 FE0 A28 1.069 = 0.020

TABLE XII. Measured cross section do/ d)cj,),bS for x‘;bs >0.75 (“High—)c?,bS 1”’). For further
details, see the caption to Table II.

xgbs bin do—/dx?)bs 5stat 5MC asyst 6ES (Pb) Chad

0.1, 02 80.9 +42 P9 A s 0.957 = 0.010
02,03 51.6 +35 00 a3l 424 0.974 = 0.059
03, 0.4 126 +21  *00 4l 406 0.962 = 0.010
04, 0.5 2.1 e RO Y S 0.953 =+ 0.024

TABLE XIII. Measured cross section do-/dx9" for x3* > 0.75 (“High-x$* 27). For further
details, see the caption to Table II.

X9 bin do/dxSs Ostat Omc Ogyst Oks (pb) Chad

0.0, 0.1 10.1 *L6 15 os 7 0.961 = 0.037
0.1, 02 2389 *7.1 B A 1.006 = 0.021
02,03 77.0 45 199 ol 38 1.005 = 0.026
03,04 12,6 *2.1 o0 os oo 0.964 = 0.009
04, 0.5 2.1 ) WO 9 s 0.953 = 0.024

TABLE XIV. Measured cross section do/dx$™ for x> > 0.75 (“High-x3* 37). For further
details, see the caption to Table II.

X9 bin do/dx9 Ostat dme Ogyst Ogs (pb) Chad

0.0, 0.1 2.1 +0.8 toe A ol 0.914 = 0.014
0.1, 0.2 55.9 *3.5 ol 12 23 0.974 = 0.006
02,03 20.5 *2.1 oo o3 o7 0.988 + 0.011
0.3, 04 2.4 *0.7 oo ol ol 1.007 = 0.046
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TABLE XV. Measured cross section do/ afx‘,’,"S for x‘;"s >0.75 (“High-x‘;bs 4>*). For further
details, see the caption to Table II.

x?)bs bin dU'/dxng Sstat SMC 6syst 6ES (Pb) Chad
0.0, 0.1 198.0 *8g8 2 I 0.832 = 0.017

TABLE XVI. Measured cross section do/ dx;bS for x‘;bs =0.75 (“Low—x‘;,bs 1”’). For further
details, see the caption to Table II.

x5 bin do/dx5 Ostat Omc Ogyst Ogs (pb) Chad

0.1,02 15.0 *2.0 ros ey 2 1.004 * 0.099
02,03 89.4 *4.6 et i 1.030 * 0.003
03,04 46.7 +3.8 23 o4 8 1.070 = 0.090
04, 0.5 7.0 *1.5 o4 02 ol 0.960 = 0.083
05, 1.0 0.48 *£0.20  T00 w00 +0.03 1.024 + 0.027

TABLE XVII. Measured cross section do/ dx‘l’,bS for x‘;bs =0.75 (“Low—)c‘;,bs 2”"). For further
details, see the caption to Table II.

xp™ bin do/dxy Ostar dmc Osyst Ogs (pb) Chad

00, 0.1 195 +23 LS w08 tod 0.876 + 0.076
0.1,02 117.6 +50 20 w1 4Ss 1.048 + 0.014
02,03 126 A I 1.116 = 0.085

TABLE XVIII. Measured cross section do/ a,’)cjl’,bS for x?ybs =0.75 (“Low—)c‘;bs 3”’). For further
details, see the caption to Table II.

x5 bin do/dxSs Ostat Omc Osyst Os (pb) Chad

0.1,02 2784 +76 A2 A 4D 1.087 + 0.015
02,03 2352 +71 03 2l e 1.077 + 0.030
03,04 478 #3607 w08 a8 0.999 + 0.064
04,05 83 +l6 00 Al D7 1.037 + 0.020
05. 1.0 028  *014  *Ols 40l 007 1.003 = 0.037

TABLE XIX. Measured cross section do/ d)c;bS for x‘;b‘“ =0.75 (“Low—x?/bs 4”’). For further
details, see the caption to Table II.

x%bs bin do—/dx%bs 5stat SMC Bsyst 5ES (Pb) Chad
0.1,02 713 x4l S w26 w2 1.066 + 0.052
02,03 120.4 +5.0 By S B 1.042 % 0.021
03,04 450 34 Fo3 o dl 1.013 + 0.059
0.4, 05 8.3 +1.6 B S S AR 1.037 = 0.020
0.5, 1.0 028  *0.14  fOls F0lo 007 1.003 % 0.037

with the exception of the “Low-x3*® 3 cross section. D. Sensitivity to the photon PDFs

Incl}lsion of these high-x{™ data .in future fits would con- As discussed in Sec. VIII A, the measured cross sections
strain the proton PDFs further, in particular that of the  show sensitivity to the choice of photon PDFs. This is to be

gluon. To include the cross sections for low x*, a system- expected due to the extension further forward in pseudor-
atic treatment of the photon PDFs and their uncertainty is  apidity compared to previous measurements. This was
needed. investigated further, with the results presented in
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TABLE XX. Measured cross section do/ dx?/bs. For further details, see the caption to Table II.

x5 bin do/dxy® Sy Smc Oyw  Ogs  (pb) Chad

0.1, 02 169.5 6.8  tho ot 1.081 * 0.046
02,03 271.6 80 R a7 1.042 + 0.056
03,04 325.7 +89 0y R 18 1.065 + 0.017
04, 0.5 346.6 +93  tpro A6 te 1.058 * 0.023
05, 0.6 385 *10 i o 9 1.072 = 0.016
0.6, 0.7 458 *11 - Yy 2 1.089 + 0.028
0.7, 0.8 557 *12 - e N 1.087 = 0.011
0.8, 1.0 1106 *11 w i ) 0.940 + 0.018

Figs. 11-13, where predictions with all five available pa-
rametrizations of the photon PDFs are compared to the
data. In Table XX and Fig. 11 the cross section do/ dxﬂ;bs is
shown. At high x‘,}bs, all predictions are similar, as expected
since there is little sensitivity to the photon structure in this
region. Towards low x‘;bs, the predictions differ by up to
70%. The prediction from CJK deviates most from the
other predictions and also from the data. The other pre-
dictions, although also exhibiting differences between each
other of up to 25%, give a qualitatively similar description
of the data.

In Figs. 12 and 13, the cross sections do/dEr,
do/dxS*, and do/d7 are presented for xJ* = 0.75, as
shown previously in Figs. 4, 6, and 7, respectively, but here
with additional predictions using different photon PDFs.
For do/dE7, the prediction using CJK is much higher than
the data in the first bin, but then agrees with the data for all
subsequent bins. All photon PDFs have a similar shape,
and none can reproduce the shape of the measured distri-
bution. Apart from CJK, all PDFs are too low in the region
22.5 < E; < 37.5 GeV. For the cross section da'/dxf,bs, no
prediction gives a satisfactory description of the data. The
prediction from CJK is generally above the data by 20%—
30%, but describes the shape of the cross section reason-
ably well. All other predictions give a poor description of
the shape, with cross sections which fall too rapidly to high
x?,bs. For do/d, the prediction from CJK again gives the
best description of the shape of the data, although it is too
high in normalization.

In summary, the data show a large sensitivity to the
parametrization of the photon PDFs. The gluon PDF
from CJK, in particular, differs from the others and this
may give a hint of how to improve the photon PDFs. The
data presented here should significantly improve the mea-
surement of the gluon PDF of the photon, which is cur-
rently insufficiently constrained by the F) data.

IX. CONCLUSIONS

Dijet cross sections in photoproduction have been mea-

sured at high E' and probe a wide range of X9 and x9.
The kinematic region is Q> <1 GeV?, 142<W,, <

293 GeV, EX''>20 Gev, Ef?>15GeV, and —1<
neth2 < 3, with at least one jet lying in the range between
—1 and 2.5. In general, the data enriched in direct-photon
events, at high x‘;bs, are well described by NLO QCD
predictions. For the data enriched in resolved-photon
events, at low x‘;bs, the data are less well described by
NLO QCD predictions. Predictions using different parame-
trizations of the photon parton density functions give a
large spread in the region measured, with no parton density
function giving an adequate description of the data.
Therefore the data have the potential to improve the con-
straints on the parton densities in the proton and photon
and should be used in future fits. The cross section in the
difference of azimuthal angle of the two jets is intrinsically
sensitive to high-order QCD processes and the data are
poorly described by NLO QCD, particularly at low x‘;bs.
Therefore the data should be compared with new calcula-
tions of higher orders, or simulations thereof.
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