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Abstract

Inclusive D** production is measured in deep-inelasiicscattering at HERA with the H1
detector. In addition, the production of dijets in eventshvd D** meson is investigated.
The analysis covers values of photon virtualty< Q2 < 100 GeV? and of inelasticity
0.05 < y < 0.7. Differential cross sections are measured as a functio@?ofnd
and of variousD** meson and jet observables. Within the experimental andetieal
uncertainties all measured cross sections are found to &guatkly described by next-
to-leading order (NLO) QCD calculations, based on the pigfioon fusion process and
DGLAP evolution, without the need for an additional resdhamponent of the photon
beyond what is included at NLO. A reasonable descriptiorhefdata is also achieved by
a prediction based on the CCFM evolution of partons invg\wime £ r-unintegrated gluon
distribution of the proton.
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1 Introduction

Charm quark production in deep-inelastje collisions at HERA is of particular interest for
testing calculations in the framework of perturbative quamchromodynamics (pQCD). This
process has the special feature of two hard scales: themhiotoality Q* and the charm quark
mass. In the case of jet production the transverse energyeofets provides a further hard
scale. In leading order (LO) QCD, the photon-gluon fusioocessyg — c¢ is the dominant
production mechanism.

Results on inclusivéD** meson production in deep-inelastic scattering (DIS) hasenb
published by the H1 and ZEUS collaborations [1-7]. The asialglescribed in this paper uses
data collected during 1999 and 2000, corresponding to adamtegrated luminosity of 47 pb
than used in previous H1 publications [1, 4,5]. As a restk, production of inclusive)**
mesons is measured in DIS with increased precision.

The mechanism of charm production is further explored bghghg the production of dijets
in events with aD** meson for the first time in DIS. This study is referred to in thiowing
as the analysis of D** mesons with dijets”. One of the jets typically contains fie" meson.
According to Monte Carlo simulation studies the jet contagrthe D** meson provides a very
good approximation of the kinematics of the associatedrolhguark. The other jet usually
also gives a good approximation of the energy and directidthedsecond charm quark or of
a radiated gluon. Regarding the theoretical predictidms nteasurement of jets has a reduced
sensitivity to fragmentation uncertainties compared ®rtiethod based solely on measuring
the D** meson. Thus it corresponds more closely to a measurememe ofiderlying partons
and is therefore expected to lead to more reliable theaidgiredictions.

The photon-gluon fusion process of charm quark pair pradagirovides sensitivity to the
gluon distribution in the proton. The dijet event samplegedito measure the observed gluon
momentum fractior:rgbs. The azimuthal angular correlatiaxy between the two leading jets is
investigated because of its sensitivity to initial stateogl emissions. These measurements are
compared with QCD calculations based on either collinedrefiactorisation and using gluon
densities obtained from QCD fits to HERA inclusive DIS datdephoton, in addition to its
coupling as a point-like object in the hard scattering pss¢cexhibits a partonic structure [8]
which can be resolved by the hard scale present in the proaedswhich is described by a
photon structure function. Dijets are used to measure teergbd fractional momentum of the
parton from the photon taking part in the hard interactiomm@aring this distribution with
pQCD calculations allows a test for resolved contributiofihie photon which go beyond what
is already included in calculations of the photon-gluondngrocess at next-to-leading order
(NLO).

In this paper measurements of single and double diffedecroas sections for the produc-
tion of D** mesons and** mesons with dijets are reported. They are compared to jpative
QCD calculations using differentimplementations of theletion of the gluon from the proton.

2 QCD Models

QCD models for data corrections and for comparison with nmesk cross sections are in-
troduced in the following two sections. Relevant paransetesed in the Monte Carlo (MC)
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simulations and the NLO calculations are described and sanmed in tablé]1.

2.1 QCD Modelsfor Data Corrections

Monte Carlo models are used to generate charm events anduase detector effects in order
to determine the acceptance and the efficiency for seleetiegts with aD** meson only
and with dijets and to estimate the systematic uncertaiatssociated with the measurements.
All the events are passed through a detailed simulationefittector response based on the
GEANT simulation program [9] and are reconstructed usirggdime reconstruction software
as used for the data.

The Monte Carlo programs RAPGAP [10] and HERWIG [11] are usegenerate in DIS
the direct process of photon-gluon fusion to a heavy (charimeauty) quark anti-quark pair,
where the photon acts as a point-like object. In additioay thllow the simulation of charm
production via resolved processes, where the photon flteguato partons, one of which in-
teracts with a parton in the proton and the rest produceshbep remnant. Both programs
use LO matrix elements with massive (massless) charm qdarkke direct (resolved) pro-
cesses. Parton showers based on DGLAP evolution are useddel mmgher order QCD ef-
fects. The masses of theandb quarks are set tev. = 1.5 GeV andm, = 4.75 GeV. In
RAPGAP the hadronization of partons is performed using thed_String model as imple-
mented in PYTHIA [12]. For the longitudinal fragmentatiohtbe charm quark into thé&*+
meson the Bowler parametrisation [13] is taken with paranseds obtained by BELLE [14].
The fragmentation fractiori(c — D**) = 0.257 + 0.015 £ 0.008 [15] is used. RAPGAP is
interfaced to HERACLES [16] in order to simulate the radiatof a photon from the incoming
or outgoing lepton including virtual effects. The simutatiof such effects is only available
for direct processes. For resolved processes, similar (Jtebte are assumed. RAPGAP is
normally used for the determination of the detector accegand efficiency. The effect of a
different model on the detector acceptance and efficienoyéstigated by using the HERWIG
program, which is based on the cluster hadronization méaelboth models small differences
in the spectrum of the transverse momentum offthié meson in comparison with the data are
corrected by reweighting the spectrum to that observeddmitta.

2.2 QCD Modelsused for Comparing with Data

In this paper the experimental results are compared witligitens considering three active
flavours (1, d, s) in the proton (fixed-flavour-number scheme FFNS) and mastiarm quarks
produced via photon-gluon fusion. The results are also ematpwith a calculation based
on the zero-mass variable-flavour-number scheme (ZM-VENBgre the charm quark occurs
also as an incoming parton and is treated as massless. lmaskeotthe FFNS two different
pPQCD approaches are used: an NLO calculation [17-19] basédeoconventional collinear
factorisation and the DGLAP evolution equations [20] andthar prediction based of-
factorisation and parton evolution according to the CCFMagipns [21]. A beauty contribution
of 1.5 + 0.5 times the QCD prediction is added to the charm expectatibtiseocalculations
with massive charm quarks to encompass the range of beagty section measurements [22].
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According to Monte Carlo studies, the contribution of bgagiarks is approximatel§% for
events withD** mesons and% for events withD** mesons with dijets. The basic parameter
choices for the various pQCD programs and the range of tlaiatons are summarised in
table[1. Each of the variations is performed independentlyetermine specific cross section
uncertainties. These uncertainties and the assumed erttedeauty contribution are added
in quadrature to obtain the total theoretical uncertaintyclv is shown in the figures as a band.
The programs implementing the above approaches are dextirsthe following.

p-PDF 1t m. [GeV] fragmentation
~-PDF
RAPGAP  CTEQS6L [23 NE 15 Bowler a=0.22, b=0.56 [14]
SAS-G 2D [24]
CASCADE AO [25] fe = /A2 + p2. 15 Bowler a=0.22, b=0.56 [14]
variation A+, A-[25] 1240 — 2 pir 14-16 Peterson.: 0.025— 0.060 [26,27]
HVQDIS CTEQS5F3 [28] VO + Am2 15 Kartvelishvilia = 3.0 [26]
variation max2m., 12 pu)— 1.4-1.6 a:25-35
V2 1 [29]
ZM-VFNS  CTEQ6.IM[23] /(Q? + (p2)2)/2 15 [30]
variation W2 1 —V2 1

Table 1: Parton density functions (PDFs) and parametexdindbe Monte Carlo simulations
and the NLO programs. The renormalisation and factorieatales are set equal= j, = juis
(apart from CASCADE wherg; is kept fixed atus = /5 + Q2, where the invariant mass
squared and the transverse momentum squared oftpair are denoted by and@?, respec-
tively), m. is the charm quark mass aadanda are the fragmentation parameters according
to the Peterson and the Kartvelishvili parametrisatiorige fiange of variation for the different
parameters is also indicated. Each of the variations i®padd independently.

The NLO O(a?) QCD FFNS predictions are calculated using the program HW8Dhe
CTEQ5F3 [28] parton densities of the proton are used. Charankg are fragmented in the
vp center-of-mass frame intB** mesons using the Kartvelishviit al. [31] parametrisation
for the fragmentation function which, for HVQDIS, yields atter description of the H1 data
[26] than the Peterson [32] parametrisation. “Decays” afute quarks toD** mesons are
parametrised by adapting the longitudinal as well as thestrarse fragmentation distribution
from RAPGAP using the Peterson model with= 0.0080.

In order to compare parton level dijets of HVQDIS with hadtewel dijets of the data,
hadronization corrections have to be applied to the NLOwatons. They are estimated by
using the RAPGAP and HERWIG Monte Carlo models describelarptevious section. Dijets
are reconstructed at the parton level from the generatetkgj@end gluons after the parton

! For data corrections the CTEQ5L [28] parton density funcit®used for the proton.
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showering step, using the same jet algorithm and selectitmas at the hadron and detector
levels. For each kinematic bin the ratio of the hadron togrelével cross section is calculated.
The average values from the two Monte Carlo models are tak@adronization corrections to
the NLO predictions. They vary typically betweer’% and —20% and occasionally amount
to —40% and up to+40%. Their uncertainty is taken to be half the difference betwte
predictions of the two models. This uncertainty is addeduadyature to the other theoretical
uncertainties to obtain the total error for the HVQDIS potidin of D** mesons with dijets.

The predictions based on the CCFM evolution equation areutzied using the CAS-
CADE [33] program. In CASCADE the direct procesgs — cc is implemented using off-
shell matrix elements convoluted with tlie-unintegrated gluon distribution of the proton.
The parametrisation set-AO [25] is used for the latter. & haen determined from a fit 6,
data published by H1 [34] and ZEUS [35]. Time-like partonwsbos off the charm quark and
anti-quark but not off initial state gluons are implementéde hadronization of partons is per-
formed in the same way as described in section 2.1 for RAPGA®.sensitivity of the cross
section to the parametrisation used for the longitudiredrnentation of the charm quark into
the D** meson is investigated by using the Peterson function withrpaters as obtained by
HERA measurements [26, 27] instead of the Bowler functioasd®ved photon processes are
not implemented in CASCADE.

An NLO QCD calculation of inclusive hadron production in Disthe ZM-VFNS has
recently become available [36]. This calculation treaes¢charm quark as massless. The con-
tribution of the partonic subprocesses — ¢g andvg — ¢q for the production of charm and
beauty quarks is considered at LO. The NLO corrections age lia certain kinematic regions.
To allow a comparison of the data to the predictions from tim@ssless” calculation, it is re-
quired that theD** meson has a transverse momentwin> 2 GeV in theyp center-of-mass
frame. At present, predictions from the “massless” apgr@ast only for inclusiveD** meson
production and not for the production 6f* mesons with dijets.

3 H1Detector

The data presented were collected with the H1 detector atAdiERhe years 1999 and 2000.
During this period HERA operated with 27.5 GeV positrons 888 GeV protons colliding at

a center-of-mass energy ¢fs = 318 GeV. The data sample used for this analysis amounts to
an integrated luminosity of = 47.0 pb .

A detailed description of the H1 detector is given in [37].rélenly the relevant components
for this analysis are described. The positivexis of the H1 reference frame, which defines the
forward direction, is given by the proton-beam directiorheTscattered positron is identified
and measured in the SpaCal calorimeter [38], a lead-deintify fibre calorimeter situated in
the backward region of the H1 detector, covering the polgukar rangel53° < 0 < 177.8°.
The SpaCal also provides time-of-flight information whistused for triggering purposes. Hits
in the backward drift chamber (BDC) are used to improve theniification of the scattered
positron and the measurement of its angle. Charged partacteerging from the interaction
region are measured by the Central Tracking Detector (CivDich covers a rang20° < 0 <
160°. The CTD comprises two large cylindrical Central Jet drifiathbers (CJCs) and two
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z-chambers situated concentrically around the beam-litiginva solenoidal magnetic field of
1.15 T. It also provides triggering information based on tracknsegts measured in the¢-
plane of the CJCs, and on theposition of the event vertex obtained from the double |aysr
two multi-wire proportional chambers (MWPCs). In the cahtaind forward region the track
detectors are surrounded by a finely segmented Liquid Argdar®neter (LAr). It consists of
an electromagnetic section with lead absorbers and a hadsection with steel absorbers and
covers the rangé® < 0 < 154°.

The luminosity determination is based on the measuremetiteoBethe-Heitler process
(ep — epv), where the photon is detected in a calorimeter located divears of the interaction
point in the positron beam direction.

4 Event Sdlection

At fixed center-of-mass energy;s, the kinematics of the inclusive scattering procgss eX

is determined by any two of the following Lorentz-invariargriables: the Bjorken scaling
variablez, the inelasticityy, the square of the four-momentum-transfgr and the invariant
mass squaredll’? of the hadronic final state. In this analysis these variabtesdetermined
from the measurement of the scattered positron enéigyand its polar angle)., according to

0! E! 74
2 ! 2 e — 1 _ e qin2 e
Q° =4E.E, cos <—2 ) y=1 L, sin (—2 >

[L‘:Q_Z W2:Q2<1_x>’
Yys T
whereFE, is the incident positron beam energy.

The analysis covers the kinematic regidbr< Q% < 100 GeV* and0.05 < y < 0.7. DIS
events were triggered by requiring signals from the cemtrdéi chambers and the multi-wire
proportional chambers in coincidence with signals fromgbattered positron in the SpaCal.
The identification and selection of the scattered positsqrerformed as described in [1].

(1)

D** mesons are reconstructed using the decay chain— D7} — K77} (and c.c.),
where the notation, is used for the slow pion. The three decay tracks are measutiee cen-
tral track detector. For all tracks particle identificatisrapplied using the measurement of the
energy lossd £/ /dx, in the CJCs. The invariant mass of tRe 7 system is required to be con-
sistent with the nominaD® mass within two standard deviations. The signal is extchfrtan a
simultaneous fit to the distribution d&fm = m g, — mx, of the D** meson candidates and of
the wrong sign combinatior(g( =7+ )7 which provide a good description of the shape of the
uncorrelated background. Further details are describfd 139]. The range of the transverse
momentum and the pseudorapidity of th&¢* meson is restricted to.5 < pr < 15 GeV and
In| < 1.5, wherepr andn are defined in the laboratory frame with= — In tan (g) From the
fit a total 0of2604 4 77 D** mesons is obtained.

In order to define the P** meson with dijets” sample, thier-cluster algorithm [40] in its
inclusive mode is applied to the hadronic final state objedise Breit frame for events contain-
ing aD** meson candidate. The hadronic objects are built by comipihie energy depositions
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in the SpaCal and the LAr calorimeter with the track momengasared in the tracking sys-
tem. Such objects have improved energy and angular resolatid are well suited for the low
transverse momentum jets produced in charm events at HE&Aets with transverse energy

3 < EF' < 5 GeV the energy resolution is abo21%. When applying the jet algorithm,
the four-vector of the reconstructdal* meson is used instead of the four-vectors of its three
decay patrticles. The jet algorithm is used with the sepamgiarameter set to unity and using
the F-recombination scheme, in which the four-vectors of therbaid objects are added.

For the dijet selection, the transverse energies of theriggeéts in the Breit frame are
required to beE¥3t1(2> > 4(3) GeV, and their pseudorapidities in the laboratory framestav
fulfill —1 < /%" < 2.5. Down to these low jet transverse energies Monte Carlo sitiau
studies show a very good correlation of the parton and reaaried jet quantities for both jets.
From a fit to theAm distribution a total 0668 +-49 D** mesons is obtained for events fulfilling
the dijet requirements. In aboB0% of the events thé>** meson belongs to one of the two
leading jets in agreement with Monte Carlo predictions.

5 Cross Section Deter mination and Systematic Errors

The total visible cross section for inclusiv&* meson production in deep-inelastie scatter-
ing, including requirements on the DIS phase space and okitleenatics of theD** meson,
is calculated from the observed numbedof® mesons)N -+, according to

ND*i

+ tDX) = . 2
0'(6 p—e ) ,C'BT'E'(l‘f‘érad) ()

HereBr refers to the branching ratiBr (D** — D7 ")-Br(D® — K ) = 0.0258 [41] and

L to the integrated luminosity. The facter= 31% corrects for the acceptance loss due to the
track selection cuts and the detector efficiency and resoluiThe QED radiative correction,
drasy @mounts to—-2%. For differential cross sections the data sample is dividemlbins and
the number ofD** mesons is extracted in each bin separately. The visibleaothdifferential
cross section for th®** mesons with dijets is defined in a similar way.

The systematic errors on the cross section measuremergstamated as follows (numbers
are given for the total visible cross section):

e The trigger efficiency is monitored using data samples wittependent trigger condi-
tions. Its associated uncertainty is estimated ta%e

e The uncertainty in the track reconstruction efficiency &etman error oft.8%.

e To account for possible imperfections in the descriptioogf transverse momentum
tracks by the Monte Carlo simulation the requirement fonttieimal transverse momen-
tum of ther, candidate is varied from20 MeV to 150 MeV. This leads to a cross section
change oft%.

e An error of 3% due to the uncertainty on the®ddx measurement used for particle iden-
tification is estimated.



Systematic Uncertainties D** meson D** + dijets

Trigger efficiency +2%

Track reconstruction efficiency +4.8%

dE/dx measurement + 3%

Description ofr, tracks with lowpr — 4%

D** signal extraction +4.9%

Measurement errors afi, andé’, +1.8%

Luminosity measurement + 1.5%

Branching ratio + 2.5%

Model dependence of acceptance and reconstruction efficien +1%

Hadronic energy scale of the LAr Calorimeter - + 4%

Hadronic energy scale of the SpaCal Calorimeter - + 1%
+ 8% + 9%
- 9% - 11%

Table 2: Experimental systematic uncertainties on the #déle production cross section for
inclusive D** mesons and fob** mesons with dijets.

e The systematic error of thB** signal extraction procedure is estimated totsg;.

e The estimated uncertainties on the measurement of theesmdpositron energy,, of
1% and of its polar anglé’, of 1 mrad lead to an error af8%.

e A model uncertainty ofl % is estimated from the difference in the correction factar fo
the acceptance and efficiency obtained with RAPGAP and HERWI

e An uncertainty ofl.5% is caused by the error in the determination of the luminosity
e The uncertainty on th&*+ and D° branching ratios contributes an errorXof%.

¢ For the analysis oD** mesons with dijets additional errors 4 and1% are taken into
account. They arise from the uncertainty in the hadronieggnscale of the LAr %)
and the SpaCalr{t), respectively.

The systematic uncertainties on the total visible cross@eare summarized in tadlé 2. For the
differential cross section measurements the systematicsegire evaluated separately for each
bin. All contributions are added in quadrature to obtainttital systematic errors.

6 Inclusive D** Meson Cross Sections

The cross section for inclusivie** meson production in the DIS kinematic regior< Q? <
100 GeV?, 0.05 < y < 0.7 and in the visibleD** rangel.5 < pr < 15 GeV andjn| < 1.5 s
found to be

ous(e™p — eT D X) = 6.99 + 0.20 (stat.) 7027 (syst.) nb. 3)
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A comparison with the predictions from HVQDIS and CASCADEst®wn in tablé 3. The
models include a small beauty contribution as describe@atian 2. The predictions of both
calculations are slightly below the data (12%) but are consistent with the data within errors.
The quoted theoretical errors include the variations okttadey, the charm quark mass,. and
the fragmentation parameters as indicated in table 1. A&Bétrcontributions to the theoretical
uncertainty are of roughly similar size. These uncertagénd the assumed error on the beauty
contribution, which leads to a relatively small cross satirror, are all added in quadrature
to define the total theoretical uncertainty. Use of the MRBF3NLO [42] instead of the
CTEQ5F3 parton densities of the proton for HVQDIS resulta 90 decrease of the cross
section. If for thekr-unintegrated gluon distribution of the proton in CASCAD#te tJ2003
set-1 [43] parametrisation is used, instead of set-A0, thescsection increases BYo.

H1 data HVQDIS CASCADE

ovis(etp — et D**X) 6.99 + 0.20 (stat.) 027 (syst.)nb  6.117527 nb  6.197972 nb

ovis(eTp = et D*Fjj X)  1.60+0.12 (stat.) T3 (syst.)nb  1.357012nb  1.657( nb

ouis(etp = et D*j X)
ovis(etp — et D*F X)

0.228 +0.014 (stat.) £ 0.011 (syst.)  0.2217392%  0.26770:929

Table 3: Comparison of the cross sections for inclugivé meson production and dijet pro-

duction in association with &** meson and of their ratio with the predictions from HVQDIS
and CASCADE. The errors on the predictions include the Viana of parameters, as indicated
in tablel1, and the assume®3% error on the beauty contribution added in quadrature.

In figure[1 the single differential cross sections for inalasD** production in the visible
region are showhas a function of the event variabl@s, z andW and of theD** observables
pr andn and of the inelasticity. The latter is defined as= P -p/P - q = (E — p,)p-/2yFE.,
whereP, ¢ andp denote the four-momenta of the incoming proton, the excbdmpdoton and
the observed)** meson, respectively. This quantity is a measure of theifnaaf photon
energy transferred to thB** meson in the proton rest frame and it is sensitive to both the
production mechanism and the— D** fragmentation function. The measured cross sections
shown in figurd1l are listed in tables 4 ddd 5 and are in gooceagrat with previous mea-
surements from H1 [1]. Double differential cross sectionfumctions of)? andzx are listed in
table[®.

Figure[d includes the expectations from the HVQDIS and th&CADE programs. The
ratio R of the theoretical to the measured cross section is alsorsfmvselected distributions.
The steep fall of the cross section as a functioréfand z is described by both HVQDIS
and CASCADE. There is reasonable agreement between HVQil $ha data for the different
single differential cross sections with the exception &f tmedium values g and the region
n > 0, where the measuref** meson production cross section is larger than predicted. An

2The bin averaged cross section is shown at the position afethze-of-gravity of the cross section in that bin
as calculated by RAPGAP.
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excess is also observed at smalla region correlated with the forward direction & 0).
Already in [1] indications of an excess observed in the dekarge pseudorapidities 6 < n <
1.5) and smalk with respect to the HVQDIS expectation had been reported.data presented
here confirm this excess with better statistical precisioth @cross the whole range 6, as
shown in a detailed study of correlations among the obsésaD** meson production [39].
The predictions from the CASCADE program are found to gdheagree better with the data
than those from HVQDIS. An excess of the data over collinda®Nredictions at) > 0 and
smallz has been also observed in the photoproductioR'sf mesons [44].

In figure[2 the inclusiveD** production cross section with the additional condition lo@ t
D** mesonp: > 2.0 GeV, in order to be able to compare with the ZM-VFNS preditsio
is shown. The predictions of CASCADE and particularly the @h the ZM-VFNS approach
are not able to describe the data at largend large)?, while HVQDIS is consistent with the
data within errors. The expectation of the ZM-VFNS caldolats very close to the one from
CASCADE for? andz, however for the forward direction in it is lower than CASCADE
and similar to the expectation from HVQDIS. The measuredssections are listed in tafle 7.

7 Production cross sectionsfor D** Mesonswith Dijets

The production cross section 6f** mesons with dijets in the kinematic regian< @? <
100 GeV?, 0.05 < y < 0.7, in the visibleD** rangel.5 < pr < 15 GeV and|p| < 1.5, and
with jets having Breit frame transverse energ@}%tl(m > 4(3) GeV, and laboratory pseudo-
rapidities—1 < /%' < 2.5, is found to be

ovis(e™p — e D™Ejj X) = 1.60 & 0.12 (stat.) 7015 (syst.) nb. (4)

The predictions from HVQDIS and CASCADE are listed in tdlleA3 for the inclusiveD**
meson analysis the nominal HVQDIS value is lowei%) than the data, but there is agreement
within errors. The prediction by CASCADE agrees well witle tthata. The uncertainty of the
two predictions due to fragmentation is much reduced coatpty the inclusiveD** meson
case. For CASCADE, also the scale uncertainty is reducetevidn HVQDIS it remains the
dominant error contribution which is found to be even laripan for the inclusive production
of D** mesons. Use of the MRST2004F3NLO instead of the CTEQ5F®mpalensities of
the proton for HVQDIS results in #% increase of the cross section. If for the-unintegrated
gluon distribution of the proton in CASCADE the J2003 se#B][parametrisation is used,
instead of set-A0, the cross section increases’by

The systematic uncertainty is reduced significantly in #terof the production cross sec-
tion for D** mesons with dijets to the one for inclusiz&* mesons

ovis(etp — et D*Ejj X)

ovis(etp — et D**+ X))

= 0.228 + 0.014 (stat.) + 0.011 (syst.). (5)

As shown in tabl€I3 the expectation from the HVQDIS programeeg well with the measured
ratio while CASCADE predicts a somewhat larger value.
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In figure[3 the differential cross sections fBr* mesons with dijets are presented as func-
tions of the event variable§? and z, and of the jet variableghax = E!'fe“ which is the
maximum transverse jet energy in the Breit frame and theriammamass\/;; of the dijet sys-
tem. The data are compared with the expectations from HVQDISCASCADE indicated by
bands, which indicate the total theoretical uncertaintgesribed in section 2. The uncertainty
onm, is responsible for the large error of the HVQDIS predictionlbw values ofE**. The
quality of the description is more obvious in the ratio of firedicted to the measured cross
sections, which is also shown in figure 3. Both HVQDIS and CABE describe the steep
fall of the cross section ag? andz become large, though CASCADE systematically overesti-
mates the cross section at high value§)éfandz. The distributions of=*** and M/;; are well
described by both HVQDIS and CASCADE.

The absolute difference in azimuthal angle in the Breit BaXy = |¢jer1— djet 2|, IS Shown
in figure[4 as a double differential cross section for two emngf@?. In the LO photon-gluon
fusion process+g — cc) the two jets are expected to be back-to-back, iep = 180°.
The contributions af\¢ < 180° arise primarily from hard gluon emissions and fragmentatio
effects. HVQDIS allows radiation of one hard gluon in NLO,ilehCASCADE includes the
radiation of one or more gluons in the parton showering me®@nd it contains transverse
momentumk effects of the exchanged gluons. The measured cross se@tiolargeA ¢ (bin
two and three) are well described by both theoretical apgtres as expected. In order to be
sensitive to higher order d@r; effects at smallef\¢, and because theoretical uncertainties are
reduced, the following ratio is defined

theor, 2
ot otze
* o dQ2dA¢ dQ2dA¢ 6
norm — dgo_theory d2gdata ( )
vis f _Vis
f dQ2dAé - dQ?dA¢
Ag¢(bin 2+3) A¢p(bin 2+3)

This double ratio of theory over data is also shown in figire wall as the data points to in-
dicate the experimental errors. At the lowest valueaof(bin 1), CASCADE is slightly above
the data, indicating that thie -distribution in the unintegrated gluon density in CASCARE
too broad. HVQDIS, on the other hand, underestimates tres@®ection at the lowest, both
at lower and at highef)?, indicating that in this approach effects beyond NLO arededeto
match the data. Similar conclusions were obtained in phothpction from measurements of
the azimuthal correlations of 8** meson and a jet not associated to fhg" meson [44] and
of dijets in events with @** meson [45]. The measured cross sections are listed in[fable 8

~ The jet which contains th®** meson,D*-jet (DJE, and the other jet (OJ) with the highest
EX' not containing theD** meson are further investigated. The OJ allows a larger neigio
rapidity to be accessed, the more forward direction, coegb&r the DJ. In figurg]5 the cross
section is shown as a function of the pseudorapidity of fHget, the other jet, and of the
difference in pseudorapidity of the two jetSy = np; — 10y, all measured in the Breit frame.
The pseudorapidity distributions are reasonably reprediny both HVQDIS and CASCADE.
While the region of small values ¢f\n|, which might be expected to be particularly sensitive
to low-x dynamics [46], is well described, small discrepancies &seoved for forward going

31t is typically one of the two leading jets. However this is nequired in which case the only constraint on the
D*-jet is due to theD** meson kinematic cuts.
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other jets and for largeAn|. These are more clearly seen in the rdﬁgrmﬂ which has reduced
theoretical uncertainty. The measured cross sectionsséed In tabléD.

To further improve the understanding of the charm productieechanism in DIS, the ob-
servabIeSasg'DS and xgbs are investigated. At LO they give the observed fraction efphoton
momentum carried by the parton involved in the hard submp®ead the observed fraction of
the proton momentum carried by the gluon, respectively. détermination of both quantities
involves the partons emerging from the hard subprocesshwdre approximated by the*-jet
and the other jet.

The observablesgbs is defined as

20 = (B — pﬁ)ljJ + EE* ~P:os @)
(E* = D3 )had

where E* andp} are measured in thep center-of-mass frame. In the numeratér — p?) is
summed over all particles belonging to the two jets and irdgr@ominatof E* — p¥)p.q is the
sum over all hadronic final state objects. In figure 6 the simlifferential cross section for the
production of dijets with @** meson is shown as a function @Efbs and double differentially
in three bins of?. The distribution ofzcgbs peaks close to 1 as expected from direct processes,
but has significant contributions at lower values. The HVQDredictions are in reasonable
agreement with the measured cross section as a functimﬁsofand they describe th@? de-
pendence o:f:gbs, indicating that there is no need for an additional resojyeaton contribution
beyond what is already included at NLO. CASCADE also prosideeasonable description.
The expectation by RAPGAP with direct and resolved contrdms is similar to the HVQDIS
prediction. ForQ? > 5 Ge\? the data can be described by multiplying the RAPGAP direct
contribution by a constant factor, independenicigi)ﬁ. However, forQ? < 5 Ge\? the data in-
dicate that a constant factor would not be sufficient, angt thré addition of a resolved photon
component leads to a good description in LO models basedIbnezr factorisation.

The observablegbs is defined as

* nE * e
LObS _ Ef pye™1 + B o €0 ®)
& 2E '

The single differential cross section for* meson and dijet production is displayed in figure 7
as a function oﬁs‘g’bs and double differentially in three regions @f. The ratioRnom has re-
duced theoretical uncertainty and is also shown in figlireoth BIVQDIS and CASCADE with
the parameter settings and the parton density functioresllia tabld1L describe th@* depen-
dence ofxgbs. The sensitivity to recent parton density parametrisatioas been investigated
by comparing with the predictions of HVQDIS using the MRST2B3NLO parametrisation
and the parametrisations set-B [25] and J2003 set-1 forrimgagrated gluon density in CAS-
CADE. The differences for the various PDFs are small contptoehe large uncertainties of
the data. In figurgl7 the predictions fBf,m using for example MRST2004F3NLO and J2003
set-1 are compared to the default expectations using CTB@B# set-A0 with HVQDIS and
CASCADE, respectively. The measured cross sections in dn‘in%bs and :vgbs are listed in
tabled 10 and 11.

“Here all bins are used for the normalisation in contragt}g,,.
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8 Summary

Measurements of the total and differential cross sectionstlusiveD** production in deep-
inelasticep scattering are presented. In addition, cross sectionseasumned for dijets produced
in events with aD** meson. The general features of the data are described byGBep@e-
dictions in the FFNS as implemented in HVQDIS and CASCADEijchtare based on either
collinear factorisation and DGLAP evolution br-factorisation and CCFM evolution, respec-
tively.

Overall, CASCADE matches the inclusivg** data somewhat better in normalisation and
shape, and in particular in the positive pseudorapidityoregFurthermore the prediction of a
calculation in the ZM-VFNS, where the charm quark is treasanassless is confronted with
the data. It is also found to yield a satisfactory descriptio

Cross sections for the production 6f* mesons with dijets in DIS are presented as a
function of various event and jet kinematic variables. BB¥QDIS and CASCADE give
reasonable descriptions of the differential cross sestigith HVQDIS providing a slightly
better match to the data. The discrepancy observed betwaénchlculations and data for
azimuthal differences of the two leading jeét® below150° indicates that thé-distribution in
the unintegrated gluon density in CASCADE is too broad, &adlih the approach of HYQDIS
effects beyond NLO are needed to match the data.

The:zcg'DS dependence of the cross section is described within theiexgetal and theoretical
uncertainties by HVQDIS, indicating that there is no needdio additional resolved photon
contribution beyond what is already included at NLO. A rewsdue description is obtained also
by CASCADE. In addition, thergbs distribution is in agreement with the QCD predictions. This
confirms that the input gluon distributions to the modeldaoted from fits to inclusive data,
provide a good representation of the charm data.
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Q*[GeV’] dovis(etp — et D**X)/dQ? [nb GeV ?]

2, 4.22] 0.92+0.05')07
14.22, 10] 0.358+£0.017"0 0%
110, 17.8] 0.142+ 0.009°7 013
117.8, 31.7] 0.065+ 0.004"§ 00
]31.7, 100] 0.0124+0.0009 50011
T dO'vis(e+p — e""D*iX)/dSU [nb]
[2.8-10°%, 0.0002] 11940+ 587717
10.0002, 0.0005] 6311+ 3117356
10.0005, 0.0013] 2176+ 106179
10.0013, 0.0032] 498+ 3320
10.0032, 0.02] 18.4+ 2.3"1¢
W [GeV| dovis(etp — et D*=X)/dW [nb GeV™!]
[70, 110] 0.043+0.0027595¢
J110, 150] 0.048+ 0.0027)504
1150, 190] 0.041+0.0027) 503
1190, 230] 0.0291+ 0.0018 50053
1230, 270] 0.0153+ 0.0015 5-002¢
pr[GeV) dovis(etp — et D*:X) /dpt [nb GeV ']
1.5, 2] 3.3+0.3193
12, 2.5] 3.16+0.2079:23
12.5, 3.5] 1.92+0.089:12
13.5, 5] 0.794 0.04+3:9¢
15, 10] 0.1044+ 0.00775-9%0
n dovis(eTp — et D** X)) /dn [nb]
[—1.5, —1] 2.15+0.1470 39
-1, —0.5] 2.43+0.137)17
1-0.5, 0] 2.48+0.147)17
10, 0.5] 2.56+0.159:2
10.5, 1] 2.49+0.159:28
11, 1.5] 1.86+0.160:18

Table 4: Differential cross sections for inclusii&* meson production in bins @?, =, W,
pr andn. The first error is statistical and the second is systematic.
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z dovis(etp — e D**+X) /dz [nb]

[0, 0.1] 5.9+ 0.8"}2
10.1, 0.2] 12.2+ 0.8t14
10.2, 0.3] 11.9+ 0.7713
10.3, 0.4] 9.4+0.6709
]
]

10.4,0.5 11.1+ 0.6"9%
10.5, 0.7 8.0+ 0.4"98
10.7, 1] 1.35+£0.1170 %)

Table 5: Differential cross sections for inclusi&® meson production in bins af The first
error is statistical and the second is systematic.

Q? [GeV? T dovis(etp — et D**X)/dQ*dx [nb GeV ?]
[2, 4.22] [2.51-10®, 5.01 - 109 2315+ 5257308
]5.01-10°®, 0.0001] 5432+ 495422
10.0001, 0.000158] 4160+ 3597372
10.000158, 0.000251] 2154+ 1997201
]0.000251, 0.000501] 741+ 85129
14.22, 10] [0.0001, 0.000158] 899+ 116" 3
10.000158, 0.000251] 757+ 8013,
10.000251, 0.000501] 413+ 333}
10.000501, 0.001] 162+ 15712
110, 17.8] [0.000251, 0.000501] 206+ 20+19
10.000501, 0.001] 77+ 917
10.001, 0.01] 4940592
]17.8, 31.6] [0.000251, 0.000501] 34+ 73
10.000501, 0.001] 46+ 477
10.001, 0.01] 3.5+0.403
]31.6, 100] [0.001, 0.00251] 4.14+0.470%
10.00251, 0.01] 0.59+0.0770 02

Table 6: Double differential cross sections for inclusive® meson production in bins @p?
andz. The first error is statistical and the second is systematic.
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Q?[GeV’] dovis(etp — et D**X)/dQ? [nb GeV ?]
2, 4.22] 0.54+0.03" 52
14.22, 10] 0.181:+0.010% 075
110, 17.8] 0.069+ 0.0057) 003
]17.8, 31.7] 0.031+0.003") 007
131.7, 100] 0.0058+ 0.0005 ) 0000
T dovis(etp — et D**+ X)) /dx [nb]

[2.8-107°, 0.0002]
10.0002, 0.0005]
10.0005, 0.0013]
10.0013, 0.0032]

7916+ 4077536
3340+ 18629
974+ 601107
205+ 18728

10.0032, 0.02] 7.1+1.1793
pr [GeV] dovis(etp — et D*=X) /dpr [nb GeV™!]
[1.5, 2] 0.64+0.117) 2%
12, 2.5] 1.47+0.1270 1%
12.5, 3.5] 1.20+0.06'59}
13.5, 5] 0.65+0.037) 5>
15, 10] 0.093+0.007+3:9%
n dovis(eTp — et D**X) /dn [nb]
[-1.5, —1] 0.92+0.089-%
-1, —0.5] 1.18+0.08"9:%%
1-0.5, 0] 1.27+0.09°9:%
10, 0.5] 1.40+0.0991%
10.5, 1] 1.424+0.09"531
11, 1.5] 1.03+0.1075 12

Table 7: Differential cross sections for inclusizZ&* meson production fops. > 2.0 GeV in
bins of Q?, z, pr andn. The first error is statistical and the second is systematic.
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Q*[GeV’] dovis(etp — et D*Fjj X)) /dQ? [nb GeV?]

[2, 4.22] 0.197+0.021°5:9%

14.22, 10] 0.059+ 0.007-3:952

]10, 17.8] 0.028+ 0.004"395%

]17.8, 31.7] 0.0154+ 0.0022°9- 5054

]31.7, 100] 0.0033+ 0.0005 39558

T dovis(etp — et D*+jj X) /dz [nb]

(2.8 107, 0.0002] 2688+ 288"527

10.0002, 0.0005] 1255+ 1407112

10.0005, 0.0013] 438+ 49+8!

10.0013, 0.02] 13.0+ 1.913

EP™[GeV] dovis(etp — et D*Fjj X) /dEF®[nb GeV ']

[4, 6.5] 0.32+0.02"9:92

16.5, 10] 0.138+0.01475:9%

J10, 20] 0.018+ 0.004"39:0

Mj [GeV] dovis(e*p — et D*Fjj X) /dMj [nb GeV ']

[0, 11] 0.0584+ 0.005"5:00

J11, 17] 0.089+ 0.008"5:5}*

J17, 23] 0.026+0.005) 003

125, 50] 0.0023+ 0.0012°)- 9005
Q* [GeV’] Ap[°] dovis(etp — et D*FjjX) /dA¢dQ? [nb GeV? ° 1]
[2, 10] [57.3, 152] 0.020+ 0.0035:953
]152, 166] 0.122+0.017-5:9%L
1166, 180] 0.142+0.019'3:9%
10, 100] [57.3, 132] 0.00079+ 0.000169- 39558
]132, 166] 0.0054+ 0.00073-9925
1166, 180] 0.0124+ 0.0018 39512

Table 8: Differential cross sections for the productioddf mesons with dijets in bins a@j?,
x, Ep#*, M;; and double differentially in bins ak¢ and@?. The first error is statistical and the
second is systematic.
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nDJ dovis(e*p — eT D*Ejj X)) /dnp; [nb]

(-2, 0.9] 0.066+ 0.010"7:(007
10.9, 1.5] 0.6640.06"):3}
115, 2] 0.62+0.07°007
12, 3] 0.45+0.05"§ o7
13, 5] 0.058+0.0147(0; 3
103 dovis(etp — et D*Ejj X)) /dno; [nb]
[—2, 0.9] 0.048+0.010°9 002
10.9, 1.5] 0.43+0.06"0 ¢
J1.5, 2] 0.6540.085)%
12, 3] 0.48+0.057) 12
13, 5] 0.117+0.01975 0%
|An] dovis(e*p — e* D**}j X)) /d| An| [nb]
[0, 0.3] 0.90+0.12+9-32
10.3, 0.8] 0.82:0.09"0:0%
10.8, 1.4] 0.64+0.07"0 55
11.4, 2] 0.36+0.057) 5%
12, 4] 0.070+0.01475 93¢

Table 9: Differential cross sections for the production/otjet and other jet in bins ofp;,
nos andAn. The first error is statistical and the second is systematic.

:Ugbs dovis(etp — 6+D*iij)/da:9Ybs [nb]

0.2, 0.45] 0.59+0.1470 32

0.45, 0.7 0.94+0.16"5:43

0.09

10.7, 1] 3.5+0.2°04
Q*[GeV’] 9P dovis(etp = e D*%jj X) /dz2*%dQ? [nb GeV 7]
[2, 5] 0.2, 0.7] 0.112+0.022539%
10.7, 1] 0.35+0.0455;
15, 10] 0.2, 0.7] 0.015+ 0.009 3944
10.7, 1] 0.146+0.01973972
110, 100] 0.2, 0.7] 0.0034+ 0.0007-)-954%
10.7, 1] 0.0184+0.0017°3: 9954

Table 10: Differential cross sections for the productiondtjet and other jet in bins crfgbs
and double differentially in three ranges @F. The first error is statistical and the second is
systematic.
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log, o 2§ dovis(etp — e D*Ejj X) /daS*S[nb]

]-2.4, —2.1] 108+ 109,

]-2.1, —1.8] 61+ 5

]-1.8, —0.9] 3.6+£0.57,%
Q? [GeV? log, o 2§ dovis(e™p = et D*E[j X)) /dz3PdQ? Inb GeV 7]
2, 5] [—3.3, —2.4] 5.2+ 1.4
]-2.4, —2.1] 12.04+ 2.0"}3
]-2.1, —1.8] 5.8+1.170%
]-1.8, —0.9] 0.36+0.10"057
15, 10] [—3.3, —2.4] 1.14+0.55"0 72
1-2.4, —2.1] 5.0+1.07}2
]-2.1, —1.8] 2.4+£0.50%
]-1.8, —0.9] 0.178+ 0.05073:9%6
110, 100] (3.3, —2.4] 0.192+0.055) 033
]-2.4, —2.1] 0.49+ 0.07"0:57
]-2.1, —1.8] 0.34+ 0.04")-0¢
]-1.8, —0.9] 0.018+0.0047) 005

Table 11: Differential cross sections for the productiondtjet and other jet in bins crfgbs
and double differentially in three ranges @F. The first error is statistical and the second is

systematic.

24



H1 ep — eD**X

o =} 4
> 1 a) £ 10 e b)
2 4 < 103
N [Ssansany| S 2
&  _f e HiDaa 107 « Hipaa
2 10 CASCADE e B CASCADE o gpececcec)
-8> E \JHVQDIS 10 ExyHvonis
1.5 = L L1 L L1l L L L1 L L1l 1.5 ;IIIIII L1 IIIIIII L1 IIIIIII
04 1;_‘%‘1@@@ @ 1': |+\N‘\\’|QX{W®
0.5 - 1 L1 1 111 1 1 L1 1 111 0.5 'l AT -4| LLiiill -3| LI LLLll -2
10 .10 10 10 10
Q*[Gev X
i Y =) -
- 9 g aF )
(O] NN\ _g N
2 1F . o 3 |
— : RN o .
- f 3 - IS S N
° - o H1Data C & M
2 - CASCADE 2 N j N $
'8 10 -1—HVQD|S [ANNAN. AN -
15 = 1 1 1 1 1 1 1 1 - [ Hl Data w
. - 1 -
¥ E - CASCADE
- 1 1 1 1 1 1 L1 -IIIIIIIIIIIIIIIIIIIIIIIIIIIII
0.5 0
2 5 -15 -1 -05 0 05 1 15
Py [GeV] n
50'08 | e HlData § - e HlData
3 - CASCADE €) = o9 | CAscaDE f)
S 006 [iHvQDIS S FLiHvoDs
c - £ n
= o 15 |
Soos b - R
AN MY w0 B Pt
S o f t o NN
[ Y -
0.02 F §
- § S F
O-I I 1 I 1 I 1 I O:IIIIIIIIIIIIIIIIIII
100 150 200 250 0 02 04 06 08 1
W [GeV] z

Figure 1: Differential cross sections for inclusiz&* meson production as a function Qf,

x, W, pr, n andz. The inner error bars indicate the statistical errors, &edouter error bars
show the statistical and systematic uncertainties addgdadrature. The bands for the expec-
tations of HVQDIS and CASCADE are obtained using the paramedriations as described
in secion 2. Figures a), b) and c) also present the Bt oheory /Tdata fOr the predictions as
bands, by taking into account their theoretical uncer@snt The inner error bars of the data
points atkR = 1 display the relative statistical errors, and the outerrdseys show the relative
statistical and systematic uncertainties added in quarat
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Figure 2: Differential cross sections for inclusiy&* meson production with, compared to
figured, the additional requiremepit > 2.0 GeV for theD** meson in theyp center-of-mass
frame as a function af?, =, pr andn. The inner error bars indicate the statistical errors, hed t
outer error bars show the statistical and systematic usoéids added in quadrature. The bands
for the expectations of ZM-VFNS, a “massless” QCD calcolat{30, 36] and of HVQDIS and
CASCADE are obtained using the parameter variations agitdegdn section 2. The ratio R
is described in the caption of figure 1.
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Figure 3: Differential cross sections for the productiosf mesons with dijets as a function
of Q?, z, E®in the Breit frame and\/;. The inner error bars indicate the statistical errors,
and the outer error bars show the statistical and systematiertainties added in quadrature.
The bands for the expectations of HVQDIS and CASCADE areinbthusing the parameter
variations as described in section 2. The ratio R is destiibbéne caption of figurg]1.
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Figure 4: Double differential cross sections for the prdutucof D** mesons with dijets as
a function of A¢ in the Breit frame for two regions if)?. The inner error bars indicate the
statistical errors, and the outer error bars show the statisnd systematic uncertainties added
in quadrature. The bands for the expectations of HVQDIS aABCADE are obtained using
the parameter variations as described in section 2. Alsesi®the ratioR;,., for which the
cross section in the last two bins is used for normalisationdetails see section 7).
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Figure 5. Differential cross sections for the productiontjet and other jet as a function of
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Figure 6: Differential cross sections for the productioofjet and other jet as a function of
and double differentially in thre@? regions. The inner error bars indicate the statisticalreyro
and the outer error bars show the statistical and systematiertainties added in quadrature.
The bands for the expectations of HVQDIS and CASCADE areinbthusing the parameter
variations as described in section 2. E@‘?S the uncertainty of the hadronization correction is
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prediction, indicating the direct and the sum of direct agsbived contributions, is shown.

30



H1 ep — eD*jjX

2 F ¢ HlData E 2<Q %5 Gev? E5<Q <10Gev? Fio<Q<io0cev’] L
= [ cascabe | - ] g
£ o - CJHVQDIS E < 10

5 10l s m@@ E : E 2

o 3 NN C o C . P

g By S Ef E 41 %

© - 3 %EE F S 3 3 ~

L - - E?SKW d 1 4 %a
10 F = = = 510 o
: § E : Iy
- - - . o 5
_|_|,|,|] 1 |||||,|,|I |||||||,|]_,|,|,|,|I ||||||,|,|I 1 |||||,|,|L_|,|,|,|] ||||||,|,|I 1 |||||,|,|L_|,|,|,|I 1 |||||,|,|I ||||||,|,|L 10-2
> £ HvQDIs  E 2
- — CTEQ5F3 | S -
_ ...« MRST2004F3 F ;M C
=15 — —
2 N J N - = x\\\\'\ oo
(nd N \\F N = C | ) \\\ ;\ et
1F éég ! E — O %I
- TR » I 1™%1
05 Pul vl vl 3l vl cod Bl 3ol 0l
5 [ CASCADE [ = 3
- — set-A0 - - -
F . J2003set-1 F - -
£15 | — — —
o F .
% i}
05 L 1 - - -
10110° 10° 10
Xobs

g

Figure 7: Differential cross sections for the production/ofjet and other jet as a function
of ngs and double differentially in thre€? regions. The inner error bars indicate the statis-
tical errors, and the outer error bars show the statistiodlsystematic uncertainties added in
quadrature. The bands for the expectations of HYQDIS and@X3E are obtained using the
parameter variations as described in section 2. The Faig, is also shown, separately for
HVQDIS and CASCADE. For the HVYQDIS (CASCADE) band the CTEQ@5Bet-A0) PDF

is used, the central predictions being given by the full.lim@e central values using the PDF
MRST2004F3NLO (J2003 set-1) are indicated as dotted line.
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