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Abstract

Deep-inelastic scattering events at I@¥ with a high transverse momentum jet, pro-
duced at small angles with respect to the proton beam, atedtwith the H1 experiment at
HERA. Differential cross sections and normalised distidns are measured as a function
of the azimuthal angle differenc&¢ between the forward jet and the scattered electron.
Moreover events with a forward jet and an additional jet, snead in the central region of
the laboratory frame, allow to study thep dependence in a phase space region, where a
higher proportion of forward jets from additional gluon asion is expected from models
based on BFKL type parton evolution. The measurements anpa@d to predictions of
Monte Carlo generators based on different QCD evolutioeses.
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1 Introduction

The HERA collider has extended the available kinematic eafoy deep-inelastic scattering
(DIS) to regions of small Bjorken-(z ~ 10~°) at moderate four momentum transférs of a
few GeVZ. This is the region of high parton densities in the protormutmted by gluons and
sea quarks. The larggp centre of mass energy available at smatjives rise to a large phase
space for long parton cascades exchanged between the pratdhe photon.

In perturbative QCD multiparton emissions are describdy with approximations, and in
different regions of? andx different QCD-based prescriptions are expected to descthib
radiation of partons. At largé)? the initial state radiation is described by standard DGLAP
evolution equations [1] which at leading order resumy In Q?)" terms. In this approach
the struck quark originates from a parton cascade ordereuitirality which is reflected by a
strong ordering in transverse momehtaof subsequent gluon emissions. At sufficiently small
values ofz the BFKL equation [2] should be applicable. In this approaiion the evolution
is dominated by large leadifgs In(1/x)]™ terms which are resummed to all orders. Here the
cascade is strongly ordered in fractional longitudinal reata, while there is no ordering in
transverse momentum of the partons along the ladder. Caeadpathe DGLAP scheme more
gluons with sizable transverse momentum are emitted neapribton direction. The CCFM
evolution [3] is an attempt to unify these two approachesinttbduces angular ordering of
emissions to correctly treat gluon coherence effects, lamslin the limit of asymptotic energies
the CCFM evolution equation is almost equivalent to the BRfiproach, while reproducing
the DGLAP equations for large and high?.

The dynamics of long parton cascades at small valuesttwve been tested at HERA in
inclusive measurements, however, the proton structurgifumF; is a too inclusive observable
to discriminate between different evolution approximasio Hadronic final states with jets in
DIS allow to measure observables sensitive to the kinensaticture of gluon emmisions. In
particular, properties of energetic jets of high transsem®mentum produced close to the pro-
ton remnant direction in the laboratory frame, referredst¢hee forward region, are considered
to be especially sensitive to the QCD dynamics at loy]. The selection of forward jets
with transverse momentum squared of the ordepoSupresses the contribution lf-ordered
cascades with respect tg-unordered processes. In addition, the phase space for BFKL
fects is enhanced when the fractional jet energy, = E;../E,, is required to be greater than
Bjorken«. HereE,.; and EJ, are the energies of the jet and the incomong proton reseéctiv

The angular decorrelatioA¢ in the azimuthal angle between the forward jet and the scat-
tered electron is one of the suggested signatures of BFKlamyes, which has not been sys-
tematically investigated with the HERA data so far. In thea@uParton Model (QPM) process
e+ q — e+ q the simple two-body kinematics constrains the scatterttrein and the forward
jet to be produced back-to-back and thus predicts at themp#etel A¢p = x. Hadronisation
effects may induce some smearing to this parton level piiedic As the rapidity separation
between the scattered electron and the forward jet incse@se expects decorrelation effects
since the phase space for additional gluon emissions ogenSalculations within the BFKL
approach, employing the BFKL kernel to next-to-leadingesrdccuracy (NLO BFKL), show
an increase of the azimuthal angle correlation when higtdgracorrections are included for a
fixed value of the rapidity distandé = In(z,.;/z) [5] . At the same time, as expected, the for-
ward jet and the outgoing electron become more decorrettede rapidity distance between
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them grows. Correspondingly, in the fixed-order matrix edatrcalculations for the two- and
three-jet cross section one expects much weaker decamedéfects with decreasing [6].

This paper presents measurements of the inclusive forwaorgss sections and normalised
distributions as a function of the azimuthal angle diffeei ¢ between the most forward jet
and the scattered electron in three bins of the rapidityrs¢ipa between them. The forward jet
cross section as a function of rapidity distance is alsostigated. In addition, measurements
of azimuthal correlations are studied for more exclusiymtogies of events with a forward jet
associated with a jet produced in the central region of therkory frame.

2 QCD-based Models

The measurements will be compared with predictions of M&@u#do (MC) programs which
model higher order terms by parton showers in the leadingrlttgn approximation or by quasi-
classical gluon radiation from colour dipoles. Differen€C\vent generators which adopt vari-
ous QCD approaches to model the parton cascade are used.

RAPGAP 3.1 [7] matches first order QCD matrix elements to D@Uased leading-log
parton showers with strong- ordering. The factorisation and renormalisation scalesat to
uff = 12 = Q* + p2, wherepy is the transverse momentum of the two outgoing hard partons.

DJANGOH 1.4 [8] with ARIADNE includes an implementation ot Colour Dipole Model
(CDM) [9] which has as its basic construct a dipole formedhmy $truck quark and the proton
remnant. Subsequent parton emissions originate from a ofadependently radiating dipoles
formed by emitted gluons. In this approach transverse meamehemitted gluons perform
a kind of random walk and in this sense CDM is a BFKL-type paogr The DJANGOH
predictions are referred to as CDM in the following.

CASCADE 2.0.1 [10] uses off-shell QCD matrix elements, dapgented with parton emis-
sions based on the CCFM evolution equation. In this paperdifferent sets of unintegrated
gluon density are used: sé&d with only singular terms of the gluon splitting function [[1dnd
set 2 including also non-singular terms [12]. Parametionatfor the unintegrated gluon density
are obtained using the CCFM evolution equation to deschibstructure functiod (x, Q?) as
measured at H1 [13] and ZEUS [14].

3 Experimental Method

3.1 Event selection

The data used for this analysis were collected in the 2000ingrperiods when positrons and
protons with energies of 27.6 GeV and 920 GeV, respectivaye collided, corresponding to
a centre of mass energy ofs = 319 GeV. The integrated luminosity of the data is 51.5 hb
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DIS events are selected by triggers based on electromagmetigy deposits in the SPACAL
calorimeter and the presence of charged particle trackseircentral tracker. The event kine-
matics are defined by inelasticity virtuality Q? and Bjorkenz. They are calculated from the
4-vectors of the incoming and scattered electron. The dateeatricted to the kinematic range
defined by :

the energy of the scattered electBn> 10 GeV

the polar angle of the scattered electid6° < 6, < 175°

0.1 <y<0.7
5 < Q? < 85 GeV?

0.0001 < z < 0.004

Jets are identified from combined calorimeter and track aibjasing thek, cluster al-
gorithm in the longitudinally invariant inclusive mode [[1&pplied in the Breit frame. The
reconstructed jets are then boosted to the laboratory frarhe selection further requires the
reconstruction of at least one forward jet satisfying tHiefaing criteria in the laboratory frame:

the transverse momentum of the jet;., > 6 GeV

the polar angle of the j&t < 6,., < 20°

the fraction of the proton’s energy of the jet; = E;../E, > 0.035

0.5 < pje /@ <6

The last condition supresses the phase space for DGLAPt@mlThe upper cut Op%jet/Qz

is chosen to reduce migrations in the analysed phase spgioa revhich are related to the
limited resolution of ther ;. measurement. The selection of forward jets with large ivaet
energyz,.;, such thats;.,; > x, enhances the phase space for BFKL effects. If there is more
than one jet fulfilling the above requirements, the most odhjet is chosen.

Data are presented as differential cross sections as adonutthe azimuthal angle dif-
ferenceA¢ between the scattered electron and the most forwardigetd(A¢) in bins of the
rapidity separatiory” between them. The rapidity distance between the scattézetten and
the forward jet is defined @ = In(x;.;/x), which corresponds to the evolution parameter in

. . |
the BFKL formalism. For the selected data sample normak$egbe distributions-do /dA¢
g

are also determined, where the normalisation is to the totals section in a given bin of.
Furthermore, the inclusive forward jet cross section issuezd as a function df. Another
data sample, called "forward jet + central jet” sample, ileced by requiring a forward jet
satisfying the same selection criteria as above to be acaoieg by a jet in the central region
of the laboratory frame. The additional jet is required tgéha transverse momentum abave
GeV and to lie in the pseudoprapidity regierl < n;., < 1. These selection criteria provide
further constraints on the kinematics, control backgrofnooh radiative QPM-like events and
reduce effects of soft parton radiation.
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3.2 Correction procedure and systematic uncertainties

The data are corrected to hadron level using a bin-by-birection procedure employing event
samples generated with the RAPGAP and DJANGOH MC progrardshaming passed the
H1 detector simulation. The correction factors are catedlas the ratio of the CDM model
prediction at the non-radiative hadron and radiative detelevels. The uncertainty in the
correction factors between the two MC models is includedhédystematic error.

For each data point of the measured distributions the wio&igs from different sources
are added quadratically. The following sources of systenuaitcertainty are considered :

- The model dependence of the bin-by-bin acceptance camscieads to systematic un-
certainties of betwee?; and15% for the forward jet cross section.

- The LAr hadronic energy scale uncertainty4dt gives rise to an uncertainty 6f% to
12% in the measurements of the forward jet cross section.

- The uncertainty on the electromagnetic energy scale oBBPARCAL of 1% results in an
uncertainty of the forward jet cross section bel.

- The uncertainty on the polar angle measurement of theesedtelectron of % has neg-
ligible effect on the cross section measurements.

- The uncertainty on the determination of the trigger efficiefrom the data , using moni-
tor trigger samples, leads {8 — 5)% uncertainty on the cross section measurements.

- The measurement of the integrated luminosity is accurétemi.5%.

The model uncertainty gives the largest contribution tottital systematic error. The total
uncertainty, consisting of the statistical and systematizertainties added quadratically, is es-
timated to be within8 — 15)% for the inclusive forward jet cross section afid- 15)% for the
"forward jet + central jet” cross section.

4 Cross Sections

4.1 Inclusiveforward jet cross sections

The inlusive cross sectiafv /dA¢ as a function of the azimuthal angle differente between

the scattered electron and the most forward jet is shown urdid. for three intervals of the
rapidity distance Y2.0 < Y < 34,34 <Y < 4.25and4.25 <Y < 5.75. As expected,

at higher values of Y, corresponding to a lower range in B}aek, the forward jet is more
decorrelated from the scattered electron.

The predictions of three QCD-based models with differermtantying parton dynamics are
compared with the data. Predictions of RAPGAP, which immetrDGLAP evolution, fall
below the data, particularly at lower values of BjorkenC€alculations based di--factorisation

4
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and the CCFM equation, labelled CASCADE, clearly overesterthe measured cross section
in the two lowest” intervals, but are only slightly above the data in the highemterval. Here
set A0 of the CASCADE program is used. The cross section is destivest by the BFKL-
type MC program, labelled CDM, in which gluon radiation isxgeated by the Colour Dipole
Model.

The shape of\¢ distributions,—do /dA¢, is compared to different MC predictions in the
g
lower part of figure 1, where the normalised ratio R of MC tecedatshown :

1 dO'MC
oMC g Ao

1 do.data :
O-data dA¢

(1)

The normalisation of the data points resultsin= 1 with statistical and total error bars
given in percentages.
The ratio plots show that in the analysed phase space rdgashape of thé\¢ distributions is
well described by all MC models. This observable alone cadisariminate between DGLAP
and BFKL dynamics. In figure 2 it is shown that for the RAPGAPd®alp with strong ordering
in transverse momenta of subsequent parton emissionshdipe ®f the distributions ikh¢ is
only slightly changed when parton showers are switchedldfifs may indicate that the forward
jet originates mainly from one of the two partons of the firdley QCD matrix elements. In
this approach the forward jet satisfying the selectioredat is only rarely initiated by hard
emissions from the parton shower.

Data presented in figure 3 indicate that predictions of th€K@nodel are sensitive to the
choice of unintegrated parton density functions. 8etwith only singular terms of the gluon
splitting function and se? including also non-singular terms give quite differentdiciions
for the differential cross sections in all analysgdntervals and for the normalised distribu-
tions at higher values of Bjorken- Set 2 gives a reasonable description of the measured cross
sections in the two lowest™ intervals except for the region of largep, however it fails at
highestY'. At lower Y the shape of thé\¢ distributions is not reproduced by this choice of the
unintegrated gluon density. In the analysed phase spammregt 2 describes the normalised
distributions well, but only in the highest interval gives a reasonable description of the cross
sectiondo/A¢. It suggests that HERA data on the azimuthal forward jetetations, the dif-
ferential cross sections as well as the normalised digiabs, can help in the determination of
the unintegrated gluon density of the proton based on theMC&F®lution.

The inlusive cross sectiofv /dY" as a function of the rapidity separatidoh = In(xz /)
between the most forward jet and the scattered electroroisrsin figure 4. The CDM model
gives an excellent description of the data in the whole igpdistanceY. The predictions of
RAPGAP fall below the data everywhere, but approach themjaké&« increases. CAS-
CADE with setA0 describes the data only in the high&sinterval. At larger rapidity distance
Y, corresponding to low values of Bjorken-predictions of the MC models, CDM and Cas-
cade, with parton emissions non-ordered in transverse miumedescribe the data well.
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4.2 Forward jet and central jet cross sections

The differential cross sectiofv /dA¢ as a function of the azimuthal angle differenke be-
tween the scattered electron and the most forward jet farteweith the forward jet associated
with a jet reconstructed in the central region is shown inrBga The cross section is measured
in two intervals of the rapidity separation ¥:0 < Y < 4.0,4.0 <Y < 5.75.

For this topology it is required that both jets satisfy stteccriteria as described in section
3.1. The additional central jet is demanded to have a large itgmdparation from the most
forward jet, An = (fwgjet — Neenjet) > 2.0. This condition enhances the phase space for
additional parton emissions between the two jets. If theraare than one central jet, then the
one which is most backward is chosen.

From figure 5 it is observed that at lowgrthe predictions of CDM and RAPGAP describe
the cross section reasonably well. At highCascade (set0) is in best agreement with the
data, RAPGAP and CDM predictions are below the measurea sexgion within two standard
deviations. The ratio plots, displayed in the lower part gtife 5, show that the shape Af»
distributions is well described by all MC models, in analdgyhe more inclusive measurements
of the previous chapter.

5 Conclusions

Measurements of DIS events at l@ containing a high transverse momentum jet produced
in the forward direction are presented. Differential cresstions and normalised distributions
are measured as a function of the azimuthal angle differénc@nd the rapidity distnac¥
between the forward jet and the scattered electron. Iyegstns of azimuthal correlation are
performed in different regions of the rapidity separati@tvieen the most forward jet and the
outgoing electron, for the inclusive forward jet sample &devents with the forward jet as-
sociated with a centrally produced jet. To test the sensbitthe measured observables to
QCD dynamics at low: the data are compared to QCD models with different partotugon
approaches.

Measurements of the cross sections show that at large tgp&haration between the for-
ward jet and the outgoing electron, corresponding to loweslbf Bjorkenz, parton emissions
non-ordered in transverse momentum are important. QCD Im@dech include such mecha-
nism, like the CCFM model and the BFKL-type CDM model, pravluktter descriptions of the
data. In the analysed phase space region the cross sedtipA® anddo/dY are sensitive to
smallz effects and can discriminate between different QCD appresc

The normalised shape distributions 4 (eq. 1) however do not discriminate between
different QCD parton dynamics approaches. They are welirde=d by BFKL-type, CCFM
or DGLAP models. Monte Carlo investigations within the DGR Aramework indicate that
partons from first order QCD matrix elements are tagged asaifat jets in the phase space
investigated here. Data on the azimuthal forward jet cati@hs, cross sections as well as
shape distributions, can help in determination of the wgrdted gluon density of the proton
based on the CCFM evolution.
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Forward jet azimuthal correlations
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Figure 1: The inclusive forward jet cross section as a famctif the azimuthal angle difference
A¢ between the scattered electron and the most forward jetr@e timtervals of the rapidity
distanceY’ = In(zj.;/x). The inner error bars denote the statistical uncertaiatigsthe outer
error bars show the statistical and systematic uncertgiatiided quadratically. The systematic
error due the uncertainty of the hadronic energy scale isstsgparately as band around the
data points. The predictions of three QCD-based modelsisi®a in the text are shown. In the
lower part of the figure the normalised ratio of the theorydprgon to data is shown.
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Figure 2: Predictions of the QCD-based model RAPGAP for threnalised forward jet cross
.1 .
section—do /dA¢ with parton showers on and off.
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Figure 3: The inclusive forward jet cross section as a famctif the azimuthal angle difference
A¢ between the scattered electron and the most forward jetr@e timtervals of the rapidity
distanceY = In(z;./z). The data are compared to the predictions of CASCADE with two
different sets of unintegarted gluon densities.
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Figure 4: The inclusive forward jet cross sectidrn/dY as a function of the rapidity distance
between the most forward jet and the scattered eledtroa In(xz,.;/z). The predictions of
three QCD-based models discussed in the text are shown.ellowrer part of the figure the
normalised ratio of the theory prediction to data is shown.
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Figure 5: The differential cross sectidn /dA¢ as a function of the azimuthal angle difference
A¢ between the scattered electron and the most forward jetviemts with the forward jet
associated with a jet reconstructed in the central regidre gredictions of three QCD-based
models discussed in the text are shown. In the lower parteofigfure the normalised ratio of
the theory prediction to data is shown.
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