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tering at low photon virtualityQ2 is measured with the H1 detector at HERA.
For inclusive DIS events with a forward jet, produced close to the proton remnant, differential
cross sections and normalised distributions are measured in the laboratory frame as a function of
the azimuthal angle difference,∆φ, between the forward jet and the scattered positron in bins of
the rapidity distance,Y, between them.
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1. Introduction

The HERAepcollider has extended the available kinematic range for deep-inelastic scattering
(DIS) to regions of the Bjorken scaling variable,x, as small as 10−5 at moderate values of photon
virtualities Q2 of a few GeV2. At low x a parton in the proton can induce a QCD cascade before
an interaction with the virtual photon. Several perturbative QCD-based approaches are available
to describe the dynamics of the parton evolution process. In the standard DGLAP evolution [1]
partons emitted in the cascade are strongly ordered in transverse momentum,PT, measured with
respect to the proton direction. At small values ofx a transition is expected from DGLAP to BFKL
dynamics [2] in which there is no ordering inPT of the partons along the ladder. The CCFM [3]
evolution aims to unify the DGLAP and BFKL approaches. It introduces angular ordering of
gluone emissions to implement coherence effects.

Hadronic final state observables are sensitive to the dynamics of QCD processes and are thus
expected to discriminate between different evolution approximations. To search for deviations
from thePT ordering measurements of DIS events with energetic jets of high transversemomentum
produced close to the proton direction in the laboratory frame, referred toas the forward region,
have been performed. The distribution of the azimuthal angle difference,∆φ, between the forward
jet and the scattered electron may show sensitivity to the underlying physics inthe evolution of
the parton cascade [4]. In this talk the study of the H1 Collaboration on the azimuthal correlation
between the forward jet and the scattered positron in DIS at lowx is presented [5].
Studies of the transverse momentum spectrum of charged particles have been proposed [6] as a
more direct probe of the underlying parton dynamics. The high transverse momentum region is
expected to be sensitive to parton evolution effects, while at lowPT hadronisation is expected to be
more relevant. The charged particle densities measured in the hadronic centre-of-mass system as a
function of pseudorapidity (η ∗) and transverse momentum (P∗

T) are presented [7].

2. QCD calculations

The measurements presented are compared with predictions of Monte Carlo (MC) generators
which implement various QCD models. RAPGAP [8] matches first order QCD matrix elements
to DGLAP based leading-log parton showers withPT ordering. The factorisation and renormali-

sation scales are set toµ f = µr =
√

Q2 + p2
T, wherepT is the transverse momentum of the two

outgoing hard partons in the centre-of-mass of the hard subsystem. DJANGOH/ARIADNE is an
implementation of the Colour Dipole Model (CDM) [9] in which the parton emissionsperform
a random walk inPT such that CDM provides a BFKL-like approach. CASCADE [10] uses off-
shell QCD matrix elements, supplemented with gluon emissions based on the CCFM evolution
equation [3]. In these analyses two different sets of unintegrated gluondensity (uPDF) are used
(see [10]): set A0 with only singular terms of the gluon splitting function and J2003-set 2 includ-
ing also non-singular terms. The Herwig++ [11] MC program combines the full matrix element
including virtual corrections atO(αS) with a DGLAP-like parton shower simulation. Here the
parton branching is based on colour coherence to suppress branchings outside an angular-ordered
region of phase space. For the hadronisation, the Lund string fragmentation [12] is used, as im-
plemented in JETSET [13] for DJANHO/ARIADNE and in PYTHIA [14] for RARAPGAP and
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CASCADE. In the study of charged particle production three sets of fragmentation parameters are
compared to the data: parameters tuned by ALEPH [15], by the Professortuning tool [16] and
default PTYHIA6.624 fragmentation parameters. Herwig++ incorporatesthe cluster model [17]
of hadronisation. In the forward jet analysis the data are also compared tothe fixed order NLO
DGLAP predictions of the NLOJET++ program [18].

3. Forward jet azimuthal correlations

The analysis phase space is restricted inQ2, x and inelastictyy: 5 < Q2 < 85 GeV2, 0.0001<

x < 0.004, 0.1 < y < 0.7. Events with at least one forward jet satisfying the following cuts in the
laboratory frame are selected:PT,fwdjet > 6 GeV, 1.73< ηfwdjet < 2.79,xfwdjet = Ef wd jet/Ep > 0.035
and 0.5 < P2

T,fwdjet/Q2 < 6. Hereηfwdjet is the pseudorapidity of the forward jet. The last two cuts
aim to enhance the effects of BFKL dynamics and suppress the DGLAP evolution.

The forward jet cross sectiondσ/d∆φ as a function of the azimuthal angle difference∆φ be-
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Figure 1: Differential forward jet cross section as a function of∆φ in three intervals ofY compared with
the predictions of different QCD-based models. The systematic error due to the uncertainty of the hadronic
energy scale is shown by the shaded band.

tween the most forward jet and the scattered positron is shown in Figure 1 for three intervals of
the positron-jet rapidity distanceY. At higher values ofY the forward jet is decorrelated from the
scattered positron. The predictions of three QCD-based models with different underlying parton
dynamics are compared with the data. The cross sections are well described in shape and normal-
isation by the BFKL-like CDM model. Predictions of RAPGAP, labeled DGLAP, fall below the
data, particularly at largeY. Calculations in the CCFM scheme as implemented in CASCADE,
using the uPDF set A0 with only singular terms of the gluon splitting function, overestimate the
measured cross section for large∆φ values in the two lowestY intervals. However, this model
provides as good a description as CDM of the data in the highestY interval. The ratioR of MC to
data for normalised cross sections shows that the shape of the∆φ distributions is described equally
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well by all MC models and cannot discriminate between different QCD dynamics.
Predictions of the CCFM model shown in Figure 2 indicate a significant sensitivity to the choice
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Figure 2: Differential forward jet cross section as a function of∆φ in three intervals ofY compared to the
predictions of CASCADE(CCFM) with two different uPDF.

of the uPDF. The set A0 is the same as in Figure 1. Predictions using J2003-set 2, marked set 2, do
not describe the data in normalisation especially at highY and in shape especially at lowY.

DGLAP predictions atO(α 2
S) accuracy of the NLOJET++ program presented in Figure 3 are

in general below the data, but still in agreement within the large theoretical uncertainties indicating
that in this phase space region higher order contributions are expected tobe important.
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Figure 3: Differential forward jet cross section as a function of∆φ compared to NLO QCD predictions.

4. Charged particle production

The kinematic range of the analysis covers 5< Q2 < 100 GeV2, 0.0001< x< 0.01 and 0.05<

y < 0.6. The study is performed in the virtual photon-proton rest frame, the positive z∗ axis is
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defined by the direction of the virtual photon. The charged particle densities as a function ofη ∗

measured separately forP∗

T < 1 GeV and for 1< P∗

T < 10 GeV are presented in Figure 4.
In the softP∗

T region, the density of particles is almost flat for 1< η ∗ < 3.5. In the hardP∗

T
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Figure 4: Charged particle density as a function ofη ∗ for P∗

T < 1 GeV (left plot) and for 1< P∗

T < 10 GeV
(right plot) compared with predictions of different QCD-based models.

region the density increases with increasingη ∗ up to η ∗
≈ 2.5 GeV, a behaviour expected from

the strong ordering of transverse momentum towards the hard scattering vertex. The predictions
of four models with different approaches for QCD radiation are compared to the data. At small
P∗

T , the data are reasonably well described by DJANGOH based on the CDM model, as well as the
DGLAP-based MC RAPGAP and Herwig++. CASCADE predicts too high multiplicities in most
of the measuredη ∗ range. At highP∗

T , the strong sensitivity to the QCD dynamics is observed.
DJANGOH provides the best description of the data. RAPGAP and Herwig++ strongly undershoot
the measurements, while CASCADE is significantly above the data.

To check the sensitivity to hadronisation effects, the RAPGAP predictions for three different
sets of fragmentation parameters are compared to the data in Figure 5. At lowP∗

T significant
differences between these three samples are seen and the data are bestdescribed by the ALEPH
tune. At largeP∗

T they give similar results but none of them describes the data.
In Figure 6 the charged particle densities as a function ofP∗

T are shown for two pseudorapidity
intervals, 0< η ∗ < 1.5 and 1.5< η ∗ < 5.0, referred to as the “central region” and “current region”,
respectively. Such division approximately defines the regions where thesensitivity to the hard
scatter is large (current region), and where the effects of parton shower dynamics can be tested
(central region). The proton target region,η ∗ < 0, is not accessible in this analysis.
The shapes of the measuredP∗

T distributions in the two pseudorapidity ranges are similar. The
predictions of four QCD-based models with different underlying parton dynamics are compared
with the data. DJANGOH provides a reasonable desription of the data, only at high P∗

T in the
current region deviations from the measurement are observed. The other models fail to describe
the data, with the strongest deviations being observed in the central region.
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Figure 5: Charged particle density as a function ofη ∗ for P∗

T < 1 GeV (left plot) and for 1< P∗

T < 10 GeV
(right plot) compared to RAPGAP predictions for three different sets of fragmentation parameters.
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Figure 6: Charged particle density as a function ofP∗

T in the ranges 0< η ∗ < 1.5 (left plot) and 1.5 < η ∗ <

5.0 (right plot) compared with predictions of different QCD-based models.

5. Conclusions

Recent measurements of the hadronic final states in DIS at lowQ2 sensitive to the dynamics of
parton evolution as well as to different hadronisation schemes performedby the H1 Collaboration
were discussed. They include the study of the azimuthal correlation in the production of forward
jets, produced close to the proton direction, and also investigations of the charged particle densities
as a function of pseudorapidity and transverse momentum.

Differential forward jet cross sections and normalised distributions are measured in the labora-
tory frame as a function of the azimuthal angle difference between the forward jet and the scattered
positron for different regions of the rapidity sepatation between them. Thecross sections are best
described by the BFKL-like Colour Dipole Model, while the DGLAP-based RAPGAP model is
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substantially below the data. The CCFM-based CASCADE predictions depend strongly on the un-
integrated gluon density. The shapes of the∆φ distributions are equally well described by leading
order Monte Carlo models with different QCD evolution schemes.The fixed order NLO DGLAP
predictions are in general below the data, but still in agreement within the large theoretical uncer-
tainties.

The transverse momentum and pseudorapidity distributions of the charged particles are mea-
sured in the hadronic centre-of-mass system. The data are compared to QCD-based models with
different parton evolution dynamics and with different hadronisation schemes. ThePT-ordered par-
ton shower modelled by RAPGAP as well as Herwig++, which also uses the cluster fragmentation
model, are below the data especially at highP∗

T and lowη ∗. The CCFM-based CASCADE predicts
in most regions of phase space higher particle densities than observed in the data. The CDM model
is the best among the considered models and provides a reasonable description of the data.
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