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Abstract

The production of jets with lowPT , mini-jets, in deep inelastic electron-proton scattering
is studied. The analyses uses data taken with the H1 detectorat HERA during the years
1999 to 2000. Mini-jet multiplicities are presented as a function of thePT of the leading
jet in bins ofη andQ2. The analysis is performed for an inclusive jet sample, and for a
dijet sample, where the second jet is required to have an azimuthal angle larger than 140
degrees with respect to the leading jet. The dijet sample is split into two samples which
are enhanced in direct photon and resolved photon processes, respectively. The results are
compared to various QCD based models.



1 Introduction

In electron-proton scattering the partonic content of the exchanged virtual photon may be re-
solved if thePT of the interacting partons is larger thanQ2 and thereby the photon will behave
like a hadronic object. Thus, similar to hadron-hadron scattering there will be a certain proba-
bility that collisions between the resolved photon and the proton involve more than one parton
interaction, multiple interactions (MI). Previous measurement in photoproduction at HERA [1]
have shown that only models with MI give a satisfactory description of the data. This analysis
constitutes the first study of possible MI in DIS from measurements of lowPT jets produced in
addition to the leading jet(s) of the event.

2 Analysis method

The basic principle of the analysis is to define regions in phase space where contributions from
the final state products originating from the hard primary interaction are expected to be small.
The starting point is therefore to define and isolate the leading jet(s) from the hard primary
interaction and investigate the remaining regions for additional activities, which in this analysis
comprise the presence of mini-jets. The basic concept follows closely the one used by the
CDF collaboration at the TEVATRON [2], in which case generalevent parameters have been
investigated. In this analysis two different event samplesare studied;inclusive jet events and
dijet events, of which the latter constitutes a subsample of the inclusive sample. The analysis
procedure is the following:

Inclusive jet sample: The leading jet is identified and reconstructed using thekt-algorithm [3]
in the hadronic center-of-mass frame h.c.m. rest frame. Thejet with the highest transverse mo-
mentum in the h.c.m. rest frame is taken as the leading jet. The leading jet axis defines the
azimuthal angle∆φ∗=0 1. The region|∆φ∗| < 60o is defined as the ’toward region’, and is ex-
pected to contain all particles belonging to the leading jet. The angular region|∆φ∗| > 140o is
called the ’away region’. The transverse regions,60o < |φ∗| < 120o are those where contribu-
tions from the primary collision should be small and the effects from additional activities should
be most visible. Event by event a ’high activity’- and a ’low activity’ regions are defined, de-
pending on which region contains the most and least transverse momentum, respectively. These
four regions are shown. in Figure 1

Dijet sample: The dijet sample includes events having at least two jets, where the two
reconstructed jets are required to be almost back-to-back.The leading jet is again defining
∆φ∗=0, whereas the jet axis of the jet with the second highest transverse momentum, the sub
leading jet, is restricted to be inside the ’away region’, Figure 1b . This leaves some angular
space to accommodate the transverse spread of the jet withinthe ’away region’.

In the inclusive sample, contributions from higher order processes are expected to be higher
than in the dijet sample, where the requirement of back-to-back jets limits the phase space for
additional radiation. In any case, possible contributionsfrom initial state radiation, or higher

1Observables in the h.c.m. frame are labeled with∗.
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order processes, have to primarily fall into the hemisphere, which is opposite to that where
the ’second’ jet proceeds, in order to restore the momentum balance. In cases where a third
jet ends in any of the transverse regions, this is most frequently the ’high activity region’.
Thus contributions from initial or final state radiation areexpected to fall primarily into the
’high activity region’. Since beam remnant interactions and multiple parton scattering to first
approximation should be independent of the primary interaction, the final state products may
occupy any of the regions, but should be more visible in the ’low activity region’. Finally,
the difference between the ’high’ and ’low’ activity regions should correspond to higher order
emissions.

3 Event Selection

The analysis is based on data taken with the H1 detector in 1999/2000 using colliding positrons
and protons at energies of 27.5 GeV and 920 GeV, respectively. This gives a center-of-mass
energy of

√
s = 319 GeV. The data collected corresponds to an integrated luminosity of 57.4

pb−1.

Deep inelastic scattering (DIS) events are selected by requiring a highly energetic positron in
the SPACAL calorimeter,

E
′

e > 9 GeV

156◦ < θe < 175◦,

whereE
′

e and θe is the energy and polar angle of the scattered positron, respectively. The
photon virtuality,Q2, and the inelasticity,y, are determined using the electron method [4] and
must fulfill

5 GeV2 < Q2 < 100 GeV2

0.1 < y < 0.7.

The invariant mass of the hadronic final state W is obtained from the relation W2 = Q2( 1
xbj

− 1)

and is required to be higher than 200 GeV in the h.c.m. system,in order to enhance smallxbj

contributions and to increase the probability of mini jet production.

The inclusive jet sample consists of events that contain at least one jet, whereas the dijet sample
includes events with at least two jets. For both samples the jet with the highest transverse
momentum is chosen as the leading jet and in the dijet sample the sub leading jet has to fulfill
the requirement|∆φ∗

ls| = |φ∗

lj − φ∗

sj| > 140◦, whereφ∗ is the jet azimuthal angle and the labels
lj andsj denotes the leading and sub leading jets, respectively. Thejets are reconstructed by
the inclusivekt-algorithm [3] in itspt weighting scheme , applied to combined object of tracks
and calorimetric clusters [5] in the h.c.m. rest frame. To ensure a good jet reconstruction it is
required that the leading and sub leading jets must fulfill -1.7 < ηlab < 2.79 andP (∗)

T > 5 GeV.
Here, the pseudo-rapidity is given byηj = −ln(tan(θj/2)), whereθj is the polar angle of the
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jet in the lab frame, andPT is the transverse energy of the jet. ThePT cut is applied both in lab
and h.c.m. rest frame.

Mini-jets are reconstructed with the same jet algorithm as the leading jets and within the same
ηlab region. However, the minimum transverse momentum of a mini-jets is specified as 3 GeV
both in lab and HCM frame .

4 QCD Models

Several MC generator have been used for comparisons with thedata.

RAPGAP [6] includes standard leading order cross section for direct and resolved photon in-
teractions together with initial and final state radiation obtained from the DGLAP evolution
equations. RAPGAP does not include any model for multiple interactions.

ARIADNE [7] is based on the colour dipole model, CDM, to simulate the QCD parton cascade.
Since the colour dipoles radiate independently there is no ordering in the transverse momenta of
the emitted partons as there is in the DGLAP evolution. For these two MC programs DJANGO
[8] is used to provide an interface to HERACLES [9] for radiative QED corrections.

PYTHIA6.224 generator [10,11] uses leading orderαS matrix elements supplemented by initial
and final state radiation generated according to the DGLAP evolution scheme in the leading
logarithm approximation. Two options are considered in this paper, PYTHIA without MI ,
refered to as PYTHIA, and PYTHIA including MI, denoted PYTHIA MI.

All three MC generators above describe the hadronization according to the Lund string frag-
mentation model using JETSET [12].

HERWIG [13–15] uses first orderαS matrix elements together with the parton-shower approach
for initial- and final-state QCD radiation, including colour coherence effects and azimuthal
correlations both within jets and between jets. Hadronization is performed according to the
cluster hadronization model. An underlying event structure similar to that of a minimum-bias
collision may be superimposed on the hard emission. In this analyses 0% and 10% probability
of SUE are simulated for the resolved part, and will be refered in this paper as HERWIG and
HERWIG 10%SUE respectively.

5 Correction Procedure and Systematic Uncertainties

The Data are corrected for limited detector resolution and acceptance using a bin-by-bin pro-
cedure. Correction factors are determined using detector simulated events, generated by the
Monte Carlo programs RAPGAP and DJANGO with ARIADNE, where QED radiation has
been taken into account. The correction factors are in the range 0.8-1.4.

The systematic uncertainties considered in this analysis are coming from the following sources:
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• The systematic error from the uncertainty in the hadronic energy scale of the LAr calorime-
ter is 4%.

• The systematic error from the uncertainty in the hadronic energy scale of the hadronic
SPACAL calorimeter is 7%.

• The uncertainty in the absolute value of the electromagnetic energy scale contributes a
systematic error of around 1%.

• The momenta of charged tracks measured by the central drift chamber have an accuracy
of ± 3%.

• The scattering angle of the electron is measured to an accuracy of±1 mrad.

• The positron energy has been varied by± 1%

• The systematic uncertainties in the correction factors dueto model dependence is the half
of the difference between the correction factors obtained by RAPGAP and DJANGO.

The largest systematic uncertainties are obtained from thecorrection factors due to the model
dependence which can be as large as 20 %. All systematic uncertainties and the statistical error
are combined in quadrature to get the total error of the measurement.

6 Results

6.1 The inclusive sample

The multiplicity of mini jets,< Nminijet >, for the inclusive sample in the twoη regions of the
leading jet and in three bins ofQ2 are shown in Figs. 2- 7 as a function ofP

(∗)
T of the leading

jet. The following can be noticed:

The toward and away regions: All the different MC models, with or without MI/SUE, describe
the ’toward region’ well in allQ2 bins (Figs. 2- 7, a-c), indicating that such contributions are
non-significant in these regions. In the ’away region’ thereis an overall reasonable agreement
for all models. Also in ’the away region’ the difference between PYTHIA with and without MI
and HERWIG with and without SUE is very small, as expected.

The high activity region: The predictions of< Nminijet > by the MC models including no
MI/SUE are generally too low in allQ2-bins both for central and forward rapidities (Figs. 2-
7, g-i). PYTHIA+MI describes the data points fairly well in the lowestQ2-bin and somewhat
less well in the higherQ2-bins, again for both regions in rapidity (Figs. 3,6, g-i). Adding 10%
SUE to HERWIG improves the agreement with data significantlybut is not quite enough to
reproduce the data, especially in the central rapidity region (Figs 4,7, g-i).

The low activity region: The MC models with no MI included, significantly undershootsthe
data in allQ2 bins for both forward and central rapidities (Figs. 2- 7, j-l). These deviations

4



clearly increase with decreasingQ2-values. PYTHIA+MI gives a much better description of
the data (Figs. 3,6, i-l), although the deviations are stilllarge in the highestQ2-bin. HERWIG
10%SUE does even better (Figs. 4,7, i-l). The behaviour of MC:s is consistent with an increased
contribution from resolved photon events with decreasingQ2, and thereby higher contributions
from MI or SUE.

6.2 Dijet sample

In Figures 8- 10< Nminijet > is shown as a function ofP (∗)
T of the leading jet in the dijet

sample, for two regions ofxγ wherexγ is the fraction of the photon energy carried by the parton

involved in the hard scattering andxγ =
P ∗

T,lj
exp(η∗

lj
)+P ∗

T,sj
exp(η∗

sj)

2E∗

γ
. The following observations can

be made:

The toward and away regions: As for the inclusive sample the predictions of the model are
consistent with the data in both the ’torward region’ (Figs.8- 10, a-b), and in the ’away region’
(Figs. 8- 10, c-d).

The high activity region: The standard QCD model predictions are closer to data for direct
photon processes (Figs. 8- 10, f) than for resolved (Figs. 8-10, e), where they are generally too
low. PYTHIA tends to fall below the data points, although theinclusion of MI improves the
agreement (Figs. 9, e-f). With 10% SUE, HERWIG provides a resonable description of the data
for resolved processes (Fig. 10e) but fails completely to reproduce the data for direct processes
(Fig. 10f).

The low activity region: Predictions of the models with no MI/SUE fall too low for resolved
processes (Figs. 8- 10, g), whereas they describe direct processes much better (Figs. 8- 10, h).
PYTHIA without MI also gives too low multiplicities forxγ < 0.7 but describes the data quite
well if MI is included (Fig. 9g). Forxγ >0.7 the agreement is acceptable (Fig. 9h). HERWIG
needs 10% SUE in order to reproduce the data both for resolvedand direct photon processes
(Figs. 10, g-h).

7 Conclusions and discussion

A study of mini jets in deep inelastic electron proton scattering has been performed with the
aim of finding evidence for hadronic activities in excess to those expected from the primary
interaction. An overall good description of the data in ’thetoward region’ and ’the away region’
is given by all models for both the inclusive sample and the dijet sample, which proves that the
models are able to describe the primary process. In ’the highactivity region’ the predictions
of the models without MI/SUE are generally undershooting the data for the inclusive sample
and for the dijet sample with resolved photon events. The inclusion of MI or SUE improves
the agreement significantly. In ’the low activity region’ the deviations between data and models
with no MI/SUE is even more significant than for ’the high activity region’, and again the
description improves drastically if MI/SUE is considered.
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Figure 1:The transverse regions, Toward and Away regions orientation.
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Figure 2: The average mini-jet multiplicity at the different ∆φ∗ regions in bins of Q2 as a
function of P ∗

T of the leading jet for the inclusive jet sample. The data is compared with the
CDM model (solid line) and Rapgap (dashed line).
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Figure 3: The average mini-jet multiplicity at the different ∆φ∗ regions in bins of Q2 as a
function of P ∗

T of the leading jet for the inclusive jet sample. The data is compared with Pythia
(solid line) and Pythia with MI (dashed line).
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Figure 4: The average mini-jet multiplicity at the different ∆φ∗ regions in bins of Q2 as a
function of P ∗

T of the leading jet for the inclusive jet sample. The data is compared with Herwig
(solid line) and Herwig 10%SUE (dashed line).
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Figure 5: The average mini-jet multiplicity at the different ∆φ∗ regions in bins of Q2 as a
function of P ∗

T of the leading jet for the inclusive jet sample. The data is compared with the
CDM model (solid line) and Rapgap (dashed line).

11



           HERA I
(Preliminary) 
           HERA I
(Preliminary) 

Pythia Pythia MI

1

1.1

1.2

 <	0.5  
lj
labηMini Jet Production.  Inclusive sample.  -1.7  < 

2 < 10 GeV25 < Q

T
o

w
ar

d

(a)
 H1 

2 < 25 GeV210 < Q
(b)

2 < 100 GeV225 < Q
(c)

0.5

1

A
w

ay

(d) (e) (f)

0.1

0.2

H
ig

h

 >
 M

in
iJ

et
 

< 
N

(g) (h) (i)

10 20
0

0.05

L
o

w

(j)

10 20

* (GeV)T, ljP

(k)

10 20

(l)

Figure 6: The average mini-jet multiplicity at the different ∆φ∗ regions in bins of Q2 as a
function of P ∗

T of the leading jet for the inclusive jet sample. The data is compared with Pythia
(solid line) and Pythia with MI (dashed line).
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Figure 7: The average mini-jet multiplicity at the different ∆φ∗ regions in bins of Q2 as a
function of P ∗

T of the leading jet for the inclusive jet sample. The data is compared with Herwig
(solid line) and Herwig 10%SUE (dashed line).
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Figure 8: The average mini-jet multiplicity at the different ∆φ∗ regions in bins of Q2 as a
function of P ∗

T of the leading jet for the Dijet sample. The data is compared with the CDM
model (solid line) and Rapgap (dashed line).
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Figure 9: The average mini-jet multiplicity at the different ∆φ∗ regions in bins of Q2 as a
function of P ∗

T of the leading jet for the Dijet sample. The data is compared with Pythia (solid
line) and Pythia with MI (dashed line).
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Figure 10: The average mini-jet multiplicity at the different ∆φ∗ regions in bins of Q2 as a
function of P ∗

T of the leading jet for the Dijet sample. The data is compared with Herwig (solid
line) and Herwig 10%SUE (dashed line).
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