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Abstract

Inclusive jet production in neutral current deep inelastic positron-proton scatter-

ing has been measured for boson virtualities Q2 > 25 GeV2. The data were taken

at the HERA collider with centre-of-mass energy
√

s = 300 GeV using the ZEUS

detector and correspond to an integrated luminosity of 38.7 pb−1. Jets were iden-

tified using the longitudinally invariant kT -cluster algorithm. Measurements of

differential inclusive jet cross sections are presented as functions of jet transverse

energy (Ejet
T ), jet pseudorapidity (ηjet), Q2 and Bjorken x with Ejet

T > 6 GeV

and −1 < ηjet < 3. The data are compared to leading-logarithm parton-shower

model predictions and next-to-leading-order QCD calculations using DGLAP

evolution and parametrizations of the proton parton distribution functions. Spe-

cial emphasis is given to the low Ejet
T forward-going (high ηjet) jets in order to

search for deviations at low Q2 and low x.





1 Introduction

The proton structure function F2 can be calculated in perturbative QCD given an initial

measurement via a set of renormalisation-group equations governing parton evolution.

These evolution equations can be resummed in order to predict how cross sections for

different processes change with Bjorken x (xBj) and photon virtuality (Q2). One example

of this resummation is the DGLAP equations [1], which have been tested and confirmed

extensively at HERA and other high energy experiments. In another approach, the leading

terms in ln(1/x) which appear in the evolution equations are resummed to yield the

BFKL equation [2]. This QCD treatment of the parton evolution is expected to describe

the HERA data better than DGLAP in the low xBj region of phase space. To test for

the onset of BFKL evolution, measurements are needed in the lowest xBj (low parton

momentum) regions of the HERA phase space.

This analysis explores the region where DGLAP parton evolution is not expected to be

valid in order to investigate whether any deviations found might be better characterized

by BFKL parton evolution. In the DGLAP formalism, the parton cascade that results in

the hard scattering of the virtual photon with a parton in the proton is ordered in the

parton virtuality. This ordering along the parton ladder implies an ordering in transverse

energy of the partons, with the parton resulting from the hard scatter having the highest

ET . In the BFKL formalism the partons are emitted democratically in virtuality and ET .

Since the partons emitted at the bottom of the ladder are closest in space to the outgoing

proton, they are manifested as forward jets. An excess of forward jets over the DGLAP

prediction would provide an opportunity to test the applicability of BFKL evolution [3,4].

In this paper, measurements of differential cross sections for inclusive jet production in

the laboratory frame of deep inelastic ep scattering are presented. The inclusive jet

cross sections are measured as a function of jet transverse energy, jet pseudorapidity, Q2

and xBj . The measurements are compared with leading-logarithm parton shower models

and next-to-leading order (NLO) QCD predictions based on DGLAP evolution. The jet

and kinematic cuts are designed to search for deviations at low Q2 and low xBj where

an excess of data over the DGLAP prediction could indicate an opportunity to test for

BFKL evolution.

2 Theoretical Predictions

The data are compared to predictions from the Monte Carlo programs ARIADNE [5]

and LEPTO [6], and to the NLO QCD calculations using the program DISENT [7]. The

Monte Carlo models include approximations for higher-order effects in the QCD cascade.
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However, the model dependence of these approximations can be large, and it is difficult to

draw firm conclusions about possible deviations of the measured cross sections with respect

to perturbative QCD predictions. ARIADNE models the QCD cascade with the color-

dipole model, which treats gluons emitted from the quark-antiquark pairs as radiation

from a color dipole between two partons. This causes the partons to not be ordered

in transverse momentum, yielding a partonic final state more similar to that predicted

by BFKL. The LEPTO Monte Carlo is based on first-order QCD matrix elements (like

ARIADNE) plus parton showers modelled as in the DGLAP formalism. In both cases,

fragmentation into hadrons was performed using the LUND [8] string model. Radiative

corrections were computed with DJANGO v1.1 [9], which interfaces the LEPTO and

ARIADNE Monte Carlo programs to HERACLES [10].

The DISENT calculation interfaces NLO matrix elements with parton density functions

(PDF’s) as calculated by CTEQ6 [11] to make parton level predictions of the cross sections.

The number of flavors is set to 5; the MS-scheme factorization and renormalisation scales

are set to Q2; αs(MZ) is set to 0.118. Comparison of the data with an NLO calculation is

a more reliable test of QCD than comparison with Monte Carlo models since the higher

order (NLO) process is treated analytically according to the rules of QCD. It has the

drawback, however, of being a fixed-order calculation, and no attempt is made within

the calculation at modeling the higher order corrections. The partonic cross sections are

corrected for hadronization effects using ARIADNE.

In this paper, two different NLO calculations are used to compare to the data in two

different phase space regions (defined below). Quark-parton model (i.e. single jet) events

are expected to dominate the first region; therefore, the DISENT predictions for this

region has LO = O(α0

s) and NLO = O(α1

s). The second phase space region is expected to

be dominated by the contributions from boson-gluon fusion and QCD Compton processes,

and the DISENT calculation has LO = O(α1

s) and NLO = O(α2

s). The uncertainty on

the NLO calculations due to the absence of higher-order terms is estimated by increasing

and decreasing the renormalisation scale by a factor of two. The uncertainty on the

NLO calculations due to the experimental uncertainties of each data set used in the

determination of the proton PDF’s is calculated making use of the results of the CTEQ6

analysis.

3 Data Selection and Jet Search

This analysis is based on data collected in the 1996-1997 running period where the center-

of-mass energy of the 820 GeV proton and 27.5 GeV positron beams was
√

s ∼ 300 GeV

and corresponds to an integrated luminosity of 38.7 ± 0.6 pb−1. The ZEUS detector is
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described in detail elsewhere [12]. Neutral current deep inelastic scattering events were

selected by requiring an isolated high-energy positron (E ′

e > 10 GeV) in the final state,

and cuts were applied using the uranium-scintillator calorimeter and central tracking

detectors in order to reject cosmic and charged current events and beam-gas background.

A cut on the E−pz of the event was made to reject photoproduction and radiative events.

The reconstruction of the kinematic variables used the angles of the scattered electron and

the hadronic system [13]. The hadronic angle γh, which corresponds to the direction of

the outgoing quark in quark-parton model events, was reconstructed with the calorimeter

measurement of the hadronic final state.

The jet search was performed on all calorimeter cells, excluding those belonging to

the scattered positron. Jets with transverse energy ET,jet > 6 GeV and pseudorapid-

ity −1 < ηjet < 3 were selected in the η − φ plane of the laboratory frame with the

longitudinally-invariant kT -cluster algorithm [14] in the inclusive mode [15], which groups

cells (or particles) according to their relative momenta into jets. The jet cross sections are

measured as functions of jet transverse energy ET,jet and pseudorapidity ηjet, and in kine-

matic variables Q2 and xBj . All data cross sections are corrected for detector acceptance

with ARIADNE, which is also used to calculate QED radiative effects.

Only events with Q2 > 25 GeV2 and y > 0.04 are considered in the measurement. The

analysis is performed twice: once in the full phase space given by the aforementioned

kinematic restrictions, and once with the requirements that the hadronic angle be found

in the rear part of the detector (cos γh < 0) and the jet(s) be found in the forward part of

the detector (ηjet > 0). The hadronic angle restriction is made in order to reject single-jet

events from the sample where the hadronic angle is aligned with an outgoing quark in the

forward direction (quark-parton model events). This cut has the advantage of enhancing

the dijet or multijet contribution, while not restricting the phase space of the current jet,

i.e. the jet at the top of the parton cascade closest to the hard interaction. Henceforth,

we will use the terminology ‘inclusive phase space’ and ‘dijet phase space’ to describe

these two kinematic regions.

4 Results

The differential inclusive jet cross sections in ηjet and ET,jet for the inclusive phase space

are shown in Figures 1 and 2, respectively. Because these jet cross sections are measured

inclusively, each jet contributes to the cross section and thus multijet events contribute

more than single-jet events. In the entire sample considered, 400,101 of the total 454,092

events are classified as single-jet events, yielding a contribution from dijets and multijets

of 12%. A study of the sources contributing to the systematic uncertainties (shown as

3



the thinner of the two error bars in the figures) revealed the dominant uncertainty to be

that due to the uncertainty in the acceptance correction. The systematic error bars do

not include a 1.6% uncertainty in the luminosity measurement. The uncertainty due to

the absolute energy scale of the jets (±3%) is shown separately as a shaded band in each

figure. The leading order Monte Carlo models can reproduce the shape and normalisation

of the data, but the relative difference between data and NLO calculation grows rapidly

in the forward region (high ηjet). For the cross section measured in ET,jet, the data are

about 20 − 25% above the NLO in the lowest ET,jet bins, and then approach the NLO

calculation at higher ET,jet. The measured dσ/dET,jet drops by 5 orders of magnitude in

the ET,jet range considered.

Cross sections in xBj and Q2 for events with one or more jets are given in Figures 3 and

4, respectively. The NLO calculation can describe the data well except in the lowest bins

of Q2 and xBj . The cross section in xBj turns over in the lowest xBj bins due to the lower

cutoff in Q2.

In order to reduce the contribution of quark-parton model events, the same cross sections

are shown in Figures 5-8 with the restrictions on the hadronic angle of the event and jet

pseudorapidity. The renormalization uncertainty is significantly larger for the dijet phase

space than for the inclusive phase space. For the dijet phase space, the data and the NLO

calculation agree within the renormalization-scale uncertainty for all variables.

5 Conclusion

Measurements of differential cross sections in ET,jet, ηjet, Q2 and xBj for inclusive jet

production in neutral current deep inelastic scattering have been presented using 38.7 pb−1

of ZEUS data. The low xBj region has been probed for events with Q2 > 25 GeV2 and

at least one jet with 6 GeV of transverse energy. Two phase space regions have been

studied: one inclusive region and one with an additional requirement on the hadronic

angle of the event (cos γh < 0) and a more limited window of jet pseudorapidity (ηjet > 0);

the restrictions imposed on the second phase space region enhance the dijet and multijet

contributions while not restricting the transverse energy of the current jet.

The leading-logarithm parton shower calculations can describe the shape of the data in

most variables, but the color-dipole model generally gives a better description of both the

data shape and normalization. An large excess of the data over the NLO is observed in

the jet cross section for the inclusive phase space at high jet η and low xBj . This excess

is reduced considerably in the dijet phase space where the cross section is dominated by

boson-gluon fusion events, but the theoretical uncertainty increases significantly. Accord-

ingly, the present theoretical limitations prevent establishing an environment suitable for
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decisive tests of BFKL dynamics in these data. Improved calculations, perhaps using the

BFKL approach, are needed to give a more accurate prediction in this region.

5



References

[1] V.N. Gribov and L.N. Lipatov, Sov. J. Nucl. Phys. 15, 438 (1972);

L.N. Lipatov, Sov. J. Nucl. Phys. 20, 94 (1975);

Yu.L. Dokshitzer, Sov. Phys. JETP 46, 641 (1977);

G. Altarelli and G. Parisi, Nucl. Phys. B 126, 298 (1977).

[2] E.A. Kuraev, L.N. Lipatov, V.S. Fadin, Sov. Phys. JETP 45, 199 (1977);
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Figure 1: a) Measured differential inclusive jet cross section dσ/dηjet for the
inclusive phase space. Ariadne (CDM) prediction given by the dashed line; Lepto
(MEPS) prediction given by the dotted line. The bold vertical error bars represent
the statistical uncertainties of the data, the thinner error bars show systematic
uncertainties added in quadrature, except for that associated with the uncertainty
in the absolute energy scale of the jets (shaded band). b) Relative difference of
the measured inclusive jet cross-section dσ/dηjet to the NLO DISENT calculation
with renormalisation scale µ2

R = Q2 The widely spaced hatched band shows the
renormalization scale uncertainty of the calculation. The thinly spaced hatched
band shows the PDF uncertainty.

7



10
-1

1

10

10 2

10 3

10 10
2

0.5

1

1.5

10 10
2

ZEUS

d
σ/

d
E

T
,je

t (
p

b
/G

eV
)

ET,jet (GeV)

d
at

a/
N

L
O

ZEUS (Prel.) 96/97

NLO Disent : O(αs
1)

Energy Scale Uncertainty

CDM : Ariadne
MEPS: Lepto

NLO : 0.5Q < (µr) < 2Q

NLO PDF Uncertainty

Figure 2: Measured differential inclusive jet cross section dσ/dET,jet for the
inclusive phase space. Other details as in the caption to Fig. 1.
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Figure 3: Measured differential cross section dσ/dxBj for events with one or
more jets in the inclusive phase space. Other details as in the caption to Fig. 1.
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Figure 4: Measured differential cross section dσ/dQ2 for events with one or more
jets in the inclusive phase space. Other details as in the caption to Fig. 1.
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Figure 5: a) Measured differential inclusive jet cross section dσ/dηjet for the dijet
phase space. Ariadne (CDM) prediction given by the dashed line; Lepto (MEPS)
prediction given by the dotted line. The bold vertical error bars represent the statis-
tical uncertainties of the data, the thinner error bars show systematic uncertainties
added in quadrature, except for that associated with the uncertainty in the abso-
lute energy scale of the jets (shaded band). b) Relative difference of the measured
inclusive jet cross-section dσ/dηjet to the NLO DISENT calculation with renormal-
isation scale µ2

R = Q2 The widely spaced hatched band shows the renormalization
scale uncertainty of the calculation. The thinly spaced hatched band shows the PDF
uncertainty.
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Figure 6: Measured differential inclusive jet cross section dσ/dET,jet for the dijet
phase space. Other details as in the caption to Fig. 5.
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Figure 7: Measured differential cross section dσ/dxBj for events with one or
more jets in the dijet phase space. Other details as in the caption to Fig. 5.
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Figure 8: Measured differential cross section dσ/dQ2 for events with one or more
jets in the dijet phase space. Other details as in the caption to Fig. 5.
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