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Abstract

Differential inclusive jet cross sections in neutral current deep inelasticep scattering have been measured with the ZEUS detector usin
integrated luminosity of 38.7 pb−1. The jets have been identified using thekT cluster algorithm in the longitudinally invariant inclusive mo

in the laboratory frame; they have been selected with jet transverse energy,E
jet
T

above 6 GeV and jet pseudorapidity,ηjet, between−1 and 3.

Measurements of cross sections as functions ofE
jet
T

, Björkenx and the photon virtuality,Q2, are presented. Three phase-space regions have
selected in order to study parton dynamics from the most global to the most restrictive region of forward-going (close to the proton-beam
jets at lowx, where the effects of BFKL evolution might be present. The measurements have been compared to the predictions of leading
parton-shower Monte Carlo models and fixed-order perturbative QCD calculations. In the forward region,O(α1

s ) QCD calculations underestima
the data up to an order of magnitude at lowx. An improved description of the data in this region is obtained by includingO(α2

s ) QCD corrections,
which account for the lowest-ordert̂-channel gluon-exchange diagrams, highlighting the importance of such terms in the parton dynamics ax.
 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Deep inelastic lepton scattering (DIS) off protons provid
information on the parton distribution functions (PDFs) of
proton. For example, inclusive measurements of the cross
tion for the reactione+p → e+X as a function of the virtuality
of the exchanged boson,Q2, and of the Björken-x scaling vari-
able,x, have been used to determineF

p

2 (x,Q2) which, in turn,
is analysed in a theoretical context to extract the proton PD
Perturbative QCD in the next-to-leading-order (NLO) appr
imation has been widely used to perform such extraction
to test the extent to which it is able to describe the data.
turbative QCD can predict only the evolution of the PDFs
Q2; several approximations have been developed dependin
the expected importance of the different terms in the pe
bative expansion. In the standard approach (DGLAP[1]), the
evolution equations sum up all leading double logarithms
lnQ2 · ln 1/x along with single logarithms in lnQ2 and are
expected to be valid forx not too small. At lowx, a better
approximation is expected to be provided by the BFKL form
ism [2] in which the evolution equations sum up all leadi
double logarithms along with single logarithms in ln 1/x.

The DGLAP evolution equations have been tested ex
sively at HERA[3–9], and were found to describe the da
in general, very well. In particular, the striking rise of t
measuredFp

2 (x,Q2) at HERA with decreasingx can be ac-
comodated in the DGLAP approach. On the other hand,
inclusive character ofF2 together with the dependence of t
DGLAP predictions on the choice of the input form of t
non-perturbative PDFs atQ2 = Q2

0 may obscure the underly
ing dynamics at lowx. In order to probe the parton dynami
at lowx, measurements of the partonic final state that highl
the differences predicted by the BFKL and DGLAP formalis
were suggested[10].

In the DGLAP formalism, the parton cascade that res
from the hard scattering of the virtual photon with a par
from the proton is ordered in parton virtuality. This orderi
along the parton ladder implies an ordering in transverse
ergy of the partons,ET , with the parton participating in th
hard scatter having the highest transverse energy. In the B
formalism, there is no strict ordering in virtuality or transve
energy (seeFig. 1a). Since the partons emitted at the bott
of the ladder are closest in rapidity to the outgoing proton, t
manifest themselves as forward46 jets. BFKL evolution predicts
that a larger fraction of smallx events will contain high-ET for-
ward jets than is predicted by DGLAP[10,11].

42 Łódź University, Poland.
43 Łódź University, Poland, supported by the KBN grant 2 P03B 12925.
44 Supported by the KBN grant 2 P03B 12725.
45 Supported in part by the MINERVA Gesellschaft für Forschung GmbH,
Israel Science Foundation (grant No. 293/02-11.2), the US–Israel Binat
Science Foundation and the Benozyio Center for High Energy Physics.
46 The ZEUS coordinate system is a right-handed Cartesian system, wi
Z axis pointing in the proton beam direction, referred to as the “forward
rection”, and theX axis pointing towards the centre of HERA. The coordin
origin is at the nominal interaction point.
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Fig. 1. (a) Gluon-ladder Feynman diagram. In DGLAP evolution, the final-s
partons are ordered in transverse energy,k2

T ,n
> k2

T ,n−1 > k2
T ,1. In BFKL, the

partons are emitted without any ordering inkT along the ladder, (b) Exampl
of Feynman diagram witĥt -channel gluon exchange atO(α2

s ).

In previous studies of forward jets in DIS[12–14], the
data were compared to Monte Carlo simulations which mo
higher-order parton emissions using the DGLAP appro
These models do not describe the data. However, it was p
ble to obtain a better description of the data by adding a se
ET -ordered parton cascade on the photon side which is evo
according to the DGLAP equations; this resolved-photon c
tribution [15] leads to parton–parton scattering which can g
rise to the production of high-ET jets anywhere along the (dou
ble) ladder between the photon and the proton. The calc
tions based on the Colour Dipole Model (CDM)[16], which
include parton emissions not ordered in transverse energy
described the data. In a more recent analysis[8], fixed-order
QCD calculations were compared to the data. The predict
fail to describe the measurements in the most forward regio
low ET andQ2.

In this Letter, measurements of differential inclusive jet cr
sections in deep inelastic scattering are presented in three
ferent phase-space regions, from the most global to the
restrictive region, where the contribution of events exhibit
BFKL characteristics should be enhanced. A novel metho
introduced (see Section2) to increase the sensitivity to add
tional parton radiation in the forward region while extend
the region inx towards lower values. The jets were reco
structed using thekT cluster algorithm[17] in the longitudi-
nally invariant mode[18], instead of the cone algorithm used
previous studies[12–14], which allows a reduction of the the
oretical uncertainty associated with matching the experime
and theoretical jet algorithms. Inclusive jet cross sections w
measured as functions of the jet transverse energy,E

jet
T , pseudo-

rapidity, ηjet, and the event variablesQ2 and x. The effects
of higher-order terms in the parton cascade were explore
comparing the data to fixed-order QCD predictions using
rent parametrisations of the proton PDFs based on DG
evolution. In addition, the predictions of a leading-logarith
parton-shower model based on DGLAP evolution and thos
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an implementation of the colour-dipole model were also co
pared to the data.

2. Theoretical expectations and phase-space definitions

For a givene+p centre-of-mass energy,
√

s, the cross section
for neutral current (NC) deep inelasticep scattering,e+p →
e+ + X, depends on two independent kinematic variab
which are chosen to beQ2 and the Björken scaling variable
x, whereQ2 = −q2 andx = Q2/(2P · q); P(q) is the four-
momentum of the incoming proton (exchanged virtual bos
V ∗, with V = γ or Z0). Other variables used to define t
kinematics of the events arey = Q2/(xs) andγh, defined by
cosγh = ((1− y)xEp − yEe)/((1− y)xEp + yEe), whereEp

(Ee) is the energy of the incoming proton (positron).
Jet production in NC DIS atO(α0

s ) proceeds viaV ∗q →
q; this process is referred to as being of quark-parton-m
(QPM) type. The hadronic final state consists of a single
emerging at polar angleγh and balancing the transverse m
mentum of the scatterede+ plus the remnant of the proton
The NLO QCD corrections ofO(α1

s ) consist of one-loop cor
rections to the processV ∗q → q and the tree-level process
of boson-gluon fusion (BGF,V ∗g → qq̄) and QCD-Compton
(QCDC,V ∗q → qg). In BGF and QCDC, when the two fina
state partons are sufficiently separated from each other
hadronic final state consists of two jets plus the remnant o
proton.

The predictions of fixed-order QCD calculations convolu
with PDFs extracted using the DGLAP equations have the
lowing features for inclusive jet production: a dominant co
tribution (O(α0

s )) from single-jet events withθ jet = γh and a
O(α1

s )-suppressed contribution from dijet events. Since at
values ofx the variableγh points toward the rear direction, th
production of forward (having positive values ofηjet) jets is
suppressed. In this region BFKL predicts a higher forward
cross section than DGLAP. This effect can be further enhan
by suppressing the evolution inQ2 by requiring(E

jet
T )2 ∼ Q2.

Experimental studies of QCD using jet production in N
DIS at HERA are often performed in the Breit frame[19]. The
analysis presented here was instead performed in the labor
frame for two reasons. First, such an analysis provides acce
low values ofx: the requirement of a jet in the Breit frame wi
a givenE

jet
T , would demand a larger fraction of the proton’s m

mentum than that of a jet (with the sameE
jet
T ) in the laboratory

frame. It is noted that, in the Breit frame, the exchanged
tual boson collides head-on with the proton and, therefore
transverse momentum of a jet must be balanced by other je
Second, the application of the jet algorithm in the laborat
frame benefits from the increased resolution for identifying
in the forward region of the detector. Jet cross sections in
laboratory frame are theoretically well defined and NLO Q
calculations for such observables are well behaved[20].

To investigate the NLO QCD predictions in detail, thr
phase-space regions of inclusive jet production have been
ied. The first region, called “global”, was designed to be
-

,

,

l
t

e
e

-

t
d

ry
to

-
e
).

e

d-

inclusive as possible to keep the theoretical uncertainties s
This region was defined by the conditions:

• Q2 > 25 GeV2;
• y > 0.04;
• E′

e > 10 GeV, whereE′
e is the energy of the scattere

positron;
• at least one jet withEjet

T > 6 GeV and−1< ηjet < 3.

This phase-space region is expected to be dominate
QPM-type events. The perturbative QCD predictions were
culated up toO(α1

s ) since the calculations of theO(α2
s ) correc-

tions have not yet been completed.
A second phase-space region, called “BFKL”, was defi

by the following additional conditions:

• cosγh < 0;

• at least one jet with 0< ηjet < 3 and 0.5<
(E

jet
T )2

Q2 < 2.

The combination of the requirementsγh > 90◦ and θ jet <

90◦ suppresses the contribution from QPM-type events. T
phase-space region is expected to be dominated by mu
events. The enhancement of the contribution from multi
events is done without an explicit requirement on the num
of jets and, thereby, keeping events at low values ofx. The
requirement on(E jet

T )2/Q2 restricts the jet kinematics to th
region where the BFKL effects are expected to be large.

A third phase-space region, called “forward BFKL”, was d
signed to investigate events with a very forward-going jet
was defined by requiring, in addition to the aforemention
cuts, at least one jet with 2< ηjet < 3.

3. Experimental set-up

The data sample used in this analysis was collected with
ZEUS detector at HERA and corresponds to an integrated l
nosity of 38.7± 0.6 pb−1. During 1996–1997, HERA operate
with protons of energyEp = 820 GeV and positrons of energ
Ee = 27.5 GeV. A detailed description of the ZEUS detec
can be found elsewhere[21,22]. A brief outline of the compo-
nents that are most relevant for this analysis is given here.

Charged particle tracks are reconstructed in the central tr
ing detector (CTD)[23], which operates in a magnetic fie
of 1.43 T provided by a thin superconducting solenoid. T
CTD consists of 72 cylindrical drift-chamber layers, orga
ised in nine superlayers covering the polar-angle region 15◦ <

θ < 164◦. The transverse-momentum resolution for full-leng
tracks can be parameterised asσ(pT )/pT = 0.0058pT ⊕
0.0065⊕ 0.0014/pT , with pT in GeV. The tracking system
was used to measure the interaction vertex with a typical r
lution along (transverse to) the beam direction of 0.4 (0.1)
and to cross-check the energy scale of the calorimeter.

The high-resolution uranium-scintillator calorimeter (CA
[24] covers 99.7% of the total solid angle and consists
three parts: the forward (FCAL, 2.6◦ < θ < 36.7◦), the barrel
(BCAL, 36.7◦ < θ < 129.1◦) and the rear (RCAL, 129.1◦ <
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θ < 176.2◦) calorimeters. Each part is subdivided transvers
into towers and longitudinally into one electromagnetic s
tion (EMC) and either one (in RCAL) or two (in BCAL an
FCAL) hadronic sections (HAC). The smallest subdivis
of the calorimeter is called a cell. Under test-beam co
tions, the CAL single-particle relative energy resolutions w
σ(E)/E = 0.18/

√
E for electrons andσ(E)/E = 0.35/

√
E

for hadrons, withE in GeV.
The luminosity was measured from the rate of the bre

strahlung processep → eγp. The resulting small-angle ene
getic photons were measured by the luminosity monitor[25],
a lead-scintillator calorimeter placed in the HERA tunnel
Z = −107 m.

4. Data selection and jet identification

A three-level trigger was used to select events online[22].
The NC DIS events were selected offline using criteria sim
to those reported previously[4]. The main steps are outline
below.

The scattered positron candidate was identified from the
tern of energy deposits in the CAL. TheE′

e and polar angle(θe)

of the positron candidate were also determined from the C
measurements, after correction for energy loss in inactive
terial in front of the CAL. The following requirements we
imposed on the data sample:

• the reconstructedQ2 > 25 GeV2;
• a positron candidate of energyE′

e > 10 GeV. This cut
ensured a high and well understood positron-finding e
ciency and suppressed background from photoproduc
events, in which the scattered positron escapes undet
in the rear beampipe;

• the vertex position, determined from CTD tracks, in
range |Zvtx| < 50 cm along the beam axis. This cut r
moved background events from non-ep interactions;

• 38< (E−PZ) < 65 GeV, whereE is the total energy mea
sured in the CAL,E = ∑

i Ei , andPZ is theZ component
of the vectorp = ∑

i Eir i ; in both cases the sum runs ov
all CAL cells,Ei is the energy of the CAL celli andr i is
a unit vector along the line joining the reconstructed v
tex to the geometric centre of the celli. This cut removed
events with large initial-state radiation and further redu
the background from photoproduction events;

• ye < 0.95, whereye = 1 − E′
e(1 − cosθe)/(2Ee). This

condition removed events in which fake positron can
dates from photoproduction background were found in
FCAL;

• yJB > 0.04, whereyJB = ∑
i Ei(1 − cosθi)/(2Ee) calcu-

lated according to the Jacquet–Blondel method[26], where
the sum runs over all CAL cells except those assigne
the scattered positron. TheyJB variable is an estimator ofy
which gives a good resolution at lowy;

• pCAL
T /

√
ECAL

T < 3
√

GeV, wherepCAL
T is the total trans-

verse momentum as measured with the CAL andECAL is
T
-

-

-

r

t-

-

-
n
ed

e

o

the total transverse energy in the CAL. This cut remo
cosmic rays and beam-related background;

• |X| > 14 cm or|Y | > 14 cm, whereX andY are the impac
positions of the positron on the CAL, to avoid the lo
acceptance region adjacent to the rear beampipe;

• the energy not associated with the positron candidate w
a cone of radius 0.7 units in the pseudorapidity-azim
(η–φ) plane around the positron direction was required
be less than 10% of the positron energy. This condition
moved photoproduction and DIS events in which a par
a jet was incorrectly identified as the scattered positron

The kinematic variablesQ2 andx were reconstructed usin
a combination of the electron and double-angle (DA) meth
[27], depending on which method gave a better resolutio
the observed scattered-positron energy. The angleγh was re-
constructed with the CAL using:

cosγh = (
∑

i pX,i)
2 + (

∑
i pY,i)

2 − (
∑

i (E − pZ)i)
2

(
∑

i pX,i)2 + (
∑

i pY,i)2 + (
∑

i (E − pZ)i)2
,

where the sum runs over all CAL cells, excluding those ass
ated with the scattered positron.

The kT cluster algorithm was used in the longitudinally i
variant inclusive mode to reconstruct jets in the hadronic fi
state from the energy deposits in the CAL cells. The jet a
rithm was applied after excluding those cells associated
the scattered-positron candidate. The jet search was perfo
in theη–φ space in the laboratory frame. The jet variables w
defined according to the Snowmass convention[28]. Jet trans-
verse energies were corrected for all energy-loss effects, pr
pally in inactive material, typically about one radiation leng
in front of the CAL. After these corrections to the jet transve
energy, events with at least one jet satisfyingE

jet
T > 6 GeV and

−1 < ηjet < 3 were included in the global data sample. T
BFKL and forward-BFKL subsamples were selected using
additional requirements listed in Section2.

5. Monte Carlo simulation

Samples of events were generated to determine the resp
of the detector to jets of hadrons and to determine the
rection factors necessary to obtain the hadron-level jet c
sections. The generated events were passed through the GEANT

3.13-based[29] ZEUS detector- and trigger-simulation pr
grams[22]. They were reconstructed and analysed by the s
program chain as the data. It was checked that the choice o
ton PDFs used in the simulations was not critical: the effect
the acceptance corrections due to a different choice of pr
PDFs (MRST99[30]) were found to be negligible.

Neutral current DIS events were generated using the LEPTO

6.5.1 program[31] interfaced to HERACLES 4.6.1 [32] via
DJANGOH 1.1 [33]. The HERACLES program includes pho
ton andZ exchanges and first-order electroweak radiative
rections. The QCD cascade was modelled with the CDM
implemented in the ARIADNE 4.08 program[34]; ARIADNE

simulates the BGF process in addition. The CDM treats glu
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on-
emitted from quark–antiquark (diquark) pairs as radiation fr
a colour dipole between two partons. This results in partons
are not ordered in their transverse momenta. Samples of e
were also generated using the model of LEPTO based on first-
order QCD matrix elements plus parton showers (MEPS).
the generation of the samples with MEPS, the option for s
colour interactions was switched off[35]. In both cases, frag
mentation into hadrons was performed using the Lund st
model[36] as implemented in JETSET7.4 [37]. The CTEQ4M
[38] proton PDFs were used for all simulations.

The jet identification was performed using the simulated
ergy measured in the CAL cells in the same way as for the d
The same jet algorithm was also applied to the final-state
ticles and to the partons available after the parton shower
jets found in this way are referred to as hadronic and part
jets, respectively.

Electroweak-radiative and hadronisation effects are no
present included in the fixed-order QCD programs descr
in Section7. Therefore, samples of Monte Carlo (MC) eve
were generated with and without electroweak-radiative eff
so that the data could be corrected. The samples wit
electroweak-radiative effects were used to correct the QCD
culations for hadronisation effects. Since the measuremen
fer to jets of hadrons, whereas the QCD calculations refe
partons, the predictions were corrected to the hadron leve
ing these MC samples. A multiplicative correction factor,Chad,
was defined as the ratio of cross sections for jets of had
over that for jets of partons, and was computed with the
programs. The factor applied to the predictions was the ave
of the correction factors obtained with ARIADNE and LEPTO.
The uncertainty on the hadronisation correction was taken t
the absolute difference in the correction factors obtained
ARIADNE and LEPTO.

6. Acceptance corrections and systematic uncertainties

The ARIADNE MC samples of events were used to comp
the acceptance corrections. These correction factors took
account the efficiency of the trigger, the selection criteria,
the purity and efficiency of the jet identification, and were g
erally between 0.8 and 1.2. The inclusive cross sections for
of hadrons were determined by applying bin-by-bin correcti
to the measured distributions. This approach is valid if, for s
ficiently smooth densities, the distributions in the data are w
described by the MC simulations at the detector level. This c
dition was in general satisfied by both ARIADNE and LEPTO.
Detector resolutions forQ2, ηjet andE

jet
T were 5%, 10% and

20%, respectively. Bin widths were chosen to be at least tw
the size of the detector resolution. The LEPTO MC samples
were used to compute the systematic uncertainties coming
the parton-shower simulation.

A study of the main sources contributing to the system
uncertainties of the measurements was performed[39]. These
sources were:

• the parton-shower simulation. The effect of the treatmen
the parton shower was estimated using LEPTO to evaluate
at
ts

r
-

g

-
a.
r-
e
c

t
d

s
ut
l-
e-
o
s-

s

e

e
h

to
d
-
ts
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f

the acceptance-correction factors. The difference in the
rected cross sections between using ARIADNE and LEPTO

was taken to be the value of systematic uncertainty;
• the choice of reconstruction method for the kinematic v

ablesQ2 andx. The difference in the corrected cross s
tions between using the electron and double-angle met
was taken to be the value of systematic uncertainty;

• the biases introduced by the selection cuts. The uncerta
due to the selection requirements was computed by var
the values of the cuts in data and MC. The largest eff
were due to the cuts on jet transverse energy and had
angle.

These systematic uncertainties were added in quadra
The absolute energy scale of the jets in data events was v
by its uncertainty of 3%[40]. This uncertainty is highly corre
lated between measurements in different bins and is there
treated separately. The largest contribution to the overall
tematic uncertainty was due to the uncertainty in the jet en
scale, which averaged about 5%, but could reach values as
as 20%. The second-largest contribution was due to the ch
of parton-shower simulation, which had effects on the corre
cross section generally below 5%; in the most restrictive ph
space, however, theE jet

T , x andQ2 bins with the fewest event
had large systematic differences. The uncertainty in the lu
nosity determination of 1.6% was not included.

7. QCD calculations

The measurements were compared with QCD predict
evaluated using the program DISENT [41]. The calculations
were performed in theMS renormalisation and factorisatio
schemes using a generalised version of the subtraction me
[41]. The number of flavors was set to five; the renormalisa
(µR) and factorisation (µF ) scales were both set toµR = µF =
Q; αs was calculated at two loops usingΛ(5)

MS
= 226 MeV,

which corresponds toαs(MZ) = 0.1180. The CTEQ6[42] pa-
rameterisations of the proton PDFs were used. The result
tained with DISENT were cross-checked using the progr
DISASTER++ [43]; the differences were found to be less th
1% in most cases, and never exceeded 3%.

DISENT allows calculations that sum up to two orders of
perturbation series. In the global phase-space region, the
ple is dominated by single-jet events. Therefore, the DISENT

predictions in this region were calculated using the diagr
with O(α0

s ) andO(α1
s ). In the BFKL and forward-BFKL phase

space regions, the samples consist of multi-jet events, and s
DISENT calculations were computed using terms withO(α1

s )

andO(α2
s ). Perturbative QCD calculations atO(α2

s ) can give
rise to forward-jet production at lowx through diagrams suc
as that shown inFig. 1b, but noET -ordering is explicitely im-
posed among the three final-state partons.

The following sources of theoretical uncertainties were c
sidered:
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• the choice of renormalisation scale. The uncertainty in
calculations arising from the absence of higher-order te
was estimated by varyingµR by a factor of two up and
down. The effect on the calculations is between 5 and 5
depending on the phase-space region;

• the uncertainties in the proton PDFs. The effect of th
uncertainties in the calculations was estimated by repea
the calculations using 40 additional sets from CTEQ6.
resulting uncertainty was always below 5%;

• the choice of factorisation scale. The uncertainty in the
culations was estimated by varyingµF by a factor of two
up and down. The effect on the calculations was usu
less than 5%, except in the global phase-space region w
it contributed a 20% uncertainty at lowx;

• the value ofαs(MZ). The uncertainty in the calculation
due to that onαs(MZ) was estimated by varyingαs(MZ)

within its uncertainty[44]. The effect on the calculation
was less than 5% (10%) in the global (BFKL) phase sp

Each source of uncertainty was varied independently to
termine the effect on the NLO calculation. The uncertain
arising from the choice of renormalisation and factorisat
scales and the uncertainty arising from the variation ofαs were
combined in quadrature.

8. Results

The measurements of cross sections differential inX, where
X is ηjet, E

jet
T , Q2 or x, are presented in the three phase-sp

regions. The measured cross sections were corrected to h
level by the formula:

(
dσ

dX

)
had

= NData

L · �X
· Nhad

MC

Ndet
MC

· N
noQED
MC

N
QED
MC

,

where �X is the bin size,NData are the numbers of dat
events,L is the integrated luminosity,Nhad

MC (Ndet
MC) is the

hadron- (detector-)level MC distribution,NQED
MC (NnoQED

MC ) is
the hadron-level MC distribution generated with (without) QE
radiation.

The cross sections as functions ofηjet andE
jet
T are measure

ments of every jet in the event, whereas the cross section
functions ofQ2 andx are event cross sections for the event
the inclusive jet samples.

8.1. The global phase-space region

The measurements in the global phase-space region ar
sented inFig. 2. The cross section as a function ofηjet is sup-
pressed in the forward region (highηjet) due to the lower cut on
y. The measurements spanx values between 0.00074 and 0.2

The MC predictions and fixed-order QCD calculations
compared to the data inFig. 2. The prediction of ARIADNE de-
scribes all data distributions well, whereas the predictions f
LEPTOare slightly worse, especially at the lowestx values. The
fixed-order QCD calculations describe the data at highE

jet, Q2

T

e
s

,

e
g

-

y
re

.

-

e
ron

as

re-

andx values. However, at low values of these variables, the
culations underestimate the data, and theηjet distribution is not
described, particularly at high values ofηjet. This excess of the
data with respect to the calculations can be due to the abs
of higher orders, since these calculations are onlyO(αs). The
small uncertainty coming from the variation ofµR is not ex-
pected to be a reliable estimate of the contributions from hig
orders: contributions from gluon exchange in thet̂ channel (as
shown inFig. 1b), which become dominant at lowx [45], ap-
pear only at higher orders, but their effects cannot be infe
from scale variations of the (lower) terms considered in the
culation.

8.2. The BFKL phase-space region

The measurements in the BFKL phase-space region are
sented inFig. 3. The shape of the cross section as a functio
ηjet is steeply falling in the forward region due to the restrict
on γh. The predictions of ARIADNE describe all data distribu
tions well. The predictions of LEPTO fail to describe the data
especially in theηjet distribution and low-x region.

Fixed-order QCD calculations, which areO(α2
s ) in this

phase-space region, describe the data well forQ2, E
jet
T and

x, but underestimate the data at high values ofηjet. This dis-
agreement is concentrated in a region where the cross se
is small, and so it is not reflected in the other distributions.
uncertainty of the calculations due to the absence of highe
ders is larger than before, and is a more realistic estimation
in the global phase-space region: in the present case the
culation isO(α2

s ), which contains the first contribution from
t̂ -channel gluon-exchange diagrams (seeFig. 1b).

These features were investigated by comparing the
(O(α1

s )) and NLO (O(α2
s )) calculations: (a) the scale vari

tion of the NLO calculation is reduced with respect to that
the LO calculation (not shown) for the cross sections, ex
for dσ/dηjet in the regionηjet > 1 and fordσ/dx at low x,
where it is larger; (b) in these regions the NLO corrections
largest and the ratio NLO/LO reaches values as large as fi
for ηjet ∼ 3. The large increase of the cross section from LO
NLO at low x and largeηjet is associated with the contributio
from t̂ -channel gluon-exchange diagrams[46]. The sizeable
scale variation at NLO arises from the fact that such con
butions come from tree-level diagrams with three final-s
partons and, as a result, the calculation accounts in an e
tive way only for the lowest-order contribution[46]. Thus, the
cross-section calculations at lowx and largeηjet are expected
to be subjected to large corrections from higher-order term

8.3. The forward-BFKL phase-space region

The measurements in the forward-BFKL phase-space re
are presented inFig. 4. Events exhibiting BFKL effects ar
expected to be dominant in this phase-space region. The pr
tions of ARIADNE describe the data well, whereas the pred
tions of LEPTOfail in all distributions. Fixed-order QCD calcu
lations are consistently lower than the data forE

jet andQ2. The
T
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Fig. 2. Differential cross sections (dots) in the global phase space for inclusive jet production in NC DIS withE
jet
T

> 6 GeV,−1 < ηjet < 3, Q2 > 25 GeV2 and

y > 0.04 as functions of (a)ηjet, (b) E
jet
T

, (c) Q2 and (d)x. The uncertainties are generally smaller than the markers; where visible the thick error bars repre
statistical uncertainty and the thin error bars show the statistical and systematic uncertainties added in quadrature. The uncertainty in the absolute energy scale o
the jets is shown separately as a shaded band. The calculations of CDM (dashed lines), MEPS (dotted lines) andO(αs) QCD calculations (solid lines) are show
The lower part of each plot shows the ratio of data to the QCD calculations and the theoretical uncertainties.
LO
e
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LO
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ep
calculations describe the measurement as a function ofx at high
values, but underestimate the data in the low-x region by nearly
a factor of two. The features observed in the comparison of
and NLO calculations in Section8.2 are more dramatic in th
present case: (a) the scale variations of the NLO calculat
are larger than those of LO calculations everywhere exce
high x; (b) the NLO corrections are large everywhere excep
high x and the ratio NLO/LO reaches values as large as ten
low x. The increase of the cross section calculations from
to NLO, which brings the predictions closer to the data, is
sociated with the contribution from̂t -channel gluon-exchang
s
at
t
t

-

diagrams, which represent the lowest-order term of the ex
sion that leads to the BFKL resummation. The increased s
variation at NLO, which is larger by nearly a factor of two th
that in the BFKL phase-space region, highlights the need
improved calculations.

9. Summary

Measurements of differential cross sections inE
jet
T , ηjet,

Q2 andx for inclusive jet production in neutral current de
inelastic scattering have been presented using 38.7 pb−1 of
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Fig. 3. Differential cross sections (dots) in the BFKL phase space for inclusive jet production in NC DIS withE
jet
T

> 6 GeV, 0< ηjet < 3,Q2 > 25 GeV2, y > 0.04,

cosγh < 0 and 0.5 < (E
jet
T

)2/Q2 < 2 as functions of (a)ηjet, (b) E
jet
T

, (c) Q2 and (d)x. TheO(αs) (dot-dashed lines) andO(α2
s ) (solid lines) QCD calculations

are shown. Other details are as in the caption toFig. 2.
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ZEUS data. The low-x region has been probed for events w
Q2 > 25 GeV2 and at least one jet withE jet

T > 6 GeV. Three
phase-space regions have been studied: one inclusive r
(global phase space), one with an additional requiremen
the hadronic angle of the event(cosγh < 0) and a more lim-
ited window of jet pseudorapidity (0< ηjet < 3), as well as the
requirement 0.5 < (E

jet
T )2/Q2 < 2.0 (BFKL phase space), an

finally the more restricted region with 2< ηjet < 3 (forward
BFKL phase space). The restrictions imposed in the BF
phase-space regions enhance the multijet contributions wit
restricting the transverse energy of the parton(s) close to
hard scatter.
ion
n

ut
e

A large excess of the data over the fixed-order(O(αs)) QCD
calculation is observed in the global phase-space region at
ηjet and lowx. This excess cannot be accomodated within
experimental and the estimated theoretical uncertainties. H
ever, the size of the higher-order terms might be underestim
since the scale variations cannot reflect the contributions f
t̂ -channel gluon-exchange diagrams, which are expected t
come dominant at lowx.

In the BFKL phase-space region, the fixed-order(O(α2
s ))

QCD calculation gives, in general, a good description of
data except forηjet > 2, where an excess of the data over
prediction is observed. In this phase-space region, the N
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Fig. 4. Differential cross sections (dots) in the forward BFKL phase space for inclusive jet production in NC DIS withE
jet
T

> 6 GeV, 2< ηjet < 3, Q2 > 25 GeV2,

y > 0.04, cosγh < 0 and 0.5 < (E
jet
T

)2/Q2 < 2 as functions of (a)Ejet
T

, (b) Q2 and (c)x. TheO(αs) (dot-dashed lines) andO(α2
s ) (solid lines) QCD calculations

are shown. Other details are as in the caption toFig. 2.
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QCD corrections significantly reduce the scale variation of
predicted cross sections with respect to a LO calculation,
cept fordσ/dηjet in the regionηjet > 1 and fordσ/dx at lowx.
In these regions, the NLO corrections, which account for
lowest-order contribution from̂t -channel gluon-exchange di
grams, are largest and bring the calculations close to the
However, the strong dependence of the calculations with
renormalisation scale is indicative of the importance of high
order terms in these regions.

In the forward-BFKL region, the fixed-order(O(α2
s )) QCD

calculation describes the shape of the measured differe
-

ta.
e
-

al

cross sectionsdσ/dE
jet
T and dσ/dQ2, but fails to describe

that of dσ/dx. The restriction to the region 2< ηjet < 3 en-
hances the contribution from̂t -channel gluon-exchange di
grams, which increases the NLO prediction by up to a fa
of ten at lowx with respect to a LO calculation and brings
closer to the data. The variation of the calculations with
renormalisation scale is large, emphasizing the need for hig
order calculations. The improved description of the data in
region achieved by accounting for the lowest-order contribu
from t̂ -channel gluon-exchange diagrams, highlights the im
tance of such terms in the parton dynamics at lowx.
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