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Recent measurements of inclusive-jet cross sections in the reaction ep→ e + jet + X for small photon virtualities are 

presented. Single- and double-differential cross sections measured using kTjet algorithmare discussed. In addition, 
extraction of values of αs(MZ) and energy-scale dependence of strong coupling constant is descibed. 

 
1. Introduction 

 
The study of jet production in ep collisions at HERA has been well established as a testingground of perturbative 

QCD (pQCD). Jet cross sections provided precise determinationsof the strong coupling constant, αs, and its scale 
dependence. Jet observables in NC DIS [1] and photoproduction [2] were used as input [3] in a QCD analysis to extract 
the parton distribution functions (PDFs) of the proton; these data helped to constrain the gluon density at medium- to 
high-x values, where x is the fraction of the proton momentum carried by the gluon.These studies also demonstratedthat 
the kTcluster algorithm in the longitudinally invariant inclusive mode resultsin the smallest uncertainties in the 
reconstruction of jets in ep collisions. The kTalgorithm is well suited for ep collisions and yields infrared- and collinear-
safe crosssections at any order of pQCD. The results tested the performanceof these jet algorithms with data in a well 
understood hadron-induced reaction and it wasshown that pQCD calculations with up to four partons in the final state 
provide a gooddescription of the differences between jet algorithms.Measurements of inclusive-jet cross sections in 
photoproduction are presented in thispaper.  

Two types of QCD processes contribute to jet production in photoproduction;at leading order they can be separated 
into [4, 5] the direct process, in which thephoton interacts directly with a parton in the proton, and the resolved process, 
in whichthe photon acts as a source of partons, one of which interacts with a parton in theproton. 

Single-differential inclusive-jet cross sections as functions of the jet transverseenergy, ETjet, and pseudorapidity, ηjet, 
are presented based on the kTjet algorithm [6]. In addition, measurements of cross sections are also presented as 
functions of ETjetin differentregions of ηjet, which have the potential to constrain further the gluon density at highx. Next-
to-leading-order (NLO) QCD calculations using recent parameterisations of theproton and photon PDFs are compared 
to the measurements. A determination of αs(MZ)as well as of its energy-scale dependence are also presented. The 
analyses presented hereare based on a data sample with a more than three-fold increase in statistics with respectto the 
previous study [7]. 

 
2. Experimental set-up 

 
A detailed description of the ZEUS detector can be found elsewhere [8, 9]. A brief outline of the 

componentscrusualfor this analysis is given below. The high-resolution uranium-scintillator calorimeter (CAL) [10] 
consisted of three parts: the forward (FCAL), the barrel (BCAL) and the rear (RCAL) calorimeters. Each part was 
subdivided transversely into towers and longitudinally into one electromagnetic section (EMC) and either one (in 
RCAL) or two (in BCAL and FCAL) hadronic sections (HAC). The smallest subdivision of the calorimeter was called a 
cell. The CAL energy resolutions, as measured under test-beam conditions, were σ(E)/E= 0.18/ E for electrons and 
σ(E)/E = 0.35/ E for hadrons, with E in GeV. The luminosity was measured using the Bethe-Heitler reaction 
ep→γepby a luminosity detector which consisted of a lead-scintillator calorimeter [11] and an independent magnetic 
spectrometer [12]. The fractional uncertainty on the measured luminosity was 1.8 %. 

 
3. Data selection 

 
The data were collected during the running period 2005–2007, when HERA operated with protons of energy  

Ep = 920 GeV and electrons or positronsof energy Ee = 27.5 GeV, at an epcentre-of-mass energy of √ s  = 318 GeV, 
and correspond to an integrated luminosity of 299.9 ± -5.4 pb−1. A three-level trigger system was used to select events 
online [9, 13]. 

Events from collisions between quasi-real photons and protons were selected offline using following criteria: 
• a reconstructed event vertex along the Z axis within 35 cm of the nominal interaction point was required; 
• cuts based on tracking information were applied to remove the contamination from beam-gas interactions, 

cosmic-ray showers and beam-halo muons; 
• charged current DIS events were rejected by requiring the total missing transverse momentum, pT,miss, to be 

small compared to the total transverse energy, ET,tot, i.e. pT,miss/√ET,tot<2 √GeV; 
• any NC DIS event with an identified scattered-electron candidate in the CAL was rejected (in the following, the 

term electron will refer to both the electron and positron, unless otherwise stated); 
• the events were restricted to γpcentre-of-mass energies in the region 142 <Wp<293 GeV,where Wp = sy ; y is 
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the inelasticity and was estimated as yJB = (E - pZ)/2Ee, where E is the total energy measured in the CAL and pZ is the 
longitudinal component of the total momentum. 

After these selection criteria were applied, the contamination from beam-gas interactions, cosmic-ray showers and 
beam-halo muons was found to be negligible. The remaining background from NC DIS events was estimated by Monte 
Carlo (MC) techniques to be around 1 % and was neglected. The contamination from charged current DIS events was 
found to be even smaller. The selected sample consisted of events from ep interactions with Q2< 1 GeV2, where Q2 is 
the virtuality of the exchanged photon, and a median Q2 ≈ 10−4 GeV2, estimated using MC techniques. 

 
3.1. Jet search 

 
In photoproduction, jets are usually defined using the transverse-energy flow in the pseudorapidity-azimuth (η - φ) 

plane of the laboratory frame. The procedure to reconstruct jets with the kTalgorithm from an initial list of objects (e.g. 
final-state partons, final-state hadrons or energy deposits in the calorimeter) is described below in some detail. In the 
following discussion, ET,i denotes the transverse energy, ηithe pseudorapidity and φithe azimuthal angle of object i. For 
each pair of objects, the quantity dij = min((ET,i)2, (ET,J)2) [(ηi - η J)2 + (φi−φj)2]/R2 is calculated, where Ris the jet 

radius. For each individual object, the distance to the beam, di= (ET,i)2, is also calculated. If, of all the values {dij, di}, 
dklis the smallest, then objects kand lare combined into a single new object. If, however, dkis the smallest, then object 
kis considered a jet and removed from the sample. The procedure is repeated until all objects are assigned to jets. For 
the measurements presented in this paper, the jet radius Rwas set to unity and the jet variables were defined according 
to the Snowmass convention. The kT jet algorithmwas used to reconstruct jets in the hadronic final state from the energy 
deposits in the CAL cells. The jets reconstructed from the CAL cell energies are called calorimetric jets and the 
variables associated with them are denoted by ET,jet,cal, ηjet,caland φjet,cal.Sample of events was selected for further 
analysis, which contain at least one jet satisfying ET,jet,cal>13 GeV and −1 <ηjetcal<2.5.  

 
4. Monte Carlo simulations 

 
Samples of events were generated to determine the response of the detector to jets ofhadrons and the correction 

factors necessary to obtain the hadron-level jet cross sections.In addition, these samples were used to estimate 
hadronisation corrections to the NLOcalculations.The MC programs Pythia6.146 and Herwig 6.504 were used to 
generateresolved and direct photoproduction events. Samples of Pythia including multiparton interactions (Pythia-MI) 
with a minimum transverse momentum for the secondary scatter, pTsec,min, of 1, 1.5 or2 GeV were used to simulate 
contributions from non-perturbative effects not related tohadronisation (NP), such as the underlying event. All the 
samples of generated eventswere passed through the Geant 3.21-based ZEUS detector- and trigger-simulationprograms. 
They were reconstructed and analysed by the same program chain as thedata. The jet search was performed on the MC 
events using the energy measured in the CALcells as described in Section 3. In addition, the jet algorithm was also 
appliedto the final-state particles (hadron level) and partons (parton level). 

 
5. Results 

 
Single- and double-differential inclusive-jet cross sections were measured in the kinematic region given by  

Q2< 1 GeV2and 142 <Wp<293 GeV. These cross sections include every jet of hadrons with ET,jet>13 GeV and  
-1 <ηjet<2.5 in each event. The x region covered by the measurements was determined to be 3 10−3<x< 0.95.  

 
5.1. Single-differential cross sections 

 
The measurements of the single-differential cross sections based on the kT jet algorithmas functions of ET,jet and ηjet 

are presented in Fig. 1. The measured dσ/dET,jet falls by over four orders of magnitude in the measured range. The 
measured dσ/dηjet displays a maximum around ηjet≈ 1. 

The NLO QCD predictions are compared to the measurements in these Figures. The calculation reproduces the 
measured dσ/dET,jet well. The measured dσ/dηjet is well described for ηjet.<2; however, an excess of data with respect to 
the theory is observed for larger ηjet values. Such discrepancies have already been observed in previous studies of jet 
photoproduction [14, 15].The influence of non-perturbative effects not related to hadronisation in the predictions was 
investigated by using the NLO⊗NP QCD calculations. The comparison of these calculations to the data is shown in 
Fig. 2. 
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Fig. 1. a – The measured differential cross-section dσ/dET,jet based on the kTjet algorithm for inclusive-jet 
photoproduction with −1 <ηjet<2.5 (dots) in the kinematic region given by Q2< 1 GeV2 and 142 < Wp <293 GeV. The 
NLO QCD calculation (solid line), corrected to include hadronisation effects and using the ZEUS-S (GRV-HO) 
parameterisations of the proton (photon) PDFs, is also shown; bottom panel: therelative difference between the 
measured dσ/dET,jet and the NLO QCD calculation(dots). b – The measured differential cross-section dσ/dηjet based on 
the kTjet algorithm for inclusive-jet photoproduction. Other details as in the caption to Fig. 1, a. 
 

 
 

Fig. 2. The measured differential cross-sections (a) dσ/dET,jet  and (b) dσ/dηjet based on the kTjet algorithm for inclusive-
jet photoproduction with ETjet>17 GeV and −1 <ηjet <2.5 (dots) in the kinematic region given by Q2< 1 GeV2 and 
142 < Wp <293 GeV. For comparison, the NLO QCD calculations including an estimation of non-perturbative effects 
(see text) are also shown. Other details as in the caption to Fig. 1, a. 
 

It is observed that the NLO⊗NP QCD calculations predict a larger jet rate at low ETjetand high ηjet, in the region 
where the NLO QCD prediction fails to describe the data. The NLO⊗NP QCD prediction with pT,sec,min = 1.5 GeV is 
closest to the data. These observations indicate the possible presence of effects such as the underlying event in the data, 
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which are not included in the NLO QCD calculation. These non-perturbative contributions are expected to be unrelated 
to the hard scattering and approximately constant with the scale of the interaction, so that the ratio of this non-
perturbative contribution to the jet transverse energy becomes smaller as ETjet increases, as seen in Fig. 2, a. This is 
supported by the good description of the data by the NLO QCD calculation for ETjet> 21 GeV (see Fig. 2, a) and by the 
inclusive-jet cross section as a function of ηjetfor ETjet> 21 GeV (Fig. 3, a): the NLO QCD calculation gives a good 
description of the data in the whole measured range; in particular, discrepancies between data and theory are no longer 
observed at high values of ηjet. In addition, the differences between the NLO⊗NP predictions with different pTsec,min 

values become smaller, as seen in Fig. 3, b. 
 

  

Fig. 3. The measured differential cross-section dσ/dηjet based on the kTjet algorithm for inclusive-jet photoproduction 
with ETjet> 21 GeV (dots). In (b), the NLO QCD calculations including an estimation of non-perturbative effects (see 
text) are also shown. Other details as in the caption to Fig. 1, a. 

 

 

 

Fig. 4. The measured differential cross-sections (a) dσ/dET,jet and (b) dσ/dηjetbased on the kT kTjet algorithm for 
inclusive-jet photoproduction with ETjet>17 GeV and −1 <ηjet <2.5(dots). For comparison, the NLO QCD calculations 
using different parameterisations of the photon PDFs are also shown. Other details as in the caption to Fig. 1, a 
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The influence of the poorly constrained photon PDFs on the predictions was investigated by comparing calculations 
based on different PDF sets to the data. Fig. 4 shows the measurements together with the NLO QCD predictions using 
alternatively the AFG04 and CJK sets of photon PDFs, together with the predictions based on the GRV-HO set. Some 
differences are observed between the three predictions, especially at low ETjet and high ηjet. In particular, the predictions 
based on AFG04 (CJK) are lower (higher) than those based on GRV-HO. 
 
  

Fig. 5. The measured differential cross-sections (a) dσ/dET,jet and (b) dσ/dηjetbased on the kTjet algorithm for inclusive-
jet photoproduction with ETjet>17 GeV and −1 <ηjet <2.5 (dots). For comparison, the NLO QCD calculations using 
different parameterisations of the proton PDFs are also shown. Other details as in the caption to Fig. 1, a. 
 

The influence of the proton PDFs on the predictions was investigated by comparing calculations based on different 
PDF sets to the data. Fig. 5 shows the measurements together with the NLO QCD predictions using alternatively the 
MSTW08 and HERAPDF1.5 sets of proton PDFs, together with the predictions based on the ZEUS-S set. The 
prediction based on HERAPDF1.5 is lower than that based on the ZEUS-S set in most of the phase space, whereas the 
MSTW08 prediction is higher at high ETjet. This region of phase space is not well constrained since the main 
contribution comes from the high-x gluon density in the proton. In summary, the measurements of inclusive-jet cross 
sections in photoproduction have the potential to constrain the proton and the photon PDFs. To study in more detail the 
sensitivity of the inclusive-jet cross sections to the proton and photon PDFs and findthe regions of phase space in which 
the data can add information to constrain further these PDFs, double-differential cross sections were measured and are 
presented in the next section. 
 

5.2. Double-differential cross sections 
 

The measurements of the inclusive-jet cross sections based on the kTjet algorithm as functions of ETjetin different 
regions of ηjet are presented in Fig. 6, a. The measured cross sections exhibit a steep fall-off within the ETjet range 
considered. The ETjet dependence of the cross section becomes less steep as ηjet increases. The NLO QCD predictions 
are compared to the measurements in Fig. 6, a. They give a good description of the data, except at low ETjet and high 
ηjet. Fig. 6, b shows the relative difference of the measured differential cross sections to the NLO QCD calculations. 

The data are well described by the predictions for -1 <ηjet<2.5 in the whole ETjet range measured. For the region 
2<ηjet<2.5, where it is observed that non-perturbative effects not related to hadronisation might contribute significantly, 
the data are well described only for ETjet> 21 GeV. In the regions, in which the gluon-induced contribution is substantial 
and the possible presence of non-perturbative effects is expected to be minimised, the data have the potential to 
constrain the gluon density in the proton. Therefore, these high-precision measurements also have the potential to 
constrain the photon PDFs in these regions of phase space. 
 

5.3. Determination of αs(MZ) 
 

The measured single-differential cross-sections dσ/dET,jet based on the three jet algorithms were used to determine 
values of αs(MZ)using the method presented in [1]. Only the measurements for ETjet> 21 GeV were used in the 
procedure to minimise the effects of a possible non-perturbative contribution in addition to that of hadronisation and the 
uncertainty coming from higher orders. The fit was restricted to ETjet< 71 GeV because of the relatively large  
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Fig. 6. a – The measured differential cross-sections dσ/dET,jet based on the kTjet algorithm for inclusive-jet 
photoproduction with ETjet>17 GeV in different regions of ηjet (dots). b – The relative differences between the measured 
differential cross-sections dσ/dET,jet presented in Fig. 6, a and the NLO QCD calculations (dots). The relative differences 
between the predictions based on different photon PDFs and that based on the ZEUS-S/GRV-HO sets are also shown. 

 
uncertainty coming from the proton PDFs for higher ETjet values. The experimental uncertainties on the extracted values 
of αs(MZ) were evaluated by repeating the analysis for each systematic check. The overall normalisation uncertainty 
from the luminosity determination was also included. The largest contribution comes from the uncertainty in the 
absolute jet energy scale. The largest contribution arises from the terms beyond NLO, which was estimated by using the 
method of Jones et al. [16]. The uncertainty due to the photon PDFs is of the same order as that arising from higher 
orders. The uncertainty due to the proton PDFs and that arising from the hadronisation effects were also estimated.The 
value of αs(MZ) obtained from the measured dσ/dET,jet is 

 

( ) ( ) ( )0.00420.0023
0.0022 0.0035

0.1206 . .s ZM exp th++
− −

α =  
 

This determinationis consistent with previous determinations in NC DIS at HERA, with the results obtained in proton-
antiproton collisions and have a precision comparable to those obtained in individual determinations from e+e− 
experiments. These values are also consistent with the world average, as well as with the HERA 2004 average and the 
HERA 2007 combined value. 
 

5.4. Energy-scale dependence of αs 
 

The energy-scale dependence of αs was determined from a NLO QCD fit to the measured dσ/dET,jet cross section. 
Values of αs were extracted at each mean value of measured ETjet without assuming the running of αs. The method 
employed was the same as above, but parameterising the αs dependence of dσ/dET,jet in terms of αs(<ETjet>) instead of 
αs(MZ), where <ETjet>i is the average ETjet of the data in each bin. The extracted values of αs as a function of ETjet are 
shown in Fig. 7. 

 

 

Fig. 7. The αsvalues determined in each <ETjet> value from 
the analysis of themeasured dσ/dET,jet cross section based 
on the kT jet algorithm (dots). The error bars represent the 
uncorrelated experimental uncertainties; the shaded area 
represents the correlated experimental uncertainties and 
the hatched area represents the correlated experimental 
and theoretical uncertainties added in quadrature. The 
solid line indicates the renormalisation-group prediction at 
two loops obtained from the corresponding αs (MZ) value 
determined in this analysis. 
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The data demonstrate the running of αs over a large range in ETjet from a single experiment. The predicted running of 
the strong coupling calculated at two loops is in good agreement with the data. 
 

6. Summary and conclusions 
 

Measurements of differential cross sections for inclusive-jet photoproduction at a centre-ofmassenergy of 318 GeV 
using an integrated luminosity of 300 pb−1 collected by the ZEUSdetector have been presented. The cross sections refer 
to jets of hadrons of ETjet>17 GeV and -1 <ηjet<2.5 identified in the laboratory frame with the kT jetalgorithm with jet 
radius R = 1. The cross sections are given in the kinematic region of Q2< 1 GeV2 and 142 <Wp<293 GeV. 

Measurements of single-differential cross sections were presented as functions of ETjet and ηjett. The NLO QCD 
calculations provide a good description of the measured cross sections, except at high ηjett. Non-perturbative effects not 
related to hadronisation and the influenceof the photon PDFs were found to be most significant in this region.Extracted 
value of αs is in good agreement with the world and HERA averages. The extracted valuesof αs as a function of ETjet are 
in good agreement with the predicted running of the strongcoupling over a large range in EjetT. 
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