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Abstract
Precise jet measurements at HERA are used to extractαs value in the
regions where the theoretical predictions and data are lessaffected by
uncertainties and to explore regions where the theoreticalcalculations
deviate from the data.

1 Jet measurements and extraction of αs

Jet production in neutral current (NC) deep-inelastic scattering (DIS) and photoproduction (PHP)
at HERA provides an important testing ground for QCD. The strong coupling constantαs is one
of the fundamental parameters of the QCD. High precision in the determination ofαs and con-
sistency in theαs values obtained in different experiments are achieved by using best available
theoretical calculations with experimentally precise measurements in the regions where both are
less affected by uncertainties. The HERA combinedαs(MZ) value [1] is shown in Fig. 1 to-
gether with the values obtained by H1 and ZEUS collaborations separately, the 2004 HERA
average value, 2006 world average and recent LEP values. Thecombined valueαs(MZ) =
0.1198 ± 0.0019(exp.) ± 0.0026(th.) was obtained by making a simultaneous fit to H1 and
ZEUS data sets, instead of just combiningαs(MZ) values as it was done for the HERA 2004
average value.
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Fig. 1: Measurements ofαs(MZ) andαs(Q) at HERA.

A comparison of the combined HERA value to the most recent value of αs(MZ) from
LEP shows that the central values are compatible within the experimental uncertainty and that



the HERA uncertainty is very competitive with the LEP, whichincludes an average of many
precise determinations.

The precision of the cross-section measurement is directlyreflected in the precision of
the αs extraction and can be improved if instead of cross sections the ratios of them are used,
since in the cross-section ratios the experimental and theoretical uncertainties partially cancel.
Recent H1 measurements in the phase-space region150 < Q2 < 15000 GeV2 and0.2 < y <
0.7, whereQ2 is the virtuality of exchanged boson andy is the inelasticity of the interaction,
used most of the data collected by HERA [2]. The data sample corresponds to an integrated
luminosity of 395 pb−1. The ratios of the differential inclusive, 2-jet and 3-jet cross sections
to the differential NC DIS cross sections were measured. TheQCD predictions were calculated
using the NLOJET++ program [3]. The predictions were found to describe the data well and
all the ratios were fitted simultaneously in order to extracttheαs(MZ) value, which was found
to be0.1182 ± 0.0008(exp.)+0.0041

−0.0031(scale) ± 0.0018(PDF ). The values ofαs as function of
Q are shown in Fig. 1. The same plot shows the fitted values ofαs from the recent low-Q2

measurements (red points, [4]). The error bar denotes the experimental uncertainty of each data
point. The solid curve shows the results of evolvingαs(MZ) only at highQ2(Q2 > 150 GeV2),
with the inner blue band denoting the correlated experimental uncertainties and the grey band
denoting the theoretical uncertainties associated with the renormalisation and factorisation scales,
PDF uncertainty and uncertainty in the hadronisation corrections.

A successful extraction of theαs value in the jet measurements at HERA in a wide kine-
matic region, including PHP and low-Q2 DIS, confirms the quality of existing theoretical calcu-
lations and their ability to describe the HERA data.

2 Resolved Photoproduction

In PHP at HERA, a quasi-real photon emmitted from the incoming positron or electron can
directly take part in the hard interaction, direct PHP, or can act as a source of quarks and gluons
with only a fraction of its momentum,xγ , participating in the hard scatter, resolved PHP. Since
xγ is not directly measurable, a variablexobs

γ is used to differentiate between direct- and resolved-
photon enriched events.

Figure 2 represents the cross sectiondσ/dη for direct- and resolved-enriched samples of
the dijet photoproduction events measured by the ZEUS experiment [5]. The mean pseudorapid-
ity, η, was calculated for two leading jets with transverse energy, ET , Ejet1

T > 20 andEjet2
T > 15

GeV.

The next-to-leading-order (NLO) QCD predictions, corrected for hadronisation and using
two different photon parton density functions (PDFs) are compared to the data. For,xobs

γ > 0.75,
the NLO QCD predictions describe the data well, with CJK photon PDF better reproducing the
shape of the data. At lowxobs

γ the description is not satisfactory. In this regime the calculations
are much more sensitive to the photon PDF, than in the direct photoproduction, but none of the
PDFs gives an adequate description of the resolved-enriched data sample. Another issue, which
becomes important at lowxobs

γ , is the high-order effects, which will be discussed in details in the
next two sections.



Fig. 2: Measured dijet PHP cross sectiondσ/dη in direct- and resolved-photon enriched regions, comparedto theo-

retical predictions using different photon PDFs .

3 Forward jets in DIS

A comparison of data on jets produced near the proton direction, forward jets, with NLO QCD
calculations has revealed a clear deficit of gluons with sizable transverse momentum, emmitted in
these direction. The ZEUS collaboration recently extendedthe pseudorapidity range of the jets up
to 4.3 and performed a measurement in the phase space0.04 < y < 0.7, 20 < Q2 < 100 GeV2

and0.0004 < xBj < 0.005 [6].

The measured differential forward-jet cross sections as function ofQ2 andxBj are shown
in Fig. 3a) and b), where they are compared to predictions of the NLOJET++ calculations. The
calculations predict lower cross sections than obtained from the data, however they have a large
theoretical uncertainty. The leading-order (LO) calculation is also shown, indicating that the
contribution of the NLO terms is significant. The differencebetween data and calculations in-
creases with decreasingx, where the difference between LO and NLO is also increasing.The
large contribution of the NLO corrections and the size of thetheoretical uncertainty indicate that
in this phase-space region the higher-order contributionsare important.

The H1 measurement at low-x [7] was performed in region0.1 < y < 0.7, 5 < Q2 <
80 GeV2 and0.0001 < xBj < 0.01. The forward jet had to be found in the pseudorapidity range
1.73 < ηjet < 2.5 and the ”central jet” in the region−1 < ηjet < 1. The cross section as a func-
tion of x is presented in Fig. 3 for events which contain two forward and one central jet, where
the second forward jet is required to haveηjet > 1. The calculation fails to describe the data at
low-x, where the difference between LO and NLO calculations is most pronounced. The data
excess provides a strong hint for missing higher-order QCD corrections, i.e. beyondO(α3

s), in
this forward gluon-radiation-dominated phase space. However, for the process with two radiated
gluons, theO(α3

s) calculation can only provide a leading order perturbative estimate.
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Fig. 3: Forward jets production in DIS.

4 Correlations in multijets at low xBj in DIS

Inclusive dijet and trijet production in DIS has been measured by the ZEUS collaboration for
10 < Q2 < 100 GeV2 and10−4 < xBj < 10−2 [8]. Cross sections, cross section ratios and
correlations between the two leading jets provide an important testing ground for studying the
parton dynamics in the region of smallxBj .

The dijet and trijet cross sections for events with azimuthal separation between two leading
jets,|∆φjet1,2

HCM |, less than2π/3 are presented in Fig. 4. The restriction on the azimuthal separation
in dijet sample implicitly requires the presence of at leastone other jet, which may or may not
be observed in the detector. From the QCD calculation point of view it means that the NLO
dijet predictions, atO(α2

s), become essentially only LO. Therefore the NLO trijet calculations
atO(α3

s) were used for comparison with the dijet data sample. An implicit third jet requirement
led the trijet NLO calculation to converge even if only two jets are defined. For the trijet data
sample the standard trijet NLO procedure was used.

The NLOJET++ calculations atO(α2
s) for dijet production underestimate the data, the

difference increasing towards lowxBj . The NLOJET++ calculations atO(α3
s) are up to about

an order of magnitude larger than theO(α2
s) calculations and are consistent with the data, thus

demonstrating the importance of higher-order correctionsin the low-xBj region. For the trijet
sample the calculation works well, since it still provides aproper next-to-leading-order perturba-
tive estimate.

5 Conclusions

The precise study of jet production at HERA demonstrates, that the theoretical predictions are
able to successfully describe the data in the regions, wherethe NLO estimate is available. High-
order effects become important in the regions, which are dominated by gluon radiation. The
precision in the extraction ofαs at HERA is competitive with those frome+e− experiments.
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Fig. 4: The dijet and trijet cross sections for events with|∆φjet1,2

HCM | < 2π/3 as a function ofxBj in two Q2-bins.
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