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1. Introduction

The HERAepcollider is a very suitable environment to test QCD in hadronic-induced reac-
tions. During the last decade, jet physics at HERA has reached such a high level of precision as
to make stringent tests of QCD and precision measurements ofthe strong coupling,αs. Jet cross
sections are also suitable as constraints of parton distribution functions (PDFs).

Jet production at HERA proceeds via the deep inelasticepscattering (DIS) and photoproduc-
tion processes. Jet production in neutral current (NC) DIS at O(αs) in the Breit frame, in which
the photon and the proton collide head on, proceeds via the boson-gluon fusion and QCD Comp-
ton processes. The jet-production cross-section prediction can be written as the convolution of
the proton PDFs and the partonic cross section, which is calculable in perturbative QCD (pQCD).
In photoproduction, two processes contribute at lowest order: the direct processes, in which the
photon interacts with the partons of the proton as a point-like particle, and the resolved processes,
in which the photon interacts with the partons of the proton via its partonic structure. The cross-
section prediction for jet photoproduction can be written as the convolution of the flux of photons
from the electron beam, the photon and proton PDFs and the partonic cross section. Thus, mea-
surements of jet cross sections in NC DIS and photoproduction allow tests of the structure of the
photon and the proton, tests of pQCD and determinations ofαs.

2. Constraints on the PDFs from jet cross sections

Jet cross sections, both in the NC DIS and photoproduction regimes are directly sensitive to
the gluon component in the proton through the boson-gluon fusion process and can test the PDFs
extracted from other channels or constrain the gluon density if incorporated, together with structure
function data, in the fits to extract the PDFs. The ZEUS Collaboration has included jet data in the
fits to extract the proton PDFs [1]; the result was an improvement of the determination of the gluon
density by up to a factor of two in the mid- to high-x region, wherex is the fraction of the proton
momentum taken by the interacting parton.

To ascertain the potential of the new jet cross-section measurements to constrain the gluon
density, the predicted gluon fraction and the theoretical uncertainties were studied in the phase-
space region of the measurements [2]. Figure 1 shows examples for dijet cross sections in the
region 125< Q2 < 20000 GeV2, whereQ2 is the virtuality of the exchanged photon. The predicted
gluon fraction is bigger than 75% at lowQ2 and decreases to∼ 50% for Q2 ≈ 500 GeV2. The
PDF uncertainty is large and the uncertainty from higher orders is small in regions of phase space
where the gluon fraction is still sizeable; thus, the dijet data have the potential to constrain the
gluon density.

The H1 Collaboration has measured dijet cross sections in NCDIS for 5< Q2 < 100 GeV2

and 0.2 < y < 0.7 [3], wherey is the inelasticity. The jets were identified using thekT cluster
algorithm [4] in the longitudinally invariant inclusive mode [5] in the Breit Frame and required to
have jet transverse momentum in the Breit framePT > 5 GeV and−1 < η jet

LAB < 2.5, whereη jet
LAB

is the jet pseudorapidity in the laboratory frame; the invariant mass of the dijet system,Mjj , was
restricted to above 18 GeV to remove the regions of phase space where the theoretical calculations
have limitations. Figures 2a and 2b show the measured dijet cross sections as functions of the
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Figure 1: (a) Predicted gluon fraction and (b) theoretical uncertainties as functions ofξ in different regions
of Q2.
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Figure 2: Dijet cross sections as functions of (a)〈PT〉 and (b)ξ in different regions ofQ2; (c) Dijet cross
sections as functions ofξ in different regions ofQ2; (d) Inclusive-jet cross sections as functions ofPT in
different regions ofQ2.

averagePT of the two jets,〈PT〉, and ofξ = xBj(1+ (Mjj )2/Q2), which is an estimator of the
momentum carried by the struck parton andxBj is the Bjorken scaling variable, in different regions
of Q2, respectively. The data are very precise with uncorrelateduncertainties of∼±5 (15)% at low
(high) 〈PT〉; the jet energy scale uncertainty, which has been reduced to±2%, gives a contribution
of ±5 (15)% at low (high)〈PT〉. The uncorrelated (correlated) uncertainties are∼±6% (∼±5%)
as a function ofξ . The next-to-leading-order (NLO) QCD predictions were computed using the
program NLOJET++ [6] with renormalisation,µR, and factorisation,µF , scales set toµ2

R = µ2
F =

(Q2 + 〈PT〉
2)/2. The CTEQ6.5M [7] sets were used for the proton PDFs and the calculations were

corrected for hadronisation effects. The measurements arewell described by the NLO predictions.
The gluon fraction is very large at these low values ofQ2; however, the theoretical uncertainties,
dominated by the terms beyond NLO, are also very large. Next-to-next-to-leading-order (NNLO)
predictions are needed to take full advantage of these high-precision data to constrain the PDFs.

The ZEUS Collaboration has measured the dijet cross sections [2] for jets ofEjet
T,B > 8 GeV,

whereEjet
T,B is the jet transverse energy in the Breit frame, as functionsof ξ in the range 125<

Q2 < 20000 GeV2 (see Fig. 2c). The experimental uncorrelated uncertainties are∼ ±2 (10)% at
low (high) Q2; the jet energy scale uncertainty, which has been reduced to±1%, gives a contri-
bution of±5 (2)% at low (high)Q2. The NLO calculations were computed using the program

NLOJET++ with µ2
R = Q2 +(Ejet

T,B)2 andµF = Q. The CTEQ6.6 [8] sets were used for the proton

3
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Figure 3: (a) Inclusive-jet cross sections in NC DIS as functions ofEjet
T,B in different regions ofQ2; (b) the

relative difference of the data in (a) to the NLO calculations; (c) Inclusive-jet cross sections in photoproduc-
tion as functions ofEjet

T in different regions ofη jet; (d) the relative difference of the data in (c) to the NLO
calculations.

PDFs. The calculations, which were corrected for hadronisation andZ0 effects, describe well the
measurements. AtQ2 ≈ 500 GeV2, there is still a sizeable gluon contribution (more than 50%)
and the theoretical uncertainties from higher orders are reduced to±6% at these high values ofQ2;
therefore, the sensitivity to the PDFs is large.

Inclusive-jet cross-section measurements can also constrain the PDFs. The H1 Collaboration
has measured [3] inclusive-jet cross sections as functionsof PT in different regions ofQ2 for 5 <

Q2 < 100 GeV2 (see Fig. 2d). ThePT spectrum gets harder asQ2 increases. The measurements are
well described by the NLO calculations. As in the case of dijet production, the gluon fraction is
large in this region of phase space, but the theoretical uncertainty from higher orders is∼ ±30%;
thus, NNLO calculations are needed to take full advantage ofthese high-precision data.

The ZEUS Collaboration has measured [9] inclusive-jet cross sections forQ2 > 125 GeV2

andEjet
T,B > 8 GeV in NC DIS. Figures 3a and 3b show the cross sections as functions ofEjet

T,B in

different regions ofQ2. The measured cross sections show that theEjet
T,B spectrum becomes harder

asQ2 increases. The experimental uncorrelated uncertainties are ∼ ±3 (10)% at low (high)Q2;
the jet energy scale uncertainty, which has been reduced to±1%, gives a contribution of±5 (2)%
at low (high) Q2. The NLO calculations were computed using the program DISENT [10] with
µR = Ejet

T,B andµF = Q. The ZEUS-S [11] sets were used for the proton PDFs. The calculations,
which were corrected for hadronisation andZ0 effects, describe the data very well in the whole
measured range.

The ZEUS Collaboration has measured [12] the inclusive-jetcross sections in photoproduction
for Ejet

T > 17 GeV, whereEjet
T is the jet transverse energy in the laboratory frame. Figures 3c and 3d

show the inclusive-jet cross sections as functions ofEjet
T in different regions of jet pseudorapidity.

The measured spectra get harder asη jet increases. The NLO calculations, computed using the
program by Klasen, Kleinwort and Kramer [13] withµR = µF = Ejet

T , based on different proton
and photon PDF sets and corrected for hadronisation effects, are compared to the data. The NLO
calculations give a good description of the data except for low Ejet

T and highη jet. The theoretical
uncertainties are dominated by terms beyond NLO, but at high(low) Ejet

T the contributions from
terms beyond NLO and the proton (photon) PDFs are of the same order. Therefore, these cross
sections have the potential to constrain both the photon andthe proton PDFs.
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Figure 4: Dijet cross sections as functions of (a)E
jet
T , (b) η jet and (c)xobs

γ .

Dijet cross sections as functions of the averagedEjet
T , E

jet
T , andη jet, η jet, and the fraction of

the photon energy invested in the dijet system,xobs
γ , were measured [14] by ZEUS (see Fig. 4). The

cross sections are well described by the NLO predictions. The comparison of the measurements
to the predictions based on different PDFs show the sensitivity of these cross sections to both the
photon (at highη jet and lowxobs

γ ) and the proton (at highEjet
T ) PDFs.

3. Tests of QCD and determination ofαs

Tests of pQCD have been made by the H1 Collaboration based on the measurements of
inclusive-jet, dijet and trijet cross sections at lowQ2 [3]. Figure 5a shows the measurements as
functions ofQ2 andPT . The data have very small correlated and uncorrelated uncertainties. The
NLO calculations describe the measurements well; however,the predictions exhibit very large un-
certainties from higher orders,∼±30% at the lowestQ2 values and±10% at higherQ2; other un-
certainties are relatively small. This shows the need for NNLO calculations. These measurements
are directly sensitive to the value ofαs with small experimental uncertainties. The energy-scale
dependence of the coupling was determined by extractingαs from the measured jet cross sections.
Figure 5b shows the results as a function of the scale, which are in good agreement with the pre-
dicted running ofαs with small experimental uncertainties. A value ofαs(MZ) was determined by
a simultaneous fit to the measurements:αs(MZ) = 0.1160±0.0014(exp.)+0.0094

−0.0079 (th.). This deter-
mination has very small experimental uncertainties, but the theoretical uncertainties, dominated by
the terms beyond NLO, are very large. In order to reduce the theoretical uncertainties,αs(MZ) was
determined from the measured trijet to dijet ratio (see Figs. 5c and 5d). In this ratio, the correlated
uncertainties cancel and a determination ofαs(MZ) with smaller theoretical uncertainties at lowQ2

was obtained; however, the experimental uncertainties increase. Thus, to extract a more precise
value ofαs(MZ) from these measurements, NNLO calculations are needed.

Normalised jet cross sections [15] were measured by H1 for 150 < Q2 < 15000 GeV2. The
inclusive-jet cross sections normalised to the inclusive NC cross section in the same region of phase
space are shown in Fig. 6a as functions ofPT in different regions ofQ2. The normalised inclusive-
jet cross section may be interpreted as the average jet multiplicity produced in NC DIS, which
increases withQ2 since the available phase space opens up withQ2. The same feature is observed
in the dijet and trijet normalised cross sections. In all cases, the NLO calculations give a good
description of the data with small experimental and theoretical uncertainties. These cross sections
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Figure 6: (a) Normalised inclusive-jet cross sections as functions of PT in different regions ofQ2; (b) αs

extracted from jet cross sections as a function of the scale.

are also sensitive to the value ofαs. The energy-scale dependence of the coupling was determined
by extractingαs from the measured normalised jet cross sections at highQ2. Figure 6b shows
the results, which are in good agreement with the predicted running ofαs with small experimental
and theoretical uncertainties. These reduction of uncertainties with respect to the measurements at
low Q2 come from extractingαs from normalised cross sections, since the correlated uncertainties
cancel in the ratio, and from performing the extraction at higherQ2, since the theoretical uncertain-
ties decrease. A value ofαs(MZ) was extracted from a simultaneous fit to all the measurementsat
high Q2: αs(MZ) = 0.1168±0.0007(exp.)+0.0049

−0.0034 (th.). The precision is limited by the theoretical
uncertainties; thus, NNLO calculations would yield an improved determination.

The inclusive-jet cross sections as functions ofQ2 andEjet
T,B [9] were measured by ZEUS for

Q2 > 125 GeV2 (see Fig. 7). The measured cross sections decrease by more than five (three) or-
ders of magnitude within the measuredQ2 (Ejet

T,B) range and have small experimental uncertainties.
The theoretical uncertainties are also small and dominatedby the terms beyond NLO, which is
smaller than 5% forQ2 > 250 GeV2. The NLO calculations describe very well the measured dis-
tributions. These cross sections are directly sensitive toαs and present small experimental and
theoretical uncertainties; therefore, they are particularly suited to determine this fundamental pa-
rameter. The energy-scale dependence of the coupling was determined by extractingαs from the
measured cross section as a function ofEjet

T,B (see Fig. 7c). The results are in very good agreement
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Figure 8: (a) Inclusive-jet cross section as a function ofEjet
T ; (b) αs as a function ofEjet

T . Dijet cross sections
as functions of (c)Mjj and (d)|cosθ∗|.

with the predicted running ofαs over a large range inEjet
T,B. A value ofαs(MZ) was determined for

Q2 > 500 GeV2: αs(MZ) = 0.1208+0.0037
−0.0032 (exp.) +0.0022

−0.0022 (th.). This determination has very small
theoretical uncertainty and the precision is limited by theexperimental uncertainty.

Tests of pQCD were also done in the photoproduction regime. Figure 8a shows the inclusive-
jet cross section as a function ofEjet

T [12]. The measured cross section decreases by more than four
orders of magnitude within the measured range. The experimental and theoretical uncertainties are
small. The NLO calculation gives a good description of the data. This cross section is also sensitive
to the value ofαs. The energy-scale dependence of the coupling was determined for 21< Ejet

T < 71
GeV; the results are shown in Fig. 8b and are in good agreementwith the predicted running ofαs

over a large range ofEjet
T . The value ofαs(MZ) determined from this measurement is:αs(MZ) =

0.1208+0.0024
−0.0023 (exp.) +0.0044

−0.0033 (th.), whose precision is limited by the theoretical uncertainty.

There is a discrepancy between NLO and data at lowEjet
T and highη jet [12], which can be seen

clearly in the comparison between data and theory as a function ofη jet in Fig. 9a. This discrepancy
could be attributed to an inadequacy of the photon PDFs or to non-perturbative effects. The NLO
calculations based on the AFG04 [16] photon PDFs give lower predictions compared to the default,
which uses the GRV-HO [17] sets, and the predictions are higher, closer to the data, when using the
CJK [18] PDFs. Non-perturbative effects were taken into account using Monte Carlo simulations
which include multiple interactions (see Fig. 9b); the effect of the non-perturbative contribution is
to increase the jet rate at highη jet, where the discrepancy between data and NLO is largest. Also,
the disagreement between data and NLO disappears when increasingEjet

T , as can be seen in Fig. 9c,
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Figure 9: Inclusive-jet cross section as a functionη jet for (a) and (b)Ejet
T > 17 GeV and (c)Ejet

T > 21 GeV.

which shows the cross section as a function ofη jet for Ejet
T > 21 GeV.

The dijet cross sections in photoproduction as functions ofMjj and|cosθ∗| are well suited to
test the underlying dynamics. The invariant mass is especially sensitive to the form of the matrix
elements andθ∗, which coincides with the parton-parton scattering angle in the dijet centre-of-
mass system, is sensitive to the spin of the exchanged particle; a different behaviour is predicted
for resolved and direct processes which arises from the dominating exchanged particle: gluons for
resolved and quarks for direct processes. Figures 8c and 8d show the measured cross sections as
functions of these two observables [14]. The NLO calculations give a very good description of the
data. No significant deviation with respect to QCD is observed, specially at high masses.

Testing pQCD with jets requires infrared- and collinear-safe jet algorithms. Up to now, only
the kT algorithm fulfilled these requirements at all orders. This algorithm has been tested ex-
tensively at HERA and a good description of the data was obtained for different jet radii [19]
with similar precision. Therefore, thekT algorithm has a good performance with small theoreti-
cal uncertainties and small hadronisation corrections. Recently, new infrared- and collinear-safe
jet algorithms, namely the anti-kT [20] and SIScone [21], have become available. Studies have
been done at HERA in the NC DIS and photoproduction regimes tovalidate these algorithms. The
performance of the anti-kT and SIScone algorithms has been tested in hadron-induced but well un-
derstood reactions. The measurements based on the new algorithms have been compared to those
based on thekT , a comparison between data and theory has been performed andstudies of the
theoretical uncertainties and hadronisation correctionshave been done.

The theoretical uncertainties for these new jet algorithmshave been studied by ZEUS in the
DIS [22] and photoproduction [23] regimes. The uncertainties from the PDFs and the value of
αs are very similar for all three algorithms. The uncertainty from terms beyond NLO and the
modelling of the parton shower are very similar for thekT and anti-kT , but slightly larger for
the SIScone algorithm. The ZEUS Collaboration has measuredthe inclusive-jet cross sections as
functions of the jet transverse energy using the three jet algorithms [22, 23] (see Fig. 10). The
shape and normalisation of the measured and predicted crosssections are very similar. The exper-
imental uncertainties are similar. The data are very well described by the NLO calculations. The
hadronisation-correction factor applied to the calculations are similar for thekT and anti-kT and
somewhat bigger for the SIScone algorithm. To study in more detail the performance of the new
algorithms, ZEUS has measured the ratios of the cross sections based on the three jet algorithms.
Figures 10e and 10f show the measured ratios for anti-kT /kT , SIScone/kT and anti-kT /SIScone as
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Figure 10: Inclusive jet cross sections as functions of (a)Ejet
T,B in NC DIS and (b)Ejet

T in photoproduction
based on different jet algorithms. (c) and (d) the relative difference between the data of (a) and (b) and the
NLO calculations. Ratios of the cross sections anti-kT /kT , SIScone/kT and anti-kT /SIScone as functions of
(e)Ejet

T,B in NC DIS and (f)Ejet
T in photoproduction.

functions ofEjet
T . The measured cross sections show differences below 3.6% at lowEjet

T , which
increase to 10% at highEjet

T . In photoproduction, the cross section based on the anti-kT has the
same shape as thekT but it is 6% lower. The SIScone cross section displays slightly different shape
than thekT and anti-kT . For NC DIS, QCD predictions up toO(α 3

s ) are available, whereas for
photoproduction, the calculations are onlyO(α 2

s ). The predictions give a good description of the
measured ratios. The uncertainty due to higher orders in theO(α 3

s ) calculation is reduced and so
the dominant uncertainty is that due to the QCD-cascade modelling. These results demonstrate the
ability of pQCD with up to four partons in the final state to account adequately for the differences
between jet algorithms. In addition, values ofαs(MZ) were extracted from the measured cross sec-
tions in NC DIS and photoproduction using the three jet algorithms to quantify their performance.
These determinations are consistent with each other and have a similar precision.

4. Summary and conclusions

Jet physics at HERA continues providing precision measurements towards the understand-
ing of QCD and the improvement of the determination of the proton and photon PDFs. New jet
measurements were presented which were optimised to constrain further the PDFs and test the
performance of new jet algorithms. In addition, precise values ofαs(MZ) were extracted from jet
production in different regimes; Fig. 11a shows a summary ofthe determinations presented to-
gether with the world [24] and HERA [25] averages. The valuesare consistent with each other and
the world average. In addition, a precise determination of the running ofαs was obtained over a
wide range of the scale (see Figs. 11b and 11c).
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