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Abstract. Recent measurements of jet cross sections at HERA, the Tevatron and the LHC that provide con-
straints on parton distribution functions and allow for determinations of the strong coupling constant are pre-

sented.

1 Introduction

The factorization theorem of Quantum Chromodynamics
(QCD) allows to separate cross sections, o, into a hard-
scattering matrix element, &, on one hand and parton dis-
tribution functions (PDFs) on the other. While &, describ-
ing the short-distance structure of the reaction, is process-
dependent but perturbatively calculable, the PDFs, which
account for the non-perturbative long-distance structure,
are universal but have to be determined from experimental
data.

Beside the quark masses, the only free parameter of the
QCD Lagrangian is the strong coupling constant, as. The
renormalization group equation predicts the energy depen-
dence of the strong coupling, i.e. a functional form for
as(Q), where Q is the energy transferred in the reaction.
However, the absolute strength remains a free parameter
of the theory, which for convenience is usually compared
at the pole mass of the Z boson. The latest world aver-
age is as(Mz) = 0.1184 + 0.0007 [[L]. This average and
its remarkable precision are driven by results obtained at
relatively low energies, namely from hadronic decays of T
leptons and from lattice QCD.

Jet and multijet production rates are directly sensitive
to ag, in principle even allow for measurements of the
“running” at high energies, and they provide constraints
on PDFs, especially at medium and high parton momen-
tum fractions, x. For both PDF and ag analyses, the mea-
sured cross sections have to be compared to predictions,
which for most jet observables are currently available to
next-to-leading order (NLO) in perturbative QCD.

In this article, the latest jet measurements at HERA,
the Tevatron and the LHC with sensitivity to PDFs and a;
are summarized.
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2 Measurements at HERA
2.1 Deep-inelastic scattering

Based on an earlier publication with double-differential
cross sections for inclusive jet, dijet and trijet production
in deep-inelastic scattering (DIS) of electrons/positrons on
protons at a center-of-mass energy, /s, of 318 GeV in Q>
bins from 150 to 15000 GeV? [2]], which confirmed a rea-
sonable description of the data by the NLO prediction and
sensitivity to differences in the proton PDFs, the H1 Col-
laboration has recently released updated results based on
a regularized unfolding that is performed for all bins and
multijet categories simultaneously [3]]. This allows for an
optimized correction of detector effects and yields a com-
plete correlation matrix, valuable for the inclusion of these
data into different QCD fits. The H1 Collaboration used
the covariance matrix to normalize the different jet rates
to the inclusive neutral-current DIS cross section. This
normalization reduces both the experimental and the the-
oretical uncertainties. The results are shown in figure [T]
The cross-section predictions at next-to-leading and lead-
ing order were required to agree within 30%, which was
fulfilled for 42 out of 65 bins of this measurement, before
performing a combined fit of ag(Mz) to the normalized
inclusive jet, dijet and trijet data. The result is ag(Mz) =
0.1163 + 0.0011 (exp.) + 0.0014 (PDF) + 0.0008 (hadr.)
+ 0.0039 (th.).

The H1 and ZEUS Collaborations explicitly studied
as-PDF correlations and the impact of HERA jet data on
their PDF fits [4]. When using inclusive DIS data only,
taking s as a free parameter of the PDF fit increases the
uncertainty on the gluon density at low x. Adding jet data,
reduces the correlation between as and the gluon PDF and
allows for an in-situ ag determination. The result obtained
within the HERAPDF1.6 fit is s (Mz) = 0.1202 + 0.0013
(exp.) + 0.0007 (model/param.) + 0.0012 (hadr.) *00%
(scale).
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Figure 1. Normalized inclusive jet, dijet and trijet cross sections
measured by the H1 Collaboration as a function of the transverse
momentum in different Q2 bins and compared to the NLO pre-
diction [3].

2.2 Photoproduction

Besides the DIS regime (Q*> > 1 GeV?), where a vir-
tual boson is exchanged, there is photoproduction (Q* ~
0 GeV?), where a quasi-real photon is emitted from the
incoming lepton. In direct photoproduction, the photon
directly takes part in the interaction, while the photon acts
as a source of partons in events with resolved photopro-
duction. The latter are rather similar to hadron-hadron
collisions since the cross section involves a photon PDF,
there will be a photon remnant and the event can be af-
fected by multi-parton interactions. As shown in figure 2]
the ZEUS Collaboration published new double-differential
jet cross sections in photoproduction events with a center-
of-mass energy of the photon-proton system between 142
and 293 GeV [5]. Compared to DIS measurements, this
analysis has a relatively high reach of transverse jet ener-
gies, E7, up to 80 GeV. Overall, a reasonable agreement
between data and the NLO prediction is observed. Dis-
crepancies at low E7 and large pseudorapidities, 1, could
come from non-perturbative effects, in particular related to
multi-parton interaction, or the photon PDF. The impact of
the proton PDF uncertainty is in turn much smaller and rel-
evant only at high E7. The ZEUS Collaboration employed
these jet cross sections to measure as. The considered
range in do/dEr was restricted to 21 < E7 <71 GeV in
order to reduce potential non-perturbative effects and the
impact of the proton PDF uncertainty. Based on the k7 jet
algorithm, an ag(Myz) of 0.1206 ”_’8:88%; (exp.) fg:gggg (th.)
was obtained. The dominant uncertainties are related to
the photon PDF and terms beyond NLO. Results based on
the anti-k7 and SIScone algorithms are almost identical.
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Figure 2. Inclusive jet cross section in photoproduction mea-
sured by the ZEUS Collaboration as a function of the transverse
jet energy in different rapidity regions and compared to the NLO
prediction [5].

3 Measurements at the Tevatron

The inclusive jet cross-section in collisions of protons with
anti-protons at /s = 1.96 TeV measured with high preci-
sion by the CDF and DO Collaborations up to jet pr of
600 GeV [6.[7]], serve as one of the main constraints on the
gluon density for x > 0.2-0.3 in global PDF fits already
since several years. Both Collaborations also measured
differential dijet and trijet cross sections with significant
sensitivity to differences between the available PDF sets
(see e.g. [8]). The inclusion of such multijet cross sec-
tions in PDF fits could again help to decorrelate the value
of ag and the gluon density.

The DO Collaboration performed an ag measurement
from the inclusive jet cross section [9]. Since the same
data had already been used as input for the MSTW2008
PDF set, on which this ag analysis was based, the phase
space with x > 0.25, where the impact on the gluon PDF
had been significant, was neglected. Although that re-
stricted the analysis to 22 data points up to jet pr of
145 GeV, the extracted ag(Mz) of 0.1161 *2993% (exp.)

~0.0033
0001 (non-pert.) 0001} (PDF) *000%5 (scale) is still the
most precise based on jet data from hadron-hadron colli-
sions to date.

Recently, the DO Collaboration performed a new ag

determination using the observable Raz(pr, AR, p‘}';‘]in) =
S0P NGO (AR, pir ) [Nieo( pr) With Ny being the num-

ber of neigﬁboring jets within a distance of AR that have
a transverse momentum above pf;tr’;in [10]. This normal-
ized triple-differential cross section, shown in figure [3]
was found to be well described by the NLO prediction
for p'}‘;’ﬁn = 50 GeV and higher. Rag allowed probing
as(pr) up to jet pr of 400 GeV and mostly independent
of assumptions on the running. By combining all data
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Figure 3. Average number of neighboring jets measured by the
DO Collaboration, shown in comparison to the NLO prediction
and as a function of the inclusive jet transverse momentum, for
three different intervals in the jet-jet distance and four different
requirements of minimum transverse momentum of the neigh-
boring jet [10].

points with pi. = 50, 70 and 90 GeV, an ag(Mz) of
0.1191 *500% (&xp.) “D962 (non-pert.) 4010 (PDF) 300
(scale) was obtained. This result has a remarkable ex-
perimental precision and reduced uncertainties related to
non-perturbative corrections but a stronger dependence on
the choice of the renormalization and factorization scales,
which emphasizes the need for predictions beyond NLO
for multijet topologies.

4 Measurements at the LHC

Both the ATLAS and the CMS Collaboration measured
double-differential cross sections for inclusive jet and di-
jet production at /s = 7 TeV using up to 37 pb~! from
the 2010 dataset [12]], where the lower event pile-up
allowed to measure down to relatively low jet momenta
and dijet masses, and using the 5 fb~! of the 2011 dataset
[13L[14], where the jet trigger and selection thresholds had
to be raised but the huge amount of data collected yields
small statistical uncertainties even at jet momenta up to
2 TeV and dijet masses up to 5 TeV. Overall, a reasonable
agreement is observed between data and the NLO predic-
tion. Experimental and theoretical uncertainties on these
cross sections are of comparable size, where the jet en-
ergy scale is the dominant experimental uncertainty and
PDF uncertainties give a significant contribution to the to-
tal uncertainty on the predicted cross sections. There are
some discrepancies between the central predictions ob-
tained with different PDF sets. However, these differences
are well covered by the uncertainties.

Beginning of 2011, the LHC delivered proton-proton
collisions at /s = 2.76 TeV, which the ATLAS Collabo-
ration used to measure the inclusive jet cross section up to
jet pr of 430 GeV [13]. For given ranges in jet py and
rapidity, y, these cross sections probe jet production at sig-
nificantly different x and Q* compared to /s = 7 TeV.
Despite the small size of the dataset (0.2 pb™!), the statis-
tical uncertainty on these cross sections at /s = 2.76 TeV
is smaller than the total systematic uncertainty. A cru-
cial aspect here is that the jet reconstruction, energy scale
and resolution are common to the analyses at 2.76 and
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Figure 4. Gluon density, shown together with its relative un-
certainty and as a function of the fractional parton momentum,
resulting from a fit to HERA data only (filled area) and when
adding ATLAS jet data (hatched area) [13].

7 TeV, which means that the main systematic uncertain-
ties can be assumed to be fully correlated. This results in
drastically reduced uncertainties on cross-sections ratios,
p(pr.y) = X (pr.y)/o T (pr.y). PDF uncertain-
ties are found to dominate the uncertainty on the prediction
for these ratios and to be generally larger than the uncer-
tainty on the measured ratio. The ATLAS Collaboration
studied the impact of the jet cross sections at /s = 2.76
and 7 TeV with all their correlations using the HERAFit-
ter framework. Compared to parton distribution functions
obtained based on HERA DIS data only, the inclusion of
the ATLAS jet data was found to result in a harder gluon
distribution with a reduced uncertainty at high x, which is
illustrated in figure[d while slightly decreasing the high-x
sea-quark density.

A first s determination based on LHC data was per-
formed using the inclusive jet cross section from the AT-
LAS experiment at /s = 7 TeV up to jet pr of 600 GeV
[16]. The result obtained by simultaneously fitting dif-
ferent rapidity bins up to |y| < 4.4 is ag(Mz) = 0.1151
+ 0.0047 (stat.) + 0.0014 (pr range) = 0.0060 (jet size)
fg:gg‘l“l‘ (scale) fg:gg%‘g (PDF) fg:gggg (non-pert. corr.), where
the largest uncertainty arises from a disagreement seen be-

tween the values obtained with jet radii R = 0.4 and 0.6.

The CMS Collaboration has recently performed a mea-
surement of Rs;, the ratio between the inclusive trijet and
dijet production rates [17]. Again, both the experimen-
tal and the theoretical uncertainties are drastically reduced
by taking a cross-section ratio. When selecting jets with
pr > 150 GeV, the 2011 dataset allows probing the kine-
matic region of 250 < (pr12) < 1400 GeV, where (pri2) is
the average pr of the two leading jets in the event. Over-
all, the measured R3; is well described by the NLO pre-
diction. Only when using the ABM11 PDF set, the pre-
diction significantly underestimated the data up to {(pr;2)
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Figure 5. Ratio of the inclusive 3-jet to 2-jet cross sections mea-
sured by the CMS Collaboration as a function of the average
transverse momentum of the two leading jets and compared to
the NLO prediction with different as (M) values [17].
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Figure 6. All jet-data based ags(Mz) results discussed in this
article compared to the latest world average for ag(Mz). [18]

of 600 GeV. Rz, is proportional to ag, as illustrated in
figure 5] and it has the advantage of a reduced depen-
dence on assumption for the low-Q? evolution made in
the PDFs. In order to reduce the impact of uncertain-
ties related to choice and variation of the factorization and
renormalization scales, events with {pr;,) <400 GeV are
neglected when determining the best @s in a simultane-
ous y? fit to the different bins up to {(pri2) = 1.4 TeV,
which yields a logarithmic mean of 764 GeV for the con-
sidered range. The result is then evolved downwards in en-
ergy to obtain as(Mz) = 0.1143 £ 0.0064 (exp.) = 0.0019
(PDF) fg:gggg(scale). This result is based on the NNPDF2.1
distribution functions. Compatible results are obtained
with CT10 and MSTW2008 PDF sets, while the low gluon

density in ABMI11 would yield an as(Myz) larger than
0.1200, which is the upper edge of the ag (M) values sup-
ported by that PDF group.

5 Conclusions

Cross sections for jet and multijet production have been
measured with high precision at HERA, the Tevatron and
the LHC, probing QCD predictions over impressive ranges
in x and Q. They provide strong constraints on the gluon
PDF at medium to high x, allow measuring as up to the
TeV scale already and disentangling gluon PDF and asg.
Figure [6] compares recent jet-based as(Mz) results, all
of them perfectly compatible with the latest world aver-
age but affected by significant theory uncertainties. Given
the sizable uncertainties related to choice and variation of
factorization and renormalization scales as well as from
non-perturbative corrections, all such jet measurements
and subsequent extractions of QCD parameters are eagerly
awaiting cross-section predictions beyond NLO.
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