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Selected quantum chromodynamics (QCD) measurements performed at the Fermilab Run II Teva-

tron pp̄ collider (
√

s = 1.96 TeV) by CDF and D0 collaborations, at the LHCpp collider (
√

s = 7

and 8 TeV) by CMS and ATLAS collaborations, and at HERAe±p collider (
√

s = 300 and 314

GeV) by H1 and ZEUS collaborations are presented. The inclusive jet, dijet production and three-

jet cross section measurements are used to test perturbative QCD calculations, constrain parton

distribution function determinations, and extract valuesof the strong coupling constant. Events

with W/Z+jets production are used to measure many kinematic distributions allowing extensive

testing and tuning predictions from next-to-leading-order (NLO) perturbative QCD (pQCD) and

Monte-Carlo event generators. The diphoton production cross-sections check the validity of the

NLO pQCD predictions, soft-gluon resummation methods implemented in theoretical calcula-

tions, and contributions from the parton-to-photon fragmentation diagrams. The photon+b-jet

cross-section measurements reveal an inability of NLO perturbative pQCD calculations to de-

scribe spectrum at high transverse momentum. Events with inclusive production of vector boson

(γ/W/Z) and≥ 2 jets are used to study increasingly important phenomenon of multiple parton

interactions, measure an effective interaction cross section, and limit existing models.
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1. Introduction

QCD, the theory of the strong interaction between quarks andgluons, is heavily tested in
experimental studies at hadron colliders. QCD results fromthe Tevatron obtained with integrated
luminosity up to 6 fb−1, LHC up to 5 fb−1, and HERA up to 0.5 fb−1 are reviewed in this paper.
These results provide a crucial tests for pQCD, informationabout parton distribution functions
(PDFs), measurements of the strong coupling constant, tests for non-perturbative models describing
parton fragmentation and multiple parton interactions (MPI). At the same time, the results are used
to search for new phenomena and impose limits on the corresponding models.

2. Jet production

Thorough testing of pQCD at short distances is provided through measurements of differential
inclusive jet, dijet and three-jet cross sections. The measurements of the inclusive jet cross sections
done by the ATLAS [1] and CMS [2] collaborations in a few jet rapidity regions are shown in
Fig. 1. In general, they are in agreement within uncertainties with pQCD predictions. Data have
about same uncertainties as the theoretical predictions (mostly due to PDF) and can be used to
constrain PDFs. Figure 2 shows a comparison of ATLAS data to NLO QCD predictions using
CT10 PDF set [3].

The H1 experiment measured inclusive jet, dijet and trijet production cross sections in theQ2

range from 150 GeV2 to 15000 GeV2, and observed good agreement with NLO QCD predictions
using CT10 PDF set [4] (Fig. 3). As shown on the right plot of Fig. 3, jet data are extremely help-
ful to limit αs values. Fitting the 42 points of cross section measurementsallows one to extract
αs(MZ) = 0.1163±0.0011(exp)±0.0042(theor) with following composition of the relative uncer-
tainties:±0.9%(exp),±1.2%(PDFs),±0.7%(hadronization),±3.4%(scale),±3.8%(total). As we
see, the theoretical scale uncertainties are dominant. TheZEUS experiment measured inclusive jet
cross section in the photoproduction channel (Q2 < 1 GeV2) in five jet rapidity regions (covering
−1 < η jet < 2) [5]. The measurements were done usingkT , anti-kT and SIScone algorithms and
well described by NLO QCD, except very low and highpT at highη jet. Using the cross sections
measured at 21< E jet

T < 71 GeV,αs values have been extracted. They are presented in Fig.4 (left
plot) as a function ofE jet

T . A combined fit givesαs(MZ) = 0.1206+0.0023
−0.0022(exp)+0.0042

−0.0035(theor). The
αs(MZ) values obtained from the measurements with different jet algorithms are consistent with
each other and have similar precision. The D0 collaborationintroduced a new variable that charac-
terizes angular correlations of jets, and gives an average number of jets around a reference jet [6].
The cross section is measured triple differentially as a function of reference jetpT , neighboring
jet pT and distance between them∆R. Systematic uncertainties related with PDF choice are quite
small (< 3%). The measurement is used to extractαs values, which are shown in Fig. 4, right
plot. A combined fit results inαs(MZ) = 0.1191+0.0048

−0.0071. A comparison to other experiments is also
shown on this plot.

The CDF collaboration studied structure of highpT jets by selecting only events with at least
one jet havingpT > 400 GeV, 0.1 < |y| < 0.7 and considering jets with cone sizesR = 0.4,0.7 and
1.0 [7]. Such studies can be used to tune parton fragmentation mechanism and search for heavy
resonances decaying hadronically. The jet mass is calculated using 4-vectors of calorimeter towers
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Figure 1: Inclusive jet cross sections measured by ATLAS and CMS collaborations at
√

s = 7 TeV.

Figure 2: Ratio of inclusive jet cross section measured by ATLAS to NLOQCD predictions in a few jet
rapidity bins.

in a jet. Its unfolded distribution obtained with thet-quark rejection cuts is shown on the left plot of
Fig. 5. The data are in agreementPYTHIA predictions and interpolate between the QCD predictions
in the leading-log approximation [8] for quark and gluon jets, and confirm that the high mass jets
are mostly caused by quark fragmentation. The ATLAS collaboration studied productions of high
pT jets reconstructed with anti-kT algorithm (R = 1.0) [9]. The jets are “trimmed” according to the
jet trimming algorithms [10]. The right plot of Fig. 5 shows the jet mass spectrum with a dominant
contribution fromtt̄ events. A bump corresponding to the top-quark mass is clearly seen, and is
well described by MC.
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Figure 3: Left: normalized inclusive jet, dijet and trijet cross sections measured by H1 collaboration. Right:
χ2 vsαs(MZ) obtained using inclusive DIS data only (dashed line) and inclusive DIS+jet data (solid line).
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Figure 4: Left: runningαs as a function of jetET extracted from ZEUS jet photoproduction data. Right:
runningαs extracted using D0 jet, LEP event shapes and HERA jet data.
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Figure 5: Left: Normalized distribution of jet massmjet measured at CDF with jetpT > 400 GeV and
compared to theory predictions (the inset plot comparesmjet distributions with jets found by anti-kT and
midpoint cone algorithms). Left: themjet spectrum of “trimmed” jets [10] withpT > 350 GeV measured by
ATLAS and compared to the theory predictions.

Kinematic distributions characterizing geometric shape of the hadronic final state are sensitive
to details of QCD multijet production, but are robust against experimental systematics, e.g. jet
energy scale uncertainty. A number of different variables have been studied at the LHC, including
aplanarity, transverse thrust, minor component of the transverse thrust, sphericity, and transverse
sphericity. The events spectrum for the transverse thrust (τ⊥) measured by CMS and ATLAS
[11, 12] are shown in Fig. 6. Highτ⊥ values provide a test of high order pQCD corrections.
Potentially, event shapes variables are a source of preciseαs measurements, and have traditionally
been used for this ine+e− experiments (for example, see [13]).

3. W/Z + jets production

Tevatron and LHC collaborations have extensively studiedW/Z + jet production since these
events are the main background to top-quark, Higgs boson, SUSY and many other new physics
production channels. In this section we review some of the latest results.

The left plot of Fig. 7 shows the dijet cross section forW+ ≥ 2-jet andW+ ≥ 3-jet events
measured by D0 collaboration [14]. The measurements are compared toSHERPAMC event gener-
ator [15] and NLO pQCD predictions obtained withBLACKHAT +SHERPA [16] and HEJ [17]. The
right plot of Fig. 7 showsHT cross section measured by ATLAS collaboration [18]. TheBLACK -
HAT+SHERPApredictions slightly overestimate rates ofW+≥ 2-jet events at high dijet masses and
underestimate rates ofW+ ≥ 1-jet events at highHT .

The CDF collaboration measured inclusive differentialZ + b-jet production cross section as
a function ofb-jet pT (Fig. 8) andη [19]. The cross sections are in agreement with NLO QCD
predictions done by MCFM [20] and MSTW PDF set [21], except atlow jet pT (20–30 GeV). The
CMS collaboration measuredZ +b-jet cross sections differentially versus jetpT , di-b-jet pT (right
plot of Fig. 8) and azimuthal angle∆φ(Z,b) [22]. Good agreement with NLO QCD predictions is
observed.
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Figure 6: Left: transverse thrust (τT ) distribution measured by ATLAS and compared to MC generators
using jets with rapidity|η | < 1.0 and mean dijet transverse momentum 0.5HT > 250 GeV. Right: ratio of
ln(τT ) measured by CMS compared to predictions of different MC generators.

The CDF collaboration measured the cross section ofW +b-jet productionσ(W +b) ·Br(W →
lν) = 2.74± 0.27(stat)± 0.42(syst) pb with jet pT > 20 GeV,|η | < 2.0 andl = e,µ [23]. The
measurement significantly exceeds the NLO prediction 1.2±0.14 pb. The similarW + b-jet cross
section was measured by ATLAS [24] to be 10.2± 1.9(stat)± 1.6(syst) pb, which is about 1.5σ
higher than NLO QCD predictions 4.8+4.8

−1.2(scale)+0.3
−0.0(PDF)+0.3

−0.2(mb)±0.3(non−pert.corr.).

4. Photon production

Since highpT photons emerge directly frompp̄/pp collisions and provide a direct probe of
the parton hard scattering dynamics, they are of permanent interest in high energy physics. The
inclusive photon production cross sections have been measured at the Tevatron [25, 26] and the
LHC [27, 28]. They are in agreement within experimental uncertainties with NLO QCD, however
one needs to understand discrepancies in shape between LHC and Tevatron data at lowpγ

T . The
LHC and Tevatron measurements differ in photon isolation (4–5 GeV at the LHC vs 1–2 GeV at
the Tevatron), and partonxT regions.

In light of the Higgs boson search and searches for other possible resonances decaying to a
photon pair, all the collider experiments have performed a thorough study of the diphoton produc-
tion. The Tevatron and LHC experiments measured the diphoton cross sections as a function of
the diphoton massMγγ, the transverse momentum of the diphoton systempγγ

T , the azimuthal angle
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Figure 7: Left: dijet mass spectrum measured by D0 using inclusiveW+ ≥ 2 jet andW+ ≥ 3 jet events.
Right: jetHT cross section measured by ATLAS using inclusiveW+ ≥ 1 jet andW+ ≥ 2 jet events.

Figure 8: Left: differential b-jet pT cross section measured by CDF inZ+ ≥ 1b-jet events. Right: net
di-b-jet pT measured by CMS usingZ+ ≥ 2b-jet events.
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between the photons∆φγγ, and the polar scattering angle of the photons. The measurements are
typically compared to NLO QCD usingRESBOS[33] and DIPHOX [34], NNLO QCD using 2γ
NNLO [35], andSHERPA [15] predictions. The results show that the largest discrepancies between
data and NLO predictions for each of the kinematic variablesoriginate from the lowestMγγ region
(Mγγ < 50 GeV), where the contribution fromgg → γγ is expected to be largest [29]. As shown
in [30], the discrepancies between data and the theory predictions are reduced in the intermedi-
ateMγγ region, and a quite satisfactory description of all kinematic variables is achieved for the
Mγγ> 80 GeV region which is the relevant region for Higgs boson andnew phenomena searches.
None of the models describe the data well in all kinematic regions, in particular at low diphoton
mass (Mγγ< 60 GeV), low∆φγγ (< 1.7 rad) and moderatepγγ

T (20−50 GeV) [29, 30, 31]. Figure
9 showsMγγ cross section measured by CMS andpγγ

T measured by D0 collaborations.
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Figure 9: The differential diphoton production cross sections as functions ofMγγ measured by CMS (left)
and pγγ

T measured by D0 (right). The CMS data are compared to the theoretical predictions done with
DIPHOX [34]; the D0 data and compared toSHERPA (green line) 2γNNLO (red line) [35], DIPHOX and
RESBOS [33]. In the bottom plots, the scale uncertainties are shownby dash-dotted lines and the PDF
uncertainties by shaded regions.

The photon+heavy flavor jet final state is sensitive tob/c-quark PDFs (at lowpγ
T ) and contri-

butions from the annihilation diagrams withg → QQ̄ splitting (at highpγ
T ). Figure 10 showsγ+ b

andγ+ c cross sections measured by CDF and D0 [36, 37], compared to NLO QCD predictions
[38]. The measuredγ+ b cross sections are higher than the predictions at moderate and high pγ

T

and require higher order corrections in the theory.

5. Multiple parton interactions

The Tevatron experiments comprehensively studied the phenomenon of multiple parton in-
teractions (MPI) with a multijet final state in a few measurements [39, 40, 41]. Both CDF and
D0 found that rates of events with double parton (DP) hard scatter interactions inγ + 3 jet final
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Figure 10: Top: theγ+ b (left) andγ + c differential cross section measured by CDF. Bottom: theγ + b
differential cross section with photon in central (left) and forward (right) rapidity regions measured by D0.

state can be quite large (up to∼50% at jetpT ≃ 15− 20 GeV). The D0 collaboration measured
the effective cross sectionσeff = 16.4±0.3(stat)±2.3(syst) that characterizes rates of DP events,
σγ j, j j

DP = σγ jσ j j/σeff. This result is in agreement with the previous CDF measurement [39]. Using
the inclusiveW + 2-jet final state with jetpT > 20 GeV, the ATLAS collaboration measured the
fractions of DP events [42]. They are shown in Fig. 11 as a function of jet pT . The relative vector
pT imbalance of the two jets has been used to discriminate between DP and single parton (SP) inter-
actions. To calculate such an imbalance in the former sample, dijet events from real data have been
used. To model SP events, MC events are simulated usingSHERPAandALPGEN+HERWIG+JIMMY

generators. Having the DP fractions determined, ATLAS found σeff = 15± 3(stat)+5
−3(syst). The
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Figure 11: Left: distribution over a discriminant variable inW + 2-jet events in ATLAS data, compared
with those in the events with double parton and single partonscatterings. Right: fractions of double parton
events as a function of jetpT .

Figure 12: The world results on the measurements of effective cross section σeff.

effective cross sections measured in the world so far are shown in Fig. 12. More measurements are
needed to check dependence ofσeff on energy and initial parton flavors.

6. Summary

The Tevatron, LHC and HERA experiments provide precision QCD measurements of many
fundamental observables. For the most part, the results aremutually consistent or complemen-
tary to each other. Jet measurements show good agreement with pQCD, and sensitivity to PDF
sets, they provide the strongest constraint on the high-x gluon PDF, are used to extractαs, study
jet substructure, and provide limits on many new phenomena models. TheW/Z+jets results pro-
vide extensive tests of pQCD and tune existing MC models. Thephoton results test fixed order
NLO pQCD predictions accounting for resummation and fragmentation effects and show that the
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theory should be better understood. Study of MPI events impose strong constraints and improve
phenomenological MPI models at low and highpT regimes.
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