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Abstract

Recent QCD related results from the CDF and the DØ experiments are presented based on proton anti-proton
collision data at

√
s = 1.96 TeV, taken in Run II of the Fermilab Tevatron Collider. Measured observables include

inclusive photon and diphoton production, vector boson plus jets production, event shape variables, and inclusive
multijet production. The measurement results are compared to QCD theory calculations in different approximations.
A determination of the strong coupling constant from jet data is presented.
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1. Introduction

This presentation was given two days before the
Fermilab Tevatron Collider had stopped its operations.
During the previous ten years, in Run II, the Teva-
tron had delivered an integrated luminosity of 12 fb−1

of proton-antiproton collisions at a center of mass en-
ergy of 1.96 TeV to the CDF and DØ experiments, with
peak luminosities of up to 4.3 · 1032 cm−2s−1.

This article presents an overview of recent QCD re-
sults from the CDF and the DØ experiments, based on
data sets with integrated luminosities of 0.7 – 8.2 fb−1.
Presented are measurements of inclusive isolated pho-
ton and diphoton production, vector boson plus jet pro-
duction for different jet multiplicities, and event shape
variables. Also presented are measurement results
of multijet production together with phenomenological
analyses to constrain the parton distribution functions
(PDFs) of the proton and to determine the strong cou-
pling constant, αs. In all cases, the data are corrected
for instrumental effects and are presented at the “parti-
cle level,” which includes all stable particles as defined
in Ref. [1]. The results are used to test either particle-
level predictions by Monte Carlo events generators, or
perturbative QCD (pQCD) calculations in fixed order in
αs which are corrected for non-perturbative effects.

2. Photon Production

Photon cross sections in hadron collisions receive
contributions from “prompt” photons which directly
emerge from the hard subprocess, and from photons
which are produced in the fragmentation of energetic
π0 and η mesons. The latter are usually accompanied
by hadrons, and their contribution can be significantly
reduced by requiring the photon to be isolated from
other particles in the event. Isolated photon cross sec-
tions are therefore dominated by prompt photons. At
lowest order, prompt photons are produced via quark-
gluon Compton scattering or quark-antiquark annihila-
tion, and are therefore directly sensitive to the dynamics
of the hard subprocess and to αs and the PDFs of the
hadrons. Furthermore, diphoton final states are also sig-
natures for various new physics processes, such as extra
spatial dimensions and for heavy new particles, such as
the Higgs boson, decaying into photons.

2.1. Inclusive Isolated Photon Production
Photon production has been considered an ideal

source of direct information on the gluon density in the
proton [2, 3]. However, it was observed [4] that not all
experimental data are consistently described by pQCD
calculations in fixed order of αs. On the one hand, it was
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Figure 1: CDF measurement of the inclusive isolated photon cross
section, measured differentially in photon ET .

argued that the existing data may not be consistent [4].
It was also suggested that the phenomenological intro-
duction of an intrinsic transverse momentum of the in-
coming partons may help improve the description of the
data and reduce the inconsistencies [5]. But this ad-hoc
procedure still had a significant model dependence and
was not seen to be a fundamental solution. In recent
global PDF fits photon data have been excluded [6, 7, 8].

In order to rescue the photon data as a source of addi-
tional information on the PDFs, it is important either to
identify critical missing pieces in theory or to clearly
establish inconsistencies of existing data sets. Preci-
sion measurements in new kinematic regions are vital
for testing theory predictions.

Earlier in Run II, the CDF and DØ experiments had
each measured the inclusive isolated photon cross sec-
tion [9, 10]. The CDF results are shown in Fig. 1
as a function of the photon transverse energy. The
pQCD predictions are computed in next-to-leading or-
der (NLO) in αs using the program  [11, 12]
with CTEQ6.1M PDFs [13], and renormalization and
factorization scales set to µR,F = EγT . The EγT depen-
dence of the data/theory ratio is consistent with what
was observed by DØ, and by previous isolated photon
measurements in collider and fixed target experiments
at lower energies.

Figure 2: CDF measurement of the diphoton invariant mass depen-
dence of the diphoton cross section.

To investigate the potential sources of disagreement
in more detail, the DØ collaboration has subsequently
measured this cross section more differentially [14]. For
this purpose, also the jet (produced in association with
the photon) was tagged, and the photon plus jet cross
section was measured in four regions of the photon and
jet rapidities: For central jets (|yjet| < 0.8) and for for-
ward jets (1.5 < |yjet| < 2.5), and in each case for same
side photons (yγ · yjet > 0) and for opposite side photons
(yγ · yjet < 0). Again, in none of these rapidity regions
could theory describe the EγT dependence observed in
data.

In an additional measurement [15], the DØ collabora-
tion has measured the photon plus jet production cross
section, this time, however, for heavy flavor jets (sepa-
rately for c- and b-jets, both at central rapidities). While
the photon plus c-jet cross section is not described by
theory, NLO pQCD theory is in good agreement with
the measured photon plus b-jet cross sections. This re-
sult is consistent with a measurement of the photon plus
b-jet cross section by the CDF collaboration [16].

A possible conclusion could be that the additional
hard scale, provided by the heavy quark, improves the
fixed-order pQCD theory calculation.

2.2. Diphoton Cross Section

The leading contributions to diphoton production
are from quark-antiquark annihilation and from gluon-
gluon-scattering. Although the latter process is sup-
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Figure 3: CDF measurement of the diphoton ∆φ distribution of the
diphoton cross section.

pressed by a factor of α2
s (as the photons couple to a

quark box), its contribution is still significant at small
diphoton masses. In this kinematic range the PDFs are
probed at small momentum fractions, where the gluon
density is much larger than the quark densities. In addi-
tion to the prompt contributions, the diphoton cross sec-
tion also receives contributions where one or two pho-
tons are produced in fragmentation processes.

The CDF and DØ collaborations have both measured
the diphoton cross section [17, 18] as a function of
diphoton invariant mass, diphoton transverse momen-
tum, and the azimuthal angle difference ∆φ between
the two photons. The results are compared to differ-
ent approximations of pQCD. The program  [11]
includes NLO matrix elements for both the direct con-
tribution and the fragmentation contribution. The con-
tributions from fragmentation processes are especially
large in the regions of small diphoton masses, large
pT , and small ∆φ. The program  [19] has im-
plemented the fragmentation contributions only at LO,
but it includes resummation of soft initial-state gluon
radiation which are especially relevant at low diphoton
pT and at large ∆φ. The data are also compared to the
results from  [20] (LO matrix elements plus par-
ton shower and fragmentation model). The diphoton in-
variant mass and ∆φ distributions are shown in Figs. 2
and 3, respectively. The  (solid line) and 
(dashed line) predictions both give a reasonable over-
all description of the data, except in specific “critical
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Figure 4: DØ measurement of the production cross section for W + n
jets, differentially in pT of the jets. The data are compared to different
pQCD calculations in NLO (for n ≤ 3) and LO (for n = 4).

kinematic regions” in which the unique features of the
different calculations are probed. The diphoton mass
distribution is described by both for masses above the
peak at 30 GeV, while both underestimate the cross sec-
tion at lower masses. For the diphoton pT distribu-
tion (not shown) only  can describe the data for
pT < 20 GeV, the region where soft gluon resummation
is most important. Discrepancies between data and the-
ory are most prominent in the comparison of the mea-
sured and predicted distributions of ∆φ, where none of
the predictions can describe the whole spectrum. How-
ever, in the region ∆φ → π, where soft gluon pro-
cesses are expected to become relevant, the  pre-
diction agrees better with the data. At smallest values,
∆φ < 1, corresponding to the region of smallest dipho-
ton masses, the  prediction which includes the
additional fragmentation contributions is closer to the
data.

For a better overall description of diphoton produc-
tion, it would be desirable to have a single calculation
which includes all of the existing pieces, the full NLO
calculations of the direct and fragmentation contribu-
tions, combined with O(α3

s) gg → γγ corrections plus
resummed initial-state contributions.

3. Vector Boson plus Jet Production

Measurements of the production rates of vector
bosons plus jets provide fundamental tests of pQCD in
different approximations. Available predictions include
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Figure 5: CDF Measurement results for the production cross section for Z/γ∗ + 3 jets, differentially in pT of the third jet (left). The data are
compared to pQCD predictions in LO and NLO. Ratios of data and theory are shown on the right. The ratios to LO and NLO pQCD are in the
bottom figure (“+”).

calculations in fixed order in αs, MC generators using
leading order matrix elements plus parton shower, or
matched tree-level matrix elements combined with par-
ton showers. While the former are fundamental for pre-
cise quantitative tests of the theory, the latter are impor-
tant tools for estimating backgrounds in many searches
of new physics signals. These processes can also con-
stitute the dominant backgrounds for single top and tt̄
production, for searches of the Higgs boson, and for
searches of new physics signatures beyond the standard
model. Especially, Z boson plus b jet production is a
significant background for associated Standard Model
Higgs production (ZH → Zbb̄) and for searches of su-
persymmetric partners of the b quark.

The production rates of heavy vector bosons accom-
panied by jets have been studied in Run II in a large
number of measurements. These include measurements
of jet pT spectra and angular distributions of the jet or
the jet-Z/W system [21, 22, 23, 24]. Further analyses
have measured the production rates of a Z/W accompa-
nied by a heavy (c or b quark) jet [25, 26, 27, 28]. Here,
two recent measurements of Z + jet and W + jet produc-
tion by the CDF and the DØ collaboration, respectively,
are presented. Both collaborations have measured jet
pT spectra in Z/W + n jet production for n = 1, 2, 3, 4.
These measurements constitute the first tests of NLO
pQCD predictions for Z/W + 3 jet production.

3.1. W plus Jet Production
The inclusive W (→ eνe) plus n jet production

cross section is measured in the DØ experiment for
n = 1, 2, 3, 4 using a data sample corresponding to
4.2 fb−1 [29]. Jets are reconstructed using the Run II
midpoint cone jet algorithm with cone radius R = 0.5.
The W + n jet events are selected by requirements on
the central electron (pT > 15 GeV), the missing trans-
verse energy (E/T > 20 GeV), the transverse mass of the
W boson candidate (MW

T > 40 GeV), and the jet trans-
verse momenta (pT > 20 GeV). In addition, the spatial
distance (in η, φ) between the electron and the nearest
jet is required to be ∆R > 0.5. Acceptance corrections
and background contributions from Z + jets, tt̄, diboson,
and single top production are estimated using different
Monte Carlo event generators [29]. The backgrounds
from multijet production are determined using a data
driven method. After background subtraction, the dif-
ferential distributions in jet pT are corrected for exper-
imental effects, and the corrected differential cross sec-
tions are normalized to the measured inclusive W bo-
son cross section. The results are displayed in Fig. 4 as
a function of pT (separately for the first, second, third
and fourth jet) and compared to pQCD predictions in
NLO (for n ≤ 3) or LO (for n = 4) which have been
corrected for non-perturbative effects. The theory pre-
dictions have been obtained using the generators -
+ [30] (solid line) and  +  [31, 32]
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Figure 6: CDF measurement of the differential distribution of the
event shape variable transverse thrust.

(dashed line). In general, within their uncertainties, the
NLO pQCD predictions reproduce the data, except in a
few regions (the low pT region for W + 1 jet where the-
ory is slightly higher, and the high pT region for W +
3 jets where theory is slightly lower than the data). The
LO predictions for W + 4 jets describe the data well, but
they are subject to huge uncertainties from the renor-
malization scale dependence.

3.2. Z plus Jet Production

The CDF collaboration has presented a preliminary
measurement of the Z/γ∗ (→ l+l−) + n jet cross sec-
tion (for n=1,2,3,4), where l± = e± or µ± [33]. A com-
prehensive set of differential cross sections is measured,
including distributions of the jet multiplicities, the jet
rapidities, the jet transverse momenta, and the sum of
all jet transverse momenta. Furthermore, the Z/γ∗ + 2
jet cross section has been measured differentially in a
set of variables, related to the dijet system (M j j, ∆R j j,
∆φ j j, p j j

T ). The analysis is based on data correspond-
ing to an integrated luminosity of 8.2 fb−1. Jets are re-
constructed using the Run II midpoint algorithm with
cone size R = 0.7, for pT > 30 GeV and |y| < 2.1.
The leptons from the Z/γ∗ decay are required to have
pT > 20 GeV and |η| < 1.0 and a spatial distance to the
nearest jet of ∆R > 0.7. The measurements for the elec-
tron and muon channels are performed independently
and are combined taking into account asymmetric un-
certainties. The data are corrected for detector effects
and are compared to predictions from pQCD at NLO
(for n = 1,2,3) or LO (n = 4) from +
which are corrected for non-perturbative effects. While
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Figure 7: CDF measurement of the differential distribution of the
event shape variable transverse thrust minor.

the pT and rapidity distributions for Z/γ∗ + 1 jet and
for Z/γ∗ + 2 jet are reasonably well described by the-
ory, theory predicts a significantly lower cross section
for Z/γ∗ + 3 jet production. The pT distribution for the
third jet is shown in Fig. 5, compared to the theory re-
sults in LO and NLO. The large k factor (defined as the
ratio of NLO and LO) suggests a poor convergence of
the perturbative expansion, and that the failure of NLO
could easily be due to missing higher order terms.

4. Event Shapes

Event shape variables have been successfully used
in e+e− collisions for studying properties of the strong
interaction and for determinations of αs. Recently,
resummed theory predictions (NLO+NLL) for event
shape variable in hadron-hadron collisions have become
available [34]. The CDF collaboration has published
measurements of the variables thrust and thrust minor
in a data set corresponding to 0.385 fb−1 [35]. Jets are
defined by an iterative cone jet algorithm (without mid-
points). The event shape analysis is performed in an
inclusive dijet event sample with both leading jets in
the central region (η < 0.7) and with Emax

T > 200 GeV.
The event shape variables are defined in the transverse
plane, over all final state momenta in the full detector
acceptance of |η| < 3.5. Differential distributions of
transverse thrust τ and transverse thrust minor Tmin are
shown in Figs. 6 and 7. The detector-level data (mark-
ers) are compared to  [20] (with tune A) on parti-
cle level (“Tune A Hadron”) and with a detector simula-
tion applied (“Tune A + CDF Sim.”). The small differ-
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ence between the two model predictions indicates that
detector effects for these event shapes are small. It is
seen that while  with tune A describes the rough
features of the distributions, it does not describe the tails
towards small and large values very well. A parton-level
theory prediction in NLO+NLL (solid line), computed
using ++ [36, 37] and  [38, 39], is also
overlaid on the data. This calculation does neither in-
clude hadronization nor underlying event effects. It was
shown in the CDF publication [35] that hadronization
corrections are actually small for these variables, but un-
derlying event effects are large. Therefore one can not
expect the NLO+NLL calculation to describe the data.

The CDF collaboration has also proposed and mea-
sured a new observable, defined as the weighted differ-
ence of the mean values of thrust and thrust minor. From
analyzing the contributions from hard and soft processes
(the latter are assumed to stem from the underlying
event) to the mean values of thrust and thrust minor,
the authors have identified weighting factors α and β
for the averages of both event shapes, such that their
weighted difference (α〈τ〉 − β〈Tmin〉) is less sensitive to
the soft contributions from the underlying event. An
additional correction factor γMC for underlying event
contributions was computed using  tune A and
the variable “thrust differential”, D, was then defined
as D = γMC(α〈τ〉 − β〈Tmin〉). This variable D was mea-
sured as a function of Emax

T , the leading jet transverse
energy in the event. The results, corrected to particle
level, are displayed in Fig. 8 (markers) and compared
to the particle level prediction from  tune A (dot-
ted line) and to the perturbative (parton-level) prediction

computed in NLO+NLL (solid line). Both predictions
give a good description of the data within the theoretical
uncertainties of 20%.

5. Multijet Production

In Run II of the Tevatron, a large number of funda-
mental jet observables has been measured so far. The in-
clusive jet cross section has been measured by the CDF
and the DØ experiments [40, 41, 42], both using the
Run II cone jet algorithm with cone size R = 0.7, while
CDF has also presented results for the kT algorithm [43]
for a distance parameter of R = 0.7, but also for 0.5
and 1.0. The results are presented as double differential
cross sections in jet transverse momentum pT and ra-
pidity y up to pT > 500 GeV. The dijet cross section has
been measured by CDF and DØ as a function of dijet in-
variant mass [44, 45] (the DØ result was also measured
as a function of dijet rapidity |ymax|). Dijet angular dis-
tributions have been measured by the DØ experiment in
the angular variable χdijet = exp(|y1−y2|) and in different
regions of dijet invariant mass, up to above 1 TeV [46].

The analysis of the measured dijet angular distribu-
tions has shown no indications for new physics pro-
cesses which would modify the angular distributions of
jets at high dijet invariant masses, such as quark com-
positeness and extra spatial dimensions. This analysis
has produced the best pre-LHC limits on quark com-
positeness, ADD Large Extra Dimensions, and TeV−1

Extra Dimension models. Furthermore, the dijet mass
spectra show no evidence for resonances, produced by
new heavy particles, decaying into jets. The CDF col-
laboration has therefore used the dijet mass spectrum
to set stringent limits on hypothetical particles such as
excited quarks, axigluons, flavor-universal colorons, E6
diquarks, color-octet technirhos, or W ′ and Z′ bosons.
Being confident that no new physics processes con-
tribute to the measured jets, the inclusive jet data from
both experiments have been used in global PDF analy-
ses [6, 7, 8] exploiting the unique sensitivity of the jet
data to the gluon density in the proton at high values
of the proton momentum fraction x. Later, however, it
has been seen that the rapidity dependence of the DØ
dijet data is not well described by all PDFs which were
obtained from PDF analyses including the inclusive jet
data [45].

Based on the existing studies, one can conclude that
inclusive jet and dijet production processes are well un-
derstood and modeled adequately in pQCD. It is there-
fore attractive to extend the QCD jet studies towards
larger jet multiplicities probing higher orders in pQCD.
Early in Run II, the DØ collaboration has measured dijet
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azimuthal decorrelations [47], which was a first tests of
pQCD predictions using the three-jet matrix elements
which have been computed to NLO [36, 37]. Recent
measurements extend these studies to different three-
jet observables. The DØ collaboration has published a
measurement of the three-jet cross section [48], multi-
differentially in the three-jet invariant mass, M3 j, in the
rapidity region for the three jets, and in the pT require-
ment for the third jet pT3. A preliminary DØ result mea-
sures the ratio of three-jet and dijet cross sections as a
function of the leading jet pT and for different pmin

T re-
quirements for the other jets.

5.1. Three-Jet Cross Section

Jet are defined by the Run II midpoint cone algorithm
with cone size R = 0.7. The rapidities of the three
leading pT jets are restricted to |y| < 0.8, |y| < 1.6, or
|y| < 2.4, alternatively. The pT requirements are pT1 >
150 GeV and pT3 > 40 GeV (with no further require-
ment for pT2). Additional measurements are made for
pT3 > 70 GeV and pT3 > 100 GeV (both for |y| < 2.4).
In all cases, all pairs of the three leading pT jets are
required to be separated by ∆R =

√
(∆y)2 + (∆φ)2 >

2 · Rcone = 1.4. This separation requirement reduces the
phase space in which pairs of the three leading pT jets
are subject to the overlap treatment in the cone jet algo-
rithm. Since this overlap treatment can strongly depend
on details of the energy distributions in the overlap area,
this region of phase space may not be well modeled by
pQCD calculations at lower orders. In the remaining
analysis phase space, NLO pQCD calculations are not

affected by the Run II cone algorithm’s infrared sensi-
tivity [49].

These results [48], displayed in Fig. 9, show the
three-jet cross section, differentially in M3 j for differ-
ent rapidity requirements (left) and for different pT3
requirements (right). The data are compared to the-
ory predictions which combine NLO pQCD results
(computed using  [50], based on ++ [36,
37]) and non-perturbative corrections (computed using
 with tune DW [51]). The comparison is made
for MSTW2008NLO PDFs [52] and the corresponding
value of αs(MZ) = 0.120. The renormalization and fac-
torization scales are set to the average pT of the three
leading pT jets µR = µF = µ0 = (pT1 + pT2 + pT3)/3.
Ratios of data and theory are shown in Fig. 10 for dif-
ferent PDFs. For MSTW2008NLO PDFs, the ratios
of data and theory are almost constant, with only a
small dependence on M3 j and the |y| and pT3 require-
ments. The central data values are below the central
theory predictions by approximately (4–15)% in the dif-
ferent scenarios, slightly increasing with |y| and with
pT3. In all cases, the data lie inside the range cov-
ered by the renormalization and factorization scale un-
certainties (not shown here). Theory for CT10 PDFs [7]
(and the corresponding value of αs(MZ) = 0.118) pre-
dicts a different shape for the M3 j dependence of the
cross section. For M3 j < 0.6 TeV, the results for
CT10 PDFs agree with those for MSTW2008NLO,
while the CT10 predictions at M3 j = 1.2 TeV are up
to 30% higher. Further theory results are compared
to the data for other PDFs, including NNPDFv2.1 [8]
(αs(MZ) = 0.119), ABKM09NLO [53] (αs(MZ) =
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Figure 10: Ratios of data and theory for the DØ three-jet cross section measurement. The ratios are computed for different PDFs and are shown as
a function of the three-jet invariant mass in different rapidity regions and for different pT3 requirements.

0.1179), and HERAPDFv1.0 [54] (αs(MZ) = 0.1176).
The results for NNPDFv2.1 agree everywhere within
±4% with those from MSTW2008NLO. The cross sec-
tions predicted for HERAPDFv1.0 are (15–20)% be-
low those for CT10 everywhere and their M3 j distri-
butions have a similar shape. The M3 j dependence
of the calculations for the ABKM09NLO PDFs is be-
tween the shapes of MSTW2008NLO/NNPDFv2.1 and
CT10/HERAPDFv1.0. At low M3 j, the predictions for
ABKM09NLO agree with those for HERAPDFv1.0,
while at higher M3 j, they predict the smallest cross sec-
tions of all PDFs under study.

To quantify the agreement between data and theory,
a χ2 is computed, fully taking into account the corre-
lations of uncertainties [48]. The χ2 is computed for
different scales (for the nominal scale and for variations
by factors of 0.5 and 2), for different PDF parametriza-
tion, and for different values of αs(MZ) used in the NLO
matrix elements and PDFs (for all αs(MZ) values for
which PDF sets are available). The χ2 results are shown
in Fig. 11. For αs(MZ) values close to the world aver-
age of 0.1184 ± 0.0007 [55], for all PDF sets, with the
exception of HERAPDFv1.0, the lowest χ2 is obtained
for the central choice of the scales. From all PDFs,
the largest χ2 values are obtained for CT10 and HER-
APDFv1.0 PDFs, independent of the scale and αs(MZ)
choices. The best overall agreement, corresponding to
the lowest χ2 values, is obtained for MSTW2008NLO
for the central scale choice and αs(MZ) = 0.121, and
the results for NNPDFv2.1 are very close.

5.2. Ratio of Three-Jet and Dijet Cross Sections

As discussed above, the interpretation of the three-jet
cross section (and any other jet cross section) depends
strongly on the choices of αs(MZ) and the PDFs. The
impact of the latter can be strongly reduced, by study-
ing observables defined as ratios of multijet cross sec-
tions. The DØ collaboration has presented a prelimi-
nary result [56] for the ratio of the inclusive three-jet
and dijet cross sections, R3/2, measured as a function
of the leading jet transverse momentum pmax

T . For this
choice, in every pmax

T bin, the numerator is a subset of
the denominator, and therefore the variable R3/2 repre-
sents the conditional probability that a given inclusive
dijet event also has a third jet. The value of pmax

T is a
common scale for the three-jet and the dijet production
processes. Therefore R3/2(pmax

T ) is directly sensitive to
αs at the scale µR = pmax

T while the PDFs cancel to a
large extent in the cross section ratio. In this analysis,
the n-jet cross section (for n = 2, 3) is defined by all
events with n or more jets with pT above pmin

T , in a given
rapidity region (here: |y| < 2.4 for the n leading jets),
for pmin

T = 50, 70, 90 GeV. The results are displayed in
Fig. 12 as a function of pmax

T , for different pmin
T require-

ments (from left to right). Theory calculations based on
NLO pQCD plus non-perturbative corrections are com-
pared to the data for different PDFs (MSTW2008NLO,
CT10, NNPDFv2.1, ABKM09NLO) using in all cases
αs(MZ) = 0.118 (in the matrix elements and in the
PDFs). In all cases good agreement is seen.
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6. Determination of the Strong Coupling Constant

The strong coupling constant, αs(MZ), is one of the
fundamental parameters of the Standard Model of Par-
ticle Physics. The energy dependence of αs is pre-
dicted by the renormalization group equation (RGE).
The value of αs has been determined in many differ-
ent processes, including a large number of results from
hadronic jet production, in either e+e− annihilation or
in deep-inelastic ep scattering (DIS) up to energies of
209 GeV [55]. Prior to the analysis presented in this ar-
ticle, however, only a single result had been obtained
from jet production in hadron-hadron collisions. This
result is αs(MZ) = 0.1178+0.0081

−0.0095(exp.)+0.0071
−0.0047(scale) ±

0.0059(PDF), extracted by the CDF collaboration from
inclusive jet cross section data in pp̄ collisions at

√
s =

1.8 TeV [57]. All individual uncertainty contributions
for this result are larger than those from comparable re-
sults from e+e− annihilation or DIS [55].

Recently, the DØ collaboration has presented a new
αs determination [58] with unprecedented precision at
a hadron collider. The αs result is extracted from in-
clusive jet cross section data in pp̄ collisions at

√
s =

1.96 TeV from a recent DØ measurement [41, 42]. The
pQCD prediction for the inclusive jet cross section is
given by

σpert(αs) =

∑
n

αn
scn

 ⊗ f1(αs) ⊗ f2(αs) , (1)

where the cn are the perturbative coefficients, the f1,2 are
the PDFs of the initial state hadrons, and the “⊗” sign
denotes the convolution over the momentum fractions
x1, x2 of the hadrons. The sum runs over all powers
n of αs which contribute to the calculation. The DØ
result is based on NLO pQCD (n = 2, 3) plus 2-loop

contributions from threshold corrections [59] (n = 4).
The latter reduce the scale dependence of the calcu-
lations, leading to a significant reduction of the corre-
sponding uncertainties. While the f1,2 have no explicit
αs dependence, their knowledge depends on αs (due to
αs assumptions in the PDF analyses). Since the RGE
uniquely relates the value of αs(µR) at any scale µR to
the value of αs(MZ), all equations can be expressed in
terms of αs(MZ). The total theory prediction for inclu-
sive jet production is given by the pQCD result in (1),
multiplied by a correction factor for non-perturbative ef-
fects

σtheory(αs(MZ)) = σpert(αs(MZ))·cnon-pert . (2)

The pQCD results are computed in , which
is based on ++ and on the calculations from
Ref. [59]. To determine αs(MZ), recent PDF results
are used and αs(MZ) is varied in σpert(αs(MZ)) (i.e. si-
multaneously in the matrix elements and in the PDFs)
until σtheory(αs(MZ)) agrees with the data. There are,
however, two conceptual issues when extracting αs from
cross section data.

1. When performing the DGLAP evolution of the
PDFs, all PDF analyses are assuming the valid-
ity of the RGE which has so far been tested only
for energies up to 209 GeV. Since extracting αs at
higher energies means testing (and therefore ques-
tioning) the RGE, using these PDFs as input would
be inconsistent.

2. DØ jet data have been used in all recent global
PDF analyses. The PDF uncertainties are there-
fore correlated with the experimental uncertainties
in those kinematic regions in which the DØ jet data
had strong impact on the PDF results. As shown in
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Figs. 51–53 in Ref. [52], this is the case for the
proton’s gluon density at x > 0.2 − 0.3. Since
the correlations between PDF uncertainties and ex-
perimental uncertainties are not documented, the
αs extraction should avoid using those data points
which already had significant impact on the PDF
results.

In light of the second issue, the DØ αs extraction uses
only data points which are insensitive to x > 0.2 − 0.3.
Figure 13 shows the cross section contributions as a
function of momentum fractions x (here separately for
xmax and xmin in an event) for the inclusive jet cross sec-
tion bins of the DØ measurement. The (pT , y) bins in
the top left above the solid line have only small contri-
butions from momentum fractions x > 0.2 − 0.3. Since
all of these data points have pT below 145 GeV, the
first issue does not become relevant here. This leaves
22 (out of 110) inclusive jet data points in the range
50 < pT < 145 GeV for the αs analysis.

The αs extraction uses PDFs from the MSTW2008
analysis [6] which were obtained at NNLO (consistent
with the precision of the theory calculation used here).
These PDFs have been determined for 21 αs(MZ) values
between 0.107 and 0.127 [52]. The continuous αs(MZ)
dependence of the pQCD cross sections is obtained by
interpolating the cross section results for the PDF sets
for different αs(MZ) values. PDF uncertainties are com-
puted using the twenty uncertainty eigenvectors (corre-
sponding to 68% C.L.). The uncertainties in the pQCD
calculation due to uncalculated higher-order contribu-
tions are estimated from the µR,F dependence of the cal-
culations by varying the renormalization and factoriza-
tion scales in the range 0.5 ≤ (µR,F/pT ) ≤ 2. In a first

step, data points with the same pT are combined to de-
termine nine values of αs(pT ) for 50 < pT < 145 GeV.
These results are shown in Fig. 14 and compared to re-
sults obtained in DIS. A combined determination from
all 22 data points yields a result of

αs(MZ) = 0.1161+0.0034
−0.0033 (exp.)
+0.0010
−0.0016 (non-pert.)
+0.0011
−0.0012 (PDFs)
+0.0025
−0.0029 (scale).

This is currently the most precise result from a hadron
collider, with similar precision as recent results from jet
production in DIS, and consistent with the current world
average value [55].

7. Summary

The CDF and DØ collaborations have measured a
large number of QCD related observables testing many
aspects of the standard model predictions. The high
integrated luminosity from the Tevatron allows to ex-
plore rare processes like vector boson plus jet produc-
tion for the first time in great detail. While inclusive
photon and diphoton measurements are still challeng-
ing theory, other results are in general well described by
existing theoretical approximations. Precise measure-
ments of jet observables have strong impact in precision
phenomenology, as in constraining the proton PDFs, de-
terminations of αs, and for excluding new physics mod-
els.
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