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Abstract. We report a variety of measurements of hadronic final states,ranging from elastic scat-
tering of protons to events with highly energetic jets, based on data taken with the DØ experiment
at the Fermilab Tevatron proton-antiproton collider.

Starting with the non-perturbative regime, we report measurement of thepp̄ elastic differential
scattering cross section, using DØ’s Forward Proton Detectors (FPD). We present a new way to
describe minimum bias events based on angular distributions in ≈5 million minimum biaspp̄
collisions collected between April 2002 and February 2006 with the DØ detector. We demonstrate
that the distribution of∆φ in the detector transverse plane between the leading track and all other
tracks is a robust observable that can be used for tuning of multiple color interaction models.
Pseudorapidity correlations of the∆φ distributions are also studied. In addition, we present a
measurement of the effective cross section for events produced by double parton scattering.

DØ has produced a wide-variety of analyzes of final states involving jets, using a well-understood
and calibrated data sample. Inclusive jet cross-sections,dijet production, and multi-jet production
have been studied and compared to next-to-leading order (NLO) perturbative Quantum Chromo-
dynamics (pQCD) predictions. After reviewing several published measurements, including the in-
clusive jet cross section and extraction of the strong couple ing constantαs, and the dijet angular
dependence and azimuthal decorrelation, we present several recent analyszes. The differential inclu-
sive dijet as a function of the dijet invariant massM j j, and the three-jet cross section as a function
of the invariant three-jet mass (M3jet),are measured in a data set corresponding to an integrated lu-
minosity of 0.7 fb−1. NLO pQCD calculations are found to be in a reasonable agreement with the
measured cross sections.

Based on the same data set, we present the first measurement ofratios of multi-jet cross sections
in pp̄ collisions at

√
s = 1.96TeV at the Fermilab Tevatron Collider. The ratio of inclusive trijet and

dijet cross sections,R3/2, has been measured as a function of the transverse jet momenta. The data
are compared to QCD model predictions in different approximations.
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INTRODUCTION

In hadron-hadron collisions, production rates of collimated sprays of hadrons, called
jets, are sensitive to both the dynamics of the fundamental interaction and to the par-
tonic structure of the initial-state hadrons. The latter isusually parameterized in parton
distribution functions (PDFs) of the hadrons. Thus measurements of jet production prop-
erties can be used to test the predictions of quantum chromodynamics (QCD) as well as
to constrain the PDFs. Because jet production has the largest cross-section of any high
pT process at a hadron collider, the study of jet production provides the highest energy
reach for the experiment and a unique sensitivity to new physics.

Several jet measurements are now well established at the Tevatron, including the
measurement of the inclusive jet cross section and of the angular and invariant mass
dependencies of dijet events. These measurements provide important tests of pQCD and



are input to PDF calculations. Measurements of multi-jet production take advantage of
the fact that these processes have the same PDF sensitivity as dijet production, but are
sensitive to processes to third order in the strong couplingconstantαs. Fundamental to
the understanding of orderα3

s processes is the three-jet cross-section, which we present
as a function of the invariant mass of the three-jet system. Studies dedicated to the
dynamics of the interaction are preferably based on observables which are insensitive
to the PDFs. Such observables can be constructed as ratios ofcross sections for which
the PDF sensitivity cancels. In this note we report a measurement ofR3/2, the ratio of
the inclusive three-jet to the inclusive 2-jet cross-sections.

While jet production is amenable to tests using pertubativeQCD, there are many other
processes at a hadron collider in which non-perturbative QCD predominates. It is also
important to develop tests of the heuristic models that havebeen developed for non-
perturbative processes, in order to compare them in detail to experimental results. To
that end, we have developed a new analysis of angular correlation in tracks produced
in so-called minimum bias events, using a sample of events constructed from secondary
collisions in the same bunch crossing as an event with two high pT muons. We have also
studied events arising from double parton interactions, and made the first measurement
of thepp̄ elastic scattering cross section at

√
s = 1.96 TeV, employing detectors mounted

in the far forward region of the DØ experiment.

THE DØ DETECTOR

The results presented in this paper are based on data taken with the DØ detector at
the Fermi National Accelerator Laboratory’s Tevatronpp̄ collider. A detailed descrip-
tion of the DØ detector can be found in Ref. [1]. The event selection, jet reconstruc-
tion, jet energy and momentum correction in this measurement follow closely those
used in our recent measurements of inclusive jet and dijet distributions [5, 6, 8]. The
primary tool for jet detection is the finely segmented uranium-liquid argon calorime-
ter that has almost complete solid angle coverage 1.7◦ < θ < 178.3◦ [1]. Jets are
defined by the Run II midpoint cone jet algorithm [2] with a cone radius (for most
jet studies) ofRcone =

√

(∆y)2+(∆φ)2 = 0.7 in rapidity y and azimuthal angleφ .
Rapidity is related to the polar scattering angleθ with respect to the beam axis by
y = 0.5ln[(1+β cosθ)/(1−β cosθ)] with β = |~p|/E. The jets in an event are ordered
in descending transverse momentumpT with respect to the beam axis.

The position of thepp̄ interaction is reconstructed using a tracking system consisting
of silicon microstrip detectors and scintillating fibers, located inside a 2T solenoidal
magnet [1], and is required to be within 50 cm of the detector center along the beam
direction. The jet four-momenta are corrected for the response of the calorimeter, the net
energy flow through the jet cone, energy from event pile-up and multiplepp̄ interactions,
and for systematic shifts iny due to detector effects [5]. Cosmic ray backgrounds
are suppressed by requirements on the missing transverse momentum in an event [5].
Requirements on characteristics of the shower shape are used to suppress the remaining
background due to electrons, photons, and detector noise that mimic jets. The efficiency
for these requirements is above 97.5%, and the fraction of background events is below
0.1% at allpmax

T .



ELASTIC SCATTERING AND MINIMUM BIAS EVENTS

A dedicated set of detectors placed near the beamline are used, in conjunction with the
rest of the DØ detector and readout system, to study elastic and diffractive processes.
These Forward Proton Detectors (FPDs) consist of eight quadrupole spectrometers, with
six layers of scintillating fiber planes each. Data taken with the FPDs were produced
under special running conditions of the Tevatron, characterized by single bunches and
a β ∗ = 1.6m. An integrated luminosity ofL ≈ 30 nb−1 was accumulated under these
conditions.

In figure 1 the differentialpp̄ cross-section as a function of momentum transfert,
dσ/d|t|, is shown. The preliminary DØ measurement is indicated withblack data points,
and overlaid are previous results taken by the CDF[3] and E710[4] experiments at a
pp̄ cross-section of 1.8 TeV. our measurement extends the rangeof this measurement
significantly, and provides the first measurement of the firstdiffraction minimum in the
elastic differential cross section.
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FIGURE 1. The preliminary DØ measurement of thepp̄ elastic cross-section at 1.96 TeV, with com-
parisons to earlier measurements made at 1.8 TeV (see text for references).

While jet production is described reasonably well by perturbative QCD convoluted
with PDFs, a variety of topics (usually grouped under the heading of “soft QCD pro-
cesses”) are not amenable to a pertubrative QCD calculation. These would include the
development of showers in jets, the underlying events produced from the remnant par-
tons of a collision and possibly initial state radiation, minimum bias events, etc. Models
of these processes require comparison to experimental results in order to tune the model
parameters. We have studied the angular separation in the detector transverse plane,∆φ ,
between the leading track in the events (pT leadand all other tracks in the event, as a way
to characterize minimum bias events. This variable is then compared to several Monte
Carlo tunes and models.

In order to create a sample of minimum bias events, we first select events with exactly
two muons withpT > 2 GeV, both associated with the primary vertex of the event.
We require that the event contains one more additional minimum bias vertices, with at
least five tracks associated to each vertex. These minimum bias vertices are required to
separated from the primary vertex by at 5 cm, and to be within 20 cm of the center of
the detector. All tracks are required to havepT > 0.5 GeV and to be within|η| < 2.0.



Approximately 4.3 million minimum bias vertices were foundto satisfy these selection
requirements.

For each minimum bias vertex, the angular separation between the track with the
largestpT and every other track associated with the same minimum bias vertex is com-
puted. The background-subtracted distribution (using a polynomial fit to the distribution)
is then normalized to the number of tracks, as only the shape of the resulting distribu-
tion is important for comparison to models. The normalized,background-subtracted∆φ
distribution is shown in Fig. 2, in bins ofπ/50, for two different ranges of leading track
η.
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FIGURE 2. The normalized distribution of∆φ to the leading track in the same minimum bias vertex,
for (a) |η | < 1.0 and (b)|η | < 2.0. Error bars include systematic uncertainties.

We have compared the distribution obtained from data with some tunes and models
implemented in PYTHIA version 6.421 in two|η| ranges:|η|< 1, historically the region
for which tuning data is provided [20], and|η| < 2, the region accessible with the DØ
detector. The comparison of the data∆φ distribution, subtracted and normalized, to three
PYTHIA tune and model implementations (Rick Field’s Tune A [21], the Perugia 0 tune
(P0) [22], and the Generalized Area Law model of color reconnections (GAL) [23]) in
those two|η| ranges are shown in Fig. 2 (a) and (b). These tunes and models were chosen
because they have a range of interesting features. Tune A is historically significant and
usesQ2-ordered parton showers, while tune P0 is a more recent tune which is an update
of the First Sandhoff-Skands tune (S0) [28] and usespT -ordered showers. They both
use the color-annealing model for color reconnections. GALis based on tune S0 but uses
the Generalized Area Law color reconnection model. In comparing the distributions in
Fig. 2 (a) and (b), it is clear that the extended reach of the DØdetector allows us to
access a region that affects the shape significantly and where the Monte Carlo tunes and
models present large differences, increasing the tuning power.

We define a second observable by assigning the tracks to twoη regions based on the
rapidity of the leading track. We define tracks to belong to the “same” region if their
η values have the same sign as the leading track, and “opposite” otherwise. We define
our observable to be the distribution resulting from the subtraction of the “opposite”
region distribution from the “same” region one, and then normalized, again minimizing
the effect of fakes and tracking efficiency



The distribution of the “same-opposite”∆φ distribution is shown in Fig. 3, for the two
ranges|η|< 1.0 and|η|< 2.0, along with the predictions from PYTHIA for the models
listed before. Here the structure of the distribution broadand has a high same-side and
flattened tail. The largeη acceptance of the DØ detector allows us to access regions that
affect the shape of this distribution, and where significantdiscrepancies between data
and the Monte Carlo models exist.
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FIGURE 3. The normalized distribution of∆φ for same-opposite sides to the leading track in the same
minimum bias vertex, for (a)|η | < 1.0 and (b)|η | < 2.0. Error bars include systematic uncertainties.

We evaluated the systematic uncertainties in our measurement by varying cuts in
both data and Monte Carlo. The largest systematic uncertainty, approximately 1%, was
found to be due to the minimum number of tracks required to construct a minimum bias
primary vertex. The combined systematic uncertainties on both observables is estimated
to be 2.8%.

Double Parton Events

Many features of high energy inelastic hadron collisions depend directly on the
parton structure of hadrons. The inelastic scattering of nucleons need not to occur only
through a single parton-parton interaction and the contribution from double parton (DP)
collisions can be significant. The rate of events with multiple parton scattering depends
on how the partons are spatially distributed within the nucleon. The DP cross sections
can be expressed as [24][27]σDP = σAσB

σe f f
, whereσA andσB are the cross sections of two

independent partonic scatterings A and B. The process independent scaling parameter
σe f f has the units of cross section. Its relation to the spatial distribution of partons within
the proton has been discussed in [24] through [27]. The ratioσB/σe f f can be interpreted
as the probability for partonic process B to occur provided that process A has already
occurred.

We have measured the rate of DP events, using the data collected with the DØ detector
during Run IIa, which after applying all the data quality criteria and the trigger selec-
tions, corresponds to an integrated luminosity of about 1.02±0.06fb−1. To determine
the fraction of DP events, we select the sample ofγ + 3 jets events with the require-



ment of only one event vertex (“1VTX" sample). The event vertex should have at least
three associated tracks and the distance to the center of thedetector along the beam axis
should be less than 60 cm. There should be at least one photon candidate withpγ

T be-
tween 60 and 80 GeV and passing quality cuts, and at least 3 jets with p jet

T > 25/15 GeV
(leading/second or third) and|y| < 3.0 and passing jet quality requirements.

The pT spectrum for jets from dijet events falls faster than that for jets resulting from
initial or final state radiation in theγ+jet events, and thus DP fractions should depend
on the jetpT [24][27]. The DP fractions andσe f f are determined in threep jet2

T bins
15–20, 20–25, and 25–30 GeV using a data driven method that exploits a difference in
distributions of the∆S variable; defined as∆S = ∆φ(pγ , jeti

T , p
jet j, jetk
T ), representing the

opening angle of the two best balancing pairs of jets. The value of∆S is chosen so that it
minimizes on of the three variablesSpT ,Sp′T

, andSφ , based on jetpT resolution, average
pT , andφ resolution, respectively [29]. In most events,∆S is minimized by pairing the
photon with the leading jet.

In figure 4 we show the measured fraction of DP (fDP)events, in three intervals of
pjet2

T . These are extracted from the∆Sφ , ∆SpT and∆Sp′T
as indicated in the figure. On the

right, a comparison to thefDP measurement is made to the PYTHIA Monte Carlo with
two common tunes, tune A and Perugia tune S0 [28].
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FIGURE 4. a) The fraction of double parton (DP) measured in threep jet2
T intervals, extracted from the

∆Sφ , ∆SpT and∆Sp′T
distributions described in the text. b) A comparison of the average measured fraction

of DP events in the threep jet2
T intervals, compared to prediction based on the PYTHIA MonteCarlo

The fraction of DP events, combined with a similar measurement of double interaction
(DI) events, is used to extract the effective cross sectionσe f f . Figure 5 shows the value

of σe f f measured in the three bins ofp jet2
T . Only a weakpT dependence is observed.

The value averaged over the three bins isσ ave
e f f = 16.4±0.3(stat)±2.3(syst) mb.

INCLUSIVE AND DIJET PRODUCTION

The largest highpT production cross section at a hadron collider is that of jetsproduced
from final states containing quarks and/or gluons. This highcross section provides a
unique sensitivity of new physics, but in the absence of new strong dynamics precision
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FIGURE 5. The effective cross sectionσe f f for double parton (DP) events, as measured in threep jet2
T

intervals.

jet measurements provide important tests of pQCD. The high reach of the Tevatron in
both momentum transfer (Q2) and parton momentum fractionx provides broad kine-
matic reach in which to test NLO pQCD predictions, as well as providing sensitivity to
PDFs and the running of the strong coupling constantαs.

For all jet studies, a jet energy scale (JES) correction is applied to jet four momentum
as the measured four momentum of a jet is not the same as that ofa jet entering the
calorimeter due to the response of the calorimeter; energy showering in and out of
the cone; and additional energy from detector noise, event pile-up and multiplepp̄
interactions. The JES correction is determined using thepT imbalance inγ+ jet and
dijet events. The additional energy from pile-up and multiple interaction is determined
from a minimum bias sample. The JES corrections are of the order of 50% for a jet
energy of 50 GeV and 20% for a jet energy of 400 GeV. However, for the 0.7 pb−1 data
sample used for the measurements presented in this talk, collected with the DØ detector
during 2004–2005 in Run II of the Fermilab Tevatron Collider, the uncertainty on the
JES is very small, less than 2% over jetpT ’s from 60 to 300 GeV.

For the sake of brevity, the reader is directed to reference [5] for a discussion of the
inclusive jet cross section measurement, reference [9] forthe details on the extraction of
the strong coupling constant from the inclusive jet cross section, and to references [6]
and [7] for discussion of the dijet chi and azimuthal decorrelation measurements.

More recently DØ has measured the dijet cross section as a function of the dijet
invariant massM j j[8]. This cross section is measured in six regions ofymax, the rapidity
of the leading jet in the event. Figure 6 (left) shows the resulting measurements, while
figure 6 (right) shows the measured cross section divided by the NLO prediction from
theNLOJET++ [10] program. This measurement in an important extension ofpQCD to
the forward region, and includes measurement of dijet invariant masses up to 1.2 TeV.
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MULTIJET PRODUCTION

In the analyzes presented, we measured the trijet cross-section as a function of the
invariant massM3jet of the three-jet system, and study the ratio of the inclusivetrijet
and dijet cross sections.

In both the three-jet cross-section measurement and the measurement ofR3/2, events
are triggered by a single highpT jet above a particular threshold. In eachpmax

T bin,
events are taken from a single trigger which is chosen such that the trigger efficiency is
above 99% for dijet and for trijet events. Jets in then = 2 or 3 jet samples were selected
with |y| < 2.4, and separation in the plane of rapidity and azimuthal angle,Rjj , between
all pairs of then leading pT jets larger than twice the cone radius (Rjj > 2 · Rcone).
The rapidity requirement restricts the jet phase space to the region where jets are well-
reconstructed in the DØ detector and the energy calibrationis known to 1.2%−2.5%
for jets with 50< pT < 500GeV. The separation requirement strongly reduces the phase
space for which then leading jets had overlapping cones which were split during the
overlap treatment of the jet algorithm.

Measurement ofdσ/dM3jet and R3/2

We measure the differential inclusive three-jet cross section as a function of the
invariant three-jet mass for three hard, well separated jets in three regions of jet rapidities
(|y| < 0.8, |y| < 1.6, |y| < 2.4 for all three jets) and in three regions of the third jet
transverse momentum (pT3 > 40 GeV,pT 3 > 70 GeV andpT3 > 100 GeV) with leading



jet pT > 150 GeV. The three-jet mass spectra are shown in Fig. 7.
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The data are compared to the perturbative QCD NLO predictions calculated in
NLOJET++[10] program with MSTW2008NLO[11] PDFs. The NLO prediction is cor-
rected for hadronization and underlying event effects, with correction varied in the range
from -3% to 6%, obtained from PYTHIA[12] simulations using tune QW[13]. The com-
parison of data to theory is shown in Fig. 8.
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FIGURE 8. Data to theory ratio of the three-jet mass cross section in three regions of jet rapidi-
ties.The total systematic uncertainty is shown by a shaded band. The PDF uncertainty comes from the
20 MSTW2008NLO eigenvectors. The scale uncertainty is determined by varying the scale up and down
by a factor of 2.

The ratio of inclusive jet cross sections,R3/2(pmax
T ) = (dσ≥3jet/dpmax

T )/(dσ≥2−jet/dpmax
T ),

is less sensitive to experimental and theoretical uncertainties than the individ-
ual cross sections, due to cancelations of correlated uncertainties. HereR3/2 is
measured as a function of the leading jetpT in an event,pmax

T , in the interval
(pmin

T +30GeV) < pmax
T < 500GeV, forpmin

T requirements of 50, 70, and 90 GeV.



The results are displayed in Fig. 9, where the inner error bars represent the statistical
uncertainties while the total error bars represent the quadratic sums of statistical and
systematic uncertainties. The data are compared to the predictions from different Monte
Carlo event generators. TheSHERPA v1.1.3 predictions [14], which include the tree-
level matrix elements for 2-, 3-, and 4-jet production, are shown as solid lines in Figs. 9.
These were obtained using default settings and MSTW2008LO PDFs and by matching
the leading order matrix elements for 2-, 3-, and 4-jet production with a parton shower.

In addition, the data are compared to predictions from the PYTHIA event generator
(version 6.422). The matrix elements implemented in PYTHIAare only those for 2-
jet production. All additional jet emissions are produced by a parton shower. There are
two different implementations, a virtuality-ordered parton shower and apT -ordered one.
Both are highly tunable and more than 50 tunes are provided inPYTHIA v6.422. All
tunes studies here use the CTEQ5L PDFs [15].

In Fig. 9 the data are compared to PYTHIA tunes which use thepT -ordered parton
shower [16, 17]. These are tune “Professor pT0” [18] and two extreme tunes from the
“Perugia” series of tunes [19], the tunes “Perugia hard” and“Perugia soft”. All of these
tunes give very different results forR3/2 but all predict significantly higher ratiosR3/2
than what is seen in the data, even for the softest tune from the Perugia series.
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FIGURE 9. The ratioR3/2 of trijet and dijet cross sections, measured as a function ofthe leading jet
pT (pmax

T ) for different pmin
T requirements for the other jets. The predictions ofSHERPAandPYTHIA (for

three tunes using thepT -ordered parton shower) are compared to the data.

SUMMARY

The DØ experiment at the Fermilab Tevatron collider has beenenormously successful,
and continues to produce important physics measurements, tests of the Standard Model,
and searches for new phenomena. Only a small portion of the QCD-related analyzes
we have pursued could be shown in this talk. The reader is urged to checkhttp:
//www-d0.fnal.gov/results/index.html for the latest results.
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