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Abstract. I present recent results on high pr jets and photon production in pp collisions at a center of
mass energy of 1.96 TeV. The measurements were performed by the CDF and D@ collaborations using
between 150 and 300 pb~'of data taken during Run II at the Tevatron.
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1 Introduction

Quantum Chromodynamics (QCD) emerged as a mathe-
matically consistent theory in the 1970s, and nowadays is
regarded as one of the cornerstones of the Standard Model.
One of the triumphs of modern particle physics has been
the extent to which QCD has successfully accounted for
the strong interaction processes observed experimentally
at hadron colliders. Recent measurements of multi-parton
processes, heavy flavor production, and direct photon pro-
duction are pushing the comparisons with available theo-
retical models to a new era of precision QCD studies. This
confrontation between measurements and predictions is
important in itself as a test of QCD, but is also crucial in
the identification of beyond the standard model phenom-
ena that might appear at the Tevatron or the LHC. In the
following sections I will present recent results from the
Tevatron collider experiments on high pr jets and photon
production.

2 Dijet Azimuthal Decorrelations

The D@ collaboration has recently published [1] a study
of the correlations in the azimuthal angle between the
two largest transverse momentum jets (APgijer) using 150
pb~lof data collected during Run IL. Dijet production in
hadron-hadron collisions in the absence of radiative ef-
fects results in two jets with equal transverse momenta
and correlated azimuthal angles. Additional soft radiation
causes small azimuthal decorrelations, but Adgije; values
significantly lower than 7 are evidence of additional hard
radiation with high pr. Exclusive 3-jet production pop-
ulates the region of Adgjjer between 27w/3 and m, while
smaller values of A@gjje require additional radiation such
as a fourth jet in the event. Distributions of A®g;je; con-
sequently provide an ideal testing ground for higher-order
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pQCD predictions without requiring the reconstruction of
additional jets.

The analysis is based on an inclusive dijet sample in
the central rapidity region (|y| < 0.5), and was performed
in four analysis regions, defined by the requirement that
the pr of the leading jet in the event pip®* be greater
than 75, 100, 130, and 180 GeV, respectively. The sec-
ond leading jet in the events was required to have pr >
40 GeV. Jets were defined using an iterative seed-based
cone algorithm (including mid-points) with radius Reone =
0.7 [2]. The observable was defined as the differential di-
jet cross section in A®gijer, normalized by the dijet cross
section integrated over Adgijet in the same phase space
(1/0dijet) (dogijet /dAPaijet ). The data was compared to pQCD
calculations obtained using the parton-level event gener-
ator NLOJET++ [3] and CTEQ6.1M [4] PDF’s. The
renormalization and factorization scales were chosen to be
pr = py = 0.5pF2*. It is observed that NLO pQCD pro-
vides a good description of the data. In addition, the data
was compared to Monte Carlo event generators (HER-
WIG [5] and PYTHIA [6]), that use 2 — 2 LO pQCD ma-
trix elements with phenomenological parton-shower mod-
els to simulate higher order QCD effects. HERWIG ver-
sion 6.505 describes the data well over the entire range,
whereas PYTHIA version 6.225 with default parameters
describes the data poorly. A good agreement can be achieved
between data and PYTHIA by increasing the maximum
allowed virtuality by a factor of four [7]. The data can
therefore benefit global efforts to tune Monte Carlo event
generators.

3 b Jet Cross Sections

Measurements of the b jet cross section provide an impor-
tant quantitative test of pQCD, as the mass of the b quark
is considered to be large enough to justify the perturba-
tive expansion in the strong coupling constant. Data on b
quark production is therefore expected to be adequately
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described by NLO pQCD calculations. Both the CDF and
the DO collaborations have recently made public prelimi-
nary results on inclusive b jet cross section measurements.
These results extend the upper reach of exclusive mea-
surements using B mesons, and provide a simple observ-
able with high sensitivity to heavy flavor production up
to the highest pr. In addition, theoretical uncertainties on
fragmentation and decay are smaller in the inclusive b jet
analysis than in exclusive decay studies. In the following
sub-sections, I will briefly describe the methods used by
CDF and DO to identify b jets, as well as present prelim-
inary results on inclusive b jet production.

3.1 b Jet Identification

Two strategies have been developed to identify jets that
originate from a b quark, refered to as b tagging: soft-

lepton tagging (SLT) and secondary vertex tagging (SecVtx).

Approximately 20% of the time, a decaying b quark
will yield a muon, either directly or through a sequential
decay via a ¢ quark. These muons are much softer and
less isolated than the ones originating from a W boson,
and when identified within the jet cone, can be used to
tag that jet as originating from a b quark. Although the
fraction of b quarks decaying into electrons is the same as
for muons, the identification of soft electrons inside jets
is quite challenging and is not being considered further in
this paper.

Another method of tagging b jets profits from the rel-
atively long lifetime of B hadrons, which allows them to
travel up to several mm before decaying. The SecVtx al-
gorithm [8] relies on the displacement of secondary ver-
tices relative to the primary event vertex to identify B
hadrons. It uses displaced tracks associated with a jet that
are within a sub-cone of 0.4 in the 5 — ¢ space with respect
to the jet axis. The algorithm looks for combinations of
at least 2 tracks consistent with originating from a sec-
ondary vertex. For each secondary vertex, the distance in
the transverse plane between the vertex and the primary
one (L, or decay lenght) is calculated, and tags with pos-
itive L, are accepted as b tags.

3.2 High pt Cross Section for u tagged Jets

The D@ collaboration has measured the inclusive jet cross
section for u tagged jets using 294 pb~!of data collected
during Run II. Events were recorded using single jet trig-
gers at four different threholds; the highest pr threshold
trigger being unprescaled. Jets were defined using an it-
erative seed-based cone algorithm (including mid-points)
with radius Reone = 0.5 [2], and were restricted to central
rapidities of |y| < 0.5. Muons were detected as tracks re-
constructed from hits recorded in three layers of tracking
detectors and two layers of scintillators [9], both located
outside the calorimeter. A 1.8 Tesla iron toroidal magnet
is located outside the innermost layer of the muon de-
tector. The pp of the muon was required to be greater
than 5 GeV, and the distance in n — ¢ space between the

muon and the jet was required to be less than 0.5, which
selects a sample enriched in heavy flavor jets. The data
was then fully corrected for efficiencies and unsmeared to
particle level. The selected sample contains contributions
from b and ¢ quark semileptonic decays, but also from in
flight decays of 7 and K mesons. To extract the heavy
flavor component of the p tagged jets cross section D@
used a sample of QCD Monte Carlo events generated with
PYTHIA and processed with a GEANT-based [10] full
detector simulation. The fraction of p tagged jets which
contain at least one b or ¢ quark as predited by the Monte
Carlo is shown in Fig. 1 (left). The overlaid fit represents
the fraction used as a correction factor to the measured
cross section. It ranges from about 70% at pr = 50 GeV
to about 45% at pr = 400 GeV. The dashed lines repre-
sent the assigned systematic uncertainty on the fraction,
which reflects the limited Monte Carlo statistics, will be
reduced for a future update of the analysis. Fig. 1 (right)
shows the comparison of the data with theoretical predic-
tions. The result is presented as a ratio with the prediction
from PYTHIA for the u tagged jets cross section origi-
nating from b or ¢ quarks. PYTHIA’s prediction therefore
is shown as a line at 1. The data is shown as dots with
statistical error. The systematic error is shown as a band:
the outer band corresponds to the total error, the middle
band corresponds to setting the heavy-flavor fraction error
to zero, and the inner band shows the exclusive contribu-
tion to the error from the jet energy scale correction. The
NLO prediction was obtained from the product of the pre-
dicted inclusive jet cross section from NLOJET++ with
CTEQ6M and g = pr/2, multiplied by the fraction of
jets from b or ¢ quarks that are u tagged, as predicted by
PYTHIA. The data lays approximately between the two
calculations, with errors spanning the difference. Further
reduction of the experimental uncertainties is needed in
order to constrain the predictions.

3.3 Inclusive b Jet Cross Section

The CDF Collaboration has measured the inclusive b jet
cross section using about 300 pb~!of data collected dur-
ing Run II. Events were recorded using single jet triggers
at five different threholds, optimized to provide unbiased,
fully efficient data selection. Jets were defined using an it-
erative seed-based cone algorithm (including mid-points)
with radius Recone = 0.7, and were restricted to central
rapidities of |y| < 0.7. The SecVtx algorithm was used
to tag b jets. Monte Carlo was used to derive the aver-
age correction for detector effects and pr scale. The b
tagging efficiency was measured in a Monte Carlo dijet
sample, and scaled by a Data-to-Monte Carlo correction
factor derived from comparing the b tagging efficiency ob-
tained from an inclusive electron data sample and the cor-
responding Monte Carlo sample. To extract the heavy fla-
vor component of the b tagged jets cross section, CDF used
the shape of the SecVtx vertex mass distribution as the
discriminating quantity. Templates for b, c, or light-quark
jets were obtained from PYTHIA Monte Carlo in bins
of jet pr; the templates for ¢ and light jets were subse-
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Fig. 1. Fraction of p tagged jets coming from b or ¢ quark semileptonic decays as predicted by PYTHIA (left). D@ measurement
of the inclusive cross section for u tagged b or ¢ quark jets presented as a ratio with the prediction by PYTHIA, compared to
the same PYTHIA prediction, and to a NLO estimate obtained as described in the text (right).

quently merged. The fraction of tagged jets that originate
from a b quark in each jet pr bin was obtained by fitting
the data to a linear combination of the templates for b and
¢ or light-quark jets. The obtained fraction can be seen in
Fig. 2 (left). The measured inclusive b jet cross section is
shown in Fig. 2 (right), together with the prediction from
PYTHIA TuNE A, with CTEQ5L PDF. The error in the
last six bins is dominated by the error on the fraction of b
jets and the absolute jet energy scale. PYTHIA underes-
timates the data by a factor of 1.4, as expected for a LO
Monte Carlo prediction. A comparison of the data with
NLO QCD is in preparation.

4 Photon Studies

At the Tevatron, the dominant source for production of
photons with pr < 150 GeV is through the process g+¢q —
g+~ (Compton Scattering). The production cross section
is therefore sensitive to the gluon density inside the col-
liding hadrons. The measurement of the isolated photon
cross section allows testing of NLO and resummed QCD
calculations, as well as phenomenological models of gluon
radiation, photon isolation, and the fragmentation pro-
cess. In addition, diphoton final states serve as signature
for many interesting physics processes [11], including one
of the main discovery channels for the Higgs boson at the
LHC [12]. Nevertheless, the QCD production rate dom-
inates, and thus an understanding and modelling of the
QCD production mechanism is needed pior to any possi-
ble discoveries.

4.1 Isolated Photon Cross Section

The DO collaboration has measured the inclusive cross
section for the production of isolated photons using 326
pb~lof data collected during Run II. The preliminary re-
sult has been shown for the first time at the Hadron Col-
lider Physics Symposium 2005 (this conference), and is
presented below. Events were required to pass a combi-
nation of unprescaled EM triggers. Photons were recon-
structed with a simple cone algorithm [13] with cone size
Reone = 0.2, had a minimum p7. of 15 GeV, and were re-
stricted to central rapidities of |y| < 0.9. Each photon can-
didate was required to deposit more than 95% of the de-
tected energy in the EM section of the calorimeter, and to
be isolated in an annular region between Rcone = 0.2 and
0.4 around the photon. In addition, the probability to have
a track spatially matched to the EM cluster was required
to be less than 0.001, and the missing transverse energy
(£r) had to satisfy the cut Fr/p} < 0.7. A set of four
additional variables that are well modelled in Monte Carlo
were used to build an artificial neural network (ANN) [14]
optimized for pattern recognition. The network is trained
in bins of p} to produce an output of unity for signal and
zero for background. The normalized distribution of ANN
output for data, direct photon signal Monte Carlo and a
background sample of electromagnetic jets obtained di-
rectly from collider data, is shown in Fig. 3 (left) for the
bin 44 < pl < 50 GeV. Events that satisfy a cut in the
NN output of greater than 0.5 remain in the final data
sample. The purity of this sample is determined on a sta-
tistical basis by fitting the data to a linear combination
of the ANN distributions for direct photon Monte Carlo
(signal), and electromagnetic jets from data (background).
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Fig. 2. Fraction of SecVtx tagged jets coming from a b quark as obtained from fits to the vertex mass distribution predicted
by PYTHIA (left). CDF measurement of the inclusive b jet cross section compared with a prediction from PYTHIA TUNE A,

with CTEQ5L PDF (right).

The result is shown in Fig. 3 (right). The inclusive photon
cross section was obtained by the relation
o NPf
dpy dn L Apy Ang A€’

where N is the number of selected photon candidates,
P is the photon purity, f is the unsmearing correction,
L is the integrated luminosity, Ap}. and An} are the
bin sizes in transverse momentum and pseudorapidity of
the photon respectively, A is the acceptance, and ¢ is
the efficiency of the selection. The ratio of the measured
cross section to the NLO QCD prediction [15] is shown in
Fig. 4. The prediction agrees with the data within ex-
perimental uncertainties in the whole considered range
23 < p] < 300 GeV. The prediction by Gordon and
Vogelsang [16], that uses a different set of fragmentation
functions, is in agreement within 7%.

4.2 Diphoton Production

The CDF collaboration has recently published [17] a mea-
surement of the production cross section for isolated prompt
diphotons using 207 pb~'of data collected during Run II.
The experimental result was compared to three prediction:
DIPHOX [18], ResBos [19], and PYTHIA [6]. DIPHOX
is a fixed-order QCD calculation that includes all sub-
processes at NLO. ResBos includes subprocesses where
the two photons are produced at the hard-scattering at
NLO, and fragmentation contributions at LO, but resum-
mation is used to include the effects of initial state gluon
radiation. PYTHIA is a parton shower Monte Carlo that
contains the processes at LO. Several distributions were
examined: the diphoton mass (m,,), photon transverse
momentum (p}.), and the azimuthal angle between the 2
photons (A®). The predictions for the m,., distribution
agree fairly well with data, except for the very low mass
region, where DIPHOX predicts a higher rate. Because
of high gg collision luminosity at low m.,.,, the gg subpro-
cess provides the greatest contribution to the cross section
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Fig. 4. Ratio of the measured isolated photon cross section to
the NLO QCD [15]. Variations due to the choice of scales and
PDF uncertainties are shown as blue and red lines, respectively.

in that region. Low mass vy production therefore serves
as an interesting arena for examining production from a
qq initial state in preparation for Higgs searches at the
LHC. The ResBos prediction for the pJ. distribution pro-
vides a smooth description over the entire range, while
the DIPHOX curve is unstable at low pJ. due to the diver-
gence of the fixed-order QCD calculations when p} — 0.
For the A& distribution, the ResBos curve lies above the
DIPHOX prediction at values close to 7/2, but lies signif-
icantly below the DIPHOX curve at small A$. Overall,
the differences observed between the predictions are as
expected.
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Fig. 3. Normalized distributions of ANN output for data, signal, and background events for the bin of 44 < pl < 50 GeV
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5 Conclusions

I presented recent measurements on dijet azimuthal decor-
relations, inclusive heavy-flavor cross sections and photon
studies using between 150 and 300 pb~lof recent data
recorded by the Tevatron hadron collider experiments.
General agreement is observed between data and NLO
QCD. The experimental results are approaching a preci-
sion that allows detail comparisons with different theo-
retical prediction and tuning of Monte Carlo event gen-
erators. Understanding QCD to the fullest extend is not
only important in itself, but also crucial for many preci-
sion Standard Model measurements and searches for new
physics.
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