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Abstract

We present a review of recent QCD related results from the Fermilab Tevatron fixed
target and collider experiments. Topics include studies of jet and photon production,
and intermediate vector boson production and decay.



1 Introduction

Quantum Chromodynamics (QCD) emerged as a mathematically 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. Some of the processes studied include hadronic
jet, heavy quark, and gauge boson production.

The number of new results from the Fermilab Tevatron accelerator that are
being presented at this conference is impressive. The two collider detectors, CDF
and D@, have finished taking data in 1996; new results on Jet and Boson proper-
ties are based on these large data sets of ~ 100 pb™" integrated luminosity. Both
collaborations are upgrading their detectors in preparation for Run II, scheduled to
start in the year 2001. Photon production results from the fixed target experiment
E706 are based on data taken during its last fixed target run that ended in 1992.

2 Jet Production in proton—antiproton collisions

At the Tevatron energies, the dominant process in pp collisions is jet production.
Within the framework of QCD, inelastic scattering between a proton and an an-
tiproton can be described as an elastic collision between a single proton constituent
and a single antiproton constituent. These constituents are called partons. After
the collision, the outgoing partons manifest themselves as localized streams of par-
ticles referred to as “jets”. Theoretical predictions for jet production are given by
the folding of the parton scattering cross sections with experimentally determined
parton density functions (pdf’s). These predictions have recently improved with

1, 2, 3)

next-to-leading order (NLO) QCD scattering calculations and new, ac-

4, 5). Some of the questions that can be addressed with

curately measured pdf’s
studies of jet production are testing of NLO QCD, extraction of pdf’s, measuring
the value of the strong coupling constant «ay, and testing quark compositeness. In
this writeup we present measurements of jet cross sections at center of mass energies

of 1800 and 630 GeV, and of subjet multiplicities in quark and gluon jets.

2.1 Inclusive Jet Cross Section

The D@ and CDF collaborations measure the central inclusive jet cross section in
pp collisions at /s = 1.8 TeV using an integrated luminosity of 92 pb~! and 87 pb~!,



(Data-Theory)/Theory
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respectively. The inclusive double differential jet cross section can be expressed as:

o /(dErdn) = (Ny.)/ (:AEpAn / Ldt)

where Ny, is the total number of jets observed in a certain jet transverse energy
E7 bin, € is the selection efficiency, AFE7 is the bin width, An is the pseudorapidity
range considered, and [ Ldt is the integrated luminosity associated with the data
set. The cross sections are measured in the pseudorapidity interval 0.1 < |n| < 0.7
(CDF), and the two pseudorapidity ranges |n| < 0.5 and 0.1 < |n| < 0.7 (DO 6))
Figure 1 shows the ratio plot (Data-Theory)/Theory for the 0.1 < |n| < 0.7 rapidity
range for CDF and D@ data compared to NLO QCD.
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Figure 1: Inclusive jet cross section in the central rapidity region for CDF and DO,
plotted versus jet Ep. The data points are shown with statistical uncertainties. The
systematic uncertainty on the ratio is shown in the bottom half of the plot.

In addition, DO presented for the first time the preliminary measurement
of the rapidity dependence of the inclusive jet cross section, which extends the
measurement to the forward rapidity region of || < 3, in five rapidity bins. All
the measurements show good agreement with the NLO QCD predictions currently
available, as can be seen in figure 2.
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Figure 2: Comparison between the D inclusive jet cross section in five pseudora-
pidity regions (up to || = 3.0) and the o QCD prediction with CTEQ4M pdf and
the input parameters pp = pp = E7**/2 and R,,, = 1.3.

Although the Tevatron nominally operated at a center of mass energy of
1.8 TeV, a short period of the time was devoted to collect data at the lower center
of mass energy of \/s = 630 GeV. DO and CDF measure the ratio of scale invariant
cross section og = (E3./27)(d?c/dEpdn) at two center of mass energies as a function
of Jet xp = ET/(g) Figure 3 shows the preliminary results for DO and CDF. NLO
QCD overestimates the DO data by almost three standard deviations in the medium
range of z7. The disagreement between data and theory is even worse for the CDF
data at low x¢. A good quantitative agreement between DO data and NLO QCD can
be obtained if different renormalization scales are used in the theoretical calculation
at the two different center-of-mass energies. For instance, a scale of p = 2FEr at



Vs =630 GeV and of p = E7/2 at /s = 1800 GeV reproduces the DO data best.

An alternative explanation of the observed discrepancy between CDF data and NLO

QCD has been suggested in terms of power-like corrections 9).
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Figure 3: Scale invariant cross section from DO (left) and CDF (right). Data points
are shown with statistical uncertainty; systematic uncertainty is shown as a band.
The NLO QCD theoretical predictions for different renormalization scales (left) and
different choices of pdf’s (right) are shown as lines.

2.2 Dijet Cross Section at Large Rapidity Intervals

Jet production in the high-energy limit of Quantum Chromodynamics (QCD), as
defined by center-of-mass energies (y/s) much larger than the momentum transfers
(@), presents a very interesting and yet little explored area. In this kinematic
region, the significantly different energy scales of the process lead to calculated jet
cross sections characterized by the appearance of large logarithms In(s/Q?), which
must be summed to all orders in «a,. This summation is accomplished through the
Balitsky-Fadin-Kuraev-Lipatov (BFKL) 10) equation, which involves a space-like
chain of an infinite number of gluon emissions. The gluons have similar transverse
momenta, but they are strongly ordered in their pseudorapidities or, equivalently,
in their longitudinal momentum fractions, x;. Thus, the BFKL equation effectively
describes the evolution in = (growth with 1/z) of the gluon momentum distribution
in the proton.

Inclusive dijet production at large pseudorapidity intervals (An) between
the two jets has been suggested as a regime for observing BFKL dynamics. D@



has measured 11) the dijet cross section for large An in pp collisions at /s = 1800
and 630 GeV. The result is shown in figure 4. The partonic cross section increases
strongly with the size of An. The observed growth is even stronger than expected on
the basis of BFKL resummation in the leading logarithmic approximation and can be
accommodated with an effective BFKL intercept of agpkr,(20 GeV) = 1.65 £ 0.07.
It is interesting to note that HERWIG 12) exhibits the same qualitative behavior
as the data in that the ratio of cross sections decreases as the An requirement is
relaxed, whereas the exact LO calculation predicts a very different trend. A BFKL
prediction is not shown for the case of An > 1 since the rapidity interval is not

sufficiently large for the formalism to be meaningful.

2.3 Subjet Multiplicity in Quark and Gluon Jets

D@ measures the subjet multiplicity in jets reconstructed using the kr algorithm.
Jets with 55 < Er < 100 GeV and |n| < 0.5 are selected from data taken at two
center—of-mass energies, /s = 1800 GeV and /s = 630 GeV.

The HERWIG 12) Monte Carlo event generator predicts that 59% of the
jets are gluon jets at /s = 1800 GeV, and 33% of the jets are gluon jets at /s =
630 GeV. This information is used as input to the analysis to extract the average
subjet multiplicity in gluon (< Ng >) and quark (< Ng >) jets. DO clearly
distinguishes, on a statistical bases, between quark and gluon jets, as can be seen
in figure 4. The measured value of R = (< Ng > —1)/(< Ng > —1) = 191 £
0.04(stat) 03> (syst) agrees with the Monte Carlo prediction of R = 1.86+0.08(stat).

3 Boson Production

W and Z bosons, the carriers of the weak force, are directly produced in high energy
pp collisions at the Fermilab Tevatron. In addition to probing electroweak physics,
the study of the production of W and Z bosons provides an avenue to explore QCD,
the theory of strong interactions. Direct production of photons is also a powerful
tool for testing QCD predictions with fewer of the ambiguities associated with jet
production and fragmentation.

3.1 W and Z Production and Decay

CDF and DO measure the differential do/dpy distribution for Z bosons decaying to

electrons. The data agrees with the combined QCD perturbative and resummation

13)

calculations , as can be seen in figure 5. In addition, the DO do/dpy distribution
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Figure 4: Left: The ratio of the dijet cross sections at /s = 1800 and 630 GeV for
An > 1 and An > 2. The minimum jet Er is 20 GeV. The inner error bars on the
data points represent statistical uncertainties; the outer bars represent statistical
and uncorrelated systematic uncertainties added in quadrature. The error bars
on the HERWIG predictions represent statistical uncertainties. The LO and BFKL
predictions are analytical calculations. Right: Subjet multiplicity for quark and
gluon jets as measured by DQ.

for the Z boson discriminates between different vector boson production models and
can be used to extract values of the non-perturbative parameters for the resummed
prediction from a fit to the differential cross section. Figure 6 compares DO Z data
to the fixed-order perturbative QCD theory 14) in terms of a percentage difference
from the prediction. We observe a strong disagreement at low-pr, as expected due
to the divergence of the NLO calculation at pr= 0, and a significant enhancement
of the cross section relative to the prediction at moderate values of py, confirming
the enhancement of the cross section from soft gluon emission.

D@ measures the electron angular distribution parameter ay in W — ev
decays. This measurement is of importance, because it provides a test of next-to-
leading order QQCD corrections which are a non-negligible contribution to the W mass
measurement. The results are compared with next-to-leading order perturbative
QCD, which predicts an angular distribution of (1 4+ ay cosf* + ay cos*6*) 15),

16) In the presence of

where 6" is the polar angle in the Collins-Soper frame
QCD corrections, the parameters «; and o, become functions of p¥', the W boson
transverse momentum. D presented the first measurement of a5 as a function of
pY, which is shown in figure 7. The QCD prediction is preferred by ~ 2.30 over a

(V — A) theory without QCD effects taken into account.
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Figure 5: The Z boson transverse momentum spectrum from CDF (left) and DO
(right).

3.2 Photon Production

D@ presented a new measurement 17) of the cross section for the production of
isolated photons, with transverse energies Fr above 10 GeV and pseudorapidities
In| < 2.5. The results are based on a data sample of 107.6 pb™" recorded during
1992-1995. Figure 8 shows that the measured cross section is in good agreement
with the next—to—leading order (NLO) QCD calculation 18) for Er > 36 GeV.

CDF measures the inclusive photon cross section in the central region |n| <
0.9 using 87 pb™! taken during the 1994-1995 pp collider run. Figure 8 shows the
data compared to variations of the model by Vogelsang et al. 19), in which the
renormalization, fragmentation and factorization scales are changed independently.
None of these changes allows the theory to agree with the data over the entire Ep
region.

E706 uses data accumulated from a proton beam at 800 GeV/c¢ on Be

0

target and measures the 7 and direct—photon inclusive cross section as functions

of pr. The measurements are shown in figure 9 compared to NLO QCD with and

. 20)

without kr enhancemen . Current pQCD calculations fail to account for the

measured cross sections using conventional choices of scales. A simple implementa-

21), with < k7 >~ 1, provides

tion of supplemental parton k+ in pQCD calculations
a reasonable description of the data. E706 obtained similar results using a proton

beam at 530 GeV /¢, and a 7~ beam at 515 GeV/¢, and using a hydrogen target.
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Figure 6: A comparison of data to the resummed and fixed-order (O(c3)) calcula-
tions. Also shown are the fractional differences in absolute cross sections between
data and the resummed and fixed-order calculations. The uncertainties include
both statistical and systematic contributions (other than an overall normalization
uncertainty from uncertainty in the luminosity).
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4 Conclusions

Although the Tevatron experiments have stopped taking data several years ago,
the number of new results is overwhelming. The unprecedented precision in the
experimental results that is being achieved is confronting theory with experiments
at new limits. So far, QCD has held up to all the quantitative tests that were
performed. We expect to see improvements in the calculations in the following
years while the experiments prepare for a new period of data taking in which the

Tevatron will continue to improve our understanding of nature.
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for an extremely interesting workshop.
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