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ABSTRACT

The production properties of jets produced in pp collisions at Vs = 1.8 TeV
have been measured using the CDF detector. The data are compared to
predictions of leading order and next to leading order QCD predictions.
Both inclusive jets and those produced in association with W and Z bosons
are used for this analysis. In general, good agreement with QCD predictions
is found except for very high Et inclusive jets.



1.0 Introduction

The Fermilab Tevatron Collider has recently provided a large sample of pp
collisions at a center of mass energy of 1.8 TeV from a run completed in February of 1996.
These data can be used to make new, high precision tests of QCD predictions and to
search for phenomena beyond those included in the Standard Model. In this report we
present a study of high Q2 pp collisions by selecting events with W and Z bosons, and
high Et jets. The data were obtained using the CDF detectorl), and include 108 (106) pb-1
of integrated luminosity for the W (Z) production and 19.5 pb-1 for the study of inclusive
jets. Comparisons of production properties are made to QCD predictions using LO and
NLO matrix element calculations as available, supplemented by simulated gluon
radiation and hadronic fragmentation where appropriate.

2.0 The CDF Detector

The CDF tracking system, immersed in a 1.4 Tesla magnetic field, consists of a
four-layer silicon strip detector (SVX) for identifying secondary decays of short lived
particles, an inner wire chamber (VTX) for measurement of the interaction vertex along
the beam, and a large outer drift chamber (CTC) for precision momentum measurements.
The calorimeters, divided into electromagnetic and hadronic sections, are used for
electron identification, jet energy measurement and missing transverse energy
measurement. The central calorimeter extends out to a pseudorapidity of In| < 1.1, the
plug calorimeter from 1.1 < In| < 2.4 and the forward calorimeter from 2.2 < In| <4.2.

3.0 W and Z Boson Production
3.1 Introduction

Measurement of the hadronic production properties of W and Z bosons provides
an opportunity to quantitatively evaluate perturbative QCD calculations at LO, NLO and
NNLO. Events with Z bosons decaying to e*e™ pairs have little background and provide
an extremely clean sample of data to compare to the predictions of pp annihilation into a
weak boson plus directly radiated QCD jets. Within the context of the Standard Model
there are no other sources of Z boson events, with the exception of small contributions
from ZY, ZW and ZZ production. Events with W bosons decaying to eve have more
background than Z events but provide about ten times the number of identified bosons.
These are complicated at large jet multiplicities by contributions from top production, in
addition to the small signals from WY, WW and WZ production.

The analysis presented here compares the production properties of W and Z events
to QCD predictions for direct single boson production plus radiated hadronic jets. As
described below the W+jets data are corrected for Standard Model predictions for top
production using the measured top mass and where needed for the effect of direct
photons faking jets. The strategy is to remove processes which indirectly contribute to the
W or Z plus jets final state, and compare the corrected data to the QCD predictions for the
direct reaction pp --> W or Z + jets. Any deviations between the corrected data and this
QCD prediction would indicate deficiencies in the calculation or evidence for physics
beyond the Standard Model.



3.2 W and Z Boson Selection _

Electron decays of the W and Z bosons are obtained from on-line triggers which
require central, high transverse energy (Et) electrons. In the off-line analysis a central
electron candidate is selected from electromagnetic calorimeter clusters with an associated
track reconstructed in the CTC. Tight electron cuts are then imposed by demanding that
the transverse energy in a cone of radius 0.4 in n-¢ space around the electron cluster be
less than 10% of the electron energy. The initial filter for both W and Z boson decays
requires this central electron to have Et 220 GeV and Inl <1.1.

7 boson candidates are selected from events with a loosely selected second electron
in the central (Im| <1.1), plug (1.1 < Inl <£2.4), or forward (2.4 < In| < 3.7) calorimeters
with Et = 20, 15, or 10 GeV respectively. Electron candidates with photon conversion
characteristics are removed, and all electrons must be separated from jets by ARej =
v An2+A02 > 0.52. A sample of 6708 Z--> ete” candidates are obtained after demanding
opposite sign electron tracks (when well measured) and cutting on the electron invariant
mass in the range | Mee -Mz | < 15 GeV/c2.

W boson candidates are selected from events with a clean central electron and
missing transverse energy > 30 GeV. A filter removing Z boson decay candidates is
applied. 51431 W-->ev decay candidates are obtained after applying all selection cuts.

Jets associated with the W and Z boson events are selected using a cone algorithm
with Rj = 0.4. Jets are considered resolved if they are separated by ARjj > 1.3Rj = 0.52.
Otherwise the two jets are merged into one. Jet corrections are made for calorimeter non-
uniformities, underlying event radiation and out of cone corrections. The final selection
cuts require jet Et > 15 GeV and I | <2.4 . The jet multiplicity spectra associated with the
selected W and Z boson candidates are presented in Table L.

3.3 Backgrounds to the W and Z Events

The selected sample of 6708 Z boson candidates has very low background. This is
evaluated as a function of associated jet multiplicity from the invariant mass distribution
of the electron pairs by extrapolating the side bands, excluding the Drell-Yan spectrum, to
the mass region used for the Z boson selection. The background shape is measured from
the data using non-isolated electrons. The one sigma upper limit to the background to the
Z bosons increases from 1.1 to 4.0% for jet multiplicity > 0 to 4.

The W boson background is dominated by jet production in which one jet fakes an
electron. This is evaluated from the data using a two dimensional plot of electron isolation
versus missing Et , extrapolating from regions dominated by QCD events to the region
used to select W boson candidates. The background varies from 3 to 27% for jet
multiplicity > 0 to 4. Smaller background contributions come from W --> v ( 2%) and Z --
> ee (1.5%) decays faking W --> ev events.

Backgrounds to the jets come from direct photons faking jets and jets from pp
collisions other than the one producing the boson. The photon background varies from 2

to 3% and the contribution of soft jets from other interactions varies from 3 to 5% for our
jet selection cuts.

3.4 Cross sections for W and Z plus Jet Production
The W and Z data described above, corrected for backgrounds, is used to calculate
the cross sections for W and Z boson production as a function of the number of associated



jets. The W and Z decays are fully corrected for trigger and electron identification
efficiencies, losses due to geometric and kinematic cuts, and the effects of jets obliterating
the decay electrons. The corrections are made as a function of jet multiplicity. For example
the efficiencies are 18.3+0.3% for inclusive W production and 30.1+0.6% for inclusive Z
production.

The cross sections are calculated as a function of jet multiplicity using the ratio of
the corrected number of events with > n jets to the total number of events. The cross
sections are determined from these ratios and the previously measured?) inclusive W and
Z cross sections. For the purpose of this analysis the contribution of top production is
removed from the W+jets events using the measured top mass and Standard Model
predictions for top production. The results are tabulated in Table II and plotted in Figure
1. The errors quoted include statistical and systematic uncertainties added in quadrature.

The data are compared to the predictions of LO QCD (VECBOS)3) plus HERWIG4)
for simulated parton showers and fragmentation to hadrons, and a selection of the jets
from a CDF detector simulation. CTEQ3M parton distribution functions were used with a
two-loop o evolution. The band shows the effect of varying the renormalization and
factorization scales from Q2 = M2+p¢? of the boson to the average pt squared (<pt>2) of
the partons. For Q2 = M2+p¢ the measured W and Z cross sections are about a factor of
1.7 higher than the LO QCD prediction, for all jet multiplicites. For more details see
referenced). Higher order QCD calculations have been carried out for inclusive W and Z
production at NNLO9) and for W and Z + 2 1 jet production at NLO®). Comparisons to
the NLO predictions have not been completed, but the NNLO inclusive predictions are in
excellent agreement with the data as discussed in reference2).

3.5 Jet Production Kinematics in W and Z Events

The production properties of the jets and bosons are compared to LO QCD
predictions using Q? = <pt>2 in the VECBOS-HERWIG generation. The simulated events
are passed through the CDF detector simulation and all boson and jet cuts applied as for
the data. The jet E¢t spectra for the first, second and third highest Et jets for =1, 22 and 23
jet events are shown in Figures 2 and 3 for Z and W bosons respectively. The data have
been corrected for backgrounds (including tt for the W events) and are normalized to the
QCD predictions. The jet Et spectra are in good agreement with the LO QCD predictions.
The agreement between the data and LO QCD predictions is also reasonably good for
other jet variables such as pseudorapidity, boson-jet scattering angle and jet-jet
separation. For more details see referenced).

4.0 Inclusive Jet Production
4.1 Introduction

pp collisions producing high Et hadronic jets can be used to test NLO perturbative
QCD calculations and to search for new physics at very small distance scales. The data
presented here are from a complete analysis of 19.5 gb'l of pp collisions at Vs = 1.8 TeV,
and a preliminary analysis of an additional 87 pb~! of data. Jets are selected in the Et
range from 15 to 440 GeV, thus probing distance scales down to 0.1 milli fermi. The Et
spectrum of centrally produced jets is compared to NLO QCD predictions with a variety
of parton distribution functions.



4.2 Jet Selection and Corrections

The data were collected using on-line triggers with jet Et thresholds of 20, 50, 70
and 100 GeV. The lower three thresholds were prescaled by factors of 500, 20 and 6
respectively and all 100 GeV triggers were recorded. As for the W and Z events, the jets
were reconstructed using a cone algorithm , but in this analysis a cone size of Rj = 0.7 was
used to cluster the calorimeter energy. Jets were reconstructed from the central
calorimeter in a pseudorapidity range 0.1 < In| < 0.7 where jet corrections are well
understood. Underlying energy is subtracted but no out of cone corrections are applied
because comparisons are made to NLO QCD predictions where these effects are included.

The measured jet Et spectrum is corrected for detector and smearing effects caused
by the Et measurement resolution so that it can be compared directly to the NLO QCD
predictions. The details of this procedure are described in reference8). In brief, an Et
spectral function is chosen with enough parametric flexibility to represent the true jet Et
spectrum. This true spectrum is then smeared using detector response functions
determined from ISAJET and Feynmann-Field jet fragmentation tuned to the CDF data.
The parameters in the true spectrum are then adjusted until the smeared spectrum fits the
measured CDF data. Finally, corrections are made to the measured Et value and rate for
each bin of the raw data based upon the mapping of the fitted true spectrum to the
smeared spectrum. The corrected Et data points are presented in Figure 4. The differential
spectrum is averaged over the jet rapidity interval 0.1 < Im| < 0.7. The jet production
rates drops by about 9 orders of magnitude as the jet Et increases from 15 to 440 GeV.

Systematic errors in the measured Et spectrum have been evaluated for eight
different sources: energy scale stability, high and low Pt hadron response,
electron/photon response, jet fragmentation, underlying event corrections, calorimeter
resolution and luminosity normalization. The effect of each of the systematic errors on the
measured cross section is evaluated by varying the uncertainty by + one sigma and
repeating the unsmearing procedure described above. The difference between the
distorted Et data point and the nominal value is determined as a function of Et for each of
the eight systematic errors. A summary of the systematic errors is presented in Figure 5.

4.3 Comparison of Jet Et Spectrum to NLO QCD Predictions

The QCD prediction for the di-jet production spectrum is available at a next to
leading order perturbative approximation?). A comparison of this calculation to the
measured inclusive jet cross section is shown in Figure 4 The standard two-loop evolution
of ag is used with a value of Aqgcp determined by the choice of the parton distribution
function (PDF). The renormalization and factorization scales were set at Et/2. There is
generally good agreement between the measured spectrum and the QCD prediction,
except for very high Et jets where the data is above the theory. The details of this
disagreement depend on the choice of PDF. This is shown in more detail in Figure 6
where the percentage difference in (data-theory)/theory is plotted. The solid line in
Figure 4 and the comparison shown in Figure 6 uses the MRSDO' PDF. The errors on the
data points are statistical and the systematic errors (added in quadrature) are displayed as
the error band in Figure 6.

Various statistical tests have been used to evaluate the apparent excess of high Et
jet production. This depends on the choice of PDF. Figure 6 shows the effect of changing
from MRSDO' baseline choice to 5 other PDF's. Taking into account the systematic errors,



the significance of the excess of high Et jets in the range above 160 GeV is 1% for MRSDO'
and 8% for CTEQ2M. For more details of this comparison see reference8). Figure 7 shows
a comparison of the data to QCD using CTEQ3M PDF's and includes both the 19.5 pb-1 of
data from Tevatron Run Ia and separately an additional 87 pb-1 of data from Run Ib. The
two data sets are statistically consistent confirming the excess of high Et jets.

In recent months a great deal of work has been done by the CTEQ and MRS
groups10) to study possible modifications of the parton distributions in the proton which
could explain the observed high Et jet excess and still be compatible with constraints
imposed by precise lepton-nucleon scattering data (DIS). The conclusion of both groups is
that the proton quark content is highly constrained by the DIS data and can not be
modified to produce an appreciable enhancement in the high Et inclusive jet cross section.
However the high x gluon distributions are less constrained and, depending on
assumptions about the x dependence of the gluon distribution, could cause an increase in
the rate of high Et jet production. For a review of these considerations see references10). A
quantitative evaluation of the agreement of the NLO QCD predictions with the measured
high Et inclusive jet spectrum will require an understanding of the high x gluon content
of the proton. Additional data on di-jet angular distributions, doubly differential spectra
as a function of Et and 7, and the Vs dependence of the cross sections from 630 to 1800
GeV are in the process of being analyzed and will provide important added information
on the overall agreement of NLO QCD predictions with high energy jet production.

5.0 Summary and Conclusions

A study has been made of high Q2 pp collisions at Vs = 1.8 TeV using the CDF
detector. Events were selected with W and Z bosons plus hadronic jets, and inclusive high
Et jets. The predictions of LO QCD calculations for jet production associated with W and
Z bosons agree well with the data up to an overall normalization factor of about 1.7,
independent of jet multiplicity, using a renormalization/factorization scale of M2+P¢2 of
the boson. The high Et inclusive jet data agree with NLO QCD predictions except for jet
Et above about 200 GeV, where the measured cross section is above the theoretical
predictions for a range of parton distribution functions. One possible explanation of this
is an excess of high x gluons above the predictions of PDF's fit to DIS data. However
other explanations, such as higher order QCD corrections, can not be excluded at this
time. An understanding of high Et jet production will be greatly improved using a more
differential analysis of di-jet production at Vs = 630 and 1800 GeV, as currently being
carried out by the CDF and DO Collaborations.
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Fig. 1: Cross sections for W+ 2njetsand Z +2n
jets for n = 0 to 4. The LO QCD prediction bands
span the range of renormalization scales
described in the text. The error bars include
both statistical and systematic errors and the
lines are exponential fits to the data.
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Fig. 2: Transverse energy of the (a) first, (b) second,
and (c) third highest E¢ jets from Z + 2 1, 22, and

2 3 jet events. The points are the data and the
histograms are the QCD predictions normalized

to the data.
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Fig. 3: Transverse energy of the (a) first, (b) second,
and (c) third highest E¢ jets from W + 2 1, 22, and
2 3 jet events. The points are the data and the
histograms are the QCD predictions normalized
to the data.
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Fig. 6: The corrected inclusive jet data compared
to NLO QCD predictions using MRSDO' PDF's
in terms of (data-theory)/data expressed in
percent (points with statistical errors).
Comparisons to other PDF's is also shown. The
band at the bottom of the Figure shows the
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Fig. 7: The corrected inclusive jet data compared to
NLO QCD predictions using CTEQ3M PDF's in
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19.5 pb-1 of data from Run Ia and the solid point are
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Table I: Summary of the selected W—->evand Z
—> ee events with the number of associated jets
before background subtraction.
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Table II: Summary of the BRx cross section for
W-> evand Z —-> ee events. The top contribution is
removed from the W cross section. The errors
include both statistical and systematic uncertainties.



