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We have studied the production properties of W and Z bosons at CDF, and have 

measured the jet multiplicity cross l xtions and various kinematic distributions. 
We find good agreement with leadilrg order QCD predictions with added gluon 

radiation and simulated parton fragnlelltation. 

Tevatron collider events that contain eit.her a W or a 2 boson provide a 
particularly clean dataset for testing QCD and for looking for new and inter- 
esting physics. The heavy boson inhures that the parton-level process involves 
a large momentum transfer (Q’), and therefore is calculable using perturbative 
&CD. The leptonic decays of these bosons are easy to identify. We study the 
production of jets in these events to test the QCD calculations. Furthermore, 
once we understand the calculations. we can then look for deviations from 
QCD to look for new and interesting physics. For example, top quarks decay 
into W’s and jets, dibosons will show up in W and Z plus jets, and a heavy 
Higgs is expected to produce W’s plus jets. Other new and unexpected physics 
might also show up in this channel. A thorough understanding of the QCD 
production of W and Z bosons, in addition to improving our understanding of 
&CD, will help look for and study these other physics phenomena. 

The W and Z boson samples each have separate advantages. The 2 sam- 
ple is particularly clean, with low backgrounds and with both lepton decay 
products well measured. The W sample has higher backgrounds and the lon- 
gitudinal momentum of the neutrino from leptonic decays cannot be measured, 
but many more W bosons are produced than Z’s, so the statistical uncertain- 

ties are much smaller. 
This analysis is done with 108 pb-’ of pp data collected by the CDF col- 

laboration during Fermilab Run 1. from 1992 to 1995. W and Z boson events 
are identified by looking for their electronic decays. We use a common selection 
criteria for a good central electron with transverse energy Et > 20 GeV from 
the bcmon decay 1 to aid in the comparison between the W and Z samples. 
The 2 sample is then selected by rtsquiring a second electron with looser cuts 
that forms an invariant mass with the first electron that is within 15 GeV of 
the nominal Z mass of 91 GeV. These criteria select 6708 Z + e+e-candidate 
events from a 106 pb-’ subsample Events are W candidates if they have a 
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Table 1: Raw jet multiplicities for both the W’* h e*u and Z i et e-datasets. 

missing Et greater than 30 GeV and if they are not Z candidates. The missing 
Et is calculated using corrected jet and electron energies, and with a correction 
factor applied to the unclustered energy. A total of 51431 W candidates are 
selected by these criteria. Note that for both the W and the Z candidates, the 
electrons are required to be separatl,d from the jets in the event (described be- 

low) by at least AR > 0.52, where II = dm. Here 4 is the azimuthal 
angle about the beam direction and ‘1 is the pseudorapidity. 

In order to test &CD, we examine the jets in the boson events. We cluster 
the jets with a cone size of R = 0.4 and correct the jet Et for underlying-event 
energy, out-of-cone energy, and energ! from additional interactions in the same 
beam crossing. We then select events with E, > 15 GeV and q > 2.4 (assuming 
the interaction were at the center of the detector). Jets that are separated by 
less than 1.3 times the cone size of 0 4 are merged, but this is a rare occurrence. 
The raw jet multiplicities for the M. and Z datasets are shown in Table 1. 

We calculate the cross sections for the different jet multiplicities by mea- 
suring the ratio of the number of o\-ents with > n jets with the number of 
events in the inclusive sample (i.e. 2 0 jets). We multiply this ratio by the 
inclusive cross section and the appropriate ratio of efficiencies to get Q, (the 
cross section for events with 2 n jets). This procedure minimizes the system- 
atic uncertainty in the measurement. The ratio of efficiencies are determined 

from a sample of 2 events where the electrons from the Z decay are removed, 

and a Monte Carlo simulation is uhetl to redecay the boson many times with 
the same momentum but different decay angles. This gives a realistic estimate 
of the electron overlap with jets. 

There are two types of background in t.his analysis: boson candidate events 
that either are not bosons or were not produced directly by &CD, and jet 
which either are not jets, or did tlot come from the interaction which pro- 
duced the boson. The first type of I)ackground affects the measurement of the 
cross sections, while the second type of background affects the jet multiplicity 
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distribution without affecting the total number of events. 

The largest background to the bosons comes from QCD events faking the 
Wand Z signatures. We determine I he size of this background by studying the 
isolation distributions of the electrons. Electrons from W or Z boson decays 
are expected to be isolated. while many of the fake electrons from QCD are 
not isolated. We estimate the number of QCD background events by assuming 
that the electron isolation is independrnt of the invariant mass (for Z’s) or 
the missing ET (for W’s), measuring the QCD background in a region where 
no signal is expected, and extrapolating into the signal region. We find small 
backgrounds for the Z sample, ranging from 1% for the inclusive events to 4% 
for events with 3 or more jets. ‘Th+ &CD backgrounds in the W sample are 

higher, ranging from 3% for all event3 to 24% for events with 4 or more jets. 
Other backgrounds to the W sample. such as the contribution from top quark 
decays, are much smaller and we estimate these using Monte Carlo events 
which are processed through a detector simulation and our analysis code. 

A significant fraction of events in these data samples have additional inter- 
actions in the same beam crossing wltli the interaction that produced the heavy 
boson. We apply corrections. based upon the number of high-multiplicity 
vertices, to the jet energies that remove on average the energy from these 
additional interactions. However, 3ome of these additional interactions have 
jets that pass our selection criteria by themselves. We count the number of 
these jets in a minimum-bias data \ample, and normalize with the number of 
high-multiplicity vertices. We correct the cross sections and the differential 
distributions for these extra jets. Tlte corrections for these extra jets range 
from 3% to 5%. There is a similar contribution from direct photons which 
are treated as jets, although these corrections have only been applied to the Z 
sample at this point. 

The resulting cross sections as a flinction of jet multiplicity for both Wand 
Z bosons are shown in Figure 1. 41~0 shown in this Figure are the QCD 
predictions. We obtain these leading-order matrix-element predictions from 
t,he VECBOS ’ Monte Carlo program using MBSA’ or CTEQ3M structure 
functions (which give results which are indistinguishable within the errors of 
the measurement), twwloop a, evolution, a factorization scale of Q2 = M* + 
Pz, and a renormalization scale varying from a low of &* =< Pt >* to a high 
of Q2 = M* + Pt. Simulated events are produced from the parton-level events 
by including gluon radiation and hadronic fragmentation using the HERWIG 3 
shower simulation algorithm. 

The lower Q* =< Pt >z gives results that are closer to the measurement, 
but the variation with jet multiplicitv differs from the data. The predictions 
with Q2 = M* + Pf give a constant ratio with the data, which is approximately 
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Figure 1: The solid circles are the measured W (top) and Z (bottom) cross sections for > n 
jets. The band indicates the range of Q(‘D predictions as the Q* for the renormalization 

scheme is changed from a low of Q2 =< ft >2 (top of band) to a high of Q2 = M2 + P2 
(bottom of band). The fragmentation scale for the Monte Carlo points is Q2 = M2 + P, I 

The plot on the right shows the ratio of the data to the prediction with renormalization 

Q2 = M2 + Pf. This is constant, and similar for both W’s and Z’s. 

1.7 times larger than the predictiou. The behavior is remarkably similar for 
the W and Z bosons. We do not simlilate the electron nor do we apply boson 
selection criteria to make these QCD cross section predictions. 

In addition to the jet multiplicity cross sections, we have also examined 
a number of jet production properties in the boson events. We correct the 
differential plots of these different production properties for the QCD back- 
ground and the background causetl by jets from extra interactions. The Z 
boson distributions are corrected for photons treated as jets, and the W boson 
distributions are corrected for contributions from top quark decays. We com- 
pare these to QCD calculations using the same programs used for the cross 
section calculation, with the exception that the electrons are simulated and 

the boson selection cuts are applied. The plots showing the ET distributions 
of the first three jets (ordered by Er) are shown in Figure 2. Figure 3 shows 
the separation between the highest two ET jets in 2 and W events with two 
or more jets. 

The relative sizes and shapes oft he different contributions to the W dataset 
can be seen in Figure 4, which shows the jet-jet invariant mass for events with 
two or more jets. The bottom plot includes some contributions to the W 

sample from sources other than direct QCD W production. Note that events 
with fewer jets have significantly 1~~s background and top contribution than 

4 



10 
10 
I 
. 10 

10 CC) 
. 10 CDF DATA 
-cm 

I 
10’ 

0 u P 7, Km 123 1D 175 mo -a m 
J+(Gv) 

IC - 

10 

/p--~ 

, ‘--‘-1 

~10 rk sro i r: (W 
:‘,o / -.w 
a/ 7 
: $0 F-1, ’ 

w&f-- i 
i 

Figure 2: The ET of the first (a), second (b). and third (c) highest ET jets in events with 
1 1, > 2, and 2 3 jets, respectively. The left plot has Z events while the right plot has W 

events. 
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Figure 3: The angular distance between jrts in Z (left) and W (right) events with 2 2 jet. 
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Figure 4: The invariant m- of the two highest ET jets in W events with 1 2 jets. The top 

plot compares background-subtracted dara to leading order (LO) QCD predictions, while 
the bottom plot comparea raw data to the sum of the LO QCD prediction and contributions 

from backgrounds and top quark decays. 



the events with two or more jets shown here. 
This paper contains an analysis of jet production properties associated 

with 2 + e+e-and II/* -+ e*v events selected from 108 pb-’ of Fp collisions 
at a center of mass energy of 1.8 TcV’. Comparisons are made between the 
data and LO parton matrix elements with HERWIG-simulated fragmentation 
to determine the reliability of this QCD calculation. The QCD-predicted jet 
production properties are in reasonable agreement with the measured spectra. 
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