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Both the D� and CDF experiments at Fermilab Tevatron collider at
p
s = 1:8TeV

have accumulated over 50pb�1 of data. Each experiment collected more than 50,000

W ! l+� and 5000 Z ! l+ l candidates for each lepton species (e and �). Using this
large data sample of W and Z candidates, the two experiments are actively testing

perturbative QCD predictions. Among the studies that are in progress, preliminary

results of W/Z+jets characteristics, multiplicity distributions of associated jets, and
a study on the determination of the strong coupling constant using the ratio of the

W+1 jet to W + 0 jet cross sections are presented.

I. INTRODUCTION

Perturbative Quantum Chromodynamics (pQCD) has been successful in describing ex-
perimental data involving jets in the �nal states. However, testing QCD predictions using
the jet �nal states su�ers from inherent experimental and theoretical uncertainties. This is
due to the uncertainties involved in de�ning jets consistently in experiment and in theory,
despite the local parton-hadron duality theorem (1). The jet �nal states also allow a wide
range of choices of momentum transfer scale (Q2) which makes the theoretical predictions
unreliable in some regions of Q2.
Final states with W or Z bosons have many advantages in testing QCD predictions.

Experimentally, these events are easy to identify with relatively small background contam-
ination. Theoretically, the predictions can be made with relatively less uncertainty due to
the high momentum transfer scale (Q2 � M2

W or M2
Z) of the processes. Note that the

W and Z are colorless, giving cleaner �nal states than jets. (In some ways the inverse of
e+e� ! jets with colored particles emerging from the colorless initial states.) These pro-
cesses are also very important in understanding the background to top production, such as
the tt! l + jets channel.
In addition, the production cross sections of the W and Z bosons are relatively larger

at the Tevatron energy (
p
s =1.8 TeV) compared to other accelerators. More than 50,000

W ! l + � and 5000 Z ! l + l events for each lepton species (e or �) were accumulated
and a factor of two increase in statistics is expected by the end of the current run. The
resulting large samples of W and Z boson events will provide a very good opportunity for
testing QCD predictions.

1Talk given at 10th Topical Workshop on Proton Antiproton Collider Physics, May 19 - 13, 1995,
Fermilab, Batavia, Illinois
2Author supported by the National Science Foundation of the US government.
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FIG. 1. Leading jet ET spectra for: (a) W+ �1 jet, (b) W+ �2 jet (c) Z+ �1 jet, and (d)
Z+ �2 jet events. Solid circles represent the data and the histograms illustrate LO predictions.

Some preliminary results on the kinematic characteristics of jets associated with W and
Z bosons from the CDF experiment based on 72.9 pb�1 of data are presented. Raw jet
multiplicity distributions in association with W and Z bosons from the CDF experiment
and from the D� experiment based on 12.5 pb�1 of data are presented followed by a study
of the strong coupling constant, �s, using the ratio of the cross sections of the W + 1 jet to
W + 0 jet processes.

II. W/Z+JETS CHARACTERISTICS

A. Leading jet ET spectra

The leading jet ET spectrum of QCD multijet processes generally falls as E
�(5�6)

T due to
the massless nature of the partons in the �nal state and the shapes of the parton distribution

functions (pdf). In contrast, the spectra in W=Z +N jet events fall less steeply (E�(1:5�2)

T ).
Figure 1 shows the comparison of the spectra for: a)W+ � 1 jet, b)W+ � 2 jet, c) Z+ � 1
jet, and d) Z+ � 2 jet events compared to a leading order (LO) prediction (2) incorporated
with the CDF detector simulation (3). The theoretical predictions are normalized to the
data so that the shapes can be compared easily. The shape of the observed ET spectra are
well described by the theoretical prediction within the given statistics including the e�ect of
the minimum jet ET threshold (Emin

T ). One can also observe the close resemblance of the
spectra between W+ � 1 jet and Z+ � 1 jet events. The leading ET spectra are generally
harder for W=Z+ � 2 jet than � 1 jet events. This is because the leading jet needs to carry
enough energy in order to radiate the second jet for W=Z+ � 2 jet events.
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FIG. 2. (a)[c] Invariant mass distributions of Z[W ] and the leading ET jet for Z[W ]+ � 1 jet
events. (b)[d] Center of mass angular distributions of the leading jet for Z[W ]+ � 1 jet events.
Solid circles represent the data and the histograms illustrate LO predictions.

B. Invariant mass of the W=Z +N jet system and the angular distributions of the

bosons

The invariant mass distributions of W=Z + N jet system can provide information on a
new particle decaying to W=Z +N jet �nal states. Figures 2(a) and (c) show the invariant
mass distribution for Z and W+ � 1 jet �nal states, respectively. Solid circles represent
the data and the histograms indicate LO predictions. The data is well described by the
predictions and no signi�cant deviation from QCD expectation is observed within the given
statistics.
The angular distribution of �nal state partons in the center of mass system depends on

the spin of the mediator. The dijet �nal state at the Tevatron energy is dominated by gluon
exchange. The gluons have spin 1 so that the the angular distribution of the jets follows the
Rutherford scattering pattern: 1=(1� cos��)2, where �� is the polar angle of the leading jet
in the center of mass system. However, the W=Z+ jet �nal state is dominated by spin 1/2
quark exchange. Therefore the angular distributions of the W and Z bosons are expected
to follow 1=(1� cos��). Figures 2(b) and (d) show the angular distributions of the bosons
in the Z and W+ � 1 jet events, respectively, along with the LO QCD predictions. One
can observe that within the statistics the angular distributions are well described by the
LO theoretical prediction.

C. Invariant mass distributions of the two jets and the spatial correlations between

the two jets

The invariant mass distributions of the jets in QCD multijet �nal states can provide a
signature of resonances. The invariant mass of the two jets in the W=Z+ � 2 jet �nal
states could also indicate a new resonance produced along with the bosons and decay to
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FIG. 3. (a)[b] Invariant mass distributions of the leading two jets in W [Z]+ � 2 jet events. (c)[d]
Spatial distance between the two leading jets in W [Z]+ � 2 jet events. Solid circles represent the
data and the histograms illustrate LO predictions.

two jets. Figures 3(a) and (b) show the invariant mass distributions of the two jets in
the W and Z+ � 2 jet �nal states, respectively. The solid circles represent the data and
the histograms indicate LO predictions. The data distributions are well described by the
theoretical predictions and no indication of resonances is observed.
Figures 3(c) and (d) show the distance between the two jets in � � � space, �Rjj �p
(��)2 + (��)2, forW and Z+ � 2 jet �nal states in comparison with the LO predictions,

respectively. While the two distributions show remarkable resemblance, there are systematic
disagreements between the LO predictions and the data for both W and Z+ � 2 jet events.
In particular, statistically signi�cant deviations can be observed at �Rjj � 0:5 and � 3.

III. W/Z+JET MULTIPLICITY DISTRIBUTIONS

An accurate measurement of jet multiplicity distributions associated with W and Z
bosons is needed because these processes are one of the major background sources to tt

production. However, since only tree level calculations exist for processes with jet multi-
plicities greater than one, the uncertainty in the normalization of the predictions increases
with the increasing number of jets. The jet multiplicity distribution associated with the
W boson has been measured by the CDF experiment using 4.2 pb�1 of data taken during
the 1989 Tevatron collider run (4). With the larger W=Z +N jet samples, it is possible to
measure the cross sections more accurately.
Since the probability of radiating an extra parton depends on the strong coupling constant

�s, the jet multiplicity distributions are expected to be proportional to O(�Njetss ) (5). Thus,
one expects to observe a power law behavior in the multiplicity distributions. Figures 4(a)
and (b) show the jet multiplicity distributions associated with the W bosons decaying into
e + � and the Z bosons decaying into e+ + e�, respectively, from the CDF experiment.
Solid circles indicate the data and the lines are straight lines drawn by hand to guide
the eyes. One can observe the power law behavior of the distribution down to W+ � 6
jet events in Fig 4(a). The same trend can be observed for Z bosons in Fig 4(b), as
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FIG. 4. Jet multiplicity distributions for W and Z bosons for (a) W ! e + � decay and (b)
Z ! e+ + e� decay channel. The lines are not �ts but hand drawn to guide the eyes. The jets in
these distributions are de�ned with radius of 0.4 and Emin

T = 15 GeV.

FIG. 5. Jet multiplicity distributions for W ! e� decay channel for various Emin
T cuts for jets.

The cone radius is 0.7.
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well. The jets in these distributions are de�ned with a �xed cone algorithm with radius
�R =

p
(��)2 + (��)2 = 0:4 and jet minimum ET cuto�, Emin

T = 15 GeV. Since the
masses and couplings of W and Z bosons are not much di�erent, one would expect to see
that the production mechanisms do not di�er greatly from each other. One can see that
the shapes of the two distributions and the slopes of the two lines are very similar.
Figure 5 shows the jet multiplicity distributions associated with W ! e + � candidates

from the D� experiment. Di�erent symbols represent di�erent jet de�nitions with varying
Emin
T . The jet algorithm is a �xed cone algorithm with the cone radius �R = 0:7. One can

clearly observe the power law behavior of the multiplicity distributions for all Emin
T values.

One can also see that the distributions get steeper as the Emin
T increases from 20 GeV to

30 GeV. This is because the probability of a radiated parton satisfying the jet de�nition
decreases with increasing Emin

T .

IV. A STUDY OF THE STRONG COUPLING CONSTANT

In tree level calculations, the cross section of the W + 1 jet process is proportional to
the strong coupling constant, �s, whereas the cross section of the W + 0 jet process is
independent of �s. Therefore, the ratio of the W + 1 jet to W + 0 jet cross section is
proportional to �s (6,7). The D� experiment used to exploit this property to determine the
value of �s at the mass of the W (MW ), using next-to-leading order (NLO) predictions (8).
Using 9770 W ! e+� candidates collected during the 1992-93 Tevatron collider run, the

D� experiment measured the ratio of the W + 1 jet to the W + 0 jet cross sections, Rexp,
for various Emin

T values. The jets are de�ned with a �xed cone algorithm with �R = 0:7.
Figure 6 shows the measured ratio, Rexp, as a function of Emin

T . Solid circles are the data,
the solid lines represent NLO predictions for two di�erent values of �s, and the dashed lines
indicate the same for LO predictions, using MRSD0 parton distribution functions (pdf) (10).
As one expects, the ratio Rexp decreases as E

min
T increases. This trend is well described by

both LO and NLO predictions. It is also clear from the �gure that the predicted ratio is
sensitive to the variation of �s. In these theoretical predictions, �s was varied only in the
hard partonic cross sections (�̂).
In NLO predictions, the cross sections of the W +N jet processes can be parameterized

as �(W + Njet) = �Ns (aN + �sbN ). The ratio of the W + 1 jet to the W + 0 jet cross
sections can then be expressed as Rpred = �s(a1 + �sb1)=(a0 + �sb0). The coe�cients are
computed by the NLO theoretical predictions for a given pdf. By equating this expression
with the experimentally measured ratio Rexp and solving the equation for �s, a value of �s
can be obtained.
The D� experiment used the measured ratio Rexp = 0:065� 0:003(stat:)� 0:007(syst:)

for �R = 0:7 and Emin
T = 25 GeV to extract the value of �s. At present, the uncertainty

in this measurement is dominated by the experimental systematics due to the jet energy
scale. Figure 7 shows Rexp as a horizontal line along with its total uncertainty indicated by
the shaded area. The symbols in the �gure correspond to the NLO predictions of the ratio
Rpred with �s �xed at the value associated with each pdf, evaluated at the scale Q2 = M2

W .
The two lines represent the variations of Rpred for CTEQ3M (11) and MRS(D0

0) (12) pdf
when the value of �s is varied in the hard partonic cross section only. The intercepts of
these lines with the measured value Rexp give a measure of �s for each pdf.
Table 1 lists the extracted values of �s, as described above, compared to the value of �s

for the given pdf, �pdfs , evolved to the scale Q2 = M2
W using the two loop expression of �s.

One can observe that the extracted values are larger than the input values of �pdfs by over
one standard deviation. One should note here that these values should not be treated as a
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pdf �s(MW )���s �pdfs (MW )

CTEQ2M 0:134� 0:016 0.112

CTEQ2ML 0:139� 0:017 0.119

CTEQ2MF 0:132� 0:015 0.113
CTEQ2MS 0:131� 0:015 0.113

CTEQ3M 0:139� 0:017 0.114

MRS(D0

0) 0:129� 0:015 0.113
MRS(S00) 0:129� 0:015 0.113

MRS(D0

�
) 0:136� 0:016 0.113

GRV92 0:129� 0:015 0.111

TABLE 1. The extracted values of �s for given pdf in comparison with the input �s values to
pdf's.
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universal value for �s that can be directly compared to the results from LEP experiments,
because this method of �s determination �xes the �s in the pdf's and varys �s only in the
hard partonic cross section.
The pdf's have an implicit dependence on the value of �s through the evolution of the

parton densities determined at the lower energy scale (Q2
0) to the scale of interest (Q

2 = M2
W

in this case). Therefore, in order to determine the strong coupling constant in a fully
consistent manner, one needs to vary the value of �s both in pdf and in �̂ simultaneously.
This procedure requires a re�tting of all the other parameters in pdf's for the given values
of �s or �QCD (see for example Ref. (13{15)).
The UA2 experiment at

p
s = 630 GeV exercised the above procedure (6). They observed

a slight correction to the slope compared to only varying �s in �̂. The results of the same
exercise carried out by the D� experiment

p
s = 1800 GeV are shown in Fig. 8 for three

di�erent families of pdf's. The symbols in Fig. 8 show the predictions for various families of
pdf's �tted with several values of input �pdfs . The points representing the CTEQ3 family do
not have error bars, because these points are statistically 100% correlated. The predicted
behavior ofR shows that the sensitivity of the ratio to the value of �s is greatly reduced. One
possible cause of this decrease in the sensitivity could be the compensation of the increase in
�s in �̂ by the softening of the gluon distributions at our average parton momentum fraction,
x, (� 0:04) for W+ jets processes. This compensation occurs because the W + 1 jet cross
section at the Tevatron energy (

p
s = 1:8 TeV) is dominated by the q+g !W + q process.

In addition, the predictions using the latest families of pdf's (13{15) are consistently lower
than the measured value of Rexp by more than one standard deviation, no matter which
family of pdf is used nor which value of input �s is used. Although the level of disagreement
is only about one standard deviation, it is interesting to see that all the families of pdf's
show that they are consistent with each other and consistently lower than the data. If this
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disagreement persists with more precise measurements, one would conclude that some new
ingredient in the pdf's is needed to explain the W+jets measurements.

V. CONCLUSIONS

Using the large samples of W and Z bosons, the D� and CDF experiments at Fermilab
are intensively testing QCD predictions. Various kinematic quantities of the jets associated
with the bosons show good agreement between data and theoretical predictions. Some
statistically signi�cant systematic disagreement start emerging in the two jet spatial distance
in W=Z+ � 2 jet events. The jet multiplicity distributions are measured and show the
expected scaling behavior as a function of the multiplicity. The strong coupling constant
has been extracted using the ratio of the W + 1 jet and W + 0 jet cross sections for
various pdf's. The extracted values of �s are consistently higher than those input to pdf's.
A comprehensive study of �s was performed using many modern pdf's �tted with various
values of input �s. The predicted ratio from several families of pdf's show that the sensitivity
to the value of �s is greatly reduced. The predictions are consistently lower than the
experimental measurement by slightly over one standard deviation.

We are grateful to the D� and CDF Collaborations for discussions of their data. We
express our appreciation to the three pdf groups (MRS, CTEQ, and GRV) for providing us
with the new �ts of pdf's to carry out the study on the determination of �s.
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