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The ratio of the W + �1 jet cross section to the inclusive W cross section is measured using W� ! e�� events from pp
collisions at

p
s = 1.8 TeV. The data are from 108 pb�1 of integrated luminosity collected with the Collider Detector at

Fermilab (CDF). Measurements of the cross section ratio for jet transverse energy thresholds (Emin
T ) ranging from 15 to

95 GeV are compared to theoretical predictions using next-to-leading-order QCD calculations. Data and theory agree
well for Emin

T > 25 GeV, where the predictions lie within 1 standard deviation of the measured values.
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The measurement of jet properties in W boson events
from pp collisions can be used to test perturbative quan-
tum chromodynamics (QCD) at large momentum trans-
fers. In previous studies by the CDF collaboration, jet
production properties in W and Z boson events were
compared to leading-order (LO) QCD predictions [1,2].
In this Letter, we test QCD predictions at next-to-leading
order (NLO) by measuring the cross section ratio R10 =
�(W+ �1 jet)/�(W ). Measurements of W + jet cross
section ratios by the UA2 and UA1 collaborations agreed
well with theoretical predictions and allowed measure-
ments of the strong coupling constant �s [3,4]. Recent
measurements from the D0 collaboration, however, in-
dicate a discrepancy between ratios of W + jet cross
sections and NLO QCD predictions [5,6].
We measure R10 using 51437 W� ! e�� candidates

observed at the Collider Detector at Fermilab [7]. The
principal detector elements used for this analysis are the
central tracking chamber (CTC), vertex tracking cham-
ber (VTX), and the calorimeters. The CTC is a cylindri-
cal drift chamber that measures the momenta of charged
particles in the pseudorapidity range j�j < 1:1 [8]. The
VTX, a time-projection chamber, identi�es interactions
along the beam direction. Both tracking detectors are
immersed in a 1.4 T solenoidal magnetic �eld. The elec-
tromagnetic and hadronic calorimeters, segmented in a
projective tower geometry, cover the range j�j < 4:2 and
measure the energies of electrons, photons, and jets.
The W ! e� candidates are selected from events that

pass a high transverse energy (ET = E sin �) electron
trigger. The event selection requires an isolated elec-
tron [9] in the �ducial region of the central calorimeter
(j�j � 1:1). The electron must have ET � 20 GeV and
satisfy tight selection criteria [10]. The reconstructed
transverse energy of the neutrino, measured from the im-
balance of ET in the calorimeter ( 6ET ) [11], must exceed
30 GeV. Jets in the W events are reconstructed by clus-
tering energy depositions in the calorimeter using a cone
algorithm [12] with radius �R � p(��)2 + (��)2 =
0.4. This cone size was used for previous W and Z + jet
analyses [1,2]. The jet ET is corrected for calorimeter re-
sponse, underlying event energy within the jet cone, and
energy contamination from additional pp interactions in
the same bunch crossing [13]. Jets with j�j � 2:4 are
selected for this analysis. To insure that jets are well
separated from electrons, an event is rejected if any jet
with ET � 12 GeV lies within �R = 0.52 of an electron.
We obtain R10 by dividing the W + �1 jet cross sec-

tion for a particular minimum jet ET threshold (Emin
T )

by the inclusive W cross section. The cross section ratio
measurement is corrected for backgrounds, acceptances,
and e�ciencies. Measuring a ratio of cross sections takes
advantage of the cancellation of the integrated luminos-
ity, and many systematic uncertainties are reduced. In
this analysis, we measure R10 for values of Emin

T that
range from 15 to 95 GeV in 5 GeV increments. Of 51437

W ! e� candidates, 7905 events have �1 jet with ET >

15 GeV, and 214 events have �1 jet with ET > 95 GeV.
The sources of background in the W + �1 jet sam-

ple are summarized in Table I for Emin
T = 15, 55, and

95 GeV. The largest background to W ! e� production
arises from QCD multijet production. In some multijet
events, a jet is incorrectly reconstructed as an electron
and a large 6ET results from shower 
uctuations or unin-
strumented regions in the calorimeter. We measure this
multijet contamination using an event sample obtained
by removing the electron isolation and 6ET requirements
of the W selection [11]. The backgrounds also include
several electroweak processes that yield an electron and
6ET in the �nal state. We calculate backgrounds from
W ! �� (with � ! e��), Z ! �+��, and Z ! e+e�

(where one electron is not identi�ed) using the VECBOS
Monte Carlo program [14] and a simulation of the CDF
detector. The background calculation also removes a con-
tribution from standard model tt production, in which
one of the top quarks decays via t ! Wb! e�b. In ad-
dition to these backgrounds, the number of �1 jet events
is corrected to account for jets produced by additional
pp interactions (\X-jets") and W
 events in which the
photon is reconstructed as a jet. The total W + �1 jet
background increases from (22 � 5)% at Emin

T = 15 GeV
to (44 � 13)% at Emin

T = 95 GeV. The overall back-
ground to inclusive W events is (5.9 � 1.2)%.
The acceptance for W ! e� events, which corrects

for losses due to the �ducial and kinematic requirements
on the electron and 6ET , is determined for each Emin

T

using VECBOS [14] and a CDF detector simulation. As
shown in Table II, the acceptance for W + �1 jet events
increases with Emin

T from 24% to 36%. The acceptance
for inclusive W events is (23.9 � 0.5)%.
Table II also lists the e�ciencies for detecting W ! e�

events, which include the trigger e�ciency, the electron
identi�cation (ID) e�ciency, and the electron-jet overlap
e�ciency. The electron-jet overlap e�ciency accounts
for losses from the electron-jet separation requirement
and from jets that overlap electrons in the calorimeter.
The electron ID and electron-jet overlap e�ciencies are
measured from the data using Z ! e+e� events. The
combinedW ! e� acceptance and detection e�ciency is
(19.5 � 0.5)% for the inclusive W sample. For the W
+ �1 jet sample, it ranges from (19 � 1)% at Emin

T =
15 GeV to (25 � 3)% at Emin

T = 95 GeV.
One of the largest systematic uncertainties on R10 is

the jet energy scale uncertainty, which includes calorime-
ter response and the amount of underlying event energy
deposited in the jet cone. Varying the jet energy scale
by 1 standard deviation yields a systematic uncertainty
on R10 that ranges from 5% at Emin

T = 15 GeV to 11%
at Emin

T = 95 GeV. Uncertainties in the QCD multijet
background result in a 4% to 14% systematic uncertainty
on R10. Other sources of systematic uncertainty on R10

include the W ! e� acceptance, electron-jet overlap e�-
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ciency, top quark background, and jet backgrounds from
additional interactions and W
 production. The overall
systematic uncertainty on R10 ranges from 8% at Emin

T

= 15 GeV to 19% at Emin
T = 95 GeV.

The measured values of R10 for Emin
T = 15 to 95 GeV

are listed in Table III. We compare these measurements
to perturbative QCD predictions generated using the
DYRAD [15] Monte Carlo program. DYRAD calculates
NLO matrix elements for W inclusive (order �s) and W
+ �1 jet (order �2s) production. The cross sections are
computed by DYRAD for a particular renormalization
scale Qr and a set of parton distribution functions (PDF)
with parton momentum fractions calculated at a factor-
ization scale Qf . Using the value of �QCD associated
with the PDF, the strong coupling constant �s is evolved
to the scale Qr using the second-order expression for the
running coupling constant (two-loop �s).
The theoretical predictions for R10 are found by di-

viding the DYRAD W + �1 jet cross section by the
inclusive W cross section for a particular PDF, Qr, and
Qf . At NLO, the W + �1 jet cross section calculation
includes diagrams with up to two partons (order �2s) in
the �nal state. When two partons have �R < 0.52, their
4-vectors are added vectorially to form a jet. This parton
clustering simulates the 0.4 cone algorithm used to recon-
struct jets in the calorimeter, which can resolve pairs of
jets that are separated in �R by at least 1.3 times the
jet cone size [12]. After jets are smeared in ET , �, and �
to model detector resolution e�ects [16,17], events that
have one or more jets with ET > Emin

T and j�j < 2.4 are
used to calculate the �nal W + �1 jet cross section.
Because jet energies are measured in the data without

corrections for energy deposited outside of the jet cone,
the measurement of R10 depends on jet cone size. The
NLO W + �1 jet calculations approximate the shape of
jets by producing up to two �nal-state partons. There-
fore, the agreement between data and theory depends on
how accurately the theory reproduces the shape of jets.
The measured and predicted values of R10 are com-

pared as a function of Emin
T in Figure 1. The NLO QCD

predictions for two di�erent PDF sets, MRSA0 [18] and
CTEQ4M [19], are represented by smooth curves that
pass through the calculated values of R10 at each E

min
T .

The renormalization and factorization scales are set equal
to the W boson mass. Data and theory agree well for
Emin
T > 25 GeV. At Emin

T = 0, the measured value of
R10 is unity by de�nition, whereas the NLO QCD pre-
diction diverges. In addition, soft gluon e�ects that are
not included in the DYRAD calculation may be signi�-
cant in the low Emin

T region. The e�ect of changing the
parton clustering algorithm is small. Varying the �R re-
quirement of 0.52 by �30% yields a change in R10 of less
than 10% for all Emin

T .
Figure 2 shows a plot of [R10(Data){R10(QCD)] /

R10(QCD) using MRSA0 with Qr = Qf = MW . Curves
are superimposed for predictions evaluated at two other

scales: Qr = Qf = 0.5 MW and Qr = Qf = 2.0 MW .
Compared to LO QCD predictions (also generated us-
ing DYRAD), the NLO QCD predictions are signi�cantly
less sensitive to scale variations; varying Qr and Qf to-
gether by a factor of two results in a 5% change in R10

at NLO compared to a 15% change at LO. For Qr = Qf

= MW , the LO and NLO QCD predictions di�er by less
than 10% over the entire range of Emin

T .
A plot of [R10(Data){R10(QCD)] / R10(QCD) using

CTEQ4M with Qr = Qf = MW is shown in Figure 3.
Curves are superimposed for other PDFs in the CTEQ4
family, �t with �s(MZ) values ranging from 0.110 to
0.122. The predictions for R10 show very little sensi-
tivity to variations in �s. Figure 4 shows a plot of R10

vs. �s(MZ ) for several PDF sets in the MRSA [20] and
CTEQ4 families. The measured values of R10, given for
Emin
T = 30 GeV and Emin

T = 60 GeV, are represented by
horizontal bands. The data and theory are consistent for
all values of �s.
In summary, we have measured the cross section ratio

R10 = �(W+ �1 jet)/�(W ) in W� ! e�� events from
108 pb�1 of pp collisions at

p
s = 1.8 TeV. The cross

section ratio is fully corrected for W ! e� backgrounds,
acceptances, and e�ciencies. Using jets with a cone size
of 0.4 in the region j�j < 2.4, we observe good agreement
between data and theory for Emin

T > 25 GeV, where the
predictions lie within 1 standard deviation of the mea-
sured values. The small dependence of R10 to variations
in �s, however, precludes an extraction of �s from this
measurement.
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TABLE I. Backgrounds (%) in the W+ �1 jet sample.
Emin
T (GeV)

15 55 95
QCD multijet 13 � 4 14 � 5 28 � 13
W ! �� 2.9 � 0.3 7.8 � 1.2 6.4 � 2.4
Z ! e+e� 1.8 � 0.1 2.3 � 0.2 2.2 � 0.4
Z ! �+�� 0.6 � 0.1 1.8 � 0.1 1.8 � 0.3

Top 0.5 � 0.1 3.1 � 0.6 5.1 � 1.0
X-jet, W
 3.6 � 3.6 0.3 � 0.3 0.3 � 0.3

TABLE II. W� ! e�� acceptance and e�ciencies (in %)
for the W + �1 jet sample.

Emin
T (GeV)

15 55 95
Acceptance 24 � 1 29 � 1 36 � 2
Trigger 95 � 1 94 � 2 93 � 2

Electron ID 88 � 1 84 � 5 77 � 13
Electron-jet overlap 94 � 1 95 � 1 96 � 3

TABLE III. Measured values of R10 = �(W+ �1 jet) /
�(W ) for Emin

T ranging from 15 to 95 GeV, compared to
QCD predictions using MRSA0 with Qr = Qf = MW . The
uncertainties on R10(Data) are statistical and systematic, re-
spectively.

Emin
T (GeV) R10(Data) R10(QCD)

15 0.1301 � 0.0057 � 0.0102 0.1557
20 0.0868 � 0.0043 � 0.0070 0.1036
25 0.0649 � 0.0035 � 0.0053 0.0718
30 0.0484 � 0.0028 � 0.0039 0.0515
35 0.0363 � 0.0023 � 0.0029 0.0377
40 0.0275 � 0.0019 � 0.0025 0.0284
45 0.0215 � 0.0017 � 0.0019 0.0217
50 0.0161 � 0.0014 � 0.0015 0.0166
55 0.0126 � 0.0012 � 0.0012 0.0129
60 0.0097 � 0.0011 � 0.0011 0.0102
65 0.0072 � 0.0009 � 0.0009 0.0080
70 0.0054 � 0.0007 � 0.0007 0.0063
75 0.0044 � 0.0007 � 0.0006 0.0051
80 0.0037 � 0.0006 � 0.0006 0.0041
85 0.0028 � 0.0006 � 0.0004 0.0033
90 0.0025 � 0.0006 � 0.0004 0.0027
95 0.0019 � 0.0005 � 0.0004 0.0022
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FIG. 1. R10 measurement vs. jet E
min
T , compared to NLO QCD predictions calculated using the

MRSA0 and CTEQ4M parton distribution functions. The renormalization and factorization scales
are set equal to the W boson mass. The inner error bars include statistical uncertainties only; the
outer error bars include both statistical and systematic uncertainties.
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FIG. 2. Ratio of R10(Data) { R10(QCD) to R10(QCD) for MRSA0 using Qr = Qf = MW

(points). The superimposed curves show the sensitivity of the NLO QCD prediction to the renor-
malization and factorization scales, which are set to 0.5 and 2.0 times the W boson mass.
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