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The ratio of theW1 $1 jet cross section to the inclusiveW cross section is measured usingW6 !

e6n events frompp collisions at
p

s ­ 1.8 TeV. The data are from108 pb21 of integrated luminosity
collected with the Collider Detector at Fermilab. Measurements of the cross section ratio for jet
transverse energy thresholdssEmin

T d ranging from 15 to 95 GeV are compared to theoretical predictions
using next-to-leading-order QCD calculations. Data and theory agree well forEmin

T . 25 GeV, where
the predictions lie within 1 standard deviation of the measured values. [S0031-9007(98)06871-9]

PACS numbers: 13.87.Ce, 12.38.Qk, 13.85.Qk
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The measurement of jet properties inW boson events
from pp collisions can be used to test perturbative qua
tum chromodynamics (QCD) at large momentum tran
fers. In previous studies by the CDF Collaboration, je
production properties inW andZ boson events were com-
pared to leading-order (LO) QCD predictions [1,2]. In
this Letter, we test QCD predictions at next-to-leading o
der (NLO) by measuring the cross section ratioR10 ­
ssW1 $1 jetdyssWd. Measurements ofW 1 jet cross
section ratios by the UA2 and UA1 Collaborations agree
well with theoretical predictions and allowed measure
ments of the strong coupling constantas [3,4]. Recent
measurements from the D0 Collaboration, however, ind
cate a discrepancy between ratios ofW 1 jet cross sec-
tions and NLO QCD predictions [5,6].

We measureR10 using 51 437W6 ! e6n candidates
observed at the Collider Detector at Fermilab (CDF) [7
The principal detector elements used for this analys
are the central tracking chamber (CTC), vertex trackin
chamber (VTX), and the calorimeters. The CTC is
cylindrical drift chamber that measures the momenta
charged particles in the pseudorapidity rangejhj , 1.1
[8]. The VTX, a time-projection chamber, identifies
interactions along the beam direction. Both trackin
detectors are immersed in a 1.4 T solenoidal magne
field. The electromagnetic and hadronic calorimeter
segmented in a projective tower geometry, cover the ran
jhj , 4.2 and measure the energies of electrons, photo
and jets.

The W ! en candidates are selected from events th
pass a high transverse energysET ­ E sinud electron
trigger. The event selection requires an isolated electr
[9] in the fiducial region of the central calorimetersjhj #

1.1d. The electron must haveET $ 20 GeV and satisfy
tight selection criteria [10]. The reconstructed transver
energy of the neutrino, measured from the imbalance
ET in the calorimetersEyT d [11], must exceed 30 GeV.
Jets in theW events are reconstructed by clustering energ
depositions in the calorimeter using a cone algorith
[12] with radius DR ;

p
sDhd2 1 sDfd2 ­ 0.4. This

cone size was used for previousW andZ 1 jet analyses
[1,2]. The jetET is corrected for calorimeter response
underlying event energy within the jet cone, and energ
contamination from additionalpp interactions in the same
bunch crossing [13]. Jets withjhj # 2.4 are selected
for this analysis. To ensure that jets are well separat
from electrons, an event is rejected if any jet withET $

12 GeV lies withinDR ­ 0.52 of an electron.
We obtain R10 by dividing the W1 $1 jet cross

section for a particular minimum jetET thresholdsEmin
T d

by the inclusiveW cross section. The cross section rati
measurement is corrected for backgrounds, acceptanc
and efficiencies. Measuring a ratio of cross sections tak
advantage of the cancellation of the integrated luminosi
and many systematic uncertainties are reduced. In t
analysis, we measureR10 for values ofEmin

T that range
from 15 to 95 GeV in 5 GeV increments. Of 51 437W !
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TABLE I. Backgrounds (%) in theW1 $1 jet sample.

Emin
T sGeVd

15 55 95

QCD multijet 13 6 4 14 6 5 28 6 13
W ! tn 2.9 6 0.3 7.8 6 1.2 6.4 6 2.4

Z ! e1e2 1.8 6 0.1 2.3 6 0.2 2.2 6 0.4
Z ! t1t2 0.6 6 0.1 1.8 6 0.1 1.8 6 0.3

Top 0.5 6 0.1 3.1 6 0.6 5.1 6 1.0
X jet, Wg 3.6 6 3.6 0.3 6 0.3 0.3 6 0.3

en candidates, 7905 events have$1 with ET . 15 GeV,
and 214 events have$1 jet with ET . 95 GeV.

The sources of background in theW1 $1 jet sam-
ple are summarized in Table I forEmin

T ­ 15, 55, and
95 GeV. The largest background toW ! en production
arises from QCD multijet production. In some multijet
events, a jet is incorrectly reconstructed as an electro
and a largeEyT results from shower fluctuations or unin-
strumented regions in the calorimeter. We measure th
multijet contamination using an event sample obtaine
by removing the electron isolation andEyT requirements
of the W selection [11]. The backgrounds also include
several electroweak processes that yield an electron a
EyT in the final state. We calculate backgrounds from
W ! tn (with t ! enn), Z ! t1t2, and Z ! e1e2

(where one electron is not identified) using theVECBOS

Monte Carlo program [14] and a simulation of the CDF
detector. The background calculation also removes a co
tribution from standard modeltt production, in which one
of the top quarks decays viat ! Wb ! enb. In addi-
tion to these backgrounds, the number of$1 jet events is
corrected to account for jets produced by additionalpp
interactions (“X jets”) andWg events in which the pho-
ton is reconstructed as a jet. The totalW1 $1 jet back-
ground increases froms22 6 5d% at Emin

T ­ 15 GeV to
s44 6 13d% at Emin

T ­ 95 GeV. The overall background
to inclusiveW events iss5.9 6 1.2d%.

The acceptance forW ! en events, which corrects for
losses due to the fiducial and kinematic requirements o
the electron andEyT , is determined for eachEmin

T using
VECBOS[14] and a CDF detector simulation. As shown in
Table II, the acceptance forW1 $1 jet events increases
with Emin

T from 24% to 36%. The acceptance for inclu-
siveW events iss23.9 6 0.5d%.

Table II also lists the efficiencies for detectingW !
en events, which include the trigger efficiency, the elec-
tron identification (ID) efficiency, and the electron-jet

TABLE II. W6 ! e6n acceptance and efficiencies (in %) for
the W1 $1 jet sample.

Emin
T sGeVd

15 55 95

Acceptance 24 6 1 29 6 1 36 6 2
Trigger 95 6 1 94 6 2 93 6 2
Electron ID 88 6 1 84 6 5 77 6 13
Electron-jet overlap 94 6 1 95 6 1 96 6 3
1369
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TABLE III. Measured values of R10 ­ ssW1 $1 jetdy
ssW d for Emin

T ranging from 15 to 95 GeV, compared to
QCD predictions using MRSA0 with Qr ­ Qf ­ MW . The
uncertainties onR10sdatad are statistical and systematic
respectively.

Emin
T sGeVd R10sdatad R10sQCDd

15 0.1301 6 0.0057 6 0.0102 0.1557
20 0.0868 6 0.0043 6 0.0070 0.1036
25 0.0649 6 0.0035 6 0.0053 0.0718
30 0.0484 6 0.0028 6 0.0039 0.0515
35 0.0363 6 0.0023 6 0.0029 0.0377
40 0.0275 6 0.0019 6 0.0025 0.0284
45 0.0215 6 0.0017 6 0.0019 0.0217
50 0.0161 6 0.0014 6 0.0015 0.0166
55 0.0126 6 0.0012 6 0.0012 0.0129
60 0.0097 6 0.0011 6 0.0011 0.0102
65 0.0072 6 0.0009 6 0.0009 0.0080
70 0.0054 6 0.0007 6 0.0007 0.0063
75 0.0044 6 0.0007 6 0.0006 0.0051
80 0.0037 6 0.0006 6 0.0006 0.0041
85 0.0028 6 0.0006 6 0.0004 0.0033
90 0.0025 6 0.0006 6 0.0004 0.0027
95 0.0019 6 0.0005 6 0.0004 0.0022

overlap efficiency. The electron-jet overlap efficienc
accounts for losses from the electron-jet separation
quirement and from jets that overlap electrons in th
calorimeter. The electron ID and electron-jet overlap e
ficiencies are measured from the data usingZ ! e1e2

events. The combinedW ! en acceptance and detection
efficiency is s19.5 6 0.5d% for the inclusiveW sample.
For theW1 $1 jet sample, it ranges froms19 6 1d% at
Emin

T ­ 15 GeV to s25 6 3d% at Emin
T ­ 95 GeV.

One of the large systematic uncertainties onR10 is the
jet energy scale uncertainty, which includes calorimet
response and the amount of underlying event ener
deposited in the jet cone. Varying the jet energy sca
by 1 standard deviation yields a systematic uncertain
on R10 that ranges from 5% atEmin

T ­ 15 GeV to 11%
at Emin

T ­ 95 GeV. Uncertainties in the QCD multijet
background result in a 4% to 14% systematic uncertain
on R10. Other sources of systematic uncertainty o
R10 include theW ! en acceptance, electron-jet overla
efficiency, top quark background, and jet backgroun
from additional interactions andWg production. The
overall systematic uncertainty onR10 ranges from 8% at
Emin

T ­ 15 GeV to 19% atEmin
T ­ 95 GeV.

The measured values ofR10 for Emin
T ­ 15 to 95 GeV

are listed in Table III. We compare these measureme
to perturbative QCD predictions generated using t
DYRAD [15] Monte Carlo program. DYRAD calculates
NLO matrix elements forW inclusive (orderas) and
W1 $1 jet (ordera2

s ) production. The cross sections ar
computed byDYRAD for a particular renormalization scale
Qr and a set of parton distribution functions (PDF) wit
parton momentum fractions calculated at a factorizati
scale Qf . Using the value ofLQCD associated with
the PDF, the strong coupling constantas is evolved to
1370
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FIG. 1. R10 measurement vs jetEmin
T , compared to NLO

QCD predictions calculated using the MRSA0 and CTEQ4M
parton distribution functions. The renormalization and factor-
ization scales are set equal to theW boson mass. The inner
error bars include statistical uncertainties only; the outer erro
bars include both statistical and systematic uncertainties. No
that the measurements ofR10 at each value ofEmin

T are statis-
tically correlated because the corresponding event samples a
not independent.

the scaleQr using the second-order expression for the
running coupling constant (two-loopas).

The theoretical predictions forR10 are found by
dividing the DYRAD W1 $1 jet cross section by the
inclusive W cross section for a particular PDF,Qr , and
Qf . At NLO, the W1 $1 jet cross section calculation
includes diagrams with up to two partons (ordera2

s )
in the final state. When two partons haveDR , 0.52,
their 4-vectors are added vectorially to form a jet. This
parton clustering simulates the 0.4 cone algorithm used t
reconstruct jets in the calorimeter, which can resolve pair

-60

-40

-20

0

20

40

5 15 25 35 45 55 65 75 85 95

%
 D

iff
er

en
ce

 fr
om

 N
LO

 Q
C

D
w

ith
 M

R
S

A
/  (

Q
r =

 Q
f =

 M
W

)

Jet ET
min  (GeV)

CDF Data
NLO QCD (MRSA /)

Qr = Qf = 0.5 MW
Qr = Qf = MW
Qr = Qf = 2.0 MW

FIG. 2. Ratio ofR10sdatad 2 R10sQCDd to R10sQCDd for
MRSA0 using Qr ­ Qf ­ MW (points). The superimposed
curves show the sensitivity of the NLO QCD prediction to the
renormalization and factorization scales, which are set to 0.
and 2.0 times theW boson mass.



VOLUME 81, NUMBER 7 P H Y S I C A L R E V I E W L E T T E R S 17 AUGUST 1998

e

er

g

4

for

ra-

a

f

fs

r
he
n-
,
n,
cil
ic
a-
-60

-40

-20

0

20

40

5 15 25 35 45 55 65 75 85 95

%
 D

iff
er

en
ce

 fr
om

 N
LO

 Q
C

D
w

ith
 C

T
E

Q
4M

 (
Q

r =
 Q

f =
 M

W
)

Jet ET
min  (GeV)

CDF Data
NLO QCD (Qr = Qf = MW)

αs(MZ) = 0.110
αs(MZ) = 0.116  (CTEQ4M)
αs(MZ) = 0.122

FIG. 3. Ratio ofR10sdatad 2 R10sQCDd to R10sQCDd for
CTEQ4M usingQr ­ Qf ­ MW (points). Curves are super-
imposed for other PDFs in the CTEQ4 family withassMZd
values ranging from 0.110 to 0.122.

of jets that are separated inDR by at least 1.3 times the
jet cone size [12]. After jets are smeared inET , h, and
f to model detector resolution effects [16,17], events th
have one or more jets withET . Emin

T andjhj , 2.4 are
used to calculate the finalW1 $1 jet cross section.

Because jet energies are measured in the data with
corrections for energy deposited outside of the jet con
the measurement ofR10 depends on jet cone size. The
NLO W1 $1 jet calculations approximate the shape o
jets by producing up to two final-state partons. Therefor
the agreement between data and theory depends on h
accurately the theory reproduces the shape of jets.

The measured and predicted values ofR10 are com-
pared as a function ofEmin

T in Fig. 1. The NLO QCD
predictions for two different PDF sets, MRSA0 [18] and
CTEQ4M [19], are represented by smooth curves th
pass through the calculated values ofR10 at eachEmin

T .
The renormalization and factorization scales are set eq
to the W boson mass. Data and theory agree well fo
Emin

T . 25 GeV. At Emin
T ­ 0, the measured value of
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FIG. 4. R10 vs assMZd for PDFs in the MRSA and CTEQ4
families. The symbols represent the predicted values ofR10 at
Emin

T ­ 30 GeV (top) andEmin
T ­ 60 GeV (bottom), compared

to the measured values (shaded bands).
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R10 is unity by definition, whereas the NLO QCD pre-
diction diverges. In addition, soft gluon effects that ar
not included in theDYRAD calculation may be significant
in the lowEmin

T region. The effect of changing the parton
clustering algorithm is small. Varying theDR require-
ment of 0.52 by630% yields a change inR10 of less
than 10% for allEmin

T .
Figure 2 shows a plot offR10sdatad 2 R10sQCDdgy

R10sQCDd using MRSA0 with Qr ­ Qf ­ MW . Curves
are superimposed for predictions evaluated at two oth
scales: Qr ­ Qf ­ 0.5MW and Qr ­ Qf ­ 2.0MW .
Compared to LO QCD predictions (also generated usin
DYRAD), the NLO QCD predictions are significantly less
sensitive to scale variations; varyingQr andQf together
by a factor of 2 results in a 5% change inR10 at NLO
compared to a 15% change at LO. ForQr ­ Qf ­ MW ,
the LO and NLO QCD predictions differ by less than
10% over the entire range ofEmin

T .
A plot of fR10sdatad 2 R10sQCDdgyR10sQCDd using

CTEQ4M with Qr ­ Qf ­ MW is shown in Fig. 3.
Curves are superimposed for other PDFs in the CTEQ
family, fit with assMZd values ranging from 0.110 to
0.122. The predictions forR10 show very little sensitivity
to variations inas. Figure 4 shows a plot ofR10 vs
assMZd for several PDF sets in the MRSA [20] and
CTEQ4 families. The measured values ofR10, given for
Emin

T ­ 30 GeV andEmin
T ­ 60 GeV, are represented by

horizontal bands. The data and theory are consistent
values ofas ranging from 0.105 to 0.130.

In summary, we have measured the cross section
tio R10 ­ ssW1 $1 jetdyssWd in W6 ! e6n events
from 108 pb21 of pp collisions at

p
s ­ 1.8 TeV. The

cross section ratio is fully corrected forW ! en back-
grounds, acceptances, and efficiencies. Using jets with
cone size of 0.4 in the regionjhj , 2.4, we observe good
agreement between data and theory forEmin

T . 25 GeV,
where the predictions lie within 1 standard deviation o
the measured values. The small dependence ofR10 to
variations inas, however, precludes an extraction ofas

from this measurement.
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