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L.T. Goss,61 K. Gounder,37 A. Goussiou,55 N. Graf,56 G. Graham,47 P.D. Grannis,55

J.A. Green,43 H. Greenlee,37 S. Grinstein,1 L. Groer,53 S. Grünendahl,37 A. Gupta,17

S.N. Gurzhiev,26 G. Gutierrez,37 P. Gutierrez,58 N.J. Hadley,47 H. Haggerty,37 S. Hagopian,35

V. Hagopian,35 R.E. Hall,32 P. Hanlet,49 S. Hansen,37 J.M. Hauptman,43 C. Hays,53

C. Hebert,44 D. Hedin,39 A.P. Heinson,34 U. Heintz,48 T. Heuring,35 M.D. Hildreth,42

Preprint submitted to Elsevier Preprint 29 May 2001



R. Hirosky,63 J.D. Hobbs,55 B. Hoeneisen,8 Y. Huang,50 R. Illingworth,28 A.S. Ito,37
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Abstract

We report a measurement of the differential cross section for W boson produc-

tion as a function of its transverse momentum in proton-antiproton collisions at√
s = 1.8 TeV. The data were collected by the DØ experiment at the Fermilab

Tevatron Collider during 1994–1995 and correspond to an integrated luminosity of
85 pb−1. The results are in good agreement with quantum chromodynamics over

the entire range of transverse momentum.

Key words: PACS numbers 12.35.Qk,14.70.Fm,12.38.Qk

Measurement of the differential cross section for W boson production provides
an important test of our understanding of quantum chromodynamics (QCD).
Its implications range from impact on the precision determination of the W
boson mass to background estimates for new physics phenomena. Data from
the production of W and Z bosons at hadron colliders also provide bounds
on parametrizations used to describe the nonperturbative regime of QCD pro-
cesses.

The production of W bosons at the Fermilab Tevatron proton-antiproton col-
lider proceeds predominantly via quark-antiquark annihilation. In the QCD
description of the production mechanism, the W boson acquires transverse
momentum by recoiling against additional gluons or quarks, which at first
order originate from the processes qq′ →Wg and qg → Wq′. When the trans-
verse momentum (pWT ) and the invariant mass (MW ) of the W boson are of
the same order, the production rate can be calculated perturbatively order by
order in the strong coupling constant αs [1]. For pWT � MW , the calculation
is dominated by large logarithms ≈ αs ln(MW /p

W
T )2, which are related to the

presence of soft and collinear gluon radiation. Therefore, at sufficiently small
pWT , fixed-order perturbation theory breaks down and the logarithms must be
resummed [2]. The resummation can be carried out in transverse momentum
(pT ) space [3] or in impact parameter (b) space [4] via a Fourier transform.
Differences between the two formalisms are discussed in Ref. [5].

Although resummation extends the perturbative calculation to lower values of
pWT , a more fundamental barrier is encountered when pWT approaches ΛQCD, the
scale characterizing QCD processes. The strong coupling constant αs becomes
large and the perturbative calculation is no longer reliable. The problem is
circumvented by using a cutoff value and by introducing an additional function
that parametrizes the nonperturbative effects [6,7]. The specific form of this
function and the particular choices for the nonperturbative parameters have
to be adjusted to give the best possible description of the data.
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We report a new measurement [8] of the inclusive differential cross section
for W boson production in the electron channel as a function of transverse
momentum. We use 85 pb−1 of data recorded with the DØ detector during
the 1994–1995 run of the Fermilab Tevatron pp collider. We have a ten-fold
increase in the number of W boson candidates with respect to our previous
measurement [9], reflecting the larger data set and an increase in electron
rapidity coverage. An improved electron identification technique reduces the
background for central rapidities and high pWT by a factor of five compared
to Ref. [9], and keeps the background contamination at a low level for large
rapidities. Furthermore, corrections for detector resolution now enable direct
comparison with theory.

Electrons are detected in an electromagnetic (EM) calorimeter which has a

fractional energy resolution of ≈ 15%/
√
E(GeV) and a segmentation of ∆η×

∆φ = 0.1 × 0.1 in pseudorapidity (η) and azimuth (φ). The DØ detector
and the methods used to select W → eν events are discussed in detail in
Refs. [10] and [11] respectively. Below, we briefly describe the main selection
requirements.

Electron candidates are identified as isolated clusters of energy in the EM
calorimeter that have a matching track in one of the drift chambers. In event
reconstruction, electron identification is based on a likelihood technique [12].
The electron likelihood is constructed from: (i) a χ2 based on a covariance
matrix that determines the consistency of the cluster in the calorimeter with
the expected shape of an electron shower, (ii) the “electromagnetic energy
fraction,” defined as the ratio of the portion of the energy of the cluster found
in the EM calorimeter to its total energy, (iii) a measure of the consistency
between the track position and the centroid of the cluster, and (iv) the ioniza-
tion energy loss along the track. To a good approximation, these four variables
are independent of each other. Electron candidates are accepted either in the
central region, |ηdet| ≤ 1.1, or in the forward region, 1.5 ≤ |ηdet| ≤ 2.5, where
ηdet refers to the value of η obtained by assuming that the particle originates
from the geometrical center of the DØ detector.

Neutrinos do not interact in the detector and thereby create an apparent
momentum imbalance. For each event, the missing transverse energy (E/T ),
obtained from the vectorial sum of the transverse energy of all calorimeter
cells, is attributed to the neutrino.

Candidates for the W → eν event sample are required to have an electron
with ET > 25 GeV and E/T > 25 GeV. Additionally, events containing a
second electron are rejected if the dielectron invariant mass Mee is close to
that of the Z boson (75 GeV/c2 < Mee < 105 GeV/c2). A total of 50,486
events passes this selection.
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A major source of background stems from jets and direct photons passing our
electron selection criteria. A multijet event can be misinterpreted as a W → eν
decay if one of the jets mimics an electron and there is sufficient mismeasure-
ment of energy to produce significant E/T . The fraction of background events
due to multijet, b quark, and direct-photon sources, also referred to as QCD
background, is calculated by studying the electron likelihood in both a back-
ground sample and a signal sample, as described in Ref. [13]. The total QCD
background in the data sample is 2%; its shape is determined by repeating
the background calculation for each pWT bin.

Other sources of background in the W → eν sample are W → τν, Z → ee,
and tt̄ events. The process W → τν → eννν is indistinguishable from the
signal on an event-by-event basis. To estimate this background, W → τν
events are generated with the same W boson production and decay model
used in the calculation of the acceptance (see below), and the τ leptons are
forced to decay to electrons. Since the three-body decay of the τ leads to
a very soft electron pT spectrum compared to that from W → eν events,
the kinematic requirements keep this background to a moderate 2%. This is
accounted for by making a correction to the acceptance for W bosons [13].
A Z → ee event can be misidentified when one of the two electrons escapes
detection or is poorly reconstructed in the detector and thereby simulates
the presence of a neutrino. This background (0.5%) is estimated by applying
the selection criteria to a sample of Monte Carlo Z → ee events that were
generated with isajet [14], processed through a geant-based [15] simulation
of the DØ detector, and overlaid with events from random pp̄ crossings that
follow the luminosity profile of the data. The background from top quarks
decaying to W bosons (0.1%) is estimated using herwig [16] Monte Carlo tt̄
events and geant detector simulation.

Trigger and selection efficiencies are determined using Z → ee data in which
one of the electrons satisfies the trigger and selection criteria, and the second
electron provides an unbiased sample to measure the efficiencies. Due to the
limited statistics of the Z → ee data sample, we determine the shape of
the efficiency as a function of transverse momentum using Z → ee events
generated with herwig, processed with a geant detector simulation, and
overlaid with randomly selected minimum-bias pp collisions. This procedure
models the effects of the underlying event and of jet activity on the selection
of electrons. The efficiency for both the electron identification and the trigger
requirements is (55.3 ± 2.2)%.

The data are corrected for kinematic and geometric acceptance and detector
resolution, as determined from a Monte Carlo program originally developed
for measuring the mass of the W boson [17]. The method is described in detail
in Ref. [18]. The program first generates W bosons with η and pWT values cho-
sen randomly from a double differential cross section d2σ/dpWT dη provided as
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input. The response of the detector and the effects of geometric and kinematic
selection criteria are introduced at the next stage. For the present analysis, the
input d2σ/dpWT dη distribution is obtained using the iterative unfolding method
described in Ref. [19]. The uncertainty due to this input distribution is eval-
uated by using an initial distribution uniform in pWT and η. The systematic
smearing uncertainty is determined by varying the detector resolution param-
eters by ±1 standard deviation from the nominal values. The total correction
for kinematic and geometric acceptance and detector resolution for W → eν
events is (47.6 ± 0.3)%.

The results for dσ(W → eν)/dpWT , corrected for detector acceptance and reso-
lution, are shown in Table 1 and plotted in Fig. 1, where the data are compared
to the combined QCD perturbative and resummed calculation in b-space, com-
puted with published values of the nonperturbative parameters [6]. The error
bars on the data points correspond to their statistical uncertainties. The frac-
tional systematic uncertainty is shown as a band in the lower portion of the
plot. The largest contributions to the systematic error are from uncertainties
in the hadronic energy scale and resolution, the selection efficiency, and the
background (in the high pWT region). An additional normalization uncertainty
of ±4.4% from the integrated luminosity is not included in any of the plots
nor in the table. The data are normalized to the measured W → eν cross
section (2310 pb [13]). The points are plotted at the values of pWT where the
predicted function equals its mean over the bin [20].

Figure 2 shows a comparison of the differential cross section for W boson
production, assuming B(W → eν) = 0.111, to the fixed-order perturbative
calculation and to three different resummation calculations in the low pWT
region. The parametrizations of the nonperturbative region are from Arnold-
Kauffman [5] and Ladinsky-Yuan [6] in b-space, and Ellis-Veseli [7] in pT -space.
The disagreement between the data and the fixed-order prediction at low val-
ues of pWT confirms the presence of contributions from soft gluon emission,
which are accounted for in the resummation formalisms. The fractional differ-
ences (Data − Theory)/Theory are also shown in Fig. 2 for each of the three
resummation predictions. Although the χ2 for the Ellis-Veseli and Arnold-
Kauffman prescriptions are not as good as for Ladinsky-Yuan, the flexibility
in parameter space and in the form of the nonperturbative function in all three
resummed models is such that a good description of our measurement can be
achieved [18,21].

Figure 3 shows the differential cross section for W boson production in the
intermediate and high pWT regions. The calculation by Ladinsky-Yuan [6] spec-
ifies a matching prescription which provides a smooth transition between the
resummed and the fixed-order perturbative results to O(α2

s). The pT -space
result by Ellis-Veseli [7] contains only the O(αs) finite part and an O(α2

s) Su-
dakov form factor. Hence, there is still a residual unmatched higher-order effect

8



present in dσ/dpWT in the large pWT region, where the cancellation of the differ-
ent parts is quite delicate. The b-space prediction by Arnold-Kauffman [5] uses
the matched result below pWT = 50 GeV/c and the pure conventional pertur-
bative O(α2

s) result above. We observe good agreement with the theoretical
predictions for intermediate and high values of pWT , which probes effects of
fixed-order QCD.

In summary, we have used data taken with the DØ detector in pp̄ collisions at√
s = 1.8 TeV to measure the cross section for W → eν events as a function

of pWT . The combined QCD perturbative and resummed predictions are in
agreement with the fully corrected pT spectrum of W boson production in the
kinematic range of the measurement.
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Table 1

Summary of the measurement of the pT distribution of the W boson. The nominal
pWT is where the predicted function equals its mean value over the bin. The quantity

dσ(W → eν)/dpWT corresponds to the differential cross section in each bin of pWT
for W → eν production. Systematic uncertainties do not include an overall 4.4%
normalization uncertainty in integrated luminosity.

Statistical Systematic
pWT pWT bin dσ

dpWT

(W→eν)

uncertainty uncertainty

GeV/c GeV/c pb/(GeV/c) pb/(GeV/c) pb/(GeV/c)

0.92 0–2 109.37 ± 4.60 ± 10.64

3.40 2–4 205.91 ± 6.84 ± 22.80

4.97 4–6 171.28 ± 5.64 ± 9.16

6.98 6–8 133.62 ± 4.65 ± 9.81

8.98 8–10 103.30 ± 4.03 ± 7.17

10.98 10–12 77.58 ± 3.47 ± 7.15

12.98 12–14 63.66 ± 3.21 ± 4.18

14.98 14–16 47.88 ± 2.77 ± 4.03

16.98 16–18 37.72 ± 2.43 ± 2.50

18.98 18–20 30.65 ± 2.21 ± 1.60

22.40 20–25 22.02 ± 1.23 ± 1.11

27.41 25–30 13.94 ± 0.93 ± 0.98

32.42 30–35 9.47 ± 0.73 ± 0.79

37.42 35–40 6.84 ± 0.63 ± 0.52

44.70 40–50 3.95 ± 0.36 ± 0.31

54.72 50–60 1.81 ± 0.24 ± 0.23

64.77 60–70 1.15 ± 0.21 ± 0.25

74.79 70–80 0.75 ± 0.18 ± 0.21

89.21 80–100 0.313 ± 0.059 ± 0.091

109.27 100–120 0.084 ± 0.029 ± 0.018

137.40 120–160 0.044 ± 0.012 ± 0.014

177.64 160–200 0.0077 ± 0.0054 ± 0.0045
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Fig. 1. Differential cross section for W → eν production. The solid line is the
theoretical prediction of Ref. [6]. Data points show only statistical uncertainties.
The fractional systematic uncertainty, shown as the band in the lower plot, does

not include an overall 4.4% normalization uncertainty in integrated luminosity.
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Fig. 2. Differential cross section for W boson production compared to three resum-
mation calculations and to the fixed-order calculation. Uncertainties on data include

both statistical and systematical contributions (other than an overall normaliza-
tion uncertainty in integrated luminosity). Also shown are the fractional differences

(Data–Theory)/Theory between data and the resummed predictions.

13



0

20

40

60

80

100

30 35 40 45 50 55 60 65 70 75 80

pT
W             cÿ

dσ
/d

p TW
   

   
   

   
   

   
/c

ÿÿ

[GeV/  ]

[p
b/

(G
eV

/ )
]

b-space (Ladinsky-Yuan)

pT-space (Ellis-Veseli)

b-space (Arnold-Kauffman)

pT
W             cÿ

dσ
/d

p TW
   

   
   

   
   

   
/c

ÿÿ

[GeV/  ]

[p
b/

(G
eV

/ )
]

10
-1

1

10

60 80 100 120 140 160 180 200

Fig. 3. Differential cross section for W boson production in the intermediate and

high pWT regions. Uncertainties on data include both statistical and systematical
contributions (other than an overall normalization uncertainty in integrated lumi-

nosity).
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