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21III. Physikalisches Institut A, RWTH Aachen, Aachen, Germany
22Physikalisches Institut, Universität Bonn, Bonn, Germany

23Physikalisches Institut, Universität Freiburg, Freiburg, Germany
24Institut für Physik, Universität Mainz, Mainz, Germany

25Ludwig-Maximilians-Universität München, München, Germany
26Fachbereich Physik, University of Wuppertal, Wuppertal, Germany

27Panjab University, Chandigarh, India
28Delhi University, Delhi, India

29Tata Institute of Fundamental Research, Mumbai, India
30University College Dublin, Dublin, Ireland
091108-2



MEASUREMENT OF THE pp! W�� X CROSS SECTION. . . PHYSICAL REVIEW D 71, 091108 (2005)

RAPID COMMUNICATIONS
31Korea Detector Laboratory, Korea University, Seoul, Korea
32CINVESTAV, Mexico City, Mexico

33FOM-Institute NIKHEF and University of Amsterdam/NIKHEF, Amsterdam, The Netherlands
34Radboud University Nijmegen/NIKHEF, Nijmegen, The Netherlands

35Joint Institute for Nuclear Research, Dubna, Russia
36Institute for Theoretical and Experimental Physics, Moscow, Russia

37Moscow State University, Moscow, Russia
38Institute for High Energy Physics, Protvino, Russia

39Petersburg Nuclear Physics Institute, St. Petersburg, Russia
40Lund University, Lund, Sweden, Royal Institute of Technology and Stockholm University, Stockholm, Sweden,

and Uppsala University, Uppsala, Sweden
41Lancaster University, Lancaster, United Kingdom

42Imperial College, London, United Kingdom
43University of Manchester, Manchester, United Kingdom

44University of Arizona, Tucson, Arizona 85721, USA
45Lawrence Berkeley National Laboratory and University of California, Berkeley, California 94720, USA

46California State University, Fresno, California 93740, USA
47University of California, Riverside, California 92521, USA
48Florida State University, Tallahassee, Florida 32306, USA

49Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA
50University of Illinois at Chicago, Chicago, Illinois 60607, USA

51Northern Illinois University, DeKalb, Illinois 60115, USA
52Northwestern University, Evanston, Illinois 60208, USA
53Indiana University, Bloomington, Indiana 47405, USA

54University of Notre Dame, Notre Dame, Indiana 46556, USA
55Iowa State University, Ames, Iowa 50011, USA

56University of Kansas, Lawrence, Kansas 66045, USA
57Kansas State University, Manhattan, Kansas 66506, USA
58Louisiana Tech University, Ruston, Louisiana 71272, USA

59University of Maryland, College Park, Maryland 20742, USA
60Boston University, Boston, Massachusetts 02215, USA

61Northeastern University, Boston, Massachusetts 02115, USA
62University of Michigan, Ann Arbor, Michigan 48109, USA

63Michigan State University, East Lansing, Michigan 48824, USA
64University of Mississippi, University, Mississippi 38677, USA

65University of Nebraska, Lincoln, Nebraska 68588, USA
66Princeton University, Princeton, New Jersey 08544, USA

67Columbia University, New York, New York 10027, USA
68University of Rochester, Rochester, New York 14627, USA

69State University of New York, Stony Brook, New York 11794, USA
70Brookhaven National Laboratory, Upton, New York 11973, USA

71Langston University, Langston, Oklahoma 73050, USA
72University of Oklahoma, Norman, Oklahoma 73019, USA
73Brown University, Providence, Rhode Island 02912, USA

74University of Texas, Arlington, Texas 76019, USA
75Southern Methodist University, Dallas, Texas 75275, USA

76Rice University, Houston, Texas 77005, USA
77University of Virginia, Charlottesville, Virginia 22901, USA
78University of Washington, Seattle, Washington 98195, USA

(Received 30 March 2005; published 26 May 2005)
*Visitor fro
The WW� triple gauge boson coupling parameters are studied using pp! ‘��� X�‘ � e;
� events
at

���
s

p
� 1:96 TeV. The data were collected with the D0 detector from an integrated luminosity of

162 pb�1 delivered by the Fermilab Tevatron Collider. The cross section times branching fraction for
pp! W��� � X ! ‘��� X with E�T > 8 GeV and �R‘�> 0.7 is 14:8� 1:6�stat� � 1:0�syst� �
1:0�lum� pb. The one-dimensional 95% confidence level limits on anomalous couplings are �0:88<
��� < 0:96 and �0:20< �� < 0:20.
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TheW� final states observed at hadron colliders provide
an opportunity to study the self-interaction of electroweak
bosons at the WW� vertex. The standard model (SM)
description of electroweak physics is based on SU�2�L 	
U�1�Y gauge symmetry and specifies the WW� coupling.
In the SM, production of a photon in association with a W
boson occurs due to radiation of a photon from an incom-
ing quark, from the W boson due to direct WW� coupling,
or from the outgoing W boson decay lepton. To allow for
non-SM couplings, a CP-conserving effective Lagrangian
can be written with two coupling parameters: �� and ��
[1,2]. The SM predicts ��� 
 �� � 1 � 0 and �� � 0.
Nonstandard couplings cause the effective Lagrangian to
violate partial wave unitarity at high energies; it is neces-
sary to introduce a form-factor with scale � for each of the
coupling parameters. The form-factors are introduced via
the ansatz �! �=�1� ŝ=�2�2 with

���̂
s

p
the W� invariant

mass. In this analysis, the scale � is set to 2 TeV. For
sufficiently small values of � the dependence on � is
relatively small. Deviations from the SM WW� couplings
would cause an increase in the total W� production cross
section and would enhance the production of photons with
high transverse energy.

Limits on the WW� coupling parameters have been
previously reported by the D0 [3] and CDF [4] collabora-
tions using direct observation of W� final states in data
collected from hadron collisions at the Fermilab Tevatron
collider and by the UA2 [5] collaboration using the SppS
collider at CERN. Searches for W�W� final states at D0
[6] and CDF [7] have also been used to test WW� and
WWZ coupling parameters simultaneously. Similarly, ex-
periments at the CERN LEP collider constrain the WW�
and WWZ coupling parameters simultaneously through
observations of W�W�, single-W boson, and single-�
final states in electron-positron collisions [8], through as-
suming SU�2�L 	U�1�Y symmetry. Studies of single-W
and single-� final states at LEP are also used to constrain
theWW� coupling [9], just as studies of W� final states in
hadron collisions are used to study only the WW� cou-
pling. Observation of b! s� decays by the CLEO col-
laboration has also been used to constrain the coupling
parameters [10].

The analyses discussed here use the D0 detector to
observe pp! ‘��� X�‘ � e or 
� events in collisions
at

���
s

p
� 1:96 TeV at the Fermilab Tevatron collider. The

data samples used for the electron and muon channels
correspond to integrated luminosities of 162 pb�1 and
134 pb�1, respectively. The D0 detector [11] features an
inner tracker surrounded by a liquid-argon/uranium calo-
rimeter and a muon spectrometer. The inner tracker con-
sists of a silicon microstrip tracker (SMT) and a central
fiber tracker (CFT), both located within a 2 T supercon-
ducting solenoidal magnet. The CFT covers j�j & 1:8 and
the SMT covers j�j & 3:0 [12]. The calorimeter is longi-
tudinally segmented into electromagnetic and hadronic
091108
layers and is housed in three cryostats: a central section
covering j�j & 1:1 and two end-cap cryostats that extend
coverage to j�j & 4:0. The muon detectors reside outside
the calorimeter and consist of tracking detectors, scintilla-
tion counters, and a 1.8 T toroidal magnet. The muon
detectors cover to j�j & 2:0. Luminosity is measured using
scintillator arrays located in front of the end-cap cryostats
and covering 2:7 & j�j & 4:4.

Candidate events with electron decays of the W boson
(W ! e�) are collected using a suite of single electron
triggers that require electromagnetic clusters in the
calorimeter with at least 11 GeV of transverse energy
(ET). Offline electron identification requires the candidate
electrons to be in the central calorimeter (j�j< 1:1),
isolated in the calorimeter, have shower profiles consistent
with those of electromagnetic objects, and have a track
found in the tracking detectors matched to the calorimeter
cluster. Similarly, photons are identified as central electro-
magnetic calorimeter clusters without a matched track
that are isolated both in the calorimeter and in the tracking
detectors. To suppress events with final state radiation
of the photon from the outgoing lepton, and to avoid
collinear singularities in calculations, the photon is re-
quired to be separated from the electron in ��� space

(�R �
������������������������������������������������������
��� � �‘�

2 � ��� ��‘�
2

q
> 0:7). Events used

in this analysis are required to have EeT > 25 GeV,
E�T > 8 GeV, missing transverse energy using the full
calorimeter E6 T > 25 GeV, and MT > 40 GeV=c

2, where
MT is the transverse mass

�����������������������������������������
2EeTE6 T�1� cos�

e��
p

of the
electron and E6 T vectors which are separated by �e� in
azimuth.

Candidate events with muon decays of the W boson
(W ! 
�) are collected using a suite of single muon
triggers that require a high pT track in the muon detectors
and a high pT track in the central tracking detectors.
Offline muon identification additionally restricts muon
candidates to the full central tracking acceptance (j�j<
1:6), requires matched central tracks, and imposes timing
cuts to reduce backgrounds from cosmic and beam halo
muons. Events with more than one identified muon are
rejected to reduce backgrounds from Z! 

���. Events
are required to have p
T > 20 GeV=c, E�T > 8 GeV, E6 T >
20 GeV, and there is no MT requirement for this analysis.
Photon identification is the same for both electron and
muon analyses.

The dominant background for both decay channels is
W � jet production where a jet mimics a photon. The
contribution of this background is estimated by using a
large multijet data sample to measure the probability of jets
to mimic photons. The background estimate is obtained
from this measured jet-photon misidentification probabil-
ity by normalizing to the number of W� jet events col-
lected in the same data sample used for the signal
candidates. Some fraction of multijet events contains true
photons, and this fraction has previously been seen to
-4
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increase with increasing transverse energy as 1� ea�bET
[13]. The systematic uncertainty on the probability of a jet
being misidentified as a photon is taken to be the full
difference between ignoring the presence of true photons
in the multijet data sample and estimating their contribu-
tion with the above functional form. The method of calcu-
lating the probability of jets to mimic photons described
above is dependent on agreement between the jet energy
calibration and the electromagnetic energy calibration; as a
check of the accuracy of the jet energy calibration, the
method is repeated using jetlike objects that have a high
fraction of calorimeter energy in the electromagnetic
layers. This yields a background estimate consistent with
the method based on jets.

A second class of background events comes from pro-
cesses which produce an electron or muon, an electron that
is misidentified as a photon, and missing transverse energy.
This background, labeled ‘eX, is small for the muon
channel since very few processes produce a high ET
muon and an electron. However, this background is sig-
nificant for the electron channel since Z�! ee� � jet (with
a mismeasured jet leading to apparent missing transverse
energy) processes have a relatively large cross section. To
reduce this background, an additional criterion on the
invariant mass of the electron and photon candidates is
imposed, and events with 70<Me� < 110 GeV=c

2 are
rejected. In both the electron and muon analyses, the ‘eX
background is estimated by reversing the track match
requirement on the photon candidate (i.e. require a
matched track) in W� candidate events. The number of
‘eX events in which the electron is isolated and does not
have a matched track (and therefore is misidentified as a
photon) is then estimated using the known track matching
and track isolation inefficiencies.

Small backgrounds from Z�, where one lepton from the
Z decay is not reconstructed, and W ! ���, where the �
decays into an electron or muon, are estimated from
Monte Carlo samples. The background estimates and num-
bers of events observed in the data are summarized in
Table I.
TABLE I. Summary of estimated background
channel.

Luminosity
W� jet background events
‘eX background events
W�! ��� background events
Z�! ‘‘� background events

Total background events
Selected events
Total signal events
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The efficiencies of the triggers and the lepton identifi-
cation cuts are measured using Z! ee;

 events.
Efficiencies for electrons are 0:96� 0:02 for the trigger,
0:84� 0:01 for the calorimeter identification require-
ments, and 0:78� 0:01 for the track match requirement.
For muons, the trigger efficiency is 0:74� 0:01, the offline
reconstruction efficiency is 0:77� 0:02, and the efficiency
of the track match requirement is 0:98� 0:01. The effi-
ciency of the requirement of no more than one muon in
muon candidate events is estimated to be 0:942� 0:004 by
counting the fraction of Z! ee events containing a muon.
The track isolation efficiency used for the ‘eX background
estimation is measured using Z! ee events and is 0:95�
0:01. The efficiency of the calorimeter requirements in
photon identification is estimated using a full GEANT3

simulation of the detector [14]. The probability for unre-
lated tracks to overlap with the photon and cause it to fail
the track isolation requirements is measured using Z! ee
events by measuring the probability of an electron to have
nearby tracks after the event is rotated in � by 90 degrees.
The overall efficiency for photon identification is 0:81�
0:01. The total efficiencies are 0:51� 0:02 for the electron
channel and 0:43� 0:01 for the muon channel.

The acceptances due to the kinematic and geometric
requirements in the analyses are calculated using a
Monte Carlo generator [2] that fully models W� produc-
tion to leading order in quantum chromodynamics (QCD)
and electroweak couplings and allows anomalous coupling
values to be set. The detector response is simulated using
a parameterized detector simulation. The effects of higher-
order QCD processes are accounted for by the introduction
of a K-factor of 1:34 [2], and the transverse momentum
spectrum of theW boson is simulated using parton showers
in PYTHIA [15]. The detector acceptance calculation has a
very small dependence on the simulation of the transverse
momentum of the W boson. The CTEQ6L parton distribu-
tion function (PDF) [16] is used for the proton and anti-
proton. The acceptances are 0:045� 0:002 for the electron
channel and 0:102� 0:003 for the muon channel with the
uncertainties dominated by the PDF uncertainty.
s and numbers of events selected in each

e�� Channel 
�� Channel

162 pb�1 134 pb�1

58:7� 4:5 61:8� 5:1
1:7� 0:5 0:7� 0:2
0:42� 0:02 1:9� 0:2

6:9� 0:7

60:8� 4:5 71:3� 5:2
112 161

51:2� 11:5 89:7� 13:7
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FIG. 2. The MT�W;�� spectrum for the W� candidates. The
points with error bars are the data. The open histogram is the sum
of the SM Monte Carlo prediction and the background estimate.
The background estimate is shown as the shaded histogram. The
right-most bin shows the sum of all events with MT�W;�� above
240 GeV.
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The measured cross sections times branching frac-
tions  �pp! W��� � X ! ‘��� X� with E�T > 8 GeV
and �R‘�>0:7 are 13:9� 2:9�stat� � 1:6�syst� �
0:9�lum� pb for the electron channel and 15:2� 2:0�stat��
1:1�syst� � 1:0�lum� pb for the muon channel. The three
components of the cross section uncertainty are: statistics;
systematic effects associated with the background subtrac-
tion, acceptance calculation, and object identification; and
the systematic uncertainties in the luminosity measure-
ment. Combining events from the two decay channels
and accounting for correlations in the systematic uncer-
tainties yields a combined cross section times branching
fraction of 14:8� 1:6�stat� � 1:0�syst� � 1:0�lum� pb.
The SM prediction calculated by the Monte Carlo genera-
tor using the K-factor and the CTEQ6L PDF is
16:0� 0:4 pb, where the uncertainty is due to PDF
uncertainty. The prediction is in agreement with the
measurements.

The photon ET spectrum of the candidate events is
shown with the background estimation and the SM expec-
tation in Fig. 1. The distribution is described well by the
SM, and no enhancement of the photon ET spectrum is
seen at high transverse energy. Limits on anomalous cou-
plings are determined by performing a binned likelihood fit
to the photon ET spectrum. The effect of anomalous cou-
plings is more pronounced at high W� transverse mass,
MT�W;��, so only events with MT�W;��> 90 GeV=c2

are used for the distributions in the likelihood fit. The
MT�W;�� distribution before this requirement is shown
in Fig. 2. Monte Carlo distributions of the photon ET
spectrum are generated with a range of anomalous cou-
pling values, normalized using the measured luminosity
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FIG. 1. The photon ET spectrum for the W� candidates with
MT�W;��> 90 GeV=c2. The points with error bars are the data.
The open histogram is the sum of the SM Monte Carlo prediction
and the background estimate. The background estimate is shown
as the shaded histogram. The right-most bin shows the sum of all
events with photon ET above 136 GeV.
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and the Monte Carlo cross section, and the likelihood of the
data distribution being consistent with the generated dis-
tribution is calculated. The uncertainties in the background
estimates, efficiencies, acceptances, Monte Carlo cross
sections and the luminosity are included in the likelihood
calculation using Gaussian distributions.

The limits on the WW� coupling parameters are shown
in Fig. 3, with the contour showing the two-dimensional
95% confidence level (CL) exclusion limits for the cou-
pling parameters, the point representing the Standard
Model value and the error bars showing the one-
dimensional 95% CL intervals. The one-dimensional ex-
clusion limits on each parameter are �0:88<���<0:96
and �0:20<��<0:20, where the limit on ��� assumes
γ κ∆-1.5 -1 -0.5 0 0.5 1 1.5

γ λ

-0.4

-0.3

-0.2

-0.1

-0

0.1

0.2

0.3

0.4
DØ Run II

FIG. 3. Limits on the WW� coupling parameters ��� and ��.
The point indicates the SM value with the error bars showing the
95% CL intervals in one dimension. The ellipse represents the
two-dimensional 95% CL exclusion contour.
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�� is fixed to the SM value and vice versa and ��2 TeV
[17].

In summary, the cross section times branching fraction
for the process pp!W����X!‘���X with
E�T >8 GeV and �R‘� > 0:7 is measured to be 14:8�
1:6�stat� � 1:0�sys� � 1:0�lum� pb using the D0 detector
during Run II of the Tevatron. The measured cross section
is in agreement with the SM expectation of 16:0� 0:4 pb.
Limits at the 95% confidence level on anomalous WW�
couplings (in the formalism of [2]) are extracted using the
photon transverse energy spectrum and are �0:88<
��� < 0:96 and �0:20<��<0:20. These limits represent
the most stringent constraints on anomalous WW� cou-
plings obtained by direct observation of W� production.
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