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We measure the WW production cross section in pp collisions at a center of mass energy of
1.96 TeV and set limits on the associated trilinear gauge couplings. The WW — fvly (£ = e, p)
decay channels are considered in 1 fb~! of data collected by the DO detector at the Fermilab Tevatron
Collider. The measured cross section is o(pp — WW) = 11.5 £ 2.1 (stat + syst) £ 0.7 (lumi) pb.
Using SU(2) L ®U(1)y-conserving constraints, the one-dimensional 95% C.L. limits on trilinear gauge
couplings for A =2 TeV are —0.54 < Ak, < 0.83, —0.14 < Ay < 0.18, and —0.14 < Ag? < 0.30.
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The non-Abelian gauge group structure of the electroweak sector of the standard model (SM) predicts specific inter-
actions between the v, W, and Z bosons. Two triple gauge-boson coupling (TGC) vertices, WW~ and WW Z, provide
important contributions to the pp — WW production cross section. A detailed study of W boson pair production
probes this non-Abelian structure and may be sensitive to new physics that would enhance WW production, such as
anomalous values of the TGCs or the production and decay of new particles such as the Higgs boson [1]. Studying
WW production at the Fermilab Tevatron Collider provides an opportunity to explore v/ energies higher than that
available at CERN e*e™ Collider (LEP), and Tevatron experiments have both measured the WW cross section and
set TGC limits in the past [2-4]. In this note we present the most precise measurement of the WW production cross
section in pp collisions to date and updated limits on non-SM WW+~ and WW Z couplings.

We examine WW production via the process pp — WTW ™ — (tul~p (£ = e, u; allowing for intermediate 7
states) and use charged lepton pr distributions to study the triple gauge couplings. The decay of two W bosons into
electrons or muons results in a pair of isolated, high-pr, oppositely charged leptons and a large amount of £r due to
the escaping neutrinos. This analysis uses pp collisions at a center of mass energy of 1.96 TeV, as recorded by the D0
detector [5] at the Tevatron. A combination of single-electron (ee and epu) or single-muon (up) triggers were used to
collect the data, which correspond to integrated luminosities of 1104 4+ 67 pb_l7 1072+ 65 pb_l, and 1002 4+ 61 pb_1
for the ee, ey, and pp final states, respectively [6].

Electrons are identified in the calorimeter by their electromagnetic showers, which must occur within |n| < 1.1 or
1.5 < [n| < 3.0, where n = —In[tan(%)] and 6 is the polar angle measured at the center of the detector. In the ee
channel, at least one electron must satisfy |n| < 1.1. Electron candidates are required to be spatially matched to
a track from the central tracking system, to be isolated from other energetic particles, and to have a shower shape
consistent with that of an electromagnetic shower. Electron candidates are also required to satisfy a tight requirement
on a multivariate electron discriminator which takes into account track quality, shower shape, calorimeter and track
isolation, and E/p, where E is the calorimeter cluster energy and p is the track momentum. The transverse momentum
(pr) measurement of an electron is based on calorimeter energy information and track position.

Muons are reconstructed in the pseudorapidity region |n| < 2.0. They are required to be spatially matched to a
track from the central tracking system and to have matched sets of wire and scintillator hits before and after the muon
toroid. Detector support structure limits muon system coverage in the region || < 1.1 and 4.25 < ¢ < 5.15, where ¢
is the azimuthal angle, and in this region a single set of matched wire and scintillator hits is required. Additionally,
muons must be isolated with respect to other central tracks and to energy in the calorimeter.

Missing transverse energy (fr) is determined based on the calorimeter energy deposition distribution with respect
to the primary vertex. The Fr is corrected for the electromagnetic or jet energy scale, as appropriate, and the pr of
muon candidates.

Signal acceptances and background processes are studied with a detailed Monte Carlo (MC) simulation based on
PYTHIA [7] in conjunction with the CTEQ6L1 [8] parton distribution functions, with detector simulation carried out
by GEANT [9]. The Z boson pr spectrum in Z — £¢ MC events is adjusted to match that predicted by RESBOs [10].

For each final state, we require the highest pr (leading) lepton to have py > 25 GeV, the trailing lepton to have
pr > 15 GeV, and the leptons to be of opposite charge. Both charged leptons are required to originate from the same
vertex. The leptons are also required to have a minimum separation AR = /(An)2 4+ (A¢)? of AR, > 0.8 in the ee
channel or AR,,,/,,, > 0.5 in the ey and pp channels, in order to prevent overlap of the lepton isolation cones.

Background processes for WW production include Z/y* — ¢, tt, and W+jets production, multijet production,
and other diboson production including WZ, W+, and ZZ production. All of the background contributions except
W+jets, W, and multijet production are estimated from the MC simulation. These three backgrounds are estimated
from the data as described below.

After the initial event selection, the dominant background in each channel is Z/v* — ££. Much of this background
is removed by requiring o > 45 (ee), 20 (en), or 35 (uu) GeV, since Z boson production has no escaping neutrinos.
For the ee channel, we require Fr > 50 if |Mz — mee| < 6 GeV to further reduce the Z boson background. An
azimuthal separation requirement between the leptons is more effective at reducing Z boson backgrounds than an
invariant mass requirement in events containing muons. The ep channel requires fr > 40 GeV if A¢., > 2.8, and
the pp0 channel requires A¢,,, < 2.45.

Mismeasurement of the muon momentum can lead to spurious Fr which is collinear with the muon direction.
Especially in the pu channel, mismeasurement of the muon momentum can allow Z boson events to satisfy the Fr
requirement. To suppress these events in the uu channel, we require that the track for each muon candidate include
at least one silicon microstrip tracker hit, for better momentum resolution, and that the azimuthal angle between
each muon and the direction of the [t satisfies | cos(A¢g,. )| < 0.98.

A second background is ¢t production followed by th_e) leptonic decay of subsequent W bosons. This background
can be suppressed by requiring g7 = |[p7¢+ + pre- +Fr| < 20 (ee), 25 (ep), or 16 (up) GeV. This quantity is the
transverse momentum of the W system and is expected to be small at the Tevatron. However, for ¢f production and
other background processes, gr can be large, so this variable is a powerful discriminant against these backgrounds.
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FIG. 1: Distributions of the (a) leading and (b) trailing electron pr in the ee channel, (c) electron and (d) muon pr in the ey
channel, and (e) leading and (f) trailing muon pr in the pu channel after final selection.

Another significant background is W+jet production in which the jet is misidentified as an electron or a muon.
The probability for a jet to be misidentified as a lepton is determined from the data a special data sample by a tag
and probe method. We select one jet which must be inconsistent with a lepton and require a second jet back-to-back
in azimuth to the first. We also require that there be no high pr leptons in the event to remove Z+jet events, and
we require B < 10 GeV to remove W+jet events. The sample obtained in this way does not have significant Z
boson contamination, as determined from the dijet invariant mass distribution. The second jet is the probe jet used
to measure the jet misidentification probability.

The W+ process is a background for only the ee and eu channels, since a photon is not easily misidentified as a
muon. We determine the probability that a photon is misidentified as an electron with photons from Z/vy* — eey
decays and adjust the W~ MC to reflect that misidentification rate. The W+jets background is determined from
the data by selecting dilepton samples with loose and tight lepton requirements and setting up a system of linear
equations to solve for the W+jet backgrounds after all event selection.

The background due to multijet production, in which both lepton candidates are due to a jet which is misidentified
as a lepton, is determined from the data using a sample of like-signed reconstructed objects that satisfy inverted
lepton quality cuts. This background is labeled multijet in Fig. 1 and Table I.

The leptonic decay of WZ and ZZ events can mimic the WW signal when one or more of the charged leptons
are not reconstructed and instead contribute to Fp. The ZZ — flvv process is suppressed in the same manner as
Z[~v* — U0 decays.

For each channel, the exact values of selection requirements are chosen by performing a grid search on signal MC and
expected background, minimizing the combined statistical and systematic uncertainty on the expected cross section
measurement. For each final state, two contributions to the WW production signal are considered, both the prompt
decay of the W bosons into the final state e or g and the prompt decay of either W boson into a tau lepton with
secondary decays that lead to the final state e or p. The final lepton pr distributions are shown in Fig. 1(a-f).



TABLE I: Numbers of signal and background events expected and number of events observed after the final event selection in
each channel. Uncertainties include contributions from statistics and object selection efficiency. Negligible contributions are
not shown.

Process ee el o

WW — 10.98 £0.59 39.25+£0.81 7.18 £0.34
WW —lr — U 1.40£0.20 5.18+0.29 0.71£0.10
Z/v* —eef/up+X 027+£0.20 2.52+0.56 0.76 £0.36

Z/y* — 1T 0.26£0.05 3.67+0.46 —
tt 1.104+£0.10 3.794+0.17 0.224+0.04
Wz 1.42+0.14 1.294+0.14 0.97+0.11
Wy 0.23+0.16 5.21+2.97 —
zZ7Z 1.704+0.04 0.09+0.01 0.84 +0.03
W + jet 6.09+£1.72 7.50£1.83 0.12£0.24
Multijet 0.01+0.01 0.14£0.13 —
Background sum 11.07+£1.75 24.21 £3.58 2.914+0.45
Data 22 64 14

The overall detection efficiency for WHW = — etv.e 1, is (7.18 £0.39)%, while that for WTW~ — er/77 +vi —
ete”+vpis (2.244+0.32)%. The overall detection efficiency for WHW = — e*v.uTr, is (13.4340.28)%, while that for
WHIW = — er/ur /77 +vi — e*uT + v is (4.36 £0.24)%. The overall detection efficiency for WHW = — ptv,u=v,
is (5.34 4+ 0.25)%, while that for WYW ™ — ur/77 + v — putp~ +viis (1.30 £ 0.18)%.

The numbers of estimated signal and background events and the number of observed events for each channel after
the final event selection are summarized in Table I. Assuming the W boson and 7 branching ratios from [11], the
observations in data correspond to o(pp — WW) = 10.6 + 4.6 (stat) £ 1.9 (syst) & 0.7 (lumi) pb in the ee channel,
10.8£2.24+1.1£0.7 pb in the ey channel, and 16.9£5.74+1.0£1.0 pb in the pup channel. The most significant sources
of systematic uncertainty for each channel are the statistics associated with the estimation of the W+jet contribution
in the ee channel, the photon misidentification probability used to estimate the W+~ contribution in the ey channel,
and the MC statistics for backgrounds in the uu channel.

The decay channels are combined using the best linear unbiased estimate (BLUE) method [12], and the cross section
corresponding to the combined observations across all three final states is o(pp — WW) = 11.5 £2.1 (stat + syst) £
0.7 (lumi) pb. This measured cross section is consistent with the most recent published result from the Tevatron,
11.8 737 (stat) 758 (syst) + 0.6 (lumi) pb [2]. Standard model calculations of the WW production cross section at
this center of mass energy range from 13 to 13.5 pb [13].

The triple gauge couplings that govern WW production can be parameterized by a general Lorentz-invariant
Lagrangian with fourteen independent complex coupling parameters, seven each for the WW+~ and WW Z vertices [1].
Limits on the anomalous couplings are often obtained by taking the parameters to be real, enforcing electroweak gauge
invariance, and assuming charge conjugation and parity invariance, reducing the number of independent couplings to
five: g7, Kz, K~, Az, and A,. In the SM, 9 =Ky = ky =1 and Az = Ay = 0. The couplings that are non-zero in
the SM are often written in terms of their deviation from the SM values, for example Ag? = g7 — 1, a convention we
follow here. Enforcing SU(2)r ® U(1)y symmetry introduces two relationships between the remaining parameters:
kz = g¢ — (ky — 1)tan?0y and Az = A\, further reducing the number of free parameters to three [14].

One effect of introducing anomalous coupling parameters into the SM Lagrangian is an enhancement of the cross
section for the qg — Z/v* — WTW ™ process, an effect which leads to unphysically large cross sections at high energy.
Therefore, the anomalous couplings must vanish as s — oo. This is achieved by introducing a dipole form factor for
an arbitrary coupling a (g7, kv, or Ay'): a(38) = ap/(1 + §/A2)2, where § is the partonic center of mass energy, the
form factor scale A is set by new physics, and limits are set in terms of ag. Unitarity constraints provide an upper
limit for each coupling that is dependent on the choice of A. For this analysis we use A=2 TeV, the approximate
center of mass energy of the Tevatron.

The leading order MC event generator by Hagiwara, Woodside, and Zeppenfeld [1] is used to model the behavior
of the WW system as coupling parameters are varied about their SM values. A grid of points in three-dimensional
(Akqy Ay, Ag?) space is generated to define the behavior of the anomalous WW system. The events generated for
each grid point are passed through a parameterized simulation of the DO detector that is tuned to data.

Since the rest frame of the WW system cannot be reconstructed, the prs of the charged leptons are used to test
the triple gauge couplings. To enhance the sensitivity to anomalous couplings, events are binned two-dimensionally in
lepton pr, using leading and trailing lepton pr values in the ee and pp channels, and electron and muon pr values in
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FIG. 2: One and two-dimensional 95% C.L. limits when enforcing SU(2)r ® U(1)y symmetry at A = 2 TeV, for (a) Ak, vs.
Ay, (b) Ak, vs. AgZ, and (c) A, vs. Ag¥, each when the third free coupling is set to its SM value. The curve represents the
two-dimensional 95% C.L. contour and the ticks along the axes represent the one-dimensional 95% C.L. limits. An asterisk (%)
marks the point with the highest likelihood in the two-dimensional plane.

the ep channel. For each bin in lepton pr space, the expected number of WW events produced is parameterized by a
quadratic function in the three-dimensional (An.y,/\.y,Aglz ) space. Coupling parameters are investigated in pairs, with
the third parameter fixed to the SM value. A likelihood surface is generated by considering all channels simultaneously,
integrating over the signal, background, and luminosity uncertainties with Gaussian distributions in a similar method
as that used in previous studies [4].

The one-dimensional 95% C.L. limits for A = 2 TeV are determined to be —0.54 < Ak, < 0.83, —0.14 < A, < 0.18,
and —0.14 < Ag? < 0.30. One- and two-dimensional 95% C.L. limits are shown in Fig. 2.

The combined anomalous coupling limits from the LEP collaborations are more stringent and independent of A
[15]. The limits obtained here are complementary in that they use hadronic collisions at the Tevatron and explore a
range of parton center of mass energies that include values of v/§ exceeding the LEP kinematic limit of 208 GeV.

In summary, we have measured the WW production cross section using 1 fb~! of data at the DO experiment. We
measure a cross section of o(pp — WW) =11.5 £ 2.1 (stat + syst) £ 0.7 (lumi) pb, the most precise measurement
of the WWW cross section at a hadronic collider to date. The selected event kinematics are used to set limits on
anomalous values of the electroweak triple gauge couplings.
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