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0 bservation of W+ W- production in & collisions prc- 
vides an opportunity to test the Standard Model pre- 
diction of WW7 and WWZ couplings [I]. The gauge 
structure of the SU(2) X SU(I) theory of electroweak in- 
teractions governs t&near vector boson couplings, and 
leads to a cancellation of helicity amplitudes. Anomalous 
couplings [2], or decays of new particles such as Higgs 
bosons, heavy quarks and leptons, and technihadrons, 
result in enhanced W+ W- production [3,4]. 

In this Letter we describe a search for W+W- pro- 
duction through the dilepton channel W+W- -+ l+l-uC 
(I = e,p), and compare the results with the Standard 
Model prediction. This analysis is based on a data sam- 
ple of-j? collisions at fi = 1.8 TeV with an integrated 
luminosity of 108 pb-‘, collected at the Collider Detec- 
tor at Fermilab (CDF) from 1992 to 1995. Based on our 
observation of several W+ W- + f+l-uP candidates, we 
meaure u(& -+ W+ W-). Bounds on WW7 and WWZ 
anomalous couplings are also obtained. 

The CDF is described in detail in Ref. [5,6]. The dt 
tailed description of the lepton identification cuts can be 
found in Ref. [6]. A lepton is identified by either hits 
in a muon chamber or a cluster of energy in the elec- 
tromagnetic calorimeter, and an associated track in the 
central tracking chamber (CTC). The jet reconstruction 
algorithm uses a cone of f&d radius (0.4 in this analysis) 
in the ~4 plane to locate clusters of calorimeter energy. 
Here r) = -ln[tan(g/2)] is the pseudorapidity, 8 is the 
polar angle with respect to the proton beam direction, 
and 4 is the asimuthal angle. The missing transverse 
energy &F associated with neutrinos is cakdated by re- 
quiring that the total transverse energy as measured by 
the calorimeter be balanced. When a muon is present in 
the event the $T is corrected for the muon transverse mo- 
mentum. In this analysis, electrons are required to have 
transverse energy ET > 20 GeV, and muons transverse 
momentum PT > 20 GeV/c. 

The total W+W- -+ PI- +X detection efficiency can 
be decomposed into several factors: 

Clotal = cgeom.PT X CID X clad X cement X Q-jet X ctrippcr* 

The efficiency factors, described below, are computed 

sequentially and are listed in Table I. In addition to 
w+w- - 1+1-vi7 (1 = c, p), there is a small contribu- 
tion from W+W’ + 1w0 or TTY~, followed by t + c or 
p, which is included in our acceptance. 

The acceptance due to geometrical and transverse me 
mentum cuts, denoted by egeom.pr, is the fraction of 
W+ W- + l+l- +X events for which both leptons are in- 
side the detector fiducial region and pass the PT cut. This 
efficiency is obtained from W+W- Monte Carlo sam- 
ples. Several Monte Carlo event generators (ISAJET [7], 

TAOHAN [8], and PYTHIA [9]) are used in conjunction 

with a detector simulation. While ISAJET and PYTHIA 
use tree-level matrix element calculations to simulate the 

TABLE I. Dilepton detection efficiencies. 

Category e-e P-/r e-w 
l #ea.PT (%) 30.0 20.0 26.8 
CID (%) 66.1 86.1 73.6 

CIad (%) 94.5 88.1 90.1 

eevent (%I . 54.8 56.3 73.1 
co-;.1 (%I 68.0 68.0 68.0 

Blriiger‘ (S,) 98.1 ’ 92.8 93.5 . 

el0t.I (%) 6.9f0.8 5.4f0.7 8.9fl.l 

W+W’- +jets process, TAOHAN is based on the full ma- 
trix element calculation up to WC W-+2jets. 

The efficiency of the lepton identification cuts, e[D, is 
determined from 2 + e+e- (p+p-) data samples. 

All leptons are required to pass a calorimeter isolation 
cut-the total transverse energy in a cone with a radius 
0.4 around the lepton in the r& plane, excluding the 
lepton transverse energy, divided by the lepton transverse 
energy must be less than 0.1. A track isolation cut is 
also applied to both leptons-the sum of the transverse 
momenta for all tracks in the above cone, excluding the 
lepton track, divided by the I+ of the lepton must be 
less than 0.1. The efficiency of these two cuts is denoted 

by clad. 

To discriminate against backgrounds from 2 + rr and 
the Drell-Yan process (7/Z + e+e-, p+p-), events are 
required to have a minimum & of 25 GeV. We also reject 
events where ST points along the 4 direction of one of 
the leptons [6]. For events with & < 50 GeV, we require 
A4 > 20°, where A4 is the asimuthal angle between the 
direction of & and the direction of the nearest lepton. 
Also we remove events with dilepton invariant mass be- 
tween 75 and 105 GeV/c2 in the e+e- and ptp- chan- 
nels. The combined efficiency of the & and invariant 
mass cuts is denoted by c,.,,:. 

The top quark production background @p -+ tS+X - 
W+W-bi; + X) is suppressed by removing events with 
any jet with observed transverse energy exceeding 10 
GeV (O-jet requirement). The fraction of W+ W- - 
l+l- + X events with no jets is denoted by co-jet. Simu- 
lations of W+ W- -+ l+l- +X production indicate ro-jct 
= (68f7)%. U ncettainties are set by the Merence be- 

tween the Monte Carlo programs. 
Single lepton (e or cc) hardware triggers were used to 

collect the data for this analysis. Their efficiencies were 
measured using data coming from independent triggers. 
The overall trigger efficiency, l trigscr, is the probability 
that a signal event is collected by any of the single lepton 

triggers. 
Systematic uncertainties in the efficiency calculations 

come from the lepton identification cuts (3%), lepton iso- 
lation cuts (2%), event cuts (4%), choice of parton dis- 

tribution functions (3%), O-jet requirement (lo%), and 
Monte Carlo statistics (3%). A 10% uncertainty on the 
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TABLE II. Predicted background events in the 106 pb-’ 
d&8 aample. 

Procesl Without AU cuts 
&jet cut 

tt 5.00*1.00 0.04f0.01 
z + l-r O.SQf0.16 0.22f0.06 
Drell-Yan l.Qof0.57 0.4OiO.20 
wz 0.17f0.06 0.12f0.05 
F&e 1.80f0.72 0.40*0.20 

Total 9.58f1.37 1.16f0.29 

CDFdrk 

NIO thmory: 
-- Lo tho0l-y 7 

m.0 7.0 

fi [TeV] 

FIG. 1. The w+w- production cross 
section, u(& + W+W’-), measured at the CDF, compued 
to theoretical calculations. The theoretical results are bawd 

on the nut-to-leading orda (NLO) (solid line) and leadiry 
order (LO) (dashed line) cdculationr. 

jet energy scale affects the jet multiplicity and the ac- 
curacy of the &- measurement, and resultr in a 4% un- 
certainty in acceptance. The total uncertainty in the 
efficiency determination (13%) is the sum of these uncer- 
tainties in quadrature. 

Table II summarises the expected background from 
fi + W+W-b&, 2 + TT, the Drell-Yan process, WZ 
production, and W + jets processes in which jets are 
misidentified as leptons (fahes). Backgrounds are also 
listed when the O-jet requirement is removed. Other 
backgrounds, such as b& ZZ and Z -+ b&, are found 
to be negligible. 

The number of W+W- + 1+1- + X events can be 
written as 

Neoent, = u(j5p -, W+ W-) . B . etdol . J Ldt, 

where JLdt = 108flO pb-’ is the integrated luminos- 
ity. A first order-a, calculation [lo] finds the continuum 

W+ W- production crow section u(& + W+ W-) to be 
9.5 pb with 30% theoretical uncertainty. Using 0.011 as 
the branching ratio, B, for W+W- + ecuF and p@j, 
and 0.022 for W+W- + epu~, we expect a signal of 
3.5f1.2 events. 

Five events (two ee and three er) survive the selection 

cuts in our data sample. Given Ncscnt, = 3.8 after bach- 
ground subtraction, from the above equation we obtain 

A = 1 rev rt 06% a (outu) 
A - n 7-v at osqba ((PM) 

C-J) 
A- lhVrt~%CL(mrhl 
r-arddwrra(~j 

L...l*... l-.*.1 . ...! 
-4 -. 

“1 
. 4 

=7 

FIG. 2. Limits on anomalous couplings: (a) Assuming 
+=KZ=IL and X,=Xz=X. (b) The HISZ scenario where K, 
and X, are used as independent puametas. The Standard 
Model value is located at the center. The outer (inua) con- 
tour ia the 95 7% CL limitr with the energy scale A = 1 TeV 
(2 TeV). 

u(& - W+W-) = 10.2?:: (stat) f 1.6 (syst) pb. 

In Figure 1, the measured cross section is compared 
to leading order (LO) [l) and next-teleading order 
(NLO) [lo, 111 calculations. The CDF measurement of 
u@p + W+W-) is consistent with the Standard Model 
prediction. 

For WWV anomalous couplings (V = y, Z), the most 

general effective Lagrangian, which is Lorents, C, and P 
invariant, may be described in terms of six couplings de- 
noted by gr, KV, and XV. In the Standard Model, gy =l, 
%v=l, and Xv=0 [2). To ensure the unitarity of the 
theory, a dipole form factor of the form l/(1 + i/A’)’ 

is introduced, where i is the subprocess mass squared 
and A is the energy scale beyond which new resonance 
particles, multiple boson production, and other new phe- 
nomena are expected. 

To study WWV anomalous couplings, a tree-level 
Monte Carlo generator [2] is used to generate W+ W- 4 
PI- + X events and the output is fed to the detector 
simulation. Since there are no QCD corrections in this 

generator and we are only interested in the relative de- 
viation from the Standard Model prediction, the number 
of w+w- -, l+l- + X events with couplings at their 
Standard Model values is normalised to that from the 
ISAJET calculation. The effect of QCD corrections on 
anomalous couplings is expected to be small at the Teva- 

tron energy [12,13]. 
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Limits on anomalous couplings are obtained in one see- 
nario that assumes +cl=rcz=rc and .$=Xz=A. In the 
“HISZ” scenario [14], on the other hand, A, and + are 
chosen as independent parameters. Contour limits at the 
95% confidence level (CL) are shown in Figure 2, with 
the choices A = 1, 2 3.W. For a comprehensive review on 
anomalous couplings, see Ref. [15,16]. 

In conclusion, we observe five dilepton events consis- 
tent with W+W- production with an expected back- 
ground of 1.2f0.3. The probability that the observed 
events correspond to a fluctuation of the background is 
1.1%. The W+W- production cross section is measured 
to be c($p - W+W-) = lO.Z+g:; (stat) f 1.6 (syst) pb. 
This cross section is consistent with the NLO Standard 
Model prediction and limits are placed on WW7 and 
WWZ anomalous couplings. 
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