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Abstract

We present a measurement of the fraction of longitudinally (F0) polarized and
right-handed (F+ ) W bosons in top quark decays in the lepton+jets channel. The
analyzed dataset corresponds to an integrated luminosity of about 1:7 fb� 1. As
sensitive observable we use the cosine of the decay angle� � of the charged lepton
in the W rest frame measured with respect to the direction of motion of the W
boson in the top-quark rest-frame. In order to determine the cos� � distribution
in the data, the kinematics of the t �t events are fully reconstructed. We �nd F0 =
0:65 � 0:10 (stat) � 0:06 (syst) (with F+ �xed to zero) and F+ = 0 :01 � 0:05 (stat)
� 0:03 (syst) (with F0 �xed to 0.7). Fitting both fractions simultaneously we �nd
F0 = 0 :38 � 0:22 (stat) � 0:07 (syst) and F+ = 0 :15 � 0:10 (stat) � 0:04 (syst).
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1 Introduction

Since the discovery of the top quark in 1995 by the CDF and D� collaborations [1],
the mass of this most massive known elementary particle has been measured with high
precision. However, the measurements of other top-quark properties are still statistically
limited, so the question remains whether the standard modelsuccessfully predicts these
properties. In the following we present our measurement of the helicity fractions of the
W bosons from the top-quark decay.

At the Tevatron collider, with a center-of-mass energy of 1.96 TeV, most top quarks
are pair-produced via the strong interaction. In the standard model the top quark decays
in nearly 100% of all cases into aW boson and ab quark. Due to its large mass the top
quark has a lifetime, that is shorter than the hadronizationtime. Thus its decay products
preserve the helicity content of the underlying weak interaction.

In this analysis, the structure of the weak interaction is investigated by measuring the
helicity fractions of the W boson in top quark decays. In order to discuss which couplings
in the W tb vertex could have an impact on theW helicity fractions, the interaction
Lagrangian [2] for the most general coupling is considered.The interaction of fermions
and gauge bosons in general, can be expressed by six form factors with a particular energy
scale at which new physics is opened. Assuming theW boson to be on-shell, the number
of the form factors can be reduced to four:
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In the standard model of elementary particle physicsf L
1 is equal to one, while the three

other form factors (f R
1 ; f R;L

2 ) are all equal to zero, leading to a pureV � A structure of the
weak interaction. This V � A structure predicts that the W + bosons from the top-quark
decay are dominantly either longitudinally polarized or left-handed, while right-handed
W bosons are heavily suppressed and even forbidden in the limit of a masslessb quark.
The fraction of longitudinally polarized W bosons is given by [2]:

F0 =
�( t ! W0b)

�( t ! W0b) + �( t ! W� b)
=

1=2(mt=mW )2

1=2(mt=mW )2 + 1
=

m2
t

2M 2
W + m2

t
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where thebquark mass has been neglected. Assuming a top-quark mass of 175 GeV=c2,
the fraction of longitudinally polarized W bosons is predicted [2] to beF0 = 0:7, while
the fraction of left-handedW bosons isF� = 0:3. A signi�cant deviation from the pre-
dicted value forF0 or a nonzero value for the right-handed fractionF+ could indicate new
physics, such as a possibleV + A component in the weak interaction or other anomalous
couplings at theW tb vertex.
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Figure 1: Theoretically calculated cos� � distributions for left-handed (red), longitudinally
(blue) and right-handed (green dashed) polarizedW-bosons. The solid black line indicates
the cos� � distribution as expected in the standard model.

The W boson polarization manifests itself in the decayW ! `� ` in the angle � � ,
which is de�ned as the angle between the momentum of the charged lepton in theW rest
frame and the momentum of theW boson in the top-quark rest-frame. The general cos� �

distribution is given by [2]:

dN
dcos� �

/ F� �
3
8

(1 � cos� � )2 + F0 �
3
4

(1 � cos2 � � ) + F+ �
3
8

(1 + cos� � )2 (4)

The cos� � distributions for the three helicity modes as well as for thestandard model
expectation, are presented in �gure 1.

In order to measure theW helicity content in top quark decays we select top anti-
top events in the lepton+jets channel, reconstruct the four-vectors of the top quarks
and W bosons and calculate cos� � of the semileptonically decaying top quark for eacht�t
event. We then extract the longitudinal fractionF0 and the right-handed fractionF+ from
the reconstructed cos� � distribution using a binned maximum likelihood �t. The signal
templates used for this �t are calculated from �rst principle and corrected for detector
e�ects using Monte Carlo generated events.

2 The CDF II Experiment

A detailed description of the Collider Detector at Fermilab(CDF) can be found else-
where [3]. A coordinate system with thez axis along the proton beam, azimuthal angle
� , and polar angle� is used. The pseudorapidity is de�ned as� = � ln tan( �=2). The
transverse energy of a particle is de�ned asET = E sin� . The primary detector compo-
nents relevant to this analysis are those that measure the jet, electron, and muon energies
and directions.
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An open cell drift chamber, the Central Outer Tracker (COT), and a silicon track-
ing system are used to measure the momenta of charged particles. The CDF II silicon
tracker consists of three subdetector: (1) a layer of single-sided radiation resistant sil-
icon microstrip detectors glued on the beam pipe, (2) a �ve layer double-sided silicon
microstrip detector (SVXII), and (3) additional Intermediate Silicon Layers located at
radii between 19 and 30 cm provide good linking between the track segments in the COT
and the SVXII. In the analysis presented in this paper the silicon tracker is particularly
important to identify jets originating from b quarks by reconstructing secondary vertices.
The tracking chambers are all located within a 1.4 T axial magnetic �eld. The pseudora-
pidity coverage of the COT isj� j < 1:1, while the silicon system reaches up thej� j < 2:0.
All electromagnetic and hadronic calorimeters at CDF are used to measure the jets en-
ergy. In this analysis jets are reconstructed in the pseudorapidity range of j� j < 2:0. The
Central Electromagnetic and Central Hadronic Calorimeterwith an angular coverage of
j� j < 1:1 are used to identify electron candidates. The Central MuonSystem, Central
Muon uPgrade and the Central Muon eXtension, with a total coverage ofj� j < 1:0 are
used to identify muons.

3 Event Selection of t �t Candidates

We selectt�t candidate events, where one top quark decays semileptonically, t ! b`� , and
the second top quark decays hadronically,�t ! �bq�q0. The charged lepton is either identi�ed
as an electron or muon candidate. The branching ratio of thislepton + jets channel is
about 30%.

Top quark candidates in the lepton + jets channel are selected by requiring evidence
for a leptonic W decay: (a) missing transverse energyET= > 20 GeV from the neutrino and
(b) exactly one well isolated central electron candidate with ET > 20 GeV andj� j < 1:1,
or exactly one well isolated central muon candidate withpT > 20 GeV=cand j� j < 1:0. An
electron or muon candidate is considered isolated if the non-lepton ET in an � � � cone of
radius 0.4 centered around the lepton is less than 10% of the lepton ET or pT , respectively.
Jets are reconstructed using a �xed cone of radius �R =

p
� � 2 + � � 2 = 0:4. We count

jets with ET > 20 GeV and with a pseudorapidity ofj� j < 2:0. Only events with at least
four jets are accepted. Because int�t events two b jets should exist, we require, that at
least one of these jets must be likely to originate from ab quark (b-tag) by requiring a
displaced secondary vertex within the jet as measured usingsilicon tracker information.
Altogether we select 448t�t candidate events.

4 Signal Simulation and Background Estimation

Monte Carlo simulations are used to determine the e�ciencies and resolution due to the
reconstruction of top-pair signal events. All generated events are passed through the CDF
detector simulation. Afterwards the same reconstruction as for real data is applied.

The t�t signal sample is generated with the Monte Carlo generator PYTHIA [4] using
a top mass ofmt = 175 GeV=c2.
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The selectedt�t candidates in data still contain some background contamination. We
observe 448 events with an background estimation of 76:24� 20:44. One source of back-
ground events areW-boson plus jets events. Here two di�erent types ofW-production
have to be distinguished. The �rst category areW events, where the jets originate from
light quarks. In this case one jet is misidenti�ed as ab-quark jet (mistags). The second
category areW events with one or more jets originating from ac- or b-quark (W + heavy

avor events). A further source of background are QCD processes, where one jet fakes the
charged lepton and another jet is misidenti�ed as ab-quark jet. This background is called
QCD background or non-W background. In addition electroweak processes, like di-boson
(ZW, WW, ZZ) and single top production contribute to the background. However, the
fraction of these backgrounds is rather small and can be determined from the Monte-Carlo
simulation.

5 Full Reconstruction of Top Anti-Top Pairs

Due to the incomplete measurement of the neutrino four momentum and several possi-
bilities to assign the jets to the decay products of the top quarks the reconstruction oft�t
pairs has to handle with several possible event hypotheses.For the reconstruction of t�t
events the selected jets and the missing transverse energy are corrected to parton level.

Both top quarks are reconstructed from the measured four momenta of their decay
particles. Since the neutrino does not interact with the detector, it appears only in the
missing transverse energy. Thus only thex and y component of the neutrino momentum
are known. The missingz component is calculated using aW mass constraint on theW
boson decay. This treatment leads to a quadratic equation for pz of the neutrino. In 70%
of all cases this results in an ambiguity of two real solutions for pz;� , which have both
to be taken into account. In the remaining 30% of events the solution of the quadratic
equation becomes complex. In these cases we vary thex and y component starting from
the measured values until the the imaginary part of thepz solution vanishes. Thus this
treatment leads to one solution for thez component of the neutrino momentum.

We consider all possibilities to assign the jets in the eventto the two b quarks and
the two light quarks from the t�t decay. It should also be mentioned that we take all jets
of the event into account and not only the four leading jets. This procedure leads to a
multiplicity of possibilities for the reconstruction of the event. Due to theN � (2 or 1)
solutions for the z-component of the momentum of the neutrino and theN jets � (N jets �
1) � (N jets � 2)=2� (N jets � 3) ways to assign the selected jets to the four jets in thet�t decay,
N � � N jets � (N jets � 1) � (N jets � 2) � (N jets � 3)=2 hypotheses for the complete kinematic
reconstruction of at�t event candidate are obtained.

In order to choose the best event interpretation, a quantity	 is determined for each
hypothesis, which gives a quantitative estimate how well the hypothesis matches thet�t
pair assumption. 	 is de�ned by:

	 = P� � Pb� light � � 2 (5)

The several quantities entering the computation of 	 are:
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1. P� = 0:29 (P� = 0:71) for solution with smaller (larger) jpz;� j (in case of two real
solutions)

2. Pb� light : A measure for the light quark likeness of the jets assigned as b jets.

3. � 2: Constraints on the mass of the hadronically decayingW boson, on the mass dif-
ference between both reconstructed top masses (two particles with the same mass),
and on the transverse energy of the two top quarks

Here, P� can be interpreted as the probability for the chosen neutrino solution to be
the wrong one and it is 0.29 for hypotheses with the smaller absolute value ofpz;� and
0.71 for hypotheses with the larger value forpz;� .

� 2 is de�ned via:

� 2 =
(mW ! jj � MW ! jj )2

� 2
M W ! jj

+
(mtop! b`� � mtop! bjj )2

� 2
� M t

+
(Penergy � � )2

� 2
Penergy

(6)

In the �rst term mW ! jj is the reconstructed mass of the hadronically decayingW boson,
which should be equal to the mean valueMW ! jj of the mW ! jj distribution within the
resolution � M W ! jj . In the second term � M t is the di�erence between the reconstructed
mass of the semileptonically decaying topmtop! b`� and the mass of the hadronically
decaying top quarkmtop! bjj . Since the two top quarks are identical particles, the mass
di�erence of both reconstructed top quarks is assumed to be zero, within the uncertainty
� � M t . Penergy is the fraction of the sum of transverse energies of the two top quarks and
the total transverse energy of the event including missing transverse energy. The values
for MW ! jj , � M W ! jj , � � M t , and � are obtained from MC studies.

Pb� light is a measure for the light-quark likeness of the jets assigned as b jets and is
de�ned as:

Pb� light = ( JPtop! b`� + (1 � R0
top! b`� )) � (JPtop! bjj + (1 � R0

top! bjj )) (7)

HereJPtop! b l� and JPtop! b jj are the probability of the jet [5] chosen to be theb jet from
the semileptonically and hadronically decaying top quark,respectively, to be consistent
with a zero lifetime hypothesis, i.e. to be a light quark jet.This probability is calculated
from the positive impact parameter in ther � � -plane of the tracks assigned to the jet.
For jets with a well displaced secondary vertex a more accurate b-likeness measureR0 is
calculated using the output of a neural networkb-tagger, whileR0 is set to zero otherwise.
SincePb� light is de�ned as the probability for the assignedb jets to be light quark jets,
we have to use (1-R0) instead of R0 in equation 7.

	 is calculated for each hypothesis in the event and we then choose for each event the
hypothesis with the smallest value of 	 to get the reconstructed cos�� distribution (see
�gure 2).

6 Extraction of F0 and F+

For the extraction of the helicity fractions we perform a binned likelihood �t [6]. In two
separate measurements we �rst measureF0 and F+ separately and therefore �x the respec-
tively other fraction to its standard model value (F0 is �xed to 0.7 for the measurement
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Figure 2: The reconstructed cos� � distribution together with the SM expectation obtained
from MC and the background model for the single-tag sample (a), the double-tag sample
(b) and for the total data sample.

of F+ and F+ is �xed to 0.0 for the measurement ofF0). Thus only one free parameter is
used in both �ts. In a second measurement we �t both fractionssimultaneously.

The likelihood function L(a) (where \a" stands for the free parameter(s) -F0, F+ , or
both) is given by:

L(a; � ) = e
� (1 � � ) 2

� 2
� �

NbinsY

k=1

� exp
k (a; � )nk e� � exp

k (a;� )

nk !
(8)

Here, � exp
k denotes the number of events expected to be observed in bink of the recon-

structed cos� �
rec distribution and nk the actually measured number of events in the same

bin. The expected number of events� exp
k in bin k is the sum of the expected number of

t�t signal events� sig;exp
k and the expected number of background events� BG;exp

k :

� exp
k (a; � ) = Nsig � �̂ sig;exp

k (a) + NBG � �̂ BG;exp
k (a) � � (9)

The expected number of signal events in bink is calculated via:
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�̂ sig;exp
k /

X

i

� sig
i (F0; F+ ) � � i � S(i; k ) (10)

considering acceptance and migration e�ects. The startingpoint is the theoretically
predicted number of signal events in each bin� sig

i (F0; F+ ) which depends onF0 and F+ .
Since the event selection acceptance depends on cos� � we apply for each bin a di�erent
event selection e�ciency � i . The migration matrix S takes migration e�ects due to the
�nite resolution of detector and reconstruction method into account. The matrix ele-
ment S(i; k ) gives the probability for an event with true value of cos� � in bin i to be
reconstructed in bin k of the cos� � distribution. �̂ BG;exp

k is the normalized background
estimation derived from the background template.NBG � � is the total number of back-

ground events and is equal to the estimation in section 4 for� = 1. The term e
� (1 � � ) 2

� 2
� in

the likelihood function is a Gaussian constraint on the meannumber of background events.
Nsig is the total number of expected signal events and is given byNobserved � NBG � � .

We calculated separate signal templates for events with exactly one b tag and events
with more than oneb tag. The background templates were also divided into two separate
templates. Together with the background estimation and theevent yield we calculated a
likelihood function for the \1 tag events" and one for the \2 tag events". The combined
likelihood function which is used to get the �t result is thengiven by the product of the
two likelihood functions.

7 Systematic Uncertainties

The systematic uncertainties caused by the theoretical modelling and the experimental
setup are studied performing 1000 pseudo experiments (PE).For most sources of system-
atic uncertainties the signal events are drawn from a MC signal sample which is e�ected by
the systematic to be studied. The systematic uncertainty isthen given by the di�erence
between the mean �t result for the PE with the systematic-signal sample and the mean
�t result for the PE with the default Pythia signal sample. The numbers are presented
in table 1.

We estimate the possible bias from MC modelling oft�t events by comparing HER-
WIG [7] and Pythia event generators. The in
uence of initialand �nal state radiation is
estimated by comparing templates from Pythia MC simulations in which the parameters
for gluon radiation are varied to produce either less or moreinitial or �nal-state radiation
compared to the standard setup. The uncertainty due to the jet energy scale is quanti-
�ed by varying that correction within one standard deviation in both the negative and
positive direction. Since we have included a Gaussian constraint on the variation of the
background rate in the likelihood �t, the uncertainty on the background estimation is al-
ready considered, we therefore only investigate the in
uence of the background shape. To
estimate the contribution to the total systematic uncertainty that arises from the uncer-
tainty on the PDF, we compare the default PDF to other PDFs. The uncertainty caused
by the uncertainty on the top quark mass is not stated separately, because theW boson
helicity depends explicitly on the top quark mass. Instead,we present our measurement at
a certain top mass, namely 175GeV=c2. In addition we checked the in
uence of di�ering
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1 parameter �t 2 parameter �t
Source � F0 � F+ � F0 � F+

MC Generator 0.014 0.004 0.022 0.006
Initial State Radiation 0.009 0.003 0.024 0.011
Final State Radiation 0.018 0.004 0.047 0.015
Jet Energy Scale 0.045 0.025 0.026 0.031
Background shape 0.031 0.016 0.028 0.022
Parton Distribution Function 0.011 0.005 0.021 0.010
Total 0.061 0.031 0.072 0.044

Table 1: Summary of systematic uncertainties, the total error is calculated by adding all
single uncertainties in quadrature.

values for the top quark masses. In the region of interest� 5 GeV=c2 around 175GeV=c2,
our method reproduces well the predicted helicity fractions for these top masses. For the
1-parameter �t the total systematic uncertainty for the measurement ofF0 is 0.06, and
0.03 for the measurement ofF+ . For the simultaneous �t the total uncertainty of F0 is
0.07, and 0.04 forF+ .

8 Results

Performing the �t with �xed F+ = 0.0 the fraction F0 of longitudinally polarized W
bosons is determined to beF0 = 0:65 � 0:10 (stat) � 0:06 (syst), which is within the
uncertainty consistent with the standard model predictionof 0.7. Fixing F0 to 0.7, we
�nd F+ = 0:01 � 0:05 (stat) � 0:03 (syst), which is also consistent with the prediction
of zero. The background parameter is� = 1.02 � 0.20 in both cases.

Since no evidence for a nonzero fraction of right handedW bosons is found, we calcu-
late an upper limit F max

+ for F+ at the 95% con�dence level (C.L.). Therefore we convolute
the likelihood function L(F+ ) with a Gaussian with mean zero and width corresponding
to the systematic uncertainty on F+ . Since a Bayesian approach is pursued, we then
integrate only in the physical region 0� F+ � 0:3 applying a prior distribution which is
1 in the interval [0,0.3] and zero elsewhere:

C:L:(F+ � F max
+ ) =

RF max
+

0 L(F+ )dF+
R0:3

0 L(F+ )dF+

:= 0:95 (11)

We get an upper limit of the fraction of right-handed polarized W-bosons at the 95%
con�dence level ofF+ < 0:12, The probability density P(F+ ) = L(F+ )=

R0:3
0 L(F+ )dF+

is presented in �gure 3c) and the region excluded at 95% con�dence level is indicated in
white.

In a second measurement we neither �xF0 nor F+ but �t both fractions simulta-
neously. For this measurement we �ndF0 = 0:38 � 0:22 (stat) � 0:07 (syst) and

9



0F
0 0.5 1 1.5

) 0
 ln

L(
F

D

0

5

10

15

20 CDF Run II Preliminary

-1=1.7 fbintL

+F
-0.2 -0.1 0 0.1 0.2

) +
 ln

L(
F

D

0

5

10

15

20 CDF Run II Preliminary

-1=1.7 fbintL

+F
0 0.1 0.2 0.3 0.4

) +
P

(F

0

0.005

0.01

CDF Run II Preliminary

 < 0.12  @ 95% CL.+F
-1=1.7 fbintL

+F
0 0.1 0.2 0.3 0.4

) +
P

(F

0

0.005

0.01

a) b)

c)

Figure 3: � lnL as a function of a)F0 and b) F+ .c) Posterior probability density as a
function of F+ . The region excluded at the 95%C.L. is indicated in white.

F+ = 0:15 � 0:10 (stat) � 0:05 (syst). The background parameter for this measurement
is � = 1.0 � 0.20. The corresponding distribution of� � ln L is shown in �gure 4.

Figure 5 shows the expected statistical uncertainty for the1-parameter �t as well as
for the 2-parameter �t obtained from pseudo experiments using MC generated events.

In order to allow a direct comparison of the cos� �
rec distribution obtained from the

selected data sample with the calculated distributions forthe di�erent W boson helicity
modes presented in �gure 1, the background estimate is subtracted from the data. The
shape of the cos� �

rec distribution is then corrected for acceptance e�ects as well as for
resolution e�ects applying the transfer function� (F0; F+ ).

Since the transfer function explicitly depends onF0 and F+ for the correction of the
data distribution the speci�c transfer function for the F0 value obtained by the likelihood
�t has to be used, while the other parameterF+ is set to its SM value, thus� (F0 =
F �t

0 ; F+ = 0). In a similar way the data can be corrected by using the result from the
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Figure 4: � ln L for the 2 parameter �t.

likelihood �t for F+ and setting F0 to its SM value, thus � (F0 = 0:7; F+ = F �t
+ ).

The value of the transfer function in thei th bin of cos� � is calculated from the nor-
malized number of events ^� sig

i before applying any selection cuts in thei ith bin of cos� �

and from the normalized number of events ^� sig;exp
k after applying the selection cuts and

performing the reconstruction in thekth bin of cos� �
rec:

� i (F0; F+ ) =
�̂ sig

i (F0; F+ )

�̂ sig;exp
k= i (F0; F+ )

: (12)

Multiplying the background subtracted number of events in bin k (k = i ) of cos� �
rec

with � i (F �t
0 ; F+ = 0) or � i (F0 = 0:7; F �t

+ ) respectively and normalizing subsequently the
corrected cos� � data distribution to the theoretically calculated t�t pair production cross
section of � t �t = 6:7 � 0:9 pb [8, 9], leads to the desired distribution which is directly
comparable with the theory distributions.

In �gure 6 the corrected cos� � distribution of the data normalized to the t�t pair
production cross section is presented. The uncertainty in the data is due to the uncertainty
of the transfer function.

9 Summary

We presented a measurement of the fraction of longitudinally (F0) and right-handed (F+ )
polarizedW bosons in top quark decays using an integrated luminosity ofabout 1:7 fb� 1

11



s
0.06 0.08 0.1 0.12 0.14

ex
p.

N

0

50

100

150

200  0.000 ± = 0.102 expm

CDF Run II Preliminary

-1 = 1.7 fbintL

s
0.03 0.04 0.05 0.06 0.07 0.08

ex
p.

N

0

50

100

150
 0.000 ± = 0.049 expm

CDF Run II Preliminary

-1 = 1.7 fbintL

s
0.18 0.2 0.22 0.24 0.26 0.28

ex
p.

N

0

50

100
 0.000 ± = 0.223 expm

CDF Run II Preliminary

-1 = 1.7 fbintL

s
0.08 0.1 0.12 0.14 0.16

ex
p.

N

0

50

100

150  0.000 ± = 0.107 expm

CDF Run II Preliminary

-1 = 1.7 fbintL

a) b)

c) d)

Figure 5: Expected statistical uncertainty and statistical uncertainty of the measurement
(indicated by the red arrow) for a) the 1-parameter-�t of F0, b) the 1-parameter-�t of F+ ,
c) the 2-parameter-�t of F0, and d) the 2-parameter-�t of F+ .

collected at the CDF II detector. t�t events have been selected, where one top quark decays
semileptonically into a b quark, a charged leptoǹ = e; � and a neutrino and where the
other top quark decays hadronically (lepton + jets channel). Since a large discrimination
between the threeW helicities occurs in the cosine of the decay angle� � of the charged
lepton in the W rest frame measured with respect to theW boson direction in the top rest
frame, we use this quantity for the extraction of theW helicities. In order to determine the
cos� � distribution in the data, the kinematics of the t�t events is fully reconstructed and
the best hypothesis is chosen. The helicity fractionF0 is extracted under the assumption
F+ = 0 (Standard Model prediction) and the right-handed fraction is extracted under the
assumptionF0 = 70% (SM prediction) using a binned maximum likelihood method and
assuming a top quark mass of 175 GeV. We �nd

F0 = 0:65 � 0:10 (stat) � 0:06 (syst) (13)

F+ = 0:01 � 0:05 (stat) � 0:03 (syst) (14)
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Figure 6: Unfolded cos� � distribution in data normalized to the calculatedt�t cross section.
a) shows the unfolded distribution derived by applying the transfer function obtained from
the �tted value of F0(F+ = 0). In b) the �t result of F+ (F0 = 0.7) was used for the
calculation of the transfer function. The red solid line represents the �t result, the dotted
blue and green lines represent cos� � distributions for di�erent values of F0 and F+ .

and set an upper limit on the fraction of right handedW bosons (forF0 �xed to 0.7):
F+ < 0:12 @95 %CL. Fitting both fractions simultaneously we �nd:

F0 = 0:38 � 0:22 (stat) � 0:07 (syst) (15)

F+ = 0:15 � 0:10 (stat) � 0:04 (syst) (16)

All results are within the uncertainties consistent with the standard model predictions.
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