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Abstract

We present a measurement of the fraction of longitudinally o) polarized and
right-handed (F+) W bosons in top quark decays in the lepton+jets channel. The
analyzed dataset corresponds to an integrated luminosity babout 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 ¢ the W
boson in the top-quark rest-frame. In order to determine the cos distribution
in the data, the kinematics of the tt events are fully reconstructed. We nd Fg =
0:65 0:10 (stat) 0:06 (syst) (with F. xed to zero) and F, =0:01 0:05 (stat)

0:03 (syst) (with Fo xed to 0.7). Fitting both fractions simultaneously we nd
Fop=0:38 0:22 (stat) 0:07 (syst) andF, =0:15 0:10 (stat) 0:04 (syst).



1 Introduction

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

At the Tevatron collider, with a center-of-mass energy of 86 TeV, most top quarks
are pair-produced via the strong interaction. In the standal model the top quark decays
in nearly 100% of all cases into &/ boson and ab quark. Due to its large mass the top
quark has a lifetime, that is shorter than the hadronizatiortime. Thus its decay products
preserve the helicity content of the underlying weak inter@ion.

In this analysis, the structure of the weak interaction is imestigated by measuring the
helicity fractions of the W boson in top quark decays. In order to discuss which couplisg
in the Wtb vertex could have an impact on theW helicity fractions, the interaction
Lagrangian [2] for the most general coupling is consideredhe interaction of fermions
and gauge bosons in general, can be expressed by six formdectvith a particular energy
scale at which new physics is opened. Assuming tki¢ boson to be on-shell, the number
of the form factors can be reduced to four:

L = p%[W b (FLP +fRP,)t mi@w b (fFLP +fRPO+cc (1)
W
with
R
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In the standard model of elementary particle physich! is equal to one, while the three
other form factors Gf;ffl) are all equal to zero, leading to a pur® A structure of the
weak interaction. ThisV A structure predicts that the W* bosons from the top-quark
decay are dominantly either longitudinally polarized or I#-handed, while right-handed
W bosons are heavily suppressed and even forbidden in the tiraf a massless quark.
The fraction of longitudinally polarized W bosons is given by [2]:
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where thebquark mass has been neglected. Assuming a top-quark masstf Ge\=c,
the fraction of longitudinally polarized W bosons is predicted [2] to bé&y = 0:7, while
the fraction of left-handedW bosons isF = 0:3. A signi cant deviation from the pre-
dicted value forFq or a nonzero value for the right-handed fractiof, could indicate new
physics, such as a possibe + 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) polarized/-bosons. The solid black line indicates
the cos distribution as expected in the standard model.

The W boson polarization manifests itself in the decayv ! ~ - in the angle
which is de ned as the angle between the momentum of the chad) lepton in the W rest
frame and the momentum of théV boson in the top-quark rest-frame. The general cos
distribution is given by [2]:

dN
dcos

/| F g(l cos )2+ Fy 2(1 cog )+ F, g(1+cos )2 (4)

The cos distributions for the three helicity modes as well as for thetandard 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 fouwvectors of the top quarks
and W bosons and calculate cos of the semileptonically decaying top quark for eactt
event. We then extract the longitudinal fractionF, 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 Il 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 dened as = Intan( =2). The
transverse energy of a particle is de ned aBt = E sin . The primary detector compo-
nents relevant to this analysis are those that measure thetjeelectron, and muon energies

and directions.



An open cell drift chamber, the Central Outer Tracker (COT), and a silicon track-
ing system are used to measure the momenta of charged pad&l The CDF Il silicon
tracker consists of three subdetector: (1) a layer of singteded radiation resistant sil-
icon microstrip detectors glued on the beam pipe, (2) a ve igr double-sided silicon
microstrip detector (SVXII), and (3) additional Intermediate Silicon Layers located at
radii between 19 and 30 cm provide good linking between theattk segments in the COT
and the SVXII. In the analysis presented in this paper the sdon 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 maggtic eld. The pseudora-
pidity coverage of the COT isj j < 1:1, while the silicon system reaches up thej < 2:0.
All electromagnetic and hadronic calorimeters at CDF are &%l to measure the jets en-
ergy. In this analysis jets are reconstructed in the pseudapidity range ofj j < 2:0. The
Central Electromagnetic and Central Hadronic Calorimetemwith an angular coverage of
j ] < 1.1 are used to identify electron candidates. The Central Muo®ystem, Central
Muon uPgrade and the Central Muon eXtension, with a total cosrage ofj j < 1.0 are
used to identify muons.

3 Event Selection of tt Candidates

We selecttt candidate events, where one top quark decays semileptoriigat ! b" , and
the second top quark decays hadronically,! bgP. The charged lepton is either identi ed
as an electron or muon candidate. The branching ratio of thiepton + jets channel is
about 30%.

Top quark candidates in the lepton + jets channel are seledaeby requiring evidence
for a leptonic W decay: (a) missing transverse enerdgr> 20 GeV from the neutrino and
(b) exactly one well isolated central electron candidate Wi E+ > 20GeV andj j < 1.1,
or exactly one well isolated central muon candidate witpy > 20 Ge\=candj j < 1:0. An
electron or muon candidate is considered isolated if the nd@pton E+ in an cone of
radius 0.4 centered around the lepton is less than 10% obﬂ&pton Et or pr, respectively.
Jets are reconstructed using a xed cone of radiusR = 2+  2=0:4. We count
jets with Et+ > 20 GeV and with a pseudorapidity off j < 2:0. Only events with at least
four jets are accepted. Because itt events twob jets should exist, we require, that at
least one of these jets must be likely to originate from b quark (b-tag) by requiring a
displaced secondary vertex within the jet as measured usisgicon tracker information.
Altogether we select 448t candidate events.

4  Signal Simulation and Background Estimation

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

The tt signal sample is generated with the Monte Carlo generator FHIA [4] using
a top mass ofm; = 175 GeV=c.



The selectedtt candidates in data still contain some background contamitian. We
observe 448 events with an background estimation of 2@ 20.44. One source of back-
ground events aréW-boson plus jets events. Here two di erent types oWV -production
have to be distinguished. The rst category aréelV events, where the jets originate from
light quarks. In this case one jet is misidenti ed as d-quark jet (mistags). The second
category areW events with one or more jets originating from a- or b-quark (W + heavy
avor events). A further source of background are QCD process, where one jet fakes the
charged lepton and another jet is misidenti ed as &-quark jet. This background is called
QCD background or non-W background. In addition electrowdaprocesses, like di-boson
(ZW, WW, ZZ) and single top production contribute to the baclkground. However, the
fraction of these backgrounds is rather small and can be det@ined from the Monte-Carlo
simulation.

5 Full Reconstruction of Top Anti-Top Pairs

Due to the incomplete measurement of the neutrino four momemm and several possi-
bilities to assign the jets to the decay products of the top qarks the reconstruction oftt
pairs has to handle with several possible event hypotheseSor the reconstruction oftt
events the selected jets and the missing transverse energg aorrected to parton level.

Both top quarks are reconstructed from the measured four manta of their decay
particles. Since the neutrino does not interact with the dector, it appears only in the
missing transverse energy. Thus only the and y component of the neutrino momentum
are known. The missingz component is calculated using &/ mass constraint on thew
boson decay. This treatment leads to a quadratic equationrf@, of the neutrino. In 70%
of all cases this results in an ambiguity of two real solutianfor p,. , which have both
to be taken into account. In the remaining 30% of events the kaion of the quadratic
equation becomes complex. In these cases we vary thand y component starting from
the measured values until the the imaginary part of the, 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 evenb the two b quarks and
the two light quarks from the tt decay. It should also be mentioned that we take all jets
of the event into account and not only the four leading jets. Tis 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 théNjeis  (Njets
1) (Njes 2)=2 (Njers 3) ways to assign the selected jets to the four jets in thig decay,
N Njets (Njeis 1) (Njes 2) (Njes  3)=2 hypotheses for the complete kinematic
reconstruction of att 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 # hypothesis matches thet
pair assumption. is de ned by:

= P Ppogn 2 (5)

The several quantities entering the computation of are:



1. P =0:29 (P = 0:71) for solution with smaller (larger)jp,. j (in case of two real
solutions)

2. Py iignt : A measure for the light quark likeness of the jets assigned b jets.

3. 2 Constraints on the mass of the hadronically decaying/ boson, on the mass dif-
ference between both reconstructed top masses (two paréislwith the same mass),
and on the transverse energy of the two top quarks

Here, P can be interpreted as the probability for the chosen neutrim solution to be
the wrong one and it is 0.29 for hypotheses with the smaller ablute value ofp,. and
0.71 for hypotheses with the larger value fop;. .

2 is de ned via:

- )2 . )2 2
2 - (M “2 Mw: ) + (Miopr b . Miop! bjj ) + (Penezrgy ) (6)
Mw Jij Mt Penergy

In the rstterm my, j; is the reconstructed mass of the hadronically decayirly boson,
which should be equal to the mean valudly, j; of the my, j; distribution within the
resolution y,,, ;, - Inthe second term M; is the di erence between the reconstructed
mass of the semileptonically decaying topn,p ,+ and the mass of the hadronically
decaying top quarkmp: bjj . Since the two top quarks are identical particles, the mass
di erence of both reconstructed top quarks is assumed to bew, within the uncertainty

M. Penergy IS the fraction of the sum of transverse energies of the twogajuarks and
the total transverse energy of the event including missingdnsverse energy. The values
for Mw: ji» Mw,;+» ™ and are obtained from MC studies.

Py iight IS @ measure for the light-quark likeness of the jets assighasb jets and is
de ned as:

Poight = (JPwpi b0 * (1 Ry b)) (JPiopr oy +(1 Rgpr 1)) (7)

Here JPyp b1 and JPyp bjj are the probability of the jet [5] chosen to be théd jet from
the semileptonically and hadronically decaying top quarkrespectively, 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 accueab-likeness measurd® is
calculated using the output of a neural networlb-tagger, whileR%is set to zero otherwise.
SincePy, jign: is de ned as the probability for the assigned jets to be light quark jets,
we have to use (1R instead of R%in equation 7.

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

6 Extraction of Fgand F.

For the extraction of the helicity fractions we perform a bimed likelihood t [6]. In two
separate measurements we rst measufg and F. separately and therefore x the respec-
tively other fraction to its standard model value ¢ 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 ahe double-tag sample
(b) and for the total data sample.

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

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

(1 )2 N\{zins exp B n exp (a; )
—z a, ke «
L(a; )=e (@)

k:l - (8)

Here, ¢® denotes the number of events expected to be observed in Kirof the recon-

structed cos . distribution and ny the actually measured number of events in the same
bin. The expected number of events ' in bin k is the sum of the expected number of
tt signal events $%*® and the expected number of background events;®***®:

eP@ )= Nsg %P(@) + Nes "e°%(a) (9)

The expected number of signal events in bik is calculated via:

7
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considering acceptance and migration e ects. The startingoint is the theoretically
predicted number of signal events in each bin®%(Fo; F.) which depends onFq and F. .
Since the event selection acceptance depends on cowe apply for each bin a di erent
event selection e ciency ;. The migration matrix S takes migration e ects due to the
nite resolution of detector and reconstruction method inb 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 bink of the cos distribution. ~P®**® is the normalized background

estimation derived from the background template Ngg is the total number of back-
a )?

ground events and is equal to the estimation in section 4 for=1. The term e 7 in
the likelihood function is a Gaussian constraint on the meamumber of background events.
Nsig is the total number of expected signal events and is given Bopserveda Ngo

We calculated separate signal templates for events with extty one btag and events
with more than onebtag. The background templates were also divided into two sepate
templates. Together with the background estimation and thevent 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 metling and the experimental
setup are studied performing 1000 pseudo experiments (PEpr most sources of system-
atic uncertainties the signal events are drawn from a MC sigihsample which is e ected by
the systematic to be studied. The systematic uncertainty ishen given by the di erence
between the mean t result for the PE with the systematic-sigal 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 dt 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 simulatios in which the parameters
for gluon radiation are varied to produce either less or moiiaitial or nal-state radiation
compared to the standard setup. The uncertainty due to the jeenergy 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 coraht 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 uee of the background shape. To
estimate the contribution to the total systematic uncertanty 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 separaty, because theN boson
helicity depends explicitly on the top quark mass. Insteadye present our measurement at
a certain top mass, namely 17%eV=¢@. In addition we checked the in uence of di ering
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1 parameter t | 2 parameter t
Source Fo| F Fo| 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 ear is calculated by adding all
single uncertainties in quadrature.

values for the top quark masses. In the region of interest5 GeV =@ around 175GeV =¢,
our method reproduces well the predicted helicity fractiomfor these top masses. For the
1-parameter t the total systematic uncertainty for the measurement ofF, is 0.06, and
0.03 for the measurement oF. . For the simultaneous t the total uncertainty of Fq is
0.07, and 0.04 forF, .

8 Results

Performing the t with xed F, = 0.0 the fraction Fo of longitudinally polarized W
bosons is determined to bé&, = 0:65 0:10 (stat) 0:06 (syst), which is within the
uncertainty consistent with the standard model predictionof 0.7. Fixing Fo 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 handédl bosons is found, we calcu-
late an upper limit F"® 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 onF.. 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:

RFmaX
* L(F.)dF.
CLi(F. FM™)= R (F) '=0:95 (11)
o L(F+)dF.

We get an upper limit of the fraction of right-handed polaried W-bosgns at the 95%
con dence level ofF, < 0:12, The probability density P(F.) = L(F:)= 00'3 L(F.)dF.
is presented in gure 3c) and the region excluded at 95% conesice level is indicated in
white.

In a second measurement we neither >, nor F, but t both fractions simulta-

neously. For this measurement we ndF, = 0:38 0:22 (stat) 0:07 (syst) and
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Figure 3: InL as a function of a)Fo 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 In L is shown in gure 4.

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

In order to allow a direct comparison of the cos,. distribution obtained from the
selected data sample with the calculated distributions fothe di erent W boson helicity
modes presented in gure 1, the background estimate is subtited from the data. The
shape of the cos,. distribution is then corrected for acceptance e ects as wehs for
resolution e ects applying the transfer function (Fq;F.).

Since the transfer function explicitly depends oirg and F. for the correction of the
data distribution the speci c transfer function for the F, value obtained by the likelihood
t has to be used, while the other parameterF. is set to its SM value, thus (Fq =
Foa;F+ =0). In a similar way the data can be corrected by using the rest from the
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Figure 4. In L for the 2 parameter t.

likelihood t for F. and setting Fq to its SM value, thus (Fo =0:7;F. = F,!).

The value of the transfer function in thei™ bin of cos is calculated from the nor-
malized number of events {° before applying any selection cuts in thé™ bin of cos
and from the normalized number of events **** after applying the selection cuts and
performing the reconstruction in thek™ bin of cos ...

N9(Fo; Fs )
(R )
Multiplying the background subtracted number of events in m k (k = i) of cos .
with (Fg ;F+ =0) or i(Fo = 0:7;F,!) respectively and normalizing subsequently the
corrected cos data distribution to the theoretically calculated tt pair production cross
section of = 6:7 0:9 pb [8, 9], leads to the desired distribution which is direbt
comparable with the theory distributions.
In gure 6 the corrected cos distribution of the data normalized to the tt pair

production cross section is presented. The uncertainty imé data is due to the uncertainty
of the transfer function.

i(FO;F+) = (12)

9 Summary

We presented a measurement of the fraction of longitudingl(F,) and right-handed (F. )
polarizedW bosons in top quark decays using an integrated luminosity about 1:7 fb *
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Figure 5: Expected statistical uncertainty and statistich uncertainty of the measurement
(indicated by the red arrow) for a) the 1-parameter-t of Fq, b) the 1-parameter-t of F.,
c) the 2-parameter- t of Fy, and d) the 2-parameter-t of F. .

collected at the CDF Il detector. tt events have been selected, where one top quark decays
semileptonically into ab quark, a charged lepton = 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 th&/ 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 tt events is fully reconstructed and
the best hypothesis is chosen. The helicity fractioRg is extracted under the assumption
F. =0 (Standard Model prediction) and the right-handed fracton is extracted under the
assumptionFy = 70% (SM prediction) using a binned maximum likelihood metbd and
assuming a top quark mass of 175 GeV. We nd

Fo = 0:65
F. = 0:01

0:10 (stat)
0:05 (stat)

0:06 (syst)
0:03 (syst)

(13)
(14)
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Figure 6: Unfolded cos distribution in data normalized to the calculatedtt cross section.
a) shows the unfolded distribution derived by applying theransfer function obtained from
the tted value of Fo(F+ = 0). In b) the t result of F. (Fo = 0.7) was used for the
calculation of the transfer function. The red solid line regesents the t result, the dotted
blue and green lines represent cos distributions for di erent values of Fy and F. .

and set an upper limit on the fraction of right handedW bosons (forF, xed to 0.7):
Fi: < 0:12@95% L. Fitting both fractions simultaneously we nd:

Fo = 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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