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Abstract

We examine properties oft t̄ candidate events in lepton+ jets final states to establish the helicities ofW bosons int → W + b

decays. Our analysis is based on a direct calculation of a probability density for each event to correspond to at t̄ final state, as a
function of the helicity of theW boson. Using the 125 events/pb of data collected by the DØ experiment at the Fermilab Teva
pp̄ Collider at

√
s = 1.8 TeV, we obtain a longitudinal helicity fractionF0 = 0.56± 0.31, consistent with the prediction o

F0 = 0.70 from the standard model.
 2005 Elsevier B.V. All rights reserved.

PACS: 14.65.Ha; 12.15.Ji; 12.60.Cn; 13.88.+e
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The observation of the top quark at the Fermi
Tevatron[1,2] provides a new opportunity for examin
ing detailed implications of the standard model (SM
In fact, the large mass of the top quark has led
speculation that its interactions might be especi
sensitive to the mechanism of electroweak symm
breaking and new physics that is expected to app
at the TeV energy scale. Several pioneering studie
production and decay of top quarks have already b
published[3–5], and although these have been limit
by the small size of the data sample of the 1992–1
Run I of the Tevatron, they have indicated nevert
less that it is feasible to measure subtle propertie
the top quark.

In this Letter, we report a measurement of the lo
gitudinal component of the helicity ofW bosons from
t → Wb decays int t̄ candidate events. The helicity o
the W boson (hW ) is reflected in the angular distrib
ution of its decay productsl + νl , with l = e, µ, or
two quarks (q, q̄ ′). Our analysis is based on a meth
of extracting parameters that was particularly effec
for the measurement of the mass of the top quark[6,7].

An important consequence of a heavy top quar
that, to good approximation, it decays as a free
ject. Its expected lifetime is≈ 0.5×10−24 s, and it
therefore decays about an order of magnitude fa
than the time needed to form bound states with o

E-mail address: canelli@fnal.gov(F. Canelli).
1 Visitor from University of Zurich, Zurich, Switzerland.
2 Visitor from Institute of Nuclear Physics, Krakow, Poland.
quarks[8]. Consequently, the spin information carri
by top quarks is passed directly to their decay pr
ucts, and the production and decay oft t̄ provides a
probe of the underlying dynamics, with minimal im
pact from gluon radiation and binding effects of QC
[8,9].

When averaged over top helicities, the decay o
top quark (spin 1/2) to aW boson (spin 1) and ab
quark (spin 1/2), and theW boson to left-handed lep
tons or quarks (spin 1/2), has the general form

3

8
F−(1+ cosφ̂)2 + 3

4
F0

(
1− cosφ̂2)

(1)+3

8
F+(1− cosφ̂)2,

whereφ̂ refers to the decay angle (l or d or s) rela-
tive to theb line of flight in theW rest frame, andF−,
F0, andF+ are the left-handed, longitudinal, and righ
handedW -boson fractions, respectively. The emitt
b quark is essentially massless compared to the
quark (mb � mt ), and, in the context of the V–A
charged-current weak interaction of the SM, to co
serve angular momentum, the spin of theb quark, with
its dominantly negative helicity (i.e., spin pointing o
posite to its line of flight in the rest frame of the to
quark) can therefore point either along or opposite
the spin of the top quark. In the first case, the p
jection of the spin of theW boson must vanish (i.e
the W is longitudinally polarized, orhW = 0). If the
spin of theb quark points opposite to the spin of th
top quark, theW boson must then be left-hand pola

mailto:canelli@fnal.gov
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ion,
Fig. 1. The range of distributions in cosφ̂ for different mixtures of left-handed and longitudinalW helicities. The dash-dotted line indicat
the decay for purely longitudinal, and the dotted line for purely left-handedW bosons. The result of our analysis, shown by the grey reg
corresponds to the most probable value ofF0 and its 68.3% interval (see later discussion). The black line is the prediction of the SM.
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ized (hW = −1). Hence, for masslessb quarks, a top
quark can decay only to a left-handed or a longitu
nal W boson. Assumingmb = 0, the V–A sector of
the SM hasF− = 2M2

W/κ , F0 = m2
t /κ , andF+ = 0

(with F0 + F− + F+ = 1, in general, definingκ). For
a top-quark mass ofmt = 174.3 ± 5.1 GeV/c2 and
W -boson massMW = 80.4 GeV/c2 [10], the decay to
longitudinalW bosons has a branching ratio ofF0 =
0.70± 0.01. (The finite valuemb ≈ 4 GeV/c2 yields
F+ ≈ 0.7m2

b/κ and changesF0 by ≈ −0.28m2
b/κ .)

There are possible scalar and tensor interactions
contribute differently than V–A toF0 andF−, but also
have a very smallF+, again proportional tom2

b [11].
Given our limited statistics, we therefore setF+ = 0,
and in this analysis attempt to measureF0. Fig. 1
shows the limiting forms of possible angular distrib
tions inφ̂, assuming only left-handed and longitudin
contributions toW decay. To examine the nature of t
tbW vertex, we uset t̄ candidates observed at the D
experiment[12] in pp̄ collisions at a center-of-mas
energy

√
s = 1.8 TeV. The data correspond to an int

grated luminosity of 125 events/pb, and this analysi
has the same lepton+ jets sample that was used pr
viously to extract the mass of the top quark[13]. That
is, the signal is based on one of theW bosons decay
ing into l + νl , and the otherW to two quarks (qq̄ ′);
this leads to a final state characterized by one lep
and at least four jets (two from the fragmentation
the b quarks).F is extracted by calculating for eac
0
event a leading order (LO) probability density for
production and decay ast t̄ [6,7]. This method offers
increased statistical precision by using the decay
bothW bosons.

An initial set of selection criteria involving pseud
rapiditiesη, and transverse energiesET of the lep-
ton or jets, and the imbalance in transverse m
mentum in the event/ET was used to improve th
acceptance for lepton+ jets from t t̄ events rela-
tive to background[13]. These requirements wer
E

lepton
T > 20 GeV, |ηe| < 2, |ηµ| < 1.7, E

jets
T >

15 GeV,|ηjets| < 2, /ET > 20 GeV,|E lepton
T | + |/ET | >

60 GeV, and|ηW | < 2 (calculated using the lepton
MW , /ET , and the smaller value of the two solutio
for the longitudinal momentum of theν). A total of
91 events remained after imposing these requirem
[13], and the present analysis uses only those that
tain just four reconstructed jets (see below).

For a given value ofF0, the probability density for
t t̄ production and decay in thee + jets final state is
defined as

Ptt̄ (x;F0) = 1

12σtt̄

∫
dρ1 dm2

1 dM2
1 dm2

2 dM2
2

×
∑

perm,ν

∣∣Mt t̄ (F0)
∣∣2f (q1)f (q2)

|q1||q2|
(2)× Φ6Wjets(Ep,Ej),
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wherex refers to the physical (measured) variab
needed to characterize the final state,|Mt t̄ |2 =
g2
s

9 FF̄(2− β2s2
qt ) is the leading-order matrix eleme

[14] for the process (neglectingt t̄ spin correlations)
wheregs is the strong coupling constant,β the speed
of the top quark in the rest frame of the parton–par
collision, sqt the sine of the angle between the m
menta of the incident quark and the top quark, andF
andF̄ containing the Breit–Wigners terms and the a
gular decays provided by Eq.(1), but with F+ = 0,
f (q1) and f (q2) are the CTEQ4M parton distribu
tion functions (PDF) for the incidentpp̄ [15], Φ6
is the phase-space factor for the 6-object final st
and σtt̄ is the total cross section fort t̄ production
in LO. The sum is over all twelve permutations
jets (the effective permutation of the indistinguisha
jets from the decay of theW is performed through a
symmetrization of the matrix element) and all pos
ble longitudinal momenta for neutrino solutions inW

decay. The integration variables used in the calc
tion are the two top-quark invariant masses (m1,2),
the W boson invariant masses (M1,2), and the en-
ergy of one of the quarks fromW decay (ρ1). Ob-
served electron momenta are assumed to corres
to those of produced electrons. The angles of
jets are assumed to reflect the angles of the par
in the final state, and we ignore any transverse m
mentum for incident partons[7]. These assumption
together with energy and momentum conservation
troduce 15 Dirac delta functions in the integration
the probability density, and reduce the dimension
ity of the remaining integrations to the five given
Eq. (2). Wjets(Ep,Ej) corresponds to a function th
parameterizes the mapping between parton-level
ergiesEp and jet energies measured in the detec
Ej . This function includes the combined effects of
diation, hadronization, measurement resolution,
energy left outside of the jet-cone reconstruction
gorithm. About 15 000 Monte Carlo (MC)t t̄ events
(generated with masses between 140 and 200 GeV/c2

using HERWIG [16], and processed through the D
detector-simulation package) were used to determ
Wjets(Ep,Ej). For the µ + jets final state,Wjets is
expanded to include the known muon momentum
olution, and an integration over muon momentum
added to Eq.(2).

All processes that contribute to the observed
nal state must be included in the probability dens
and the final probability density is therefore written
P(x;F0) = c1Ptt̄ (x;F0) + c2Pbkg(x), wherec1 and
c2 are the signal and background fractions, andPbkg
refers to the production and decay probability den
for background.W + jets production corresponds
≈ 80% of the background, with the remaining 20
arising from multijet events where one jet mimics
electron. TheVECBOS W + jets matrix element[17]
is used to calculate the background probability d
sity, which is integrated over the energy of the fo
partons that lead to jets, and over theW -boson mass
and summed over the 24 jet permutations and two n
trino solutions. MC studies have shown that for m
tijet events theW + jets probability density is muc
larger than that fort t̄ . Since all probabilities are adde
we use theW + jets probability density to represe
the multijet background, and estimate a system
uncertainty resulting from this assumption[7]. (Sim-
ilarly, we ignore the≈ 10% contribution tot t̄ pro-
duction fromgg fusion, and used only theqq̄ → t t̄

process inMt t̄ .) Effects such as geometric acce
tance, trigger efficiencies, event selection, etc.,
taken into account through a multiplicative functi
A(x) that is independent ofF0. This function relates
the t t̄ andW + jets probability densities to their re
spective measured probability densitiesPm(x;F0) =
A(x)[c1Ptt̄ (x;F0) + c2Pbkg(x)]. Because the calcula
tion of the probability density involves a LO matr
element (valid only for four partons) for the produ
tion and decay process, we restrict the analysis
events with exactly four jets, reducing the data sa
ple from 91 to 71 events. To increase the purity
signal, a selection is applied on the probability de
sity of any event to correspond to background (Pbkg).
This was done in Refs.[6,7] to minimize a bias in-
troduced by the presence of background. The sele
cutoff value ofPbkg is based on MC studies carrie
out before applying the method to data, and, for a t
quark mass of 175 GeV/c2, it retains 71% of the signa
and 30% of the background[6,7]. Fig. 2(a) shows a
comparison between the probability for a backgrou
interpretation of events calculated for a large sam
of MC events (upper-most histogram) and for the
t t̄ candidates (data points). Only the 22 events to
left of the vertical line are chosen for the final ana
sis (Pbkg < 10−11). The total number of MC event
is normalized to the 71 4-jetst t̄ candidates. The left
hatched (right-hatched) histogram shows the con
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Fig. 2. (a) Distribution in probability of events being background, and (b) discriminantPtt̄ /(Pt t̄ + Pbkg), calculated for 71t t̄ candidates (data
points). The data are compared with results expected for the sum from MC-simulated sources oft t̄ (left-hatched) andW +4 jets (right-hatched)
events. Only events withPbkg < 10−11 are considered in the final analysis.
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bution from t t̄ (W + 4 jets) MC events. The ratio o
t t̄ to W + 4 jets events in the MC is normalized
the 12/10 observed in data to the left of the ver
cal line (S/B = 12/10 is from the measurement
Ref. [6].) A discriminantD = Ptt̄ /(Ptt̄ + Pbkg) was
defined to quantify the likelihood for an event to co
respond to signal[13]. Fig. 2(b) showsD calculated
as its most likely value with respect to the mass
the top quark for data (points with error bars) a
for MC events (upper-most histograms), with the M
normalized as inFig. 2(a). The discriminant is no
used explicitly in this analysis, and is shown si
ply to illustrate the level of discrimination of sign
and background. The above probability densities (Pm)
are inserted into a likelihood function forN = 22
observed events. Thet t̄ probability density contain
contributions from bothF0 and F− helicities, and
the ratio ofF0/F− is allowed to vary. The best es
timate of F0 is obtained by maximizing the follow
ing likelihood with respect toF0, subject to the con
straint thatF must be physical, i.e., 0� F � 1, and
0 0
F− + F0 = 1 [7]

(3)L(F0) = e−N
∫

Pm(x;F0)dx

N∏
i=1

Pm(xi;F0),

where, as before,Pm is the probability density in term
of observables for that event, and, insertingPm into
Eq.(3), the likelihood can be written as

− lnL(F0) = −
N∑

i=1

ln
[
c1Ptt̄ (xi;F0) + c2Pbkg(xi)

]

+ Nc1

∫
A(x)Ptt̄ (x;F0)dx

(4)+ Nc2

∫
A(x)Pbkg(x)dx

The above acceptance-correction integrals are ev
ated using MC methods, whereA(x) takes the val-
ues 1 or 0, depending on whether the event is
cepted or rejected. The best values ofF0 and the
parametersc are obtained by minimizing lnL(F )
i 0



8 DØ Collaboration / Physics Letters B 617 (2005) 1–10
Fig. 3. Result ofF0 extraction (Foutput
0 ) as a function ofF input

0 , for ensembles of 12t t̄ signal and 10W + jets events forPYTHIA samples
(black dots) and oneHERWIG point (square), after all selections. The dotted line has unit slope and passes through(0,0). The solid line is a fit
to the results fromPYTHIA that we use in the analysis. For comparison, the dot-dashed line is a fit obtained for high-statistic samples ofPYTHIA

events.
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heir
with respect to all three parameters. The respons
the analysis (i.e., extractedF0) to different input val-
ues ofF0 is examined by fluctuating the number
events according to a binomial distribution with an a
erage of 12 events for signal (S) and 10 events fo
background (B). Results from analyzing such sam
ples of PYTHIA MC [18] events (shown inFig. 3)
indicate that a response correction must be app
to the data. Studies using resolution-smeared par
(rather than jets) indicate that the reason the slop
the response correction differs from unity may or
inate from gluon radiation or jet misreconstructio
which is not included in our definition of probabilitie
in Eq.(2).

We apply the correction fromFig. 3 to L(F0) for
our sample of 22 events, and the final results are sh
in Fig. 4(a), along with a fifth-order polynomial fit to
the finalL(F0), which is used to characterize the r
sults. Formt = 175 GeV/c2, we find the most likely
F0 = 0.60 ± 0.30(stat), with a signal-to-backgroun
ratio that is compatible with the value of 0.54 found
the mass analysis[6].

When a probability density represents the data
curately, the maximum likelihood method provides
unbiased estimate of any parameter. Consequently
cause the current uncertainty inmt is sufficiently large
to affect the value ofF0, the likelihood can be max
-

imized as a function of two variables (F0 and mt ),
which would then take correct account of any cor
lation between the two parameters and the fact thaF0
is bounded between 0 and 1. Given our limited s
tistics, the best way to account for the uncertainty
mt is to project the two-dimensional likelihood on
the F0 axis, and obtain the systematic uncertainty
F0 from the uncertainty onmt , by integrating the
probability over the mass, which we do from 165
190 GeV/c2, in steps of 2.5 GeV/c2, using no other
prior knowledge (external input) for the mass.Fig. 5
showsL(F0,mt ) normalized by its maximum value
after applying the response correction fromFig. 3 to
data.Fig. 4(b) showsL(F0)/Lmax from Fig. 5, af-
ter integration overmt . The results inFig. 4(b) are
also fitted to a 5th-order polynomial as a function
F0. We use the most probable output value (at
maximum) to define the extractedF0. The uncertainty
on F0 (shaded region inFig. 4(b)) is defined by half
of the most narrow interval within which the inte
gral of the normalized probability function contai
68.3% of the area, and reflects the statistical error c
voluted with the uncertainty onmt . Thus, we obtain
F0 = 0.56±0.31(stat &mt). The uncertainty onmt is
the only one we are able to treat in this general man

To assess the impact of other uncertainties inF0,
the acceptance corrections were changed within t
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st narrow

Fig. 4. (a) Likelihood normalized to its maximum value, as a function ofF0 for data from Run I. (b) Likelihood as a function ofF0, after
integration overmt (see text). The curves are 5th-order polynomials fitted to the likelihood. The hatched areas correspond to the mo
68.3% probability interval.
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Fig. 5. Likelihood normalized to its maximum value as a function
mt andF0.

uncertainties, the response recalculated, andF0 re-
measured in the data. The changes found inF0 (rms)
are then quoted as the systematic errors from ac
tance and response. The analysis was also redone
and without considering multijet background even
using PYTHIA and HERWIG t t̄ MC samples, with
PYTHIA multiple pp̄ interactions turned on and of
The resultant differences inF0 were taken, respec
tively, as the systematic errors from multijet bac
ground, thet t̄ model, and uncertainty from multipl
pp̄ interactions. The systematic errors from PDFs a
jet energy scale were evaluated as in Ref.[6], but by
studying the effect onF0 instead of the top mass
Parton-level generators with and without spin corre
tions between the top and antitop quarks were use
Table 1
Impact of systematic and statistical uncertainties on the mea
ment ofF0

Acceptance and response 0.0
Multijet background 0.024
Model for t t̄ production 0.020
Multiple pp̄ interactions 0.006
Jet energy scale 0.01
Parton distribution functions 0.00
Impact of spin correlations ont t̄ events 0.008

Total systematic uncertainties, except formt 0.070
Statistics and uncertainty inmt (see text) 0.306

Total uncertainty 0.314

estimate the final systematic error inTable 1. Adding
all the systematic errors inTable 1 in quadratures
we obtainF0 = 0.56± 0.31(stat & mt) ± 0.07(sys).
Combining the two errors in quadrature, we getF0 =
0.56± 0.31, which is consistent with expectations
the SM, as well as with the measurement from
CDF Collaboration of 0.91± 0.39 [3]. The grey re-
gion in Fig. 1 shows our result in terms of the 68.3
probability interval of our measured value ofF0 as
a function of φ̂. The black curve represents the e
pectation for the V–A sector of the SM, and the lim
its of the distributions inφ̂ are shown by the dotte
line (purehW = −1) and dot-dashed line (purehW =
0). In summary, we have extracted a longitudin
helicity fraction of 0.56± 0.31 for W boson decays
in lepton+ jets channels int t̄ events. Although ou
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measurement is limited by the small event sam
of Run I, this powerful technique should provide f
greater sensitivity to any departures from the SM
the far larger data sample anticipated in the curr
Run II.
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