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We use the transverse momentum spectrum of leptons in the decay chain 1 — bW with W — [v to
measure the helicity of the W bosons in the top quark rest frame. Our measurement uses a ¢ sample
isolated in 106 + 4 pb~! of data collected in pp collisions at /s = 1.8 TeV with the CDF detector at
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the Fermilab Tevatron. Assuming a standard V-A weak decay, we find that the fraction of W’s with
zero helicity in the top rest frame is Fy = 0.91 = 0.37(stat) = 0.13(syst), consistent with the standard
model prediction of J, = 0.70 for atop mass of 175 GeV/c>.

PACS numbers: 14.65.Ha, 12.15.Ji, 12.60.Cn, 13.88.+e

The weak decays of the top quark should be described
by the universal V-A charged-current interactions of the
standard model. The theory makes a specific prediction
for the polarization state of the W bosons, which can be
measured using the lepton momentum spectrum in the
decay chain t — bW with W — [v. Observation of
the predicted lepton momentum spectrum can verify that
the signal observed at the Tevatron is the standard model
top quark.

In top decays with a pure V-A coupling the amplitude
for positive helicity W* bosons is suppressed by the
chira factors of order mj/Mj,, and the W helicity is a
superposition of just the zero and negative helicity states
[1]. At tree level in the standard model, the relative
fraction Fo of the longitudinal (or zero helicity) W’s in
the top rest frame is predicted to be [2]

_ m}2Myy
1 + m?/2M%,

This expression is valid for m, > My and is evaluated
at the measured value of m, = 174.3 + 5.1 GeV/c? [3].
In the standard model, the dominance of the zero helicity
state can be interpreted in terms of the large top Y ukawa
coupling to the longitudinal mode of the W. However,
this result does not depend on the symmetry breaking
mechanism of the standard model and is valid as long as
the interaction is V = A, the particles have their assumed
spins, and Lorentz invariance holds.

Nonstandard spins in the Tevatron top signal could
arise from a supersymmetric scalar top component, as
suggested in Ref. [4]. Alternatively, effective Lagrangian
treatments can also be used to relate the value of Fy
to the strength of nonstandard decay couplings [2,5].
Indirect limits on such couplings have been derived from
precision b quark measurements [6,7]. The strictest of
these uses the measured rate of » — s+ to limit the size
of aV + A contribution to top decay to less than a few
percent [7,8]. We address the matter of a direct test for a
V + A contribution in top decay separately at the end of
this paper.

We will use F, to parametrize the agreement between
the predicted and measured lepton momentum spectrum
in top decay. Our measurement utilizes ¢7 decays where
one or both of the W bosons from top decay leptonically.
The V-A coupling at the lepton vertex induces a strong
correlation between the W helicity and lepton momentum
which survives into the lab frame. Charged leptons
from negative helicity W are softer than the charged
leptons from longitudinal W bosons. In Figure 1 we
show the expected lepton transverse momentum (Pr)
in the laboratory frame [9] for the three W helicities.
These spectra are generated from a custom version of the
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Fo = (70.1 * 1.6)%. (1)

HERWIG Monte Carlo program with adjustable W helicity
amplitudes [10], followed by a complete simulation of the
detector effects. The lepton Pr clearly provides good
discrimination between the different W helicity states.
The threshold at 20 GeV/c is a result of our event
selection and will be discussed below.

To measure F, we mode the lepton Pr in t — blv
according to the standard model as a superposition of
the W boson negative and zero helicity distributions in
Fig. 1 and then use a maximum likelihood method to
find the relative ratio which best fits the data. Our
measurement uses a 17 sample isolated in 106 + 4 pb™~!
of data collected in pp collisions at /s = 1.8 TeV with
the CDF detector at the Fermilab Tevatron. The detector
is described in [11].

Decays of ¢7 pairs with asingle lepton, called lepton +
jet events, are characterized by a single isolated high Py
€lectron or muon, missing transverse energy (£7) from the
neutrino in the W — [v decay, and four jets, two from
the hadronically decaying W boson and two from the b
quarks. Our lepton + jet sample is selected by requiring
asingle electron or muon with Py > 20 GeV /c which is
isolated from jet activity, £7 > 20 GeV, and at least three
jets with measured Er > 15 GeV.

Arbitrary Units
£

Lepton P (GeV/c)

FIG. 1. Lepton Py distributions for the three W helicities.
The solid circles are from negative helicity W* and positive
helicity W—, the open circles are from longitudind W™* and
W~, and the closed squares are from positive helicity W* and
negative helicity W~. All three distributions are normalized to
the same area.
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We divide the lepton + jet events into subsamples
based on three selections with different top purities. In
the silicon vertex tracker (SVX) tag sample, we require at
least one of the jets in the event to be identified asa b jet
candidate by reconstructing a secondary vertex from the
b quark decay using the silicon vertex tracker. The SVX
tagging algorithm is described in [12]. In the soft Iepton
tag (SLT) sample, we require that one or more jets be
identified as a b jet candidate by identifying an additional
lepton in the event, which is presumed to come from a
semileptonic b decay (see[12]). We aso require afourth
jet in the event which has Er > 8 GeV and |n| < 2.4.
Events that satisfy the requirements of both the SV X and
SLT samples are considered to be SVX events and are
removed from the SLT tag sample. In the no-tag sample,
we require a fourth jet in the event with Er > 15 GeV
and |n| < 2.0. The backgrounds in the SVX sample are
described in [13], while those in the no-tag and SLT tag
sample are given in [14].

Events where both W’s from top decay into leptons,
called dilepton events, are characterized by an electron
or muon plus ¥ from each of the two W — [v decays,
and two jets from the b quarks. The two leptons must
be oppositely charged. The selection requirements and
backgrounds we use for the dilepton sample are described
in [15]. We make the additional requirement that the two
leptons not be of the same flavor. This cut removes a
background from Drell-Y an eventswith large £ for which
we have no good lepton Py model. It removes two of
the nine events in the standard CDF dilepton analysis (see
Ref. [15]) but reduces the background from 2.4 = 0.5 to
0.76 = 0.21 events, for an overall gain in purity.

The largest source of background in the lepton + jet
sample consists of W bosons produced with associated jets,
caled W + jetsevents. We model these, as well as other
smaller contributions, using VECBOS [16], a Monte Carlo
program that has been shown to be a good representation
of these processes [17]. A smaller, but still significant
lepton + jet background, (23 + 5)% averaged across the
threelepton + jet subsamples, comes from non-W events,
i.e., fake leptons and heavy quark production. We use
lepton + jet data events, in which the lepton is embedded
in jet activity and fails our lepton isolation requirement for
the top sample, to model these backgrounds.

The background to the dilepton sample comes from
Z— rr,WW,WZ, and ZZ production, and fake lepton
events where a jet passes our lepton identification cuts.
We model these backgrounds using a combination of the
PYTHIA and ISAJET Monte Carlo generators [18,19] and
CDF data [15].

We summarize in Table | the number of events and
the predicted amount of background in each data sample.
Note that the dilepton sample contributes two entries for
each event.

We use an unbinned log-likelihood function to estimate
the fraction of top quarks that decay to longitudinal W
bosons. Let P5(Pr; Fo,m,) be the probability density

to obtain a lepton with transverse momentum Pz from
a top quark of mass m, and longitudina fraction F.
To obtain P$ we generate two samples of 7 events at
mass m,, using the HERWIG Monte Carlo generator in
concert with a full detector simulation. In one sample
top decays only to negative helicity W bosons and in the
other top decays only to longitudinal W bosons. We then
parametrize the lepton Py spectrum of each sample as
the product of an exponential and a polynomial. We add
the resulting functions together, using the factors 1 — 7
and F, as weights for the respective components. This
yields the probability density S as a smooth function of
Jo and a discrete function of m,. The probability density
PB(Pr) of finding a lepton with transverse momentum
Pr in the background to our top signa is obtained via
a similar parametrization of background model Iepton
P; distributions. Both PS and P are normalized to
a probability of 1 above the lepton P7 threshold of
20 GeV/c.
The negative log-likelihood is the sum of two terms:

—logL = _|09£shape - IOgﬁbackgra (2

where Lghape (m;, x5, Fo) represents the joint probability
density for a sample of N leptons with transverse mo-
menta Pr; to be drawn from a population of top candidate
events with mass m,, background fraction x;, and longi-
tudinal W fraction F:

N

[(1 = xp)PS(Pri; Fo,my) + xp PE(Pry)].
1 3

We compute the log-likelihood for each of our analysis
subsamples separately and then add them together and
minimize them simultaneously. The Ly.cker term in
Eq. (2) isincluded to alow usto constrain the background
fraction x, to the expected values as shown in Table |
(see [13—15]). The shape of this background constraint
varies from sample to sample and depends upon how the
background in the sample was calculated.

Note that in constructing P, we normalized the proba-
bility densities for Ieptons from both negative helicity and
longitudinal W bosons to unit area above the 20 GeV/c
lepton Py acceptance threshold. This choice of normal-
izations guarantees that Eq. (3) islinear in F,. However,
the stiffer leptons from longitudinal W decays are 30%
more likely to pass the lepton Py acceptance cut than lep-
tons from negative helicity W decays, so our fit tends to
overestimate Fy. We apply a post facto correction to Fy
to account for this bias. The correction is a simple alge-
braic function of the measured Fy; its magnitude varies
between —0.08, when Fg is near 0.5, and 0.0, when Fy is
near O or 1.

We minimize the log-likelihood with respect to F; at a
top mass of 175 GeV/c? and obtain Fy = 0.91 + 0.37,
after subtracting 0.02 from the result of the minimiza
tion to account for the acceptance bias. The statisti-
cal uncertainty corresponds to a half-unit change in the
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TABLE I.

Result of measurements for 7, and description of sample content.

The fifth

column lists the measurement after a correction for an acceptance bias is applied. Note that
our acceptance correction is undefined for unphysical values of Fy. Each dilepton event enters

twice in the last row.

Sample Events Background F Corrected F
SVX tagged 34 92 =12 0927041 0.9079:4
SLT tagged 14 6.0+ 12 —0.0779%} —0.0750%7

No tag 46 259 * 6.5 1.1559% 1.15°59%%

Dilepton 7 0.76 = 0.21 0.607937 0.56%931
Total leptons 108 426 * 6.7 093793 0.91°0%

negative log-likelihood with respect to the minimum.
In Fig. 2 we compare L, to the lepton + jet and
dilepton data distributions. We summarize the measure-
ment of F, in Tablel. Included in this table are the
results of measurements performed separately in each
subsample.

The systematic uncertainties associated with this mea-
surement of Fy are listed in Table Il. The largest pos-
sible error is due to the uncertainty on the top quark
mass, because the lepton Py spectrum depends upon the
mass of the top. The magnitude of the effect is esti-
mated by repeating the analysis on Monte Carlo samples
where we vary the top mass. For 6 M, = 5.1 GeV/c?,
86 Fo = 0.07 [3].

Another significant systematic uncertainty is due to
background normalization. The lepton Py spectrum for
non-W processes peaks at low Pz, mimicking the shape

35

F Lepton + Jet Channel
30
[} C
O ,E
o C
:| L
8 15 | +
c E
[ r \
o 0 F
5 F
0 E P ! ! -
14 [Dilepton Channel
12 B
L F .
> 10 F Combined Result
O r F,=0.91+0.37+0.13
o 8 [
o [
ﬂ |
c 6 -
() L
> L
w4 F
2
r b
o Lol Tunder I e A T TR
0 20 40 60 80 100 120 140 160 180 200

Lepton P (GeV/c)

FIG. 2. Lepton Py distributions for the lepton + jet and
dilepton subsamples. The lepton + jet subsamples are added
together to simplify presentation. The data (points) are com-
pared with the result of the combined fit (solid line) and with
the background component of the fit (dashed line).
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from negative helicity W bosons. The effect on our mea-
surement is estimated by varying the amount of non-w
contribution in our background shapes within the en-
velope of normalization errors. We must also account
for a 20% uncertainty in the tagging efficiency of the
SVX agorithm; this causes a =0.05 uncertainty in the
measurement of Fy. Other sources of uncertainty in-
clude the limits on the generation of Monte Carlo sta-
tistics, the acceptance bias introduced by the selection cut
on the transverse momentum of the lepton, the shape of
the non-W background, the modeling of initial and fi-
nal state gluon radiation in our Monte Carlo samples,
and the parton distribution functions. Our final result is
Fo = 091 = 0.37(stat) = 0.13(sysh).

Finally, we return to the question of a V. + A com-
ponent in top decay. Although the indirect limit from
b — sv is dready severe, we can still use our technique
to search directly for a V + A component in the lepton
Pr spectrum. Asshown in Fig. 1, the momentum of lep-
tons from positive helicity W are harder than those with
negative or longitudinal helicity. We have accordingly
generalized our Lgn,pe to include the positive helicity
fraction F.. When we fit the lepton Py spectrum for
al three components simultaneously, we find no statisti-
cal sensitivity within our data set. As an dternative, we
hold F, constant at its standard model value and fit for
the superposition of positive and negative helicity W's,
yielding a positive helicity fraction F = 0.11 * 0.15.

In summary, we have compared the lepton Py spec-
trum in semileptonic decays r — bW — blv to the pre-
dictions of the standard electroweak model for top quark

TABLE Il. List of systematic uncertainties in the measure-
ment of the helicity of W bosons in top decays.

Source Uncertainty in Fy
Top mass uncertainty 0.07
Non-W background normalization 0.06
b-tag efficiency 0.05
Monte Carlo statistics 0.05
Acceptance uncertainties 0.02
Non-W background shape 0.04
Gluon rediation 0.03
Parton distribution functions 0.02
Total uncertainty 0.13
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decay. Assuming a pure V-A coupling, we measure the
fraction of longitudina W bosons in top quark decays to
be 0.91 = 0.37(stat) += 0.13(syst). This measurement is
consistent with the prediction of 0.70 for top quarks of
mass 174.3 GeV /2.
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