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STUDY OF TOP QUARK PRODUCTION AND DECAYS ...

We present an analysis of top-antitop quark production and decay into a tau lepton, tau neutrino, and
bottom quark using data from 9 fb~! of integrated luminosity at the Collider Detector at Fermilab. Dilepton
events, where one lepton is an energetic electron or muon and the other a hadronically decaying tau lepton
originating from proton-antiproton collisions at /s = 1.96 TeV, are used. A top-antitop quark production
cross section of 8.1 2.1 pb is measured, assuming standard-model top quark decays. By separately
identifying for the first time the single-tau and the ditau components, we measure the branching fraction of
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the top quark into the tau lepton, tau neutrino, and bottom quark to be (9.6 £ 2.8)%. The branching fraction
of top quark decays into a charged Higgs boson and a bottom quark, which would imply violation of lepton
universality, is limited to be less than 5.9% at a 95% confidence level [for B(H™ — 7o) = 1].

DOI: 10.1103/PhysRevD.89.091101

The large integrated luminosity provided by the 2001—
2011 operations of the Tevatron proton-antiproton collider
enables the Fermilab collider detector experiments to
perform precision measurements of top quark properties
[1]. Within the standard model the top quark decays into a
W boson and bottom quark, which is the dominant decay
mode [2]. However, new particles beyond the standard
model, like charged bosons, could open additional decay
modes. Higgs bosons with unit electric charge are predicted
by extensions of the standard model that contain an
extended Higgs sector, such as two Higgs doublet models
[3]. For charged Higgs bosons lighter than the top quark,
one of the most interesting decay modes is into a tau lepton
and neutrino, with a branching fraction close to 1 in a large
region of parameter space.

This paper presents an analysis of dilepton events
predominantly originated from top-antitop quark (tt) pro-
duction, where one of the leptons is an electron or muon
and the other a hadronically decaying tau. For hadronically
decaying tau leptons, both online event selection, trigger,
and identification are demanding due to the relatively short
lifetime of tau leptons and the presence of one or more
neutrinos in the final state. We measure top production and
decay properties: the tt production cross section and top
branching fraction into a tau lepton, neutrino, and bottom
quark. Separating top quark decays where the electron or
muon originates from a tau decay from those where it
originates directly from a W boson decay enables us to
measure the branching fraction without relying on a
theoretical cross-section calculation.

The Collider Detector at Fermilab, CDF, experiment [4]
is located at the Fermilab Tevatron. The data used in the
analysis presented here were collected between 2001 and
2011 at a center-of-mass energy of 1.96 TeV and corre-
spond to an integrated luminosity of 9 fb~!. Of particular
importance for the analysis is the charged-particle trajec-
tory measurement (tracking) system. It is comprised of a
silicon-microstrip-detector system [5] close to the collision
region and an open-cell drift chamber [6], both immersed in
a 1.4 Tesla solenoidal field. They enable measuring the
transverse momentum [7] of charged particles with a
resolution of about 150 MeV/c at 10 GeV/c. Outside
the tracking system are electromagnetic and hadronic
sampling calorimeters [8] segmented in a projective-tower
geometry of about 0.1 units in pseudorapidity and 15
degrees in azimuthal angle [7]. Drift chambers and scin-
tillators are located outside the calorimeters to identify
muons [9]. Events for this analysis are selected by triggers
designed to collect samples enriched in decays of

PACS numbers: 14.65.Ha, 14.80.Da, 14.80.Fd

low-momentum tau leptons for nonstandard-model physics
searches. The triggers require an electron or muon candi-
date with at least 8 GeV/c and a charged particle of at least
5 GeV/c of transverse momentum. In the later part of the
data taking, triggers also require the track to point to a
narrow energy deposition of 5 GeV or more in five or fewer
calorimeter towers, thus requiring a more taulike signature.

At the Tevatron, tt production via quark-antiquark anni-
hilation is the dominant top quark production process. Top
dilepton events with one hadronic tau decay have two
sources: (i) events with one top quark decaying into an
electron or muon, neutrino, and bottom quark and the other
into a tau lepton, neutrino, and bottom quark (“single tau™);
and (ii) events with both top quarks decaying into a tau
lepton, neutrino, and bottom quark and one tau decaying
leptonically and the other hadronically (“ditau’). The neu-
trinos escape direct detection and result in a momentum
imbalance in the event. The bottom quarks are each identified
as a cluster of hadronic energy, jet, with a displaced
secondary vertex, from the long-lived bottom quark hadrons.

After event reconstruction [4], we select events with one
central, isolated electron or muon candidate of 10 GeV/c
or higher that meets standard CDF identification require-
ments [10] and one central, isolated, one-prong or three-
prong tau candidate [11] with transverse momentum
pr = 15 and 20 GeV/c, respectively. The reconstruction
and identification of a hadronic tau decay starts with a
calorimeter tower of transverse energy Et > 6 GeV [7] and
a charged particle of pr>6 GeV/c pointing to it.
Neighboring towers with 1 GeV or more of transverse
energy are added. Since tau decays yield highly collimated
jets, calorimeter clusters with more than six towers are
rejected. A signal cone with aperture 29 is defined around
the track. Its size 9 = min(0.17,5.0 GeV/E) depends on
the calorimeter-cluster energy Ej; i.e. it shrinks for cluster
energies above 30 GeV. Charged particles with pp >
1 GeV/c within the cone are associated with the tau
candidate and define its track multiplicity or number of
prongs. For one-prong tau candidates, the calorimeter
cluster is required to have Et > 10 GeV and for three-
prong candidates Et > 15 GeV. To suppress contamina-
tion from minimum ionizing particles in the calorimeter,
the Eg of the calorimeter cluster should be at least 40% of
the scalar sum of the transverse momenta of charged
particles in the signal cone. An isolation annulus between
the signal cone and 7/6 is used to further suppress quark
and gluon jets. No charged particle with pp > 1.5 GeV/c
or neutral pion candidate [12] is allowed in this region and
the scalar transverse momentum sum of the charged
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particles inside the region must not exceed 2 GeV/c. To
suppress electron contamination, tau candidates associated
with very small energy in the hadronic calorimeter com-
pared to the transverse momentum sum of the charged
particles are rejected [13]. The four-momentum vector of
the tau candidate is calculated from the charged particles
and neutral pions inside the signal cone. Since the tau decay
produces a neutrino, the reconstructed mass should be
smaller than the mass of the tau lepton and it is thus
required to be less than 1.8 GeV/c?. Tau candidates whose
three final-state charged particles have the same electric
charge are rejected as are events where the charge of the tau
candidate and of the electron or muon candidate have the
same sign.

Identified Z° decays and low-mass muon pairs from
the Drell-Yan process are removed with dilepton mass
requirements. If the two-body mass of the electron plus any
calorimeter cluster with over 90% of energy in the
electromagnetic compartment falls within the range of
86 to 96 GeV/c?, the event is rejected. Similarly, if the
two-body mass of the muon and any minimum ionizing
particle falls within the range of 76 to 106 GeV/c? or is
below 15 GeV/c? the event is rejected.

For the identification of bottom quark jets, we use the
SECVTX tagger [14] to identify secondary vertices within
a jet that are displaced from the primary interaction vertex
of the event. We require two jets [15], one with Et >
20 GeV and a second with Ey > 15 GeV, both within
7] <2 [7]. At least one jet should be tagged as a candidate
for containing a long-lived bottom quark hadron; i.e., it has
a secondary vertex with a decay length in the transverse
plane that exceeds three times its uncertainty. The effi-
ciency of the SECVTX tagger is about 44% for bottom
quark jets in the central region with about a 1% mistag rate
for light quark and gluon jets.

Events from tt production with leptonic W decays and
one hadronic tau decay have three or five neutrinos in the
final state (not counting possible semileptonic heavy quark
decays). The sum of the transverse momenta of the neutrinos
is measured by the missing transverse energy Et [16] of the
event. Events are required to have Et > 10 GeV, a small
amount compared to other tt analyses [1] with one (or two)
neutrinos from a W decay in the final state.

To purify the selection of tt events we exploit the large
top quark mass and require events to have a large amount of
transverse energy in the final state: Hy = Ep + E®" +
> Ejft > 150 GeV (> 155 GeV in the case of three-prong
tau candidates). Contrary to other top quark analyses [1],
the Et of the electron or muon is not included in Hy. The
electron or muon can come from either top or tau decay and
including its Et in the Hy would favor single-tau (with
a more energetic electron or muon) over ditau events in the
selection. This selection defines the initial analysis sample.

To study background sources and the signal we generate
events using the ALPGEN and PyTHIA Monte Carlo
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programs [17], using a top quark mass of 173 GeV/c?.
To mimic geometrical and kinematical acceptances, the
generated events are passed through a GEANT-based detec-
tor simulation [14]. Event yields are normalized using
theoretical next-to-leading-order cross-section calculations
[18] and scaled for trigger efficiencies and any differences
in lepton identification efficiencies between data and
simulated events.

To estimate the background contribution from quark and
gluon jets misidentified as hadronic tau decays, events
triggered on single jets or on single electrons or muons are
used. First, the probability of a hadronic jet to be mis-
identified as a tau lepton is measured. In the second step,
this probability is used to weight the jets in events with an
electron or muon candidate to estimate and study the
misidentified-tau-lepton contribution in our electron-or-
muon-plus-tau sample. Signal events are naturally excluded
in this method due to the exclusive one-tau-candidate
selection in the initial analysis sample.

For the misidentification-probability measurement, we
use jet-triggered data with calorimeter jet-Er thresholds of
5 to 100 GeV. The trigger bias is removed by requiring at
least two jets in each event to pass the trigger requirements.
For the probability calculation we use taulike jets, i.e.,
calorimeter jets that pass the tau identification requirements
above except for the isolation and mass requirements. There
is a small contribution from genuine tau-lepton decays in the
jet sample due to vector boson (and top quark) decays
involving a tau. This contribution is suppressed by requiring
the jet events to have insignificant missing transverse energy
[20] and no identified electron or muon with E1 > 10 GeV.
Leading and subleading jets have different proportions of
gluons and quarks resulting in different probabilities for tau
misidentification. We treat these jets separately, average
their misidentification rates to determine the nominal tau-
misidentification probability, and use the difference to each
as a measure of the systematic uncertainty. The probability is
parametrized as a function of jet Et, 1, and number of
prongs. Probabilities range from 1% to 10% per taulike jet or
0.1% to 1% per generic jet. The measurement of the tau-
misidentification probability is checked in two control
regions, a multijet and a W plus jet enriched sample.

To estimate the contribution of jets misidentified as tau
candidates in this analysis, single-lepton-triggered data are
used. CDF recorded events requiring only a py > 8 GeV/c
electron or muon candidate. For each taulike jet in those
events, we mimic a tau candidate with the above measured
probability, correct for the difference in sample size with
respect to the signal sample, and analyze it analogously to
the signal sample. With this approach we simulate event
characteristics, study the contribution of events with a
misidentified tau lepton, and properly apply kinematic
selections to reduce this background.

In the initial analysis sample we observe 58 events with
an expectation of about 34 tt dilepton events [19] and about
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4 events from Drell-Yan and diboson production.
Astoundingly, the calculation of misidentified tau leptons
shows a contribution of approximately 16 events. We find
over half of them to be tt events, but with one of the top
quarks decaying leptonically and the other hadronically.
Four jets provide the occasion to be misidentified as a tau
lepton, while the rest of the event satisfies the selection with
effectively the same efficiency as the signal. To reject this
background, a likelihood function £, is constructed based
on two tau identification variables and three kinematic
variables to distinguish single-lepton from dilepton-tt
events: (i) the ratio of tau-calorimeter cluster Ep to a
signal-cone-charged-particle-pr sum is used in the tau
identification to reject the muon background. Compared
to genuine tau leptons the distribution of this ratio for jets
misidentified as taus is broader with a long tail. (ii) The
charged-particle pt sum in the isolation annulus is required
to be less than 2 GeV/c in the tau candidate selection. It
provides further discrimination as tau leptons in top quark
decays are isolated, while jets misidentified as taus have a
nearly uniform distribution within the remaining phase
space. (iii) The one neutrino in the single-lepton tt events
yields a Et of around half the W boson mass and (iv) a
transverse mass of electron or muon plus missing Et up to
the W mass. (v) Events with a hadronic top quark decay
have an extra jet. One of the two extra jets in the event must
be misidentified as a tau lepton. The jet may not be
reconstructed, and dilepton tt events may have additional
jets from initial- or final-state radiation. The Et of any third
jet becomes the final variable for the likelihood. Figure 1
shows the distribution of the likelihood function for data
compared to the expectation from top dilepton, Drell-Yan,
diboson, and misidentified tau lepton events. A log £; > 0
requirement leaves 36 events in the data with 26.7 &+ 3.4 tt
dilepton events, 3.1 £ 0.5 Drell-Yan and diboson events,
and 4.0 & 1.1 events expected from jets misidentified as tau
leptons.
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FIG. 1 (color online). Log-likelihood £, distribution for data,
top dilepton, Drell-Yan plus diboson production, and misidenti-
fied lepton events.
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Assuming a standard-model top quark decay, i.e.,
a branching fraction B(t— W'b) =1, an acceptance
corrected tt production cross section of 8.1+
1.7(stat) "] (syst) £0.5(lumi) pb is measured. Acceptance
corrections are based on leading-order parton shower
Monte Carlo simulations and the CDF detector simulation
described above. Branching fractions for both W boson
and tau lepton decays are taken from [2]. Lepton, jet,
and bottom-quark-tagging efficiencies are estimated previ-
ously [1,10,11,14]. The systematic uncertainties include
experimental contributions from lepton acceptance and
identification, trigger efficiency, tau- and jet-energy-scale
corrections, tagging efficiency (£5%), mistag rate (20%),
tau-misidentification probability f;g‘}% ) [20], modeling of
additional collisions contained in an event, pileup, meas-
urement of the integrated luminosity (£5.9%) and theoreti-
cal contributions from the cross section of Drell-Yan and
diboson production, choice of parton distribution functions,
color reconnection, initial- and final-state radiation (+9%),
fragmentation and parton showering. The uncertainty of the
dominant systematic effects are provided in parentheses
(which is not their contribution to the cross-section uncer-
tainty). This cross-section measurement in the ditau channel
complements the more precise measurements in the electron,
muon and hadronic channels [1].

Using the theoretical tt production cross section instead
of the standard-model decay branching fractions, we can
extract a branching fraction of the top quark decay into a
tau lepton, tau neutrino, and bottom quark. However, the
data sample contains two tt components: a single-tau
component that is proportional to the top quark into the
tau lepton, tau neutrino, and bottom quark branching
fraction (times the top quark into the electron or muon,
neutrino, and bottom quark branching fraction) and a ditau
component that is proportional to the branching fraction
squared. Separating the two components allows measure-
ment of the top quark into the tau, neutrino, and bottom
quark branching fraction (and the tt production cross
section) directly without theoretical assumption on either.
For this, a second likelihood, £,, is constructed using the
following three variables. The leptonic tau decay yields two
neutrinos close to the electron or muon direction, in
addition to the neutrino from the W decay. (i) This impacts
the distribution of transverse mass [7] of the electron or
muon plus missing Et (Fig. 2) and (ii) the distribution of
the azimuthal angle between electron or muon and missing
Er (Fig. 3). (iii) It also leads to, on average, lower pt of
electrons or muons in ditau events, as shown in Fig. 4. The
ditau component contributes more at large £, while the
single-tau component is shifted toward smaller values of
L,, as shown in Fig. 5.

We use the MClimit [21] package to fit the likelihood
distribution with a single-tau component that has a linear
dependence on the branching fraction of a top quark into a
tau, neutrino, and bottom quark, and a ditau component that
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FIG. 2 (color online). Transverse mass distribution of the
electron or muon plus missing Et for data, single-tau tt, ditau
tt, and non-tt events. For the purpose of comparing the single-tau
and ditau shapes, used in the likelihood, a line shows the ditau
contribution scaled to the number of single-tau events and plotted
on top of the background.

has a quadratic branching-fraction dependence. The
expected background contributions from Drell-Yan,
diboson production, and jets misidentified as tau leptons
are included in the fit and allowed to vary within their
uncertainties. The systematic uncertainties on the event
yield are included via nuisance parameters. We check the
effect of the largest systematic uncertainty (from the
probability distribution of jets being misidentified as tau
leptons) on the shape of the likelihood distribution and
found it to be small. For the most precise result we make
use of a third branching-fraction dependency by including
the tt production cross section measured by CDF in
the single-lepton channel with its uncertainty [22] as a
constraint in the y? fit [23] and obtain

-o- Data
Wttt o
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FIG. 3 (color online). Distribution of the azimuthal angle
between electron or muon and missing Ep for data, single-tau
tt, ditau tt, and non-tt events. For the purpose of comparing the
single-tau and ditau shapes, used in the likelihood, a line shows
the ditau contribution scaled to the number of single-tau events
and plotted on top of the background.
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FIG. 4 (color online). Transverse momentum distribution of the
electron or muon for data, single-tau tt, ditau tt, and non-tt events.
For the purpose of comparing the single-tau and ditau shapes,
used in the likelihood, a line shows the ditau contribution scaled
to the number of single-tau events and plotted on top of the
background.

B(t — wb) = 0.096 + 0.028,

with a single-tau component of 22.7 events and ditau
component of 3.1 events (Fig. 5). The ratio of leptonic top
branching ratios can be derived from this, and we find
B(t— wwb)/((B(t — evb) + B(t — uvb))/2) = 0.88 £0.26,
confirming lepton universality in top quark decays.

At a 95% confidence level the fit excludes a branching
fraction of 15.8% or more of top quarks decaying into
tau lepton, tau neutrino, and bottom quark (using the
likelihood-ratio method [2]). A previous CDF analysis
[24] found the acceptance for tt tau events with decay
via a charged Higgs boson to be equal to the acceptance of
events with decay via a W boson for charged Higgs masses
between 80 and 140 GeV/c?. Assuming that the top quark
decays only into W and charged Higgs bosons and
B(H™ — ) = 1, we exclude branching fractions for top

-e-Data
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Events/bin
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FIG. 5 (color online). Log-likelihood £, distribution for data,
top dilepton, Drell-Yan plus diboson production, and misidenti-
fied lepton events as determined by the fit.
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quark decays into a charged Higgs boson and a bottom
quark of 5.9% or more at a 95% confidence level using the
likelihood-ratio ordering [25].

With the discovery of a neutral Higgs boson at
125 GeV/c? by the ATLAS and CMS experiments [26],
the question of an extended Higgs sector gains interest.
Previous searches for a charged Higgs boson at LEP
constrained its mass to be my: > 78.6 GeV/c? [27] and
at the Tevatron constrained the branching fractions to be
B(t - H'b) <0.15-0.19 [for B(H  — ) =1] and
B(t - H"b) < 0.10—0.30 [for B(H" - ¢§) = 1] [28].
Recent LHC searches improved the limits to
B(t - H™b) < 0.01 —0.05 [29] and < 0.02 —0.03 [30]
for BH™ - ) = 1.

In summary, we present an analysis of dilepton tt
events using 9 fb~! of integrated luminosity at CDF. The
analysis separates the single and ditau components for the
first time, measuring the branching fraction of the top
quark decay into a tau lepton, tau neutrino, and bottom
quark at (9.6 +2.8)%, and testing lepton universality of
the decay. The limit on the branching fraction of the top
quark into a charged Higgs boson and bottom quark is
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comparable with recent measurements in proton-proton
collisions [29,30].
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