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This Note reports on a search for W'-like resonances decaying to tb in the full data set of proton-
antiproton collisions at /s = 1.96 TeV recorded by the CDF II detector at the Tevatron, corre-
sponding to an integrated luminosity of 9.1 fb~!. We consider events having no identified charged
lepton, a transverse energy imbalance, and two or three jets, of which at least one is consistent
with originating from the decay of a b quark. No significant excess above SM prediction is found.
Using a benchmark W’ — tb left-right symmetric model, we place 95% CL upper limits on the W’
production cross section times branching ratio to tb. Assuming a W’ with SM-like couplings and
decay to leptons allowed (forbidden), we exclude W’ — tb for W’ masses below 820 (840) GeV/c?.
Relaxing the hypothesis on SM-like couplings, we exclude W' boson coupling strength values as a
function of W’ mass down to gy = 0.4gsn for My = 300 GeV/c2.
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I. INTRODUCTION

Several modifications of the Standard Model (SM) of particle physics include massive, short-lived states decaying
to pairs of SM leptons or quarks. A resonance decaying to a top and a bottom quark ¢b (where tb indicates both
the state tb and its charge conjugate b) can appear in models featuring one or more massive charged vector bosons,
generically denoted as W, such as SU(2) g SM extensions [1], Kaluza-Klein extra-dimensions, [2, 3], technicolor [4, 5]
or Little Higgs scenarios [6]. Searches for W’ bosons in the W’ — tb decay channel are complementary to searches
in the leptonic decay channel W’ — fv, and can probe cases where the couplings of the W’ to fermions are free
parameters, or the leptonic decay mode is suppressed or forbidden.

In the recent past, searches in the W’ — tb channel have been performed by the CDF [7] and D@ [8] experiments
at the Tevatron, and by the ATLAS [9] and CMS [10] experiments at the LHC. For resonance searches at the highest
masses, the LHC experiments have superior sensitivity to the Tevatron due to the higher center-of-mass energy.
However, in the lower mass region (My < 700 GeV/c?) the Tevatron experiments have competitive sensitivity due
to the more favorable signal-to-background ratio in searches for particles produced in quark-initiated states, such as
the W', with respect to the gluon-initiated dominant SM background processes.

In this Note, we present a new search for W’-like resonances decaying to tb in events where ¢ — Wb and the W
decays to a charged lepton-neutrino pair, but either the lepton is a electron or muon which is not identified, or is a
hadronically decaying 7 reconstructed as a jet. Events in this channel are characterized by the presence of significant
transverse energy imbalance, two jets originated from b-quarks, and no identified charged leptons.

A simple left-right symmetric SM extension [11], predicting the existence of W’ bosons of unknown mass and
universal weak coupling strength to SM fermions, is used as a benchmark model. Since no specific assumptions on
the signal model are made throughout the analysis, this search is sensitive to any narrow resonant state decaying to
tb.

II. EVENT PRESELECTION

The collision events discussed in this Note were produced at the Tevatron pp collider at a center-of-mass energy
of 1.96 TeV and were recorded by the CDF Il detector [12, 13]. In this analysis the full CDF Il data set is used,
corresponding to an integrated luminosity of 9.1 fb™*.

The selection criteria used for this search are similar to other CDF analyses with the same final-state signature
[14]. The data were collected using online event selections (triggers) requiring either large Er, or large Fr and at
least two jet candidates. After event reconstruction, candidate events are selected by requiring Fr> 50 GeV, and
two high-pr jets [15] with transverse energies that satisfy Er(j1) > 25 GeV and Er(j2) > 20 GeV, respectively. In
order to gain sensitivity in events where the 7 lepton in the ¢ = Wb — 7vb channel is reconstructed as a jet in the
calorimeter, events with three jets are selected if the third-most energetic jet satisfies Er(j3) > 15 GeV. To ensure
that leading-Er jets ji, jo are within the silicon detector acceptance, they are required to satisfy |17(j1,2)| < 2, where
at least one of them must satisfy |7(j;)| < 0.9. Events are rejected if they contain a reconstructed electron or muon,
or a number of reconstructed jets larger than 3, where each jet j; exceeds the minimum transverse energy threshold
(Er > 15 GeV) and has pseudorapidity |n(j;)| < 2.4.

In events where the large Fr is due to mismeasurement of jet energies, the E} is often aligned with the di-
rection of the second-most energetic jet ET(jg). Such events are rejected by requiring A@(ET,ET(jl)) > 1.5 and
A@(ET, Er (42,3)) > 0.4. In order to identify jets as being originated from the fragmentation of a hadron containing a
b-quark (“b-tagging”), two different algorithms are used: SecVTX [13] a tight (T) algorithm, and JetProb [16], a loose
(L) algorithm. At least one of the leading jets is required to be tagged by SecVTX. Events are further divided among
three statistically independent regions, depending on whether the other leading jet is not tagged (Exclusive 1 Tight,
1T), tagged by JetProb but not by SecVTX (1 Tight 4+ 1 Loose, TL), and tagged by SecVTX (2 Tight, TT). This divi-
sion results in an increased sensitivity because signal-to-noise ratio and background composition are different among
the b-tagging subsamples. Events satisfying the aforementioned requirements comprise the preselection sample.

III. SIGNAL AND BACKGROUND MODELING

The most important contribution to the preselection sample is due to multijet production from strong interactions
(QCD multijet). Significant contributing processes include: top-antitop quark pair production (¢t), electroweak single
top production, dibosons (WW /W Z), and production of jets in association with a W or Z boson (W/Z + jets),
including both heavy-flavor jets (from b or ¢ quarks) and jets from light-flavor quarks which have been erroneously



b-tagged. A combination of Monte Carlo simulations and data-driven techniques are used to derive the models for SM
background processes. The ALPGEN generator [17] is used to simulate events for diboson and W /Z + jets; t¢ and
single top are simulated with POWHEG [18]. Parton showering is performed by PYTHIA [19]. The event generation
process includes a simulation of the detector response [20], and the resulting simulated event samples are subjected to
the same reconstruction and analysis chain as the data. The normalization for ¢¢, single top, and diboson templates is
constrained to the theoretical cross section value. The normalization for W/Z + jets templates is left unconstrained
in the final fit procedure.

QCD multijet events are difficult to model with simulation. For this reason, a QCD multijet background model is
derived from data in an independent data sample composed of events with A@(ET, EE?) < 0.4 and 50 <Fr< 70 GeV,
consisting almost entirely of QCD multijet contributions. First, a probability density function f; is formed separately
in each b-tagging subsample ¢ (i = 1T, TL, TT) by taking the ratio between tagged and pretagged events as a function
of several variables, as described in detail in [14]. Then, a QCD multijet template is determined separately for each
region i by weighting the untagged data in the preselection sample according to the probability density functions f;.
To determine the appropriate normalization for a given category, a scale factor is derived in a different control region,
defined below, where the tagged diboson, top and W /Z + jets background estimates are subtracted from the tagged
data.

The signal model is a W’ with purely right-handed decays, simulated using PYTHIA for W’ mass My hypotheses
in the range 200 < My < 900 GeV/c? in 100 GeV/c? increments. As the W' helicity does not affect analysis
observables, this model is valid for both a right-handed and a left-handed W’ under the assumption of no interference
with SM W boson. Two different scenarios are considered, depending whether the leptonic decay mode W' — (v is
allowed or forbidden. The latter, for instance, is the case if the right-handed neutrino vg is more massive than the
W'. The only effect of the forbidden leptonic decay mode is an increased branching fraction B(W’ — tb).

IV. DISCRIMINANTS

As an intermediate background rejection step, an Artificial Neural Network, NNqcp, is employed to further separate
the dominant QCD multijet background from signal and other backgrounds. NNqcp is a 13-variable feed-forward
multilayer perceptron, bearing activity-derived (Er, pr [21]), angular (Agp(E}, 7r), angular separations between Er,
Jr and the jet directions), and event-shape (sphericity [22]) observables. Single top s-channel events from simulation
are used as the signal sample in the training of NNgcp. This choice exploits the similar final state topology and
kinematical distributions between this process and the signal, while at the same time ensuring a consistent performance
in QCD multijet background separation across the whole W’ mass hypothesis range, as no information on the resonant
W' mass is present in the training event sample, and no related bias is introduced in the training procedure.

Figure 1 shows the NNqcp output distribution for events in the TT subsample. Only events with NNqcp > 0.45
are retained, forming the signal region. This prescription results in an increase in binned significance of about 50%
for a 300 GeV/c? W'. The independent region NNqcp < 0.1 is composed almost entirely of QCD multijet events, and
is used to derive the normalization for the QCD multijet background templates in the signal region. Table I shows
expected event yields for background processes, observed data events, and expected number of events for one signal
hypothesis.

The transverse invariant mass of the £ and all jets, My (£r,j1,2,3), is used to discriminate the W’ — tb signal
from the remaining backgrounds. This variable corresponds to the reconstructed transverse invariant mass of the
W' in events where the jets originate from b quarks, and both the lepton and the neutrino originated from the W
boson are not detected and contribute to the Fr. Figure 1 shows the My (£, j1,2,3) distribution for events in the TT
subsample.
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FIG. 1. Distribution of the QCD Neural Network in the pre-selection region in the subsample with exactly one tight b-tagged
jet (left), one tight and one loose b-tagged jet (middle) and two tight b-tagged jets (right). Templates for background processes
are normalized to their expected values. The expected distribution for a 300 GeV/c®> W' with o(pp — W') x B(W' — tb) = 1
pb is shown in red. The arrow at NNqcp = 0.45 marks the minimum requirement that defines the signal region.

1T TL TT
QCD multijet 1871+£113  238+26 71+£10
W/Z + jets 3757647  137£25 94£17
Diboson 239+29 25+3 24+3
tt 69073 142+£17 151£18
Single top 272448 4348 5149
Total Background 6830+663 584+41 392+28
Observed 6815 620 405

My = 300 GeV (o x B =1 pb) 96+30 34411  45+14

TABLE I. Expected and observed event yields in signal region defined by the QCD Neural Network > 0.45 requirement in the
three subsamples with exactly one tight b-tagged jet (1T), one tight and one loose b-tagged jet (TL) and two tight b-tagged
jets (TT). The uncertainties in the expected number of events are due to the uncertainties on the theoretical cross section and
to the uncertainties on signal and background modeling. Templates for background processes are normalized to their expected
values. Expected number of events for one choice of W’ mass and o(pp — W') x B(W' — tb) is also shown.
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FIG. 2. Distribution of the invariant transverse mass of £r and jets in the signal region defined by the QCD Neural Network
> 0.45 requirement in the subsample with exactly one tight b-tagged jet (left), one tight and one loose b-tagged jet (middle)
and two tight b-tagged jets (right). Templates for background processes are normalized to their expected values. The expected
distribution for a 300 GeV/c* W’ with o(pp — W') x B(W’ — tb) = 1 pb is shown as reference.



My [GeV/c? |  Expected limit T17 [pb]  Observed limit [pb]

200 54013530 6.69
300 1.1379:53 1.42
400 0.7079:33 0.90
500 0.497922 0.53
600 0.3170 09 0.32
700 0.2215-09 0.23
800 0.217950 0.22
900 0.2170:59 0.22

TABLE II. Expected and observed 95% C.L. limits on o(pp — W') x B(W' — tb) as a function of W’ mass Myy.

V. LIMITS EXTRACTION

A binned likelihood fit is performed to probe for a W’ — tb signal in the presence of SM backgrounds. The
likelihood is the product of Poisson probabilities over the bins in the My (Er, j1,2,3) distribution. The mean number
of expected events in each bin includes contributions from each background source and from the W’ — ¢b processes
assuming a given value of My . The method employed is a Bayesian likelihood method [23] with a flat, non-negative,
prior probability for the W’ boson production cross section times branching fraction, o(pp — W') x B(W’' — tb), and
truncated Gaussian priors for the uncertainties on the acceptance and shape of the backgrounds. We combine the three
b-tagging regions by taking the product of their likelihoods and simultaneously varying the correlated uncertainties.

Systematic uncertainties considered in the fit include both uncertainties on template normalization, and uncer-
tainties on the shape of the My (£r,j1,2,3) distribution. Uncertainties due to the same source are considered 100%
correlated. These uncertainties, which apply to both signal and backgrounds, include luminosity measurement (6%),
b-tagging efficiency (8 to 16%), trigger efficiency (1 to 3%), lepton veto efficiency (2%), parton distribution function
(3%), and up to 6% for the jet-energy scale [15] . Initial- and final-state radiation uncertainties (2%) are applied only
to top processes (¢t and single top).

The uncertainties due to simulations statistics, and the uncertainties on the normalization of ¢t (6%), single top
(15%), diboson (6%) from the theoretical cross-section calculations, and QCD multijet (3 to 10%, calculated from
scale factors) are not correlated. The rates of production of events with a W or a Z boson plus heavy-flavor jets are
associated with 30% uncertainties due to uncertainties in the estimation of the heavy-flavor fraction with respect to
the overall W /Z + jets contribution. Shapes uncertainties on the My (£, j1,2,3) distribution obtained by varying
the jet-energy scale by +1o from its central values are associated to all simulated processes. Shapes uncertainties
obtained by varying the f; probability in each tagging category by +1o are applied for the QCD multijet templates. An
additional uncertainty on the b-tagging efficiency is applied to signal templates as a Ep-dependent term, to correctly
take into consideration the effect of the extrapolation of the b-tagging scale factor to the high-FE7 regions typical of
W' — tb events.

VI. RESULTS

The aforementioned procedure is carried out for all signal mass hypotheses, obtaining 95% C.L. upper limits on

o(pp — W') x B(W' — tb) as a function of My, using the methodology described in Ref. [24]. The expected and
observed upper limits are shown in Table IT and in Figure 3. The observed limits are compatible with the expectations
calculated assuming no W’ — tb signal is present in the data. By comparing the limits on o(pp — W') x B(W' — tb)
with with the theoretical NLO calculations for a right-handed W’ with SM-like couplings [11], we exclude W’ bosons
for masses less than 820 (840) GeV/c? in cases where decay to leptons is allowed (forbidden).
For a simple s-channel model with effective coupling gy, the cross-section is proportional to g{‘jV,. Relaxing the
assumption of universal weak coupling, the limits on the cross-section can be interpreted as upper limits on gy as
a function of Myy. The excluded region of the gy —My plane is shown in Figure 4, with gy expressed in units of
gsm. For a value of My = 300 GeV/c?, the effective coupling is constrained at the 95% C.L. to be less than 0.4 of
the W boson coupling.
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FIG. 3. Observed and expected limits on o(pp — W’) x B(W’ — tb), with +10 and +20 confidence intervals and theoretical

predictions for a right-handed W’ with SM-like couplings in cases where the leptonic decay mode W’ — fv is allowed (solid
line) or forbidden (dashed).
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FIG. 4. Observed 95% C.L. limits on the coupling strength of a right-handed W’ compared to the SM W boson coupling,
gw'/gsm, as a function of My, in cases where the leptonic decay mode W’ — v is allowed or forbidden. The patterned region
above each line is excluded.

VII. SUMMARY

In conclusion, we have performed a search for a massive resonance decaying to tb in the Fr plus jets final state with
the full CDF Il dataset, corresponding to an integrated luminosity of 9.1 fb~*. The data are found to be consistent
wit the background-only hypothesis, and upper limits are set on the production cross-section times branching ratio



at the 95% confidence level. For a specific benchmark model (left-right symmetric SM extension), in cases where the
leptonic decay mode is allowed (forbidden), we exclude W’ bosons with masses lower than 820 (840) GeV/c?. For
masses smaller than approximately 700 GeV/c?, this search yields the most constraining limits to date on narrow tb
resonances production (Figure 5).
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FIG. 5. Comparison of results from this analysis and most recent analyses at the Tevatron and the LHC. To allow a direct
comparison, 95% C.L. expected limits have been divided by the theoretical prediction corresponding to the same model for
a W' with SM-like couplings. Results from this analysis are the most sensitive in the mass range below approximately 700
GeV/c2.
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