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Results are presented from a search for a W′ boson using a dataset corresponding to 5.0 fb−1 of
integrated luminosity collected during 2011 by the CMS experiment at the LHC in pp collisions at√

s = 7 TeV. The W′ boson is modeled as a heavy W boson, but different scenarios for the couplings to
fermions are considered, involving both left-handed and right-handed chiral projections of the fermions,
as well as an arbitrary mixture of the two. The search is performed in the decay channel W′ → tb,
leading to a final state signature with a single electron or muon, missing transverse energy, and jets, at
least one of which is identified as a b-jet. A W′ boson that couples to the right-handed (left-handed)
chiral projections of the fermions with the same coupling constants as the W is excluded for masses
below 1.85 (1.51) TeV at the 95% confidence level. For the first time using LHC data, constraints on the
W′ gauge couplings for a set of left- and right-handed coupling combinations have been placed. These
results represent a significant improvement over previously published limits.

© 2012 CERN. Published by Elsevier B.V. All rights reserved.
1. Introduction

New charged massive gauge bosons, usually called W′ , are pre-
dicted by various extensions of the standard model (SM), for ex-
ample [1–4]. In contrast to the W boson, which couples only to
left-handed fermions, the couplings of the W′ boson may be purely
left-handed, purely right-handed, or a mixture of the two, depend-
ing on the model. Direct searches for W′ bosons have been con-
ducted in leptonic final states and have resulted in lower limits for
the W′ mass of 2.15 TeV [5] and 2.5 TeV [6], obtained at the Large
Hadron Collider (LHC) by the ATLAS and CMS experiments respec-
tively. CMS has also searched for the process W′ → WZ using the
fully leptonic final states and has excluded W′ bosons with masses
below 1.14 TeV [7]. For W′ bosons that couple only to right-handed
fermions, the decay to leptons will be suppressed if the mass of
the right-handed neutrino is larger than the mass of the W′ bo-
son. In that scenario, the limits from the leptonic searches do not
apply. Thus it is important to search for W′ bosons also in quark
final states. Searches for dijet resonances by CMS [8] have led to
the limit M(W′) > 1.5 TeV.

In this Letter, we present the results of a search for W′ via the
W′ → tb (tb̄ + t̄b) decay channel. This channel is especially im-
portant because in many models the W′ boson is expected to be
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coupled more strongly to the third generation of quarks than to
the first and second generations. In addition, it is easier to sup-
press the multijet background for the decay W′ → tb than for
W′ decays to first- and second-generation quarks. In contrast to
the leptonic searches, the tb final state is, up to a quadratic am-
biguity, fully reconstructible, which means that one can search
for W′ resonant mass peaks even in the case of wider W′ reso-
nances.

Searches in the W′ → tb channel at the Tevatron [9–11] and
at the LHC by the ATLAS experiment [12] have led to the limit
M(W′) > 1.13 TeV. The SM W boson and a W′ boson with non-
zero left-handed coupling strength couple to the same fermion
multiplets and hence would interfere with each other in single-top
production [13]. The interference term may contribute as much as
5–20% of the total rate, depending on the W′ mass and its cou-
plings [14]. The most recent D0 analysis [11], in which arbitrary
admixtures of left- and right-handed couplings are considered, and
interference effects are included, sets a lower limit on the W′ mass
of 0.89 (0.86) TeV, assuming purely right-handed (left-handed)
couplings. A limit on the W′ mass for any combination of left- and
right-handed couplings is also included.

We present an analysis of events with the final state signa-
ture of an isolated electron, e, or muon, μ, an undetected neu-
trino causing an imbalance in transverse momentum, and jets, at
least one of which is identified as a b-jet from the decay chain
W′ → tb, t → bW → b�ν . The reconstructed tb invariant mass
is used to search for W′ bosons with arbitrary combinations of
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left- and right-handed couplings. A multivariate analysis optimized
for W′ bosons with purely right-handed couplings is also used. The
primary sources of background are tt̄, W + jets, single-top (tW, s-
and t-channel production), Z/γ ∗ + jets, diboson production (WW,
WZ), and QCD multijet events with one jet misidentified as an iso-
lated lepton. The contribution of these backgrounds is estimated
from simulated event samples after applying correction factors de-
rived from data in control regions well separated from the signal
region.

2. The CMS detector

The Compact Muon Solenoid (CMS) detector comprises a super-
conducting solenoid providing a uniform magnetic field of 3.8 T.
The inner tracking system comprises a silicon pixel and strip de-
tector covering |η| < 2.4, where the pseudorapidity η is defined
as η = − ln[tan(θ/2)]. The polar angle θ is measured with respect
to the counterclockwise-beam direction (positive z-axis) and the
azimuthal angle φ in the transverse x–y plane. Surrounding the
tracking volume, a lead tungstate crystal electromagnetic calorime-
ter (ECAL) with fine transverse (	η, 	φ) granularity covers the
region |η| < 3, and a brass/scintillator hadronic calorimeter covers
|η| < 5. The steel return yoke outside the solenoid is instrumented
with gas detectors, which are used to identify muons in the range
|η| < 2.4. The central region is covered by drift tube chambers and
the forward region by cathode strip chambers, each complemented
by resistive plate chambers. In addition, the CMS detector has an
extensive forward calorimetry. A two-level trigger system selects
the most interesting pp collision events for physics analysis. A de-
tailed description of the CMS detector can be found elsewhere [15].

3. Signal and background modeling

3.1. Signal modeling

The most general model-independent lowest-order effective La-
grangian for the interaction of the W′ boson with SM fermions [16]
can be written as

L = V fi f j

2
√

2
gw f̄iγμ

[
aR

f i f j

(
1 + γ 5) + aL

f i f j

(
1 − γ 5)]W′μ f j + h.c.,

(1)

where aR
f i f j

, aL
f i f j

are the right- and left-handed couplings of the

W′ boson to fermions f i and f j , gw = e/(sin θW) is the SM weak
coupling constant, and θW is the Weinberg angle. If the fermion is
a quark, V fi f j is the Cabibbo–Kobayashi–Maskawa matrix element,
and if it is a lepton, V fi f j = δi j where δi j is the Kronecker delta and
i and j are the generation numbers. The notation is defined such
that for a W′ boson with SM couplings aL

f i f j
= 1 and aR

f i f j
= 0.

This effective Lagrangian has been incorporated into the Single-

Top Monte Carlo (MC) generator [17], which simulates electroweak
top-quark production processes based on the complete set of tree-
level Feynman diagrams calculated by the CompHEP [18] package.
This generator is used to simulate the s-channel W′ signal includ-
ing interference with the standard model W boson. The complete
chain of W′ , top quark, and SM W boson decays are simulated tak-
ing into account finite widths and all spin correlations between
resonance state production and subsequent decay. The top-quark
mass, Mt, is chosen to be 172.5 GeV. The CTEQ6.6M parton distri-
bution functions (PDF) are used and the factorization scale is set
to M(W′). Next-to-leading-order (NLO) corrections are included in
the SingleTop generator and normalization and matching between
various partonic subprocesses are performed, such that both NLO
rates and shapes of distributions are reproduced [14,16,19–21].

Table 1
NLO production cross section times branching fraction, σ(pp → W /W′)B(W /W′ →
tb), in pb, for different W′ boson masses.

MW′ (TeV) MνR � M ′
W MνR > M ′

W

σR σL σLR σR σL σLR

0.9 1.17 2.28 3.22 1.56 3.04 4.30
1.1 0.43 1.40 1.85 0.58 1.86 2.47
1.3 0.17 1.20 1.39 0.23 1.60 1.85
1.5 0.07 1.13 1.21 0.099 1.51 1.62
1.7 0.033 1.12 1.15 0.044 1.50 1.54
1.9 0.015 1.11 1.13 0.020 1.49 1.51

The CompHEP simulation samples of W′ bosons are gener-
ated at mass values ranging from 0.8 to 2.1 TeV. They are fur-
ther processed with pythia [22] for parton fragmentation and
hadronization. The simulation of the CMS detector is performed
using geant [23]. The leading-order (LO) cross section computed
by CompHEP is then scaled to the NLO using a k-factor of 1.2 [16].

We generate the following simulated samples of s-channel tb
production: W′

L bosons that couple only to left-handed fermions
(aL

f i f j
= 1, aR

f i f j
= 0), W′

R bosons that couple only to right-handed

fermions (aL
f i f j

= 0, aR
f i f j

= 1), and W′
LR bosons that couple equally

to both (aL
f i f j

= 1, aR
f i f j

= 1). All W′ bosons decay to tb final states.

We also generate a sample for SM s-channel tb production through
an intermediate W boson. Since W′

L bosons couple to the same
fermion multiplets as the SM W boson, there is interference be-
tween SM s-channel tb production and tb production through an
intermediate W′

L boson. Therefore, it is not possible to generate
separate samples of SM s-channel tb production and tb produc-
tion through W′ bosons that couple to left-handed fermions. The
samples for W′

L and W′
LR include s-channel tb production and the

interference. The W′
R bosons couple to different final-state quan-

tum numbers and therefore there is no interference with s-channel
tb production. The W′

R sample includes tb production only through
W′

R bosons. This sample can then simply be added to the s-channel
tb production sample to create a sample that includes all processes
for s-channel tb.

The leptonic decays of W′
R involve a right-handed neutrino νR

of unknown mass. If MνR > M ′
W, W′

R bosons can only decay to
q′q̄ final states. If MνR � MW′ , they can also decay to �ν final
states leading to different branching fractions for W′ → tb. Table 1
lists the NLO production cross section times branching fraction,
σ(pp → W′)B(W′ → tb). Here σL is the cross section for s-channel
tb production in the presence of a W′ boson which couples to left-
handed fermions, (aL,aR) = (1,0) including s-channel production
and interference; σLR is the cross section for W′ bosons that cou-
ple to left- and to right-handed fermions (aL,aR) = (1,1), including
SM s-channel tb production and interference; σR is the cross sec-
tion for tb production in the presence of W′ bosons that couple
only to right-handed fermions (aL,aR) = (0,1). The cross section
for SM s-channel production, (aL,aR) = (0,0), σSM is taken to be
4.63 ± 0.07+0.19

−0.17 pb [24].
Fig. 1 shows the invariant mass distributions for W′

R, W′
L, and

W′
LR bosons. These distributions are obtained after applying the

selection criteria described in Section 4 and matching the recon-
structed jets, lepton, and an imbalance in transverse momentum
of a W′ boson with mass 1.2 TeV to the generator level objects.
These distributions show a resonant structure around the gener-
ated W′ mass. However, the invariant mass distributions for W′

L
and W′

LR bosons also include the contribution from s-channel sin-
gle top quark production and show a minimum corresponding to
the destructive interference between the amplitudes for production
of left-handed fermions via the W and W′ bosons. The width of a
W′ boson with a mass of 0.8 (2.1) TeV is about 25 (80) GeV, which
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Fig. 1. Simulated invariant mass distributions for production of W′
R, W′

L , and W′
LR

with a mass 1.2 TeV. For the cases of W′
L and W′

LR, the invariant mass distribu-
tions also include the contribution from s-channel single top quark production and
show a minimum corresponding to the destructive interference between the am-
plitudes for production of left-handed fermions via the W and W′

L bosons. These
distributions are after applying the selection criteria described in Section 4.

is smaller than the detector resolution of 10 (13)% and hence does
not have an appreciable effect on our search.

3.2. Background modeling

Contributions from the background processes are estimated us-
ing samples of simulated events. The W + jets and Drell–Yan
(Z/γ ∗ → ��) backgrounds are estimated using samples of events
generated with the MadGraph 5.1.3 [25] generator. The tt̄ samples
are generated using MadGraph and normalized to the approxi-
mate next-to-NLO (NNLO) cross section [26]. Electroweak diboson
(WW,WZ) backgrounds are generated with pythia and scaled to
the NLO cross section calculated using mcfm [27]. The three sin-
gle top production channels (tW, s-, and t-channel) are estimated
using simulated samples generated with powheg [28], normalized
to the NLO cross section calculation [24,29,30]. For the W′

R search,
the three single-top production channels are considered as back-
grounds. In the analysis for W′

L and W′
LR bosons, because of inter-

ference between s-channel single-top production and W′ , only tW
and t-channel contribute to the backgrounds. Instrumental back-
ground due to a jet misidentified as an isolated lepton is estimated
using a sample of QCD multijet background events generated us-
ing pythia. The instrumental background contributions were also
verified using a control sample of multijet events from data. All
parton-level samples are processed with pythia for parton frag-
mentation and hadronization and the response of the detector was
simulated using geant. The samples are further processed through
the trigger emulation and event reconstruction chain of the CMS
experiment.

4. Event selection

The W′ → tb decay with t → Wb and W → �ν is character-
ized by the presence of at least two b-jets with high transverse
momentum (pT), a significant length of the vectorial sum of the
negative transverse momenta of all objects in the event (Emiss

T ) as-
sociated with an escaping neutrino, and a high-pT isolated lepton.
The isolation requirement is based on the ratio of the total trans-
verse energy observed from all hadrons and photons in a cone of
size 	R = √

(	η)2 + (	φ)2 < 0.4 around the lepton direction to
the transverse momentum of the lepton itself (relative isolation).

Candidate events are recorded if they pass an online trigger
requiring an isolated muon trigger or an electron + jets + Emiss

T
trigger and are required to have at least one reconstructed primary
vertex. Leptons, jets, and Emiss

T are reconstructed using the particle-
flow algorithm [31]. At least one lepton is required to be within
the detector acceptance (|η| < 2.5 for electrons excluding the bar-
rel/endcap transition region, 1.44 < |η| < 1.56, and |η| < 2.1 for
muons). The selected data samples corresponds to a total inte-
grated luminosity of 5.0 ± 0.1 fb−1.

Leptons are required to be separated from jets by 	R(jet, �) >

0.3. Muons are required to have relative isolation less than 0.15
and transverse momentum pT > 32 GeV. The track associated with
a muon candidate is required to have at least ten hits in the sil-
icon tracker, at least one pixel hit and a good quality global fit
with χ2 per degree of freedom < 10 including at least one hit in
the muon detector. Electron candidates are selected using shower-
shape information, the quality of the track and the match between
the track and electromagnetic cluster, the fraction of total clus-
ter energy in the hadronic calorimeter, and the amount of activity
in the surrounding regions of the tracker and calorimeters [32].
Electrons are required to have relative isolation less than 0.125,
pT > 35 GeV, and are initially identified by matching a track to
a cluster of energy in the ECAL. Events are removed whenever
the electron is determined to originate from a converted photon.
Events containing a second lepton with relative isolation require-
ment less than 0.2 and a minimum pT requirement for muons
(electrons) of 10 GeV (15 GeV) are also rejected. Additionally, the
cosmic-ray background is reduced by requiring the transverse im-
pact parameter of the lepton with respect to the beam spot to be
less than 0.2 mm.

Jets are clustered using the anti-kT algorithm with a size pa-
rameter 	R = 0.5 [33] and are required to have pT > 30 GeV
and |η| < 2.4. Corrections are applied to account for the depen-
dence of the jet response as a function of pT and η [34] and the
effects of multiple primary collisions at high instantaneous lumi-
nosity. At least two jets are required in the event with the leading
jet pT > 100 GeV and second leading jet pT > 40 GeV. Given that
there would be two b-quarks in the final state, at least one of the
two leading jets is required to be tagged as a b-jet. Events with
more than one b-tagged jet are allowed. The combined secondary
vertex tagger [35] with the medium operating point is used for
this analysis. The chosen operating point is found to provide best
sensitivity based on signal acceptance and expected limits [36].

The QCD multijet background is reduced by requiring Emiss
T >

20 GeV for the muon + jets channel. Since the multijet background
from events in which a jet is misidentified as a lepton is larger
for the electron + jets channel, and because of the presence of a
Emiss

T requirement in the electron trigger, a tighter Emiss
T > 35 GeV

requirement is imposed for this channel.
To estimate the W′ signal and background yields, data-to-MC

scale factors (g) measured using Drell–Yan data are applied in or-
der to account for the differences in the lepton trigger and in the
identification and isolation efficiencies. Scale factors related to the
b-tagging efficiency and the light-quark tag rate (misidentification
rate), with a jet pT and η dependency, are applied on a jet-by-jet
basis to all b-, c-, and light quark jets in the various MC sam-
ples [36].

Additional scale factors are applied to W + jets events in which
a b-quark, a charm quark, or a light quark is produced in associa-
tion with the W boson. The overall W + jets yield is normalized to
the NNLO cross section [37] before requiring a b-tagged jet. The
fraction of heavy flavor events (Wbb̄, Wcc̄) is scaled by an ad-
ditional empirical correction derived using lepton + jets samples
with various jet multiplicities [38]. Since this correction was ob-
tained for events with a different topology than those selected
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in this analysis, an additional correction factor is derived using
two data samples: events containing zero b-quark jets (0-b-tagged
sample) and the inclusive sample after all the selection criteria,
excluding any b-tagging requirement (preselection sample). Both
samples are background dominated with negligible signal contri-
bution. By comparing the W + jets background prediction with
observed data in these two samples, through an iterative process,
we extract W + light-flavor jets (gW lf ) and W + heavy-flavor jets
(gW hf ) scale factors. The value of the W + heavy-flavor jets scale
factor determined via this method is within the uncertainties of
the gW hf corrections derived in Ref. [38]. Both gW lf and gW hf
scale factors are applied to obtain the expected number of W+ jets
events.

The observed number of events and the expected background
yields after applying the above selection criteria and scale factors
are listed in Table 2. These numbers are in agreement between the
observed data and the expected background yields. The signal effi-
ciency ranges from 87% to 67% for W′

R masses from 0.8 to 1.9 TeV
respectively.

5. Data analysis

In this section, we describe two analyses to search for W′
bosons. The reconstructed tb invariant mass analysis is used to
search for W′ bosons with arbitrary combinations of left- and
right-handed couplings while a multivariate analysis is optimized
for the search of W′ bosons with purely right-handed couplings.

5.1. The tb invariant mass analysis

The distinguishing feature of a W′ signal is a resonant structure
in the tb invariant mass. However, we cannot directly measure the
tb invariant mass. Instead we reconstruct the invariant mass from
the combination of the charged lepton, the neutrino, and the jet
that gives the best top-quark mass reconstruction, and the high-
est pT jet that is not associated with the top-quark. The Emiss

T is
used to obtain the xy-components of the neutrino momentum. The
z-component is calculated by constraining the Emiss

T and lepton
momentum to the W-boson mass (80.4 GeV). This constraint leads
to a quadratic equation in |pν

z |. When the W reconstruction yields
two real solutions, both solutions are used to reconstruct the top
candidates. When the solution is complex, the Emiss

T is minimally
modified to give one real solution. In order to reconstruct the top
quark momentum vector, the neutrino solutions are used to com-
pute the possible W momentum vectors. The top-quark candidates
are then reconstructed using the possible W solutions and all of
the selected jets in the event. The candidate with mass closest to
172.5 GeV is chosen as the best representation of the top quark
(M(W,best jet)). The W′ invariant mass (M(best jet, jet2,W)) is
obtained by combining the “best” top-quark candidate with the
highest pT jet (jet2) remaining after the top-quark reconstruction.

Fig. 2 shows the reconstructed tb invariant mass distribution for
the data and simulated W′ signal samples generated at four differ-
ent mass values (0.8, 1.2, 1.6, and 1.9 TeV). Also included in the
plots are the main background contributions. The data and back-
ground distributions are shown for sub-samples with one or more
b-tags, separately for the electron and muon channels. Three ad-
ditional criteria are used in defining the � 1 b-tagged jet sample
to improve the signal-to-background discrimination: the pT of the
best top candidate must be greater than 75 GeV, the pT of the
system comprising of the two leading jets pT(jet1, jet2) must be
greater than 100 GeV, and the best top candidate must have a
mass M(W ,best jet) greater than 130 GeV and less than 210 GeV.

Since the W + jets process is one of the major backgrounds
to the W′ signal (see Table 2), a study is performed to verify

Fig. 2. Reconstructed W′ invariant mass distributions after the full selection. Events
with electrons (muons) are shown in the top panel (bottom panel) for data, back-
ground, and four different W′

R signal mass points (0.8, 1.2, 1.6, and 1.9 TeV). The
hatched bands represent the total normalization uncertainty in the predicted back-
grounds. For the purpose of illustration, the expected yields for W′ signal samples
are scaled by a factor of 20.

that the W + jets shape is modeled realistically in the simulation.
Events with zero b-tagged jets in data that satisfy all other se-
lection criteria are expected to originate predominantly from the
W + jets background. These events are used to verify the shape
of the W + jets background invariant mass distribution in data.
The shape is obtained by subtracting the backgrounds other than
W + jets from the data. The invariant mass distribution with zero
b-tagged jets derived from data using this method is compared
with that from the W + jets MC sample. They were found to be in
agreement, validating the simulation. Any small residual difference
is taken into account as a systematic uncertainty. The difference
between the distributions is included as a systematic uncertainty
on the shape of the W + jets background. Using MC samples, it
was also checked that the shape of W + jets background does not
depend on the number of b-tagged jets by comparing the tb in-
variant mass distribution with and without b-tagged jets with the
distribution produced by requiring one or more b-tagged jets.

5.2. The boosted decision tree analysis

The boosted decision tree (BDT) multivariate analysis tech-
nique [39–41] is also used to distinguish between the W′ signal
and the background. For the BDT analysis we apply all the selec-
tion criteria described in Section 4, except the additional selection
given in Table 2. This method, based on judicious selection of
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Table 2
Number of events observed, and number of signal and background events predicted. For the background samples, the expectation is computed corresponding to an integrated
luminosity of 5.0 fb−1. The total background yields include the normalization uncertainty on the predicted backgrounds. “Additional selection” corresponds to requirements
of the W′ invariant mass analysis (described in Section 5.1) and are: pT(top) > 75 GeV, pT(jet1, jet2) > 100 GeV, 130 < M(top) < 210 GeV.

Process Number of events

e + jets μ + jets

Signal b-tagged jets additional selection b-tagged jets additional selection

= 1 � 1 = 1 � 1

W′
R (0.8 TeV) 405 631 463 539 838 605

W′
R (1.2 TeV) 63 90 68 76 109 81

W′
R (1.6 TeV) 11 14 11 11 15 11

W′
R (1.9 TeV) 3 4 3 3 4 3

Background

tt̄ 8496 10 659 4795 13 392 16 957 6692
t-channel 587 686 300 1047 1223 442
s-channel 46 73 32 81 134 51
tW-channel 549 628 270 886 1007 395
W(→)�ν + jets 4588 4760 1404 8673 9023 2350
Zγ ∗(→ ��) + jets 164 173 68 388 414 135
Diboson 51 52 17 77 79 27
Multijet QCD 104 225 0 121 121 0

Total background 14 585 ± 3199 17 256 ± 3780 6886 ± 1371 24 665 ± 4917 28 958 ± 5765 10 092 ± 1807

Data 14 337 16 758 6638 23 979 28 392 9821
discriminating variables, provides a considerable increase in sen-
sitivity for the W′ search compared to the W′ invariant mass anal-
ysis, described in Section 5.1.

The discriminating variables used for the BDT analysis fall
into the following categories: object kinematics such as individual
transverse momentum (pT) or pseudorapidity (η) variables; event
kinematics, e.g. total transverse energy or invariant mass variables;
angular correlations, either 	R , angles 	φ between jets and lep-
tons, or top-quark spin correlation variables; and top-quark recon-
struction variables identifying which jets to use for the top quark
reconstruction. The final set of variables chosen for this analysis
is shown in Table 3. The “jet1,2,3,4” corresponds to first, second,
third and fourth highest pT jet; “btag1,2” corresponds to first, sec-
ond highest pT b-tagged jet; “notbest1,2” corresponds to highest
and second highest pT jet not used in the reconstruction of best
top candidate. Class “alljets” includes all the jets in the event in
the global variable. The sum of the transverse energies is H T . The
invariant mass of the objects is M . The transverse mass of the ob-
jects is MT . The sum of z-components of the momenta of all jets
is pz . The angle between x and y, is cos(x, y)r where the subscript
indicates the reference frame.

The input variables selected for the BDT are checked for ac-
curate modeling. We consider an initial set of about 50 variables
as inputs to the BDT. The selection of the final list of input vari-
ables uses important components from the BDT training proce-
dure, namely the ranking of variables in the order of their impor-
tance and correlations among these variables. In order to maximize
the information and keep the training optimal, the variables with
smallest correlations are selected. The final list of variables is de-
termined through an iterative process of training and selection
(based on ranking and correlations), and the degree of agreement
between the data and MC in two background-dominated regions
(W + jets and tt̄). While the relative importance of the various
variables used by the BDT depends on the W′ mass, for a 2 TeV
W′

R, the four most important variables are cos(best, lepton)besttop,
M(alljets), 	φ(lepton, jet1), and pT(jet1). The W + jets dominated
sample is defined by requiring exactly two jets, at least one b-
tagged jet, and the scalar sum of the transverse energies of all
kinematic objects in the event to be less than 300 GeV. The tt̄
dominated sample is defined by requiring more than four jets, and
at least one b-tagged jet.

Table 3
Variables used for the multivariate analysis in four different categories. For the an-
gular variables, the subscript indicates the reference frame.

Object kinematics Event kinematics

η(jet1) Aplanarity(alljets)
pT(jet1) Sphericity(alljets)
η(jet2) Centrality(alljets)
pT(jet2) M(btag1,btag2,W)

η(jet3) M(jet1, jet2,W)

pT(jet3) M(alljets)
η(jet4) M(alljets,W)

η(lepton) M(W)

pT(lightjet) M(alljets, lepton, Emiss
T )

pT(lepton) M(jet1, jet2)

η(notbest1) MT (W)

pT(notbest1) pT(jet1, jet2)

pT(notbest2) pT(jet1, jet2,W)

Emiss
T pz/HT (alljets)

Top quark reconstruction Angular correlations

M(W ,btag1) (“btag1” top mass) 	φ(lepton, jet1)

M(W ,best1) (“best” top mass) 	φ(lepton, jet2)

M(W ,btag2) (“btag2” top mass) 	φ(jet1, jet2)

pT(W ,btag1) (“btag1” top pT) cos(best, lepton)besttop
pT(W ,btag2) (“btag2” top pT) cos(light, lepton)besttop

	R(jet1, jet2)

The BDTs are trained at each W′ mass. We use the Adaptive
Boost Algorithm (AdaBoost) with value 0.2 and 400 trees for train-
ing. We use the Gini index [42] as the criterion for node splitting.
The training to distinguish between signal and the total expected
background is performed separately for the electron and muon
event samples, after requiring the presence of one or more b-
tagged jets. In order to avoid training bias, the background and
signal samples are split into two statistically independent samples.
The first sample is used for training of the BDT and the second
sample is used to obtain the final results for the W′ signal ex-
pectations. Cross checks are performed by comparing the data and
MC for various BDT input variables and the output discriminants in
two control regions, one dominated by W+ jets background events
and the other by tt̄ background events. Fig. 3 shows data and back-
ground comparison for a W′

R with mass of 1 TeV, for both e + jets
and μ + jets events.
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Fig. 3. Distribution of the BDT output discriminant. Plots for the e + jets (top) and
the μ + jets (bottom) samples are shown for data, expected backgrounds, and a
W′

R signal with mass of 1 TeV. The hatched bands represent the total normalization
uncertainty on the predicted backgrounds.

6. Systematic uncertainties

The sources of systematic uncertainties fall into two categories:
(i) uncertainties in the normalization, and (ii) uncertainties af-
fecting both shape and normalization of the distributions. The
first category includes uncertainties on the integrated luminos-
ity (2.2%) [43], theoretical cross-sections and branching fractions
(15%), object identification efficiencies (3%), and trigger model-
ing (3%). The uncertainty in the W′ cross section is about 8.5%
and includes contributions from the NLO scale (3.3%), PDFs (7.6%),
αs (1.3%), and the top-quark mass (< 1%). Also included in this
group are uncertainties related to obtaining the heavy-flavor ratio
from data [38]. In the limit estimation, these are defined through
log-normal priors based on their mean values and their uncertain-
ties. The shape-changing category includes the uncertainty from
the jet energy scale, the b-tagging efficiency and misidentification
rate scale factors. For the W + jets samples, uncertainties on the
light- and heavy-flavor scale factors are also included. This uncer-
tainty has the largest impact in the limit estimation. The variation
of the factorization scale Q 2 used in the strong coupling constant
αs(Q 2), and the jet-parton matching scale [44] uncertainties are
evaluated for the tt̄ background sample. In the case of W + jets,
there is an additional systematic uncertainty due to the shape dif-
ference between data and simulation as observed in the 0-b-tagged
sample. These shape uncertainties are evaluated by raising and
lowering the corresponding correction by one standard deviation
and repeating the complete analysis. Then, a bin-wise interpolation

using a cubic spline between histogram templates at the differ-
ent variations is performed. A nuisance parameter is associated to
the interpolation and included in the limit estimation. Systematic
uncertainties from a mismodeling of the number of simultaneous
primary interactions is found to be negligible in this analysis.

7. Results

The observed W′ mass distribution (Fig. 2) and the BDT dis-
criminant distributions (Fig. 3) in the data agree with the predic-
tion for the total expected background within uncertainties. We
proceed to set upper limits on the W′ boson production cross sec-
tion for different W′ masses.

7.1. Cross section limits

The limits are computed using a variant of the CLs statis-
tic [45,46]. A binned likelihood is used to calculate upper limits
on the signal production cross section times branching fraction:
σ(pp → W′)B(W′ → tb → �νbb). The procedure accounts for the
effects on normalization and shape from systematic uncertainties,
see Section 6, as well as for the limited number of events in the
background templates. Expected cross section limits for each W′

R
boson mass are also computed as a measure of the sensitivity of
the analysis. To obtain the best sensitivity, we combine the muon
and electron samples.

The BDT discriminant distributions, trained for every mass
point, are also used to set upper limits on the production cross
section of the W′

R. The expected and measured 95% CL upper limits
on the production cross section times decay branching fraction for
the W′

R bosons are shown in Fig. 4. The sensitivity achieved using
the BDT output discriminant is greater than that obtained using
the shape of the distribution of the W′ boson invariant mass.

In all the plots shown in Fig. 4, the black solid line denotes the
observed limit and the red solid line and dot-dashed lines repre-
sent the theoretical cross section predictions for the two scenarios
MνR > M ′

W, where W′ can decay only to quarks and MνR � MW′ ,
where all decays of W′ are allowed.

We define the lower limit on the W′ mass by the point where
the measured cross section limit crosses the theoretical cross sec-
tion curves [14,16]. The observed lower limit on the mass of the
W′ boson with purely right-handed coupling to fermions is listed
in Table 4.

In the electron channel, we observe 2 events with a mass above
2 TeV with an expected background of 3.0 ± 1.5 events. In the
muon channel, we observe 6 events with an expected background
of 1.4 ± 0.9 events. This gives a total of 8 events with an expected
background of 4.4 ± 1.7 events with a mass above 2 TeV. The sig-
nificance of the excursion in the muon channel is 2.2 standard de-
viations. The dominant contributions to the expected background
above 2 TeV come from W + jets and top-quark production.

7.2. Limits on coupling strengths

From the effective Lagrangian given in Eq. (1), it can be shown
that the cross section for single-top quark production in the pres-
ence of a W′ boson can be expressed, for arbitrary combinations of
left-handed (aL) or right-handed (aR) coupling strengths, in terms
of four cross sections, σL, σR, σLR, and σSM of the four simulated
samples, listed in Table 1, as

σ = σSM + aL
udaL

tb(σL − σR − σSM) + ((
aL

udaL
tb

)2 + (
aR

udaR
tb

)2)
σR

+ 1

2

((
aL

udaR
tb

)2 + (
aR

udaL
tb

)2)
(σLR − σL − σR). (2)
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Fig. 4. The expected and measured 95% CL upper limits on the production cross section σ(pp → W′)B(W′ → tb → �νbb) of right handed W′ bosons obtained using the BDT
discriminant for � 1 b-tagged electron+ jets events (a), muon+ jets events (b), and combined (c). Also shown (d) is a comparison of the expected 95% CL upper cross section
limits obtained using invariant mass distribution and BDT output for right handed W′ bosons for � 1 b-tagged muon + jet events, electron + jet events, and combined. The
±1σ and ±2σ excursions from expected limits are also shown. The solid and dot-dashed red lines represent the theoretical cross section predictions for the two scenarios
MνR > M ′

W, where W′ can decay only to quarks and MνR � MW′ , where all decays of W′ are allowed [16–18]. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this Letter.)

Table 4
Observed lower limit on the mass of the W′ boson. For W′ with right-handed couplings, we consider two cases for the right-handed neutrino: MνR > MW′ and MνR � MW′ .

Analysis (aL,aR) = (0,1) (aL,aR) = (1,0) (aL,aR) = (1,1)

MνR > MW′ MνR � MW′ MνR � MW′ MνR � MW′

BDT 1.91 TeV 1.85 TeV – –
Invariant mass – – 1.51 TeV 1.64 TeV
We assume that the couplings to first-generation quarks, aud ,
which are important for the production of the W′ boson, and the
couplings to third-generation quarks, atb , which are important for
the decay of the W′ boson, are equal. For given values of aL and aR,
the distributions are obtained by combining the four signal sam-
ples according to Eq. (2).

We vary both aL and aR between 0 and 1 in steps of 0.1, for a
series of values of the mass of the W′ boson. Templates of the re-
constructed W′ invariant mass distributions are generated for each
set of aL, aR, and M(W′) values by weighting the events from the
four simulated samples, as described in Section 3, according to
Eq. (2). For each of these combinations of aL, aR, and M(W′), we
determine the expected and observed 95% CL upper limits on the
cross section. We then assume values for aL, and aR, and inter-
polate the cross section limit in the mass value. Fig. 5 shows the
contours for the W′ boson mass in the (aL, aR) plane for which the
cross section limit equals the predicted cross section. For each con-

tour of W′ mass, combinations of the couplings aR and aL above
and to the right of the curve are excluded The contours are ob-
tained using the W′ invariant mass distribution. For this analysis,
we make the conservative assumption that MνR � MW′ . The ob-
served lower limit on the mass of the W′ boson with coupling to
purely left-handed fermions and with couplings to both left- and
right-handed fermions with equal strength is listed in Table 4.

8. Summary

A search for W′ boson production in the tb decay channel
has been performed in pp collisions at

√
s = 7 TeV using data

corresponding to an integrated luminosity of 5.0 fb−1 collected
during 2011 by the CMS experiment at the LHC. Two analy-
ses have searched for W′ bosons, one uses the reconstructed tb
invariant mass analysis to search for W′ bosons with arbitrary
combinations of left- and right-handed couplings while a multi-
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Fig. 5. Contour plots of M(W′) in the (aL , aR) plane at which the 95% CL upper cross
section limit equals the predicted cross section for the combined e, μ+ jets sample.
The top (bottom) panel is for observed (expected) limits. The color-scale axis shows
the W′ mass in GeV. The dark lines represent equispaced contours of W′ mass at
150 GeV intervals.

variate analysis is optimized for the search of W′ bosons with
purely right-handed couplings. No evidence for W′ boson produc-
tion is found and 95% CL upper limits on the production cross
section times branching ratio are set for arbitrary mixtures of cou-
plings to left- and right-handed fermions. Our measurement is
compared to the theoretical prediction for the nominal value of
the cross section to determine the lower limits on the mass of
the W′ . For W′ bosons with right-handed couplings to fermions
a limit of 1.85 (1.91) TeV is established when MνR � M ′

W (MνR >

MW′ ). This limit also applies for W′ bosons with left-handed cou-
plings to fermions when no interference with SM W boson is
included. In the case of interference, and for MνR � M ′

W, the
limit obtained is M ′

W > 1.51 TeV for purely left-handed couplings
and M ′

W > 1.64 TeV if both left- and right-handed couplings are
present.

For the first time using the LHC data, constraints on the
W′ gauge couplings for a set of left- and right-handed cou-
pling combinations have been placed. These results represent a

significant improvement over previously published limits in the
case of the tb final state.
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