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A search is performed in pp collisions at
ffiffiffi
s

p ¼ 7 TeV for exotic particles decaying via WZ to final

states with electrons and muons. The data sample corresponds to an integrated luminosity of approxi-

mately 5 fb�1. No significant excess is observed in the data above the expected standard model

background. Upper bounds at 95% confidence level are set on the production cross section of the W 0

boson described by the sequential standard model and on the W 0 WZ coupling. W 0 bosons with masses

below 1143 GeVare excluded. Limits are also set in the context of low-scale technicolor models, under a

range of assumptions concerning the model parameters.
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The standard model (SM) of particle physics has passed
many rigorous tests, and its predictions have often been
matched by experimental data with amazing precision.
However, it is widely accepted that the SM cannot be the
ultimate theory of fundamental particles and their interac-
tions since it has a number of shortcomings; e.g., it fails to
incorporate gravity and has no explanation for the domi-
nance of matter over antimatter in the Universe. Various
extensions of the SM have been proposed to address these
problems and to explain the mechanism of electroweak
symmetry breaking. Many of these models predict the
existence of a new heavy charged gauge boson, generically
known as W 0, that decays into a pair of W and Z bosons
[1–6]. PreviousW 0 searches have typically interpreted their
results in terms of the sequential standard model (SSM)
[7–12], a simple extension of the SM in which the cou-
plings of theW 0 to fermions are identical to those of theW.
Many of these searches have been conducted in leptonic
final states and assume that the W 0 ! WZ decay mode is
suppressed. Searches for exotic particles that decay into
WZ pairs are thus complementary to searches in the lep-
tonic channels. Moreover, there are other models in which
the W 0 couplings to SM fermions are suppressed, giving
rise to a fermiophobicW 0 with an enhanced coupling toW
and Z bosons [13,14]. It is therefore important to search for
W 0 bosons also in the WZ final state.

Another model predicting a new heavy boson decaying
into WZ is technicolor (TC): a gauge theory modeled
on QCD with no elementary scalar particles [15,16].
TC provides a dynamical explanation of electroweak
symmetry breaking by generating masses of the W and Z
bosons through the binding energy of techni-fermions.

Furthermore, it predicts a series of techni-hadrons that
are bound states of the new strong interaction. By analogy
with QCD, the techni-hadrons with IGðJPCÞ ¼ 1�ð0�þÞ,
1þð1��Þ, and 1�ð1þþÞ are called �TC, �TC, and aTC,
respectively. In low-scale technicolor (LSTC) [17,18], the
lightest techni-hadrons are expected to have masses below
700 GeV, with the charged �TC and aTC able to decay to
WZ boson pairs. Since these two states are expected to be
nearly mass-degenerate [18], they would appear as a single
feature in the WZ invariant mass spectrum, and we here-
after refer to them collectively as �TC. The relationship
between the masses of �TC and �TC,Mð�TCÞ andMð�TCÞ,
significantly affects the �TC branching fractions [19]. If
Mð�TCÞ<2Mð�TCÞ, the decay �TC!�TCþW dominates,
such that the branching fraction Bð�TC ! WZÞ< 10%.
However, if this decay is kinematically inaccessible,
Bð�TC ! WZÞ approaches 100%.
This Letter presents a search for new particles decaying

via a WZ pair with W ! ‘� and Z ! ‘‘ in the final state,
where ‘ ¼ e;�. The results are interpreted in the context
of a SSM W 0 boson and a LSTC �TC particle. A previous
search in this channel performed by the D0 experiment
excludes W 0 bosons with masses between 188 and
520 GeV at 95% confidence level (C.L.) [9]. Their result
also excludes �TC between 208 and 409 GeVat 95% C.L.,
under the assumption that Mð�TCÞ<Mð�TCÞ þMðWÞ.
The analysis presented here considers the case where the
relations between parameters are those of Ref. [19],
Mð�TCÞ ¼ 3

4Mð�TCÞ � 25 GeV, and also investigates the

results of varying the �TC and �TC masses.
This study uses data corresponding to an integrated

luminosity of 4:98� 0:11 fb�1 of proton-proton collisions
at

ffiffiffi
s

p ¼ 7 TeV, recorded by the Compact Muon Solenoid
(CMS) experiment at the Large Hadron Collider (LHC) in
2011. The central feature of the apparatus is a supercon-
ducting solenoid, of 6 m internal diameter, providing a
field of 3.8 T. Inside the magnet coil are the silicon pixel
and strip tracker, the lead tungstate crystal electromagnetic
calorimeter, and the brass-scintillator hadron calorimeter.
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Muons are measured in gas-ionization detectors embedded
in the steel return yoke. In addition to the barrel and end
cap detectors, CMS has extensive forward calorimetry. The
trigger system, composed of a custom hardware layer
feeding into a commercial processor farm, reduces the
event rate to approximately 300 Hz for storage and further
analysis. A detailed description of the CMS apparatus may
be found elsewhere [20].

TheWZ ! 3‘� decay under study is characterized by a
pair of same-flavor, opposite-charge, isolated leptons with
high transverse momentum (pT), having an invariant mass
consistent with that of the Z boson, along with a third,
high-pT, isolated lepton, and missing transverse energy
(Emiss

T ) associated with the escaping neutrino. Other

sources of events with three leptons, genuine or misidenti-
fied, constitute the background, and can be grouped into
the following classes: (1) The irreducible SM WZ back-
ground. (2) Nonresonant events with no genuine Z boson in
the final state, including top pair (t�t), multijet, W þ jet,
W�, and WW þ jet production. Only the first of these
makes a significant background contribution, and the
others are therefore not considered in this analysis.
(3) Events with a genuine Z boson decaying to leptons
and a third misidentified or nonisolated lepton that is
reconstructed as isolated. These events include Zþ jets
(both light and heavy flavor) and Z� processes. (4) Events
with a genuine Z boson decaying to leptons and a third
genuine isolated lepton, dominated by ZZ ! 4‘ decays in
which one of the four leptons is undetected. Although
irreducible, this contribution is small because of the low
ZZ production cross section and dilepton decay branching
fraction.

The background was modeled using samples produced
with a full GEANT4 [21] simulation of the CMS detector.
The primary SM background arises from the WZ ! 3‘�
process, which was generated using the MADGRAPH5.1 [22]
generator, interfaced to PYTHIA 6.4.22 [23] for parton
showering, hadronization, and simulation of the underlying
event. The CTEQ6L1 [24] parton distribution functions
(PDFs) were used with PYTHIA tune Z2 [25]. Higher-order
effects were estimated using next-to-leading-order (NLO)
K-factor corrections, obtained using MCFM 6.1 [26]. The
other background processes were also generated with
MADGRAPH in combination with PYTHIA, with the excep-

tion of the ZZ process, which was generated using POWHEG

1.1 [27]. The signal was simulated using PYTHIA 6.4.22
with mass-dependent next-to-next-to-leading-order cross
sections obtained using the simulation code FEWZ

2.0 [28]. Characteristic signal widths are in the range
50–150 GeV for theW 0 and 50–70 GeV for the �TC masses
examined. These are dominated by the detector resolution,
as the natural widths are approximately 10 and 2 GeV,
respectively.

Candidate events were triggered using a double-electron
or double-muon requirement, with pT thresholds of 17 and

8 GeV, respectively, for the highest-pT and second-
highest-pT leptons. In the offline selection, events were
required to have at least three reconstructed leptons within
the tracking acceptance of j�j< 2:5 (2.4) for electrons
(muons), where � � � ln½tanð�=2Þ�, and � is the polar
angle with respect to the counterclockwise proton beam.
To reduce background from jets misidentified as leptons,
all lepton candidates were required to satisfy a series of
identification and isolation criteria. In calculating isolation
variables, the track momenta and energy deposits, exc-
luding those associated with the lepton itself, were
summed in a cone of�R< 0:3 around the lepton direction,

where �R ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið��Þ2 þ ð��Þ2p
, and divided by the lepton

transverse momentum. These sums were corrected for
additional proton-proton interactions in each bunch cross-
ing (pileup) using the fast jet energy density technique
[29,30]. For simulated samples, pileup was modeled by
superimposing generated minimum-bias interactions onto
simulated events, weighted such that the interaction multi-
plicity agreed with the luminosity profile of the data set
used. An additional scale factor (equal to one within 5%)
derived from ‘‘tag-and-probe’’ [31] studies was applied
to simulated events to correct for differences in lepton
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FIG. 1 (color online). Distribution of the WZ invariant mass
(top) before application of the LT requirement and (bottom) after
applying the LT requirement (LT > 290 GeV) for the W 0 mass
point at 600 GeV.
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selection efficiency measured in recorded and simulated
event samples.

Z boson candidates were reconstructed from pairs of
opposite-sign, same-flavor leptons with the highest and
second-highest lepton pT greater than 20 and 10 GeV,
respectively, and with an invariant mass between 60 and
120 GeV. In events where more than one such pair was
found, the one with invariant mass closest to the nominal Z
mass was selected. If four leptons compatible with two
distinct Z candidates were present, the event was rejected
in order to suppress ZZ background. The candidate for the
W boson decay product was required to pass tighter iso-
lation and identification requirements. If multiple lepton
candidates existed, the highest-pT remaining lepton, with
pT greater than 20 GeV, was chosen. Finally, candidate
events were required to have Emiss

T > 30 GeV, as measured
with a particle-flow algorithm [32], in order to discriminate
against Zþ jets events with high-pT jets misidentified as
leptons and against Z� events with converted photons.

As the momentum component of the neutrino along the
beam direction is unknown, the invariant mass of WZ
candidates cannot be uniquely determined. However, by
assuming the W to have its nominal mass, the value of the
neutrino longitudinal momentum is constrained to one of
the two solutions of a quadratic equation. Owing to detec-
tor resolution effects, the reconstructed transverse mass
was found to lie above the invariant W mass, MðWÞ, in
20% of events, leading to complex solutions for the neu-
trino longitudinal momentum. In these cases, a real solu-
tion was recovered by settingMðWÞ equal to the measured
transverse mass. This results in two identical solutions for
the neutrino longitudinal momentum. In simulated events
with two unique solutions, the smaller-magnitude solution
was found to be correct in approximately 75% of the cases,

and this solution was therefore chosen for all events. The
observed invariant mass distribution of WZ candidates,
MðWZÞ, is shown on the upper panel of Fig. 1.
In order to optimize the expected upper limit on the

signal cross section, an additional selection requirement
was applied on the scalar sum of the transverse momenta
of the charged leptons coming from the W and Z bosons
(LT). For each W 0=�TC mass hypothesis considered, an
optimized WZ mass search window and a minimum LT

requirement were jointly determined to give the best ex-
pected limit. The chosen LT and mass-window require-
ments are listed in Table I, and theWZ invariant mass after
applying the LT requirement for the W 0 mass point at
600 GeV is shown on the lower panel of Fig. 1. There is
no excess observed in the data above the expected standard
model background.
As a cross-check of the simulation, the Zþ jets and t�t

backgrounds were estimated from the data by measuring
the efficiencies for genuine and misidentified leptons to
pass the isolation criteria and applying those efficiencies to
a sample of events passing all requirements except for
isolation. The total background result agrees with the
numbers from simulation, and the uncertainties assigned
to the Zþ jets and t�t contributions when determining
limits were based on the uncertainties in the estimates
from data.
Systematic uncertainties affecting the product of accep-

tance, reconstruction, and identification efficiencies for the
final-state objects were determined from simulation. These
include uncertainties stemming from lepton and Emiss

T en-
ergy scales and resolutions, NLO effects, and pileup simu-
lation. Following the recommendations of the PDF4LHC
group [33], PDF and 	s variations of the MSTW2008 [34],
CTEQ6.6 [35], and NNPDF2.0 [36] PDF sets were taken

TABLE I. Minimum LT requirements and search windows for each W0=ð�TCÞ mass point along with the number of expected
background events, observed events, and signal efficiency. Indicated uncertainties are statistical and systematic combined in
quadrature.

MðW 0=�TCÞ (GeV) LT (GeV) WZ Mass-Window (GeV) NMC
Bkg Data 
Sig (%)

200 0 190–210 50� 9 52 8:0� 0:4
250 150 230–270 34� 6 40 8:8� 0:4
300 160 280–320 24� 5 23 18� 1
400 220 360–440 13� 2 7 29� 1
500 230 450–550 8� 2 9 41� 1
600 290 540–660 3:4� 0:7 2 45� 1
700 360 620–780 1:8� 0:4 2 48� 1
800 400 710–890 1:0� 0:2 1 52� 2
900 400 760–1040 1:0� 0:2 0 61� 2
1000 400 820–1180 0:8� 0:2 0 65� 2
1100 400 890–1310 0:6� 0:1 0 63� 1
1200 400 940–1460 0:4� 0:1 0 58� 1
1300 400 1020–1580 0:3� 0:1 0 50� 1
1400 400 1110–1690 0:18� 0:05 0 36� 1
1500 400 1200–1800 0:13� 0:04 0 30� 1
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into account and their impact on the signal cross sections
estimated.

The uncertainty on the background simulation is
dominated by the 10% uncertainty due to NLO K-factor
corrections for the WZ component. Cross section uncer-
tainties of 7:5% for ZZ [26], 13% for Z� [37], and 17% for
WZ [38] were also taken into account, along with a 2:2%
uncertainty on the integrated luminosity [39].

Exclusion limits on the production cross section
�ðpp ! W 0=�TC ! WZÞ �BðWZ ! 3‘�Þ were deter-
mined by comparing the number of observed events with
the numbers of expected signal and background events in
each search window. The calculations were performed
using the ROOSTATS implementation [40] of the CLs statis-
tic. The event counts and efficiencies are shown in Table I.
We note that the efficiency drops at high W 0 mass because
of the isolation requirement as the leptons from the boosted
Z boson become more collimated. We interpolate between
mass points where we have simulated the signal to estab-
lish mass limits for each model.

In the SSM, these limits allow the exclusion of
W 0 bosons with masses below 1143 GeV (Fig. 2). For
LSTC, with the chosen parametersMð�TCÞ ¼ 3

4Mð�TCÞ �
25 GeV, �TC hadrons with masses between 167 and
687 GeV are excluded (see Fig. 3). Figure 3 also shows
LSTC limits determined as a function of the �TC and �TC

masses. The lower mass limits are obtained by extrapo-
lating below 200 GeV. For the parameters chosen by the
D0 experiment, Mð�TCÞ<Mð�TCÞ þMðWÞ, more strin-
gent limits are obtained, excluding the range 180 to
938 GeV for Mð�TCÞ. It can be seen that the LSTC inter-
pretation of a deviation from the SM observed by the CDF
experiment in the W þ jets channel [41], with proposed

parameters Mð�TCÞ ¼ 290 GeV and Mð�TCÞ ¼ 160 GeV
[42], is excluded by the 95% C.L. upper bound of 150 GeV
on Mð�TCÞ for the required �TC mass. A more recent
publication [43] proposes the evaluation of the cross sec-
tion for �TC ! WZ as a function of the LSTC parameter
sin�. Changes in this parameter impact the decay branch-
ing fractions for WZ and W�TC (the channel studied in
Ref. [42]), among others. Figure 2 shows the predicted
cross sections corresponding to sin� ¼ 1

2 and sin� ¼ 1
4 , as

well as the value sin� ¼ 1
3 used to establish the reported

limit.
The W 0 production cross section and the W 0 ! WZ

branching fraction are both affected by the strength of
the coupling between the W 0, W, and Z bosons. Figure 4
shows the 95% C.L. upper limit on the coupling as a
function of the mass of the W0 resonance.
In summary, a search for new exotic particles decaying

via WZ to final states with electrons and muons has been
performed using pp collisions at

ffiffiffi
s

p ¼ 7 TeV corres-
ponding to an integrated luminosity of 4:98� 0:11 fb�1,
collected by the CMS experiment. No significant excess
was observed in the invariant mass distribution of WZ
candidates, compared to the expectation from standard
model processes. The results have been interpreted in the
context of several theoretical models, with the data used
to establish bounds at 95% C.L. on the masses of hypo-
thetical particles decaying viaWZ. In the framework of the
sequential standard model, W 0 bosons with masses below
1143 GeV have been excluded. Technicolor �TC hadrons
with masses between 167 and 687 GeV have been ex-
cluded, assuming Mð�TCÞ ¼ 3

4Mð�TCÞ � 25 GeV. Under

the alternative assumption Mð�TCÞ<Mð�TCÞ þMðWÞ,
�TC hadrons with masses between 180 and 938 GeV
have been excluded. These are the most stringent limits
to date in the WZ channel.
We thank Kenneth Lane for his help with the interpre-

tation of the results within the context of low-scale techni-
color models. We wish to congratulate our colleagues
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C. Ochando,29 P. Paganini,29 D. Sabes,29 R. Salerno,29 Y. Sirois,29 C. Veelken,29 A. Zabi,29 J.-L. Agram,30,n

J. Andrea,30 D. Bloch,30 D. Bodin,30 J.-M. Brom,30 M. Cardaci,30 E. C. Chabert,30 C. Collard,30 E. Conte,30,n
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C. Kleinwort,37 H. Kluge,37 A. Knutsson,37 M. Krämer,37 D. Krücker,37 E. Kuznetsova,37 W. Lange,37

W. Lohmann,37,p B. Lutz,37 R. Mankel,37 I. Marfin,37 M. Marienfeld,37 I.-A. Melzer-Pellmann,37 A. B. Meyer,37

J. Mnich,37 A. Mussgiller,37 S. Naumann-Emme,37 J. Olzem,37 H. Perrey,37 A. Petrukhin,37 D. Pitzl,37

A. Raspereza,37 P.M. Ribeiro Cipriano,37 C. Riedl,37 E. Ron,37 M. Rosin,37 J. Salfeld-Nebgen,37 R. Schmidt,37,p

T. Schoerner-Sadenius,37 N. Sen,37 A. Spiridonov,37 M. Stein,37 R. Walsh,37 C. Wissing,37 C. Autermann,38

V. Blobel,38 J. Draeger,38 H. Enderle,38 J. Erfle,38 U. Gebbert,38 M. Görner,38 T. Hermanns,38 R. S. Höing,38
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