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Abstract

A search is presented for W′ bosons in events with an electron or muon and large
missing transverse momentum, using proton-proton collision data at

√
s = 13 TeV

collected with the CMS detector in 2015 and corresponding to an integrated luminos-
ity of 2.3 fb−1. No evidence of an excess of events relative to the standard model ex-
pectations is observed. For a W′ boson described by the sequential standard model,
upper limits at 95% confidence level are set on the product of the production cross
section and branching fraction and lower limits are established on the new boson
mass. Masses below 4.1 TeV are excluded combining electron and muon decay chan-
nels, significantly improving upon the results obtained with the 8 TeV data. Exclusion
limits at 95% confidence level on the product of the W′ production cross section and
branching fraction are also derived in combination with the 8 TeV data. Finally, ex-
clusion limits are set for the production of generic W′ bosons decaying into this final
state using a model-independent approach.
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1 Introduction
Many standard model (SM) extensions require additional heavy gauge bosons. In particular,
the sequential standard model (SSM) [1] predicts the existence of a new massive boson, W′,
exhibiting the same couplings as the SM W boson, i.e., with final states consisting either of a
charged lepton and neutrino or a quark pair. If sufficiently massive, the decay channel W′ → tb
is also allowed.

This Letter describes a search for deviations from the SM predictions in events with a charged
lepton (electron or muon) and missing transverse momentum in the final state, proceeding as
shown in Fig. 1. It is assumed that there is no interference between the production of the new
particle and the production of the SM W boson. This would be the case, for example, if the W′

interacts via V+A coupling. Its decays to SM bosons (W, Z, H), which are model dependent,
are neglected. Dedicated searches for W′ decays into bosons can be found in Refs. [2–4].

Figure 1: Production and decay of an SSM W′ boson. The final state shown denotes both the
(`ν`) state and its charge conjugate.

Similar searches have been carried out by experiments at the FNAL Tevatron [5, 6]. The most
stringent limits on the mass of an SSM W′ boson to date come from the CERN LHC experi-
ments. Using an integrated luminosity of 19.7 fb−1 of proton-proton (pp) collisions at a center-
of-mass energy of 8 TeV, CMS set a lower limit at 95% confidence level (CL) on the W′ boson
mass of 3.22 TeV in the electron channel and 2.99 TeV in the muon channel [7]. Combining
both channels resulted in an exclusion of W′ bosons with a mass less than 3.28 TeV. Similarly,
for the combined channels at

√
s = 8 TeV, ATLAS excluded W′ bosons with masses less than

3.24 TeV [8].

Because of the increase in the center-of-mass energy from 8 to 13 TeV, the parton luminosities
associated with qq′ interactions producing the W′ bosons increase by more than an order of
magnitude in the high-mass region. Limits derived by ATLAS [9] using 3.2 fb−1 of pp collisions
at
√

s = 13 TeV exclude SSM W′ bosons with masses less than 4.07 TeV, for the combination of
the electron and muon decay channels.

The results presented in this Letter are based on the analysis of 2.3 fb−1 of pp collision data
collected with the CMS detector during 2015, at

√
s = 13 TeV. Limits are given both for the

SSM interpretation, and for a generic W′, enabling constraints to be placed on a variety of other
models.

2 The CMS detector
A detailed description of the CMS detector and the coordinate system used can be found in
Ref. [10]. The central feature of the CMS apparatus is a superconducting solenoid of 6 m inter-
nal diameter, providing a magnetic field of 3.8 T. Within the solenoid volume are located the
silicon pixel and strip tracker, measuring charged-particle trajectories in the pseudorapidity
region |η| < 2.5, and the barrel and two endcap sections of the calorimeters (|η| < 3): a lead
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tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator hadron calor-
imeter (HCAL). Forward calorimeters extend the η coverage provided by the barrel and endcap
detectors (3 < |η| < 5). Muons are measured in gas-ionization detectors embedded in the steel
flux-return yoke outside the solenoid, in the range |η| < 2.4, with detection planes made using
three technologies: drift tubes, cathode strip chambers, and resistive plate chambers. Addi-
tional detectors and upgraded electronics, installed before the beginning of the 13 TeV data col-
lection period in 2015, have yielded improved reconstruction performance for muons relative
to the 8 TeV data collection period in 2012.

The CMS experiment has a two-level trigger system. The level-1 (L1) trigger [11], composed of
custom hardware processors, selects events of interest using information from the calorimeters
and muon detectors and reduces the readout rate from the 40 MHz bunch-crossing frequency
to a maximum of 100 kHz. The software based high-level trigger (HLT) [12] uses the full event
information, including that from the inner tracker, to reduce the event rate to the 1 kHz that is
recorded.

3 Analysis strategy and simulated samples
The analysis selects events with a high-energy charged lepton and large missing transverse mo-
mentum (~pmiss

T ), which may indicate the presence of a non-interacting particle (neutrino). The
quantity ~pmiss

T is defined as−∑~pT of all reconstructed particles with Emiss
T being the magnitude

of ~pmiss
T .

The main discriminating variable used in the search is the transverse mass defined as MT =√
2p`TEmiss

T (1− cos[∆φ(~p`T,~pmiss
T )]), where ~p`T is the lepton transverse momentum, p`T is its mag-

nitude, and ∆φ(~p`T,~pmiss
T ) is the difference in azimuthal angle between the lepton transverse

momentum and missing transverse momentum vectors. A signal from very massive W′ bosons
would appear at high MT values.

The dominant and irreducible background is W → `ν with ` = e, µ, τ. The W → τν process
mostly contributes to the region of lower MT values relative to decays into the other lepton
channels, because of the momenta carried away by the two neutrinos from the tau decay. Pos-
sible interference between the production of W′ and SM W bosons is not considered. The
existance of interference effects would change the total cross section and the shape of the MT
spectrum [7]. Other background processes are Drell–Yan (where one of the leptons is not re-
constructed), tt (semileptonic and dileptonic decay channels), single top quark, and dibosons
(mainly WW production). The contributions from these processes are estimated from simula-
tion.

To estimate the dominant SM W boson background, different W → `ν samples are used: an
inclusive one generated at next-to-leading order (NLO) with MADGRAPH 5 aMC@NLO [13]
describing the events with a W boson mass up to 200 GeV, and several exclusive samples, cov-
ering the boson high-mass region (from 200 GeV onwards), generated at leading order (LO)
with PYTHIA 8.2 [14], tune CUETP8M1 [15, 16], and NNPDF3.0 parton distribution functions
(PDF) [17]. A mass-dependent K factor, to account for higher order effects, is calculated using
FEWZ 3.1 [18] at next-to-next-to-leading order (NNLO) QCD precision and MCSANC 1.01 [19]
at NLO electroweak precision. The application of the K factor improves the description of the
tail of the MT distribution, the key element in this search.

High mass Drell–Yan and tt samples are generated with POWHEG (v2) [20–24], an event gener-
ator at NLO, with parton showering and hadronization described by PYTHIA 8.2, using the
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CUETP8M1 tune and NNPDF3.0 PDF set. The tt category includes both semileptonic and
dileptonic decay modes samples. Single top quark production is generated inclusively with
POWHEG (v2) in the tW-channel and with MADGRAPH 5 aMC@NLO matched to PYTHIA 8.2
using the FXFX algorithm [25], in the s- and t-channels. Diboson (WW, WZ, and ZZ) production
is generated with PYTHIA 8.2, tune CUETP8M1, and the NNPDF2.3LO PDF set [26].

Background from jets misidentified as electrons (referred to as QCD multijet background in
what follows) is largely rejected by the analysis selection criteria described in the next section,
and the residual contribution is estimated from data by using a control region defined by the
electron isolation and the ratio p`T/Emiss

T . This method of estimating the QCD multijet contri-
bution was already used in our previous analysis [7] and is based on four regions (isolated
and non-isolated signal and background events) to estimate the normalization and provide the
template data. The probability to misidentify jets as muons is negligible.

For the signal events, the generation of SSM W′ → `ν samples for the electron and muon
decay channels is performed with PYTHIA 8.2 at LO, tune CUETP8M1, and the NNPDF3.0
PDF set. A W′ mass-dependent K factor is applied based on NNLO QCD cross sections as
calculated with FEWZ 3.1. The K factor varies from 1.3 to 1.1 for the range of W′ masses studied
in this analysis, namely from 0.4 to 5.8 TeV. The NNLO corrections decrease with W′ boson
masses up to around 4.5 TeV. For higher W′ masses, the phase space for production in pp
collisions at 13 TeV decreases, leading to a growing fraction of new bosons produced off mass-
shell, towards lower masses. In those cases, the K factor increases and becomes similar to the
low-mass values. The product of the NNLO signal production cross section and branching
fraction, σW′B(W′ → `ν), with ` = e or µ, strongly depends on the W′ mass, varying from
111 pb for M(W′) = 0.4 TeV to 0.151 fb for M(W′) = 5.8 TeV. For the benchmark masses of M(W′)
= 2.4 and 3.6 TeV, used later for illustration, the values are 59.8 and 4.4 fb, respectively. The
width of the SSM W′ is a function of its mass.

All generated signal and background events are processed through a full simulation of the
CMS detector based on GEANT4 [27], and including an emulation of the trigger. The simulated
events are reconstructed with the same code used to reconstruct the data.

The simulation of particle production from additional collisions in the same or nearby bunch
crossing (pileup) is included in all event samples by superimposing minimum bias interactions
onto the simulated events, with a frequency distribution matching that observed in data. The
average number of interactions per bunch crossing in the selected data is 10.

4 Object identification and event selection
Events with at least one high-pT lepton are selected using inclusive lepton triggers. Single-
electron triggers with transverse energy thresholds of 105 or 115 GeV and loose electron identi-
fication criteria are used. The single-muon triggers require pT > 45 GeV for a muon pseudora-
pidity, |η| < 2.1, or pT > 50 GeV for |η| < 2.4 (the limit of coverage of the muon detectors). The
relatively high electron trigger threshold is required in order to suppress non-prompt electrons
and misidentified jets. The offline reconstructed pT must be greater than 130 (53) GeV in the
electron (muon) channel, where the trigger efficiency reaches a plateau of 0.99 (0.96) relative to
the full analysis requirements described in the following.

Leptons and ~pmiss
T are reconstructed using a particle-flow technique [28, 29], an algorithm that

combines measurements from all components of the CMS detector in order to reconstruct and
identify individual particles in the event. Requirements for identifying good quality and en-
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ergetic leptons are applied, optimized for high-pT values where the analysis has the largest
sensitivity to the expected signals. Events containing calorimeter noise or large Emiss

T due to
instrumental effects, such as beam halo or jets near nonfunctioning channels in the calorime-
ters [30], are not used. The primary vertex in the event is defined as the vertex with the highest
∑ p2

T, where the sum is over the tracks associated to it.

Electrons are reconstructed from electromagnetic energy deposits (clusters) in the ECAL ac-
ceptance region (barrel, |η| < 1.444, endcaps, 1.566 < |η| < 2.5) matched to a track in the
silicon tracker [31]. The transverse energy of a localized cluster is defined as ET = E sin θ,
with θ the polar angle relative to the beam axis, and where the cluster energy E includes any
deposits consistent with bremsstrahlung emission. The electron identification, optimized for
high-pT values [32, 33], includes requirements on the isolation and on the variables describing
the electromagnetic shower shape. The electron isolation is computed using the sum of three
terms, based on tracker, ECAL, and HCAL information, after correction for the contributions
expected from detector noise and pileup. The electron isolation in the tracker is ensured by
requiring the scalar pT sum of all tracks, within a cone of ∆R =

√
(∆η)2 + (∆φ)2 = 0.3 cen-

tered around the track of the electron candidate and originating from the primary vertex, to
be less than 5 GeV. The ECAL isolation is defined as the ET sum of the energy deposits within
a cone of ∆R = 0.3 around the electron candidate to be less than 3% of the electron ET. The
HCAL isolation considers the sum of energy deposits in the hadronic calorimeter within a cone
of ∆R = 0.15 around the electron direction which must be less than 5% of the electron energy
deposit in the ECAL. In each case the sums exclude the electron candidate itself. In order to
differentiate between electrons and photon conversions, the electron track is required to have
no more than one hit missing in the pixel layers, and the transverse distance to the primary
vertex must be less than 0.02 (0.05) cm in the barrel (endcap). The electron momenta for elec-
trons with pT ≈ 45 GeV from Z→ ee decays are estimated by combining energy measurements
in the ECAL with momentum measurements in the tracker. For high-energy electrons the mo-
mentum scale and resolution are dominated entirely by the energy measurement in the ECAL.
The discriminating variable in this search, MT, is more sensitive to variations of energy scale
than to uncertainty in energy resolution. The energy scale has therefore been checked using
high-mass offshell dielectron events coming from Z-boson decays.

Muons are reconstructed by combining the information from the tracker and the muon sys-
tems [34, 35]. Each muon is required to have at least one hit in the pixel detector, hits in at
least four layers of the strip tracker, and segments in two or more muon detector chambers.
Since consecutive layers in the muon system are separated by thick layers of steel, the latter re-
quirement significantly reduces the amount of hadronic punch-through. To reduce background
from cosmic ray muons, each muon is required to have a transverse impact parameter less than
0.02 cm and a longitudinal distance parameter less than 0.5 cm. Both parameters are defined
relative to the primary vertex. In order to suppress muons with mismeasured pT, an additional
requirement σpT /pT < 0.3 is applied, where σpT is the uncertainty in the pT from the track re-
construction. Muon isolation requires that the scalar pT sum of all tracks originating from the
interaction vertex within a cone of ∆R = 0.3 around its direction, excluding the muon track, be
less than 10% of the muon pT. The muon pT reconstruction is optimized for the high-pT region
and its performance has been studied using both high-energy cosmic ray muons and dimuons
from high-pT Z boson decays [33]. The relative pT resolution for muons with pT < 200 GeV is
1.3–2.0% in the barrel and better than 6% in the endcaps. For high-pT muons (pT up to 1 TeV)
the relative resolution in the barrel is better than 10%.

To reduce the Drell–Yan background in each decay channel, events with additional electrons
(muons) of pT > 35 (25) GeV and in |η| < 2.5(2.4) are rejected.
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Once events containing a high-pT lepton are selected, the two-body decay kinematics of the
W′ → `ν process is exploited to further reduce the background, by applying two additional
requirements, |∆φ(~p`T,~pmiss

T )| > 2.5 and 0.4 < p`T/Emiss
T < 1.5.

The signal efficiency for the selection procedure, with no requirement on the reconstructed
MT in the event, is determined from simulated samples and is maximal (≈0.80 for both decay
channels) for a W′ boson of mass 1.5 TeV and decreases gradually for larger and smaller masses
down to ≈ 0.65.

5 Systematic uncertainties
The sources of systematic uncertainties of experimental nature can be divided into those that
are channel-specific and those that are common to the electron and muon channels. For each
source of uncertainty, upper and lower values are propagated to the kinematic quantities of the
different objects (e, µ, and Emiss

T ) in each event, the selection re-applied, and new MT values
obtained, which are considered in the statistical analysis of the data, as presented in the next
section.

Mismeasurements of the electron energy scale and resolution are typically small and do not
change the MT shape significantly. The systematic uncertainty in the electron energy scale was
taken to be 2% [33]. For the electron energy resolution, an additional Gaussian smearing of 2%
is applied to the one from MC simulation, to match the measurements performed on data using
dielectron events from Z boson decays. The uncertainty in the electron identification efficiency
when extrapolated to high ET is 4% (6%) in the barrel (endcaps). Scale factors are applied to the
simulation samples to account for possible differences between data and simulation for trigger
efficiency. They are determined with an uncertainty of 0.2% (0.5%) for barrel (endcaps), and
are consistent with unity for the electrons.

In the muon decay channel, the pT scale is sensitive to an imperfect modeling of the alignment
in the tracker or muon systems. Studies are performed on the curvature of muon tracks in
different regions of η and φ using high-pT cosmic ray data and dimuon events from collisions,
together with the corresponding simulation samples. They indicate the absence of a significant
curvature bias. The uncertainties associated with these results are taken as contributions to
the overall systematic uncertainties. For the central region (|η| < 1.2) the bias uncertainty is
0.03/TeV and in the forward region (1.2 < |η| < 2.4) the bias uncertainty is 0.04/TeV. These
uncertainties are propagated to the muon pT assignment and consequently, to the MT distribu-
tion. The pT resolution at high-pT values in data is well reproduced by the simulation and no
further correction is applied. Muon trigger and identification efficiencies measured in data are
consistent with those from simulated samples within the precision of the efficiency measure-
ment allowed by the amount of data collected at high pT. Uncertainties on the extrapolation to
high pT values are assigned, which increase from 3% for pT < 500 GeV to 8.5% for pT > 1 TeV.

The sources of uncertainty in the lepton pT translate directly into the Emiss
T calculation, which

in the sample of events selected is mainly determined by the high pT of the lepton. As events
are allowed to include an arbitrary number of jets, which may originate from initial state radi-
ation, systematic uncertainties in the jet energy scale and resolution are propagated to the Emiss

T
variable.

Common to both the electron and muon channels are the uncertainties on the total integrated
luminosity (2.7%) [36] and in the reweighting procedure applied to simulated samples to match
the pileup in data (5%). The application of K factors accounting for higher-order corrections,
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both for the signals and the background, is also affected by systematic uncertainties. The un-
certainty in the signal K factor arises from the choice of PDF and αS. The combined uncertainty
is evaluated using the PDF4LHC prescription [37], where in the computation of each PDF set
the strong coupling constant is varied. Uncertainties from different PDF sets and αS variation
are added in quadrature. For the background K factor, a uniform uncertainty of 5%, stemming
from the NNLO corrections, is applied in addition to a mass-dependent uncertainty. The latter
is determined by comparing the results from the two possible procedures for combining the
QCD and electroweak corrections: additive or factorized methods [7]. The theoretical uncer-
tainty related to the choice of the PDF set in the background modeling is estimated using the
PDF4LHC prescription and dominates the total uncertainty at high MT in both decay channels.

6 Results
Figure 2 shows the distribution of transverse mass MT (left) and the associated integral distri-
bution (total number of events above a given value of MT) (right) for the electron decay chan-
nel for MT > 200 GeV. The corresponding distributions are presented for the muon channel
in Fig. 3 for MT > 120 GeV, where the lower trigger pT threshold enables the extension of the
distribution to lower transverse masses. The increasing bin size at high MT values in the muon
distribution reflects the degrading muon pT resolution. The highest MT value observed in the
electron (muon) channel is 2.0 (1.2) TeV. The expected signals from the decay of W′ bosons
with masses M(W′) = 2.4 and 3.6 TeV are also shown. The lower panels in the MT distributions
present the data-to-prediction ratios and indicate reasonable agreement between data and SM
expectations.

Tables 1 and 2 summarize the number of events expected from SM processes, compared to
data, when integrating above three representative MT thresholds (500, 1000, and 1500 GeV) for
the electron and muon decay channels, respectively. Also shown are the number of expected
signal events for W′ signals with mass M(W′) = 2.4 and 3.6 TeV.

Table 1: Numbers of events in the electron decay channel integrated above MT thresholds of
500, 1000, and 1500 GeV, for data, SM background, and signals with M(W′) = 2.4 and 3.6 TeV.
The uncertainties include systematic and statistical uncertainties, but do not include the 2.7%
uncertainty in the integrated luminosity.

MT > 500 GeV MT > 1000 GeV MT > 1500 GeV
Data 230 11 1
SM Background 246± 18 14.3± 1.2 1.9± 0.2
SSM W′ = 2.4 TeV 66.1± 5.5 58.4± 5.2 46.3± 4.4
SSM W′ = 3.6 TeV 5.5± 0.7 4.9± 0.7 4.3± 0.6

Table 2: Numbers of events in the muon decay channel integrated above MT thresholds of
500, 1000, and 1500 GeV, for data, SM background, and signals with M(W′) = 2.4 and 3.6 TeV.
The uncertainties include statistical and systematic uncertainties, but do not include the 2.7%
uncertainty in the integrated luminosity.

MT > 500 GeV MT > 1000 GeV MT > 1500 GeV
Data 229 11 0
SM Background 255± 20 12.8± 1.2 1.8± 0.2
SSM W′ M = 2.4 TeV 95.1± 5.2 83.2± 5.0 64.1± 6.0
SSM W′ M = 3.6 TeV 6.4± 0.5 5.7± 0.5 5.0± 0.5
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Figure 2: Distributions for data and expected SM backgrounds in the electron channel: trans-
verse mass MT (left) and the associated integral distribution (total number of events above a
given value of MT) (right). The expected signals from the decays of W′ bosons with masses
M(W′) = 2.4 and 3.6 TeV are also shown in the left figure. The lower panels show the ra-
tio of data to SM predictions, where the band centered around unity indicates the systematic
uncertainty in the expected background, excluding the 2.7% uncertainty in the luminosity.
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Figure 3: Distributions for data and expected SM backgrounds in the muon channel: transverse
mass MT (left) and the associated integral distribution (total number of events above a given
value of MT) (right). The expected signals from the decays of W′ bosons with masses M(W′) =
2.4 and 3.6 TeV are also shown in the left figure. The lower panels show the ratio of data to SM
predictions, where the band centered around unity indicates the systematic uncertainty in the
expected background, excluding the 2.7% uncertainty in the luminosity.
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6.1 Exclusion limits on SSM W′ bosons

Upper limits on the product σW′B(W′ → `ν), with ` = e or µ, are determined using a Bayesian
approach with a uniform prior probability distribution for the signal cross section in the context
of SSM W′ boson production [38]. A shape analysis (binned likelihood) is performed where the
likelihood function is based on probability density functions described by the MT distributions
for the expected background processes, signals, and data. Systematic uncertainties discussed
in Section 5 in the expected signal and background yields are included through nuisance pa-
rameters with log-normal prior distributions.
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Figure 4: Expected and observed 95% CL limits for the electron (left) and muon (right) decay
channels. The expected (observed) limit is displayed as a dashed (solid) line and the associated
inner (outer) bands represent the one (two) standard deviation (s.d.) uncertainties. The SSM
W′ NNLO cross sections are displayed as a function of M(W′).

Expected and observed 95% CL limits as a function of W′ mass are shown in Fig. 4 in the elec-
tron (left) and muon (right) channels, for M(W′) > 400 GeV. The SSM W′ NNLO cross section
as a function of the W′ mass is also displayed, together with the uncertainty associated with the
choice of PDF and αS, which is shown as a shaded band. With the present data sample, SSM W′

resonances of masses less than 3.6 TeV (3.6 TeV expected) in the electron channel and less than
3.9 TeV (3.8 TeV expected) in the muon channel are excluded at 95% CL. These results provide
tighter limits than those obtained from Run 1 data [7]. The combination of the electron and
muon channels, which have comparable sensitivity, improves the limit such that the produc-
tion of SSM W′ bosons with masses below 4.1 TeV (4.0 TeV expected) are excluded at 95% CL,
as shown in Fig. 5. In making this combination, all systematic uncertainties that are common
to both channels are assumed to be fully correlated.

6.2 Combination with Run 1 results

A similar search for a W′ boson in the electron and muon channels was performed using Run
1 data at 8 TeV center-of-mass energy [7]. These results can be combined with the present
analysis using the prescription from Ref. [39]. The systematic uncertainties are assumed to be
uncorrelated between Run 1 and Run 2. The 95% CL limits on the product σW′B(W′ → `ν)
derived from the combination of data at

√
s = 8 and 13 TeV are presented in Fig. 6 for the

electron (left) and the muon (right) decay channels. In this case, the cross sections are presented
relative to the predicted NNLO cross section for the SSM W′ production at each center-of-
mass energy. The sensitivity to exclude high-mass W′ bosons is dominated by the data set
at
√

s = 13 TeV, and these data determine the limit exclusively for masses above 4 TeV. For



6.3 Model-independent cross section limits 9
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Figure 5: Expected and observed 95% CL limits for the combination of the electron and muon
decay channels. The expected (observed) limit is displayed as a dashed (solid) line and the
associated inner (outer) bands represent the one (two) standard deviation (s.d.) uncertainties.
The SSM W′ NNLO cross section is displayed as a function of M(W′).

W′ masses below 2.2 TeV, the higher integrated luminosity data set from the 8 TeV Run still
makes the biggest contribution to the sensitivity. Considering both data sets, SSM W′ bosons
with masses less than 3.7 (3.9) TeV are excluded in the electron (muon) channel. Combining
both final state channels using the data at both center-of-mass energies the production of SSM
W′ bosons with masses below 4.1 TeV is excluded at 95%CL.

6.3 Model-independent cross section limits

A cross section limit that is independent of the MT dependence expected in any given model is
determined by performing a single-bin counting experiment in a transverse mass range above
a threshold, denoted Mmin

T . The results for the electron and muon channels are shown in Fig. 7
along with the combination. Values of the product of cross section and branching fractions
above the solid curve are excluded. The observed cross section limit includes the fiducial ac-
ceptance, A, defined by the lepton geometrical acceptance and the offline pT thresholds (Sec-
tion 4), as well as detector effects and kinematic selection (back-to-back topology), denoted as
ε. Both quantities are evaluated relative to events generated with a transverse mass above the
Mmin

T threshold. The fiducial acceptance for very massive SSM W’ bosons is of the order of 1,
since the products of their decay are mainly emitted at very high angles relative to the beam
direction.

In order to compare a specific new model to the given cross section limits, the effect of the
threshold Mmin

T on the signal acceptance has to be taken into account by determining the ratio
( fMT) of the number of events with MT > Mmin

T to the number of events generated. For the
MT range shown in Fig. 7 the reconstruction efficiency is constant and the impact of the MT
resolution effect is negligible. Therefore fMT can be evaluated at generator level. For lower
MT a very small (<1%) difference is expected because of the single lepton trigger threshold
(130 GeV for electrons, 50 GeV for muons).

A limit on the product of the cross section and branching fraction (σB A ε)excl can be obtained
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Figure 6: Ratio of the cross section lower limit to the theoretical cross section shown in red
(lighter curves) for the 8 TeV data, blue (darker curves) for the 13 TeV data, and black for the
combined data sets in the electron (left) and muon (right) channels. The observed limits are
shown with solid lines and expected limits with dashed lines. For the W′ mass range 400-
4000 GeV, where the combination is limited by the 8 TeV data set, the one- and two-standard
deviation (s.d.) uncertainty bands for the combined limits are shown in green and yellow,
respectively.

by dividing the excluded cross section of the model-independent limit (σB A ε)MI given in
Fig. 7 by the calculated fraction fMT(Mmin

T ):

(σB A ε)excl =
(σB A ε)MI(Mmin

T )

fMT(Mmin
T )

.

Any deviation in the value of the product of the fiducial acceptance and signal efficiency of the
new model from that applied to the W′ in Fig. 7 would need to be taken into consideration.
The latter has a value of 0.83±0.03, where the quoted uncertainty corresponds to the estimated
variation as a function of Mmin

T . For a predicted massive state decaying into two back-to-back
leptons, thus having similar kinematic properties to those of a generic W′ boson, the deviation
would be small and no additional correction would be required.

The validity of the model-independent limit procedure was checked by applying it to an SSM
W′ boson of 3.6 TeV mass and the results obtained are consistent with those presented in Sec-
tion 6.1 using the dedicated analysis. It should be noted that this approach corresponds to a
single-bin limit, which is expected to be slightly less sensitive than that obtained from a dedi-
cated analysis exploiting the full MT shape.

7 Summary
A search has been performed for sequential standard model W′ bosons in final states containing
a single energetic electron or muon and large missing transverse momentum, using proton-
proton collision data at

√
s = 13 TeV, corresponding to an integrated luminosity of 2.3 fb−1.

No deviation from the background expectations has been observed and exclusion limits at 95%
confidence level have been extracted on the mass of a W′ boson. Masses below 3.6 (3.9) TeV
are excluded in the electron (muon) decay channel analysis, significantly improving upon the
results obtained with the

√
s = 8 TeV data. This search has been combined with the earlier one

conducted at 8 TeV, where the sensitivity of the search is dominated by the 13 TeV data, yielding
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Figure 7: Expected (dashed line) and observed (solid line) 95% CL limit for the model-
independent cross section limit as a function of the lower MT threshold, denoted Mmin

T , for
the electron channel (upper left), the muon channel (upper right), and the combined channels
(lower plot). The inner (outer) bands represent the one- (two-)standard deviation (s.d.) uncer-
tainties.

a lower mass limit of 4.1 TeV for W′ bosons when combining data from both decay channels
and center-of-mass energies. Finally, generic limits on the production of W′ resonances with
the same leptonic final states have been obtained using a model-independent approach.
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Fonds pour la Formation à la Recherche dans l’Industrie et dans l’Agriculture (FRIA-Belgium);
the Agentschap voor Innovatie door Wetenschap en Technologie (IWT-Belgium); the Ministry
of Education, Youth and Sports (MEYS) of the Czech Republic; the Council of Science and In-
dustrial Research, India; the HOMING PLUS program of the Foundation for Polish Science,
cofinanced from European Union, Regional Development Fund, the Mobility Plus program of
the Ministry of Science and Higher Education, the National Science Center (Poland), contracts
Harmonia 2014/14/M/ST2/00428, Opus 2014/13/B/ST2/02543, 2014/15/B/ST2/03998, and
2015/19/B/ST2/02861, Sonata-bis 2012/07/E/ST2/01406; the Thalis and Aristeia programs
cofinanced by EU-ESF and the Greek NSRF; the National Priorities Research Program by Qatar
National Research Fund; the Programa Cları́n-COFUND del Principado de Asturias; the Rachada-
pisek Sompot Fund for Postdoctoral Fellowship, Chulalongkorn University and the Chula-
longkorn Academic into Its 2nd Century Project Advancement Project (Thailand); and the
Welch Foundation, contract C-1845.



References 13

References
[1] G. Altarelli, B. Mele, and M. Ruiz-Altaba, “Searching for new heavy vector bosons in pp

colliders”, Z. Phys. C 45 (1989) 109, doi:10.1007/BF01556677.

[2] CMS Collaboration, “Search for a W ′ or techni-ρ decaying into WZ in pp collisions at√
s = 7 TeV”, Phys. Rev. Lett. 109 (2012) 141801,

doi:10.1103/PhysRevLett.109.141801, arXiv:1206.0433.

[3] CMS Collaboration, “Search for new resonances decaying via WZ to leptons in
proton-proton collisions at

√
s = 8 TeV”, Phys. Lett. B 740 (2015) 83,

doi:10.1016/j.physletb.2014.11.026, arXiv:1407.3476.

[4] ATLAS Collaboration, “Searches for heavy diboson resonances in pp collisions at√
s = 13 TeV with the ATLAS detector”, JHEP 09 (2016) 173,

doi:10.1007/JHEP09(2016)173, arXiv:1606.04833.

[5] D0 Collaboration, “Search for W ′ bosons decaying to an electron and a neutrino with the
D0 detector”, Phys. Rev. Lett. 100 (2008) 031804,
doi:10.1103/PhysRevLett.100.031804, arXiv:0710.2966.

[6] CDF Collaboration, “Search for a new heavy gauge boson W ′ with electron + missing
transverse energy in pp collisions at

√
s = 1.96 TeV”, Phys. Rev. D 83 (2011) 031102,

doi:10.1103/PhysRevD.83.031102, arXiv:1012.5145.

[7] CMS Collaboration, “Search for physics beyond the standard model in final states with a
lepton and missing transverse energy in proton-proton collisions at

√
s = 8 TeV”, Phys.

Rev. D 91 (2015) 092005, doi:10.1103/PhysRevD.91.092005, arXiv:1408.2745.

[8] ATLAS Collaboration, “Search for new particles in events with one lepton and missing
transverse momentum in pp collisions at

√
s = 8 TeV with the ATLAS detector”, JHEP

09 (2014) 037, doi:10.1007/JHEP09(2014)037, arXiv:1407.7494.

[9] ATLAS Collaboration, “Search for new resonances in events with one lepton and missing
transverse momentum in pp collisions at

√
s = 13 TeV with the ATLAS detector”, Phys.

Lett. B 762 (2016) 334, doi:10.1016/j.physletb.2016.09.040,
arXiv:1606.03977.

[10] CMS Collaboration, “The CMS experiment at the CERN LHC”, JINST 3 (2008) S08004,
doi:10.1088/1748-0221/3/08/S08004.

[11] CMS Collaboration, “The TriDAS Project Technical Design Report, volume I: The trigger
systems”, CMS TDR CERN/LHCC 2000-038, CERN, 2000.

[12] CMS Collaboration, “The TriDAS Project Technical Design Report, volume II: Data
acquisition and high-level trigger”, CMS TDR CERN/LHCC 2002-026, CERN, 2002.

[13] J. Alwall et al., “The automated computation of tree-level and next-to-leading order
differential cross sections, and their matching to parton shower simulations”, JHEP 07
(2014) 079, doi:10.1007/JHEP07(2014)079, arXiv:1405.0301.
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A. Nehrkorn, A. Nowack, I.M. Nugent, C. Pistone, O. Pooth, A. Stahl17

Deutsches Elektronen-Synchrotron, Hamburg, Germany
M. Aldaya Martin, T. Arndt, C. Asawatangtrakuldee, K. Beernaert, O. Behnke, U. Behrens,
A.A. Bin Anuar, K. Borras18, A. Campbell, P. Connor, C. Contreras-Campana, F. Costanza,
C. Diez Pardos, G. Dolinska, G. Eckerlin, D. Eckstein, T. Eichhorn, E. Eren, E. Gallo19,
J. Garay Garcia, A. Geiser, A. Gizhko, J.M. Grados Luyando, P. Gunnellini, A. Harb,



20 A The CMS Collaboration

J. Hauk, M. Hempel20, H. Jung, A. Kalogeropoulos, O. Karacheban20, M. Kasemann,
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Laboratório de Instrumentação e Fı́sica Experimental de Partı́culas, Lisboa, Portugal
P. Bargassa, C. Beirão Da Cruz E Silva, A. Di Francesco, P. Faccioli, P.G. Ferreira Parracho,
M. Gallinaro, J. Hollar, N. Leonardo, L. Lloret Iglesias, M.V. Nemallapudi, J. Rodrigues
Antunes, J. Seixas, O. Toldaiev, D. Vadruccio, J. Varela, P. Vischia

Joint Institute for Nuclear Research, Dubna, Russia
P. Bunin, M. Gavrilenko, I. Golutvin, I. Gorbunov, A. Kamenev, V. Karjavin, G. Kozlov, A. Lanev,
A. Malakhov, V. Matveev38,39, V. Palichik, V. Perelygin, M. Savina, S. Shmatov, N. Skatchkov,
V. Smirnov, N. Voytishin, A. Zarubin

Petersburg Nuclear Physics Institute, Gatchina (St. Petersburg), Russia
L. Chtchipounov, V. Golovtsov, Y. Ivanov, V. Kim40, E. Kuznetsova41, V. Murzin, V. Oreshkin,
V. Sulimov, A. Vorobyev

Institute for Nuclear Research, Moscow, Russia
Yu. Andreev, A. Dermenev, S. Gninenko, N. Golubev, A. Karneyeu, M. Kirsanov, N. Krasnikov,
A. Pashenkov, D. Tlisov, A. Toropin

Institute for Theoretical and Experimental Physics, Moscow, Russia
V. Epshteyn, V. Gavrilov, N. Lychkovskaya, V. Popov, I. Pozdnyakov, G. Safronov,
A. Spiridonov, M. Toms, E. Vlasov, A. Zhokin

Moscow Institute of Physics and Technology, Moscow, Russia
A. Bylinkin39

National Research Nuclear University ’Moscow Engineering Physics Institute’ (MEPhI),
Moscow, Russia
M. Chadeeva42, E. Popova, E. Tarkovskii

P.N. Lebedev Physical Institute, Moscow, Russia
V. Andreev, M. Azarkin39, I. Dremin39, M. Kirakosyan, A. Leonidov39, S.V. Rusakov,
A. Terkulov

Skobeltsyn Institute of Nuclear Physics, Lomonosov Moscow State University, Moscow,
Russia
A. Baskakov, A. Belyaev, E. Boos, M. Dubinin43, L. Dudko, A. Ershov, A. Gribushin,
V. Klyukhin, O. Kodolova, I. Lokhtin, I. Miagkov, S. Obraztsov, S. Petrushanko, V. Savrin,
A. Snigirev

Novosibirsk State University (NSU), Novosibirsk, Russia
V. Blinov44, Y.Skovpen44, D. Shtol44

State Research Center of Russian Federation, Institute for High Energy Physics, Protvino,
Russia
I. Azhgirey, I. Bayshev, S. Bitioukov, D. Elumakhov, V. Kachanov, A. Kalinin, D. Konstantinov,
V. Krychkine, V. Petrov, R. Ryutin, A. Sobol, S. Troshin, N. Tyurin, A. Uzunian, A. Volkov



25

University of Belgrade, Faculty of Physics and Vinca Institute of Nuclear Sciences, Belgrade,
Serbia
P. Adzic45, P. Cirkovic, D. Devetak, M. Dordevic, J. Milosevic, V. Rekovic
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Cortezon, S. Sanchez Cruz, I. Suárez Andrés, J.M. Vizan Garcia

Instituto de Fı́sica de Cantabria (IFCA), CSIC-Universidad de Cantabria, Santander, Spain
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