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A search for a heavy neutral lepton N of Majorana nature decaying into aW boson and a charged lepton
is performed using the CMS detector at the LHC. The targeted signature consists of three prompt charged
leptons in any flavor combination of electrons and muons. The data were collected in proton-proton
collisions at a center-of-mass energy of 13 TeV, with an integrated luminosity of 35.9 fb−1. The search is
performed in the N mass range between 1 GeV and 1.2 TeV. The data are found to be consistent with the
expected standard model background. Upper limits are set on the values of jVeN j2 and jVμN j2, where VlN is
the matrix element describing the mixing of N with the standard model neutrino of flavor l. These are the
first direct limits forN masses above 500 GeVand the first limits obtained at a hadron collider forN masses
below 40 GeV.
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The standard model (SM) of particle physics has been
successful in describing many phenomena; however,
several observations remain unexplained, including the
nature of dark matter (DM), the baryon asymmetry of
the Universe, and the smallness of neutrino masses. The
latter can be naturally accommodated by the so-called
“seesaw” mechanism [1–11], in which a new heavy neutral
Majorana lepton (or heavy neutrino) N is postulated.
A model that incorporates the seesaw mechanism,

while also providing a DM candidate and giving a
possible explanation for the baryon asymmetry, is known
as the neutrino minimal standard model (νMSM). In this
model, three right-handed heavy sterile neutrinos are
added to the SM [12–15]. The lightest neutrino, N1, can
explain the DM in the Universe, while the heavier
neutrinos, N2 and N3, can be responsible for the baryon
asymmetry through leptogenesis [15–20] or neutrino
oscillations [14,15].
In this Letter, a search for a heavy neutrino decaying into

a charged lepton and a W boson (either an on-shell W
or off-shell W�) is performed using the CMS detector at
the CERN LHC [21]. The heavy neutrinos are produced
through mixing with the SM neutrinos, governed by the
parameters VeN , VμN , and VτN , where VlN is the matrix
element describing the mixing of N with the SM neutrino
of flavor l. The production cross section, decay width, and

lifetime of N depend on jVlN j2 and its mass mN . In the
νMSM, N1 is expected to be too light and long-lived to
produce an unambiguous signal in the CMS detector, but
N2 and N3 could decay toWl, Zν, orHν, and are therefore
potentially detectable.
Earlier searches for heavy Majorana neutrinos at the

LHC have been undertaken by the ATLAS and CMS
Collaborations at

ffiffiffi
s

p ¼ 7 and 8 TeV [22–29], employing
a signature of same-sign dileptons and jets, exploring the
mass range 40 < mN < 500 GeV. Other experiments have
searched in the mass region mN < 40 GeV [30–43] and
precision electroweak measurements provide limits on the
mixing parameters independent of mN [44–48]. A recent
review of constraints can be found in Ref. [49].
This analysis targets N production in leptonic Wð�Þ

boson decays, Wð�Þ → Nl (l ¼ e, μ), with subsequent
prompt decays of N to Wð�Þl, where the vector boson
decays to lν [50–62]. The event signature consists of three
charged leptons in any combination of electrons and
muons, excluding those events containing three leptons
of the same charge. Because of the presence of a SM ν
escaping detection, a mass peak of N cannot be recon-
structed. Therefore the search exploits kinematic properties
of the three leptons to discriminate between the signal and
SM backgrounds. These backgrounds consist of events
containing leptons from hadron decays, leptons from
conversions, and SM sources of multiple leptons such as
diboson production or top quark (pair) production in
association with a boson. Exploiting the trilepton topology
allows the mass range 1 GeV < mN < 1.2 TeV to be
explored using pp collision data collected by the CMS
experiment at

ffiffiffi
s

p ¼ 13 TeV, corresponding to an inte-
grated luminosity of 35.9 fb−1.
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The central feature of the CMS apparatus [63] is a
superconducting solenoid of 6 m diameter, providing a
magnetic field of 3.8 T. A silicon pixel and strip tracker,
a lead tungstate crystal electromagnetic calorimeter
(ECAL), and a brass and scintillator hadron calorimeter,
each composed of a barrel and two endcap sections,
reside within the solenoid. Forward calorimeters extend
the pseudorapidity (η) coverage. Muons are detected in
gas-ionization detectors embedded in the steel flux-return
yoke outside the solenoid. Events of interest are recorded
with several triggers [64], requiring the presence of one,
two, or three light leptons (e or μ), leading to very
high efficiency, nearing 100% in most kinematic regions
of the search.
Samples of simulated events are used to estimate the

background from some of the SM processes and to
determine the heavy neutrino signal acceptance. The SM
background samples are produced using the Monte Carlo
(MC) MADGRAPH5_aMC@NLO 2.2.2 or 2.3.3 generator [65] at
leading order (LO) or next-to-leading order (NLO) in
perturbative quantum chromodynamics, with the exception
of gg → ZZ, which is simulated at LO with MCFM 7.0 [66],
and all other diboson production processes, which are
generated at NLO with the POWHEG v2 [67,68] generator.
The NNPDF3.0 [69] LO (NLO) parton distribution

functions (PDFs) are used for the simulated samples
generated at LO (NLO). Parton showering and hadro-
nization are described using the PYTHIA 8.212 gene-
rator [70] with the CUETP8M1 underlying event tune
[71,72]. Double counting of the partons generated with
MADGRAPH5_aMC@NLO and PYTHIA is removed using the
MLM [73] and FXFX [74] matching schemes in the LO
and NLO samples, respectively.
Signal samples are generated with MADGRAPH5_aMC@

NLO 2.4.2 at NLO precision, following the implementation
of Ref. [75]. They include processes leading to N pro-
duction via the charged-current Drell–Yan (DY) process,
gluon fusion, and Wγ fusion. The latter production mecha-
nism is important for mN > 600 GeV [76]. The first two
production mechanisms employ the NNPDF3.0 NLO
PDF set [69], while the last uses the LUXqed_plus_
PDF4LHC15_nnlo_100 PDF set [77]. Parton showering
and hadronization are simulated with PYTHIA. Only the
final states with three leptons (electrons or muons) and a
neutrino are generated.
The effects of additional pp interactions in the same or

adjacent pp bunch crossings (pileup) are accounted for in
the simulations. The MC generated events include the full
simulation of the CMS detector based on GEANT4 [78] and
are reconstructed using the same CMS software as used
for data.
Information from all subdetectors is combined offline by

the CMS particle-flow algorithm [79] used to reconstruct
and identify individual particles and to provide a global
description of the event. The particles are classified into

charged hadrons, neutral hadrons, photons, electrons,
and muons.
Jets are reconstructed using the anti-kT clustering algo-

rithm [80] with a distance parameter of 0.4, as implemented
in the FASTJET package [81,82]. Jet energies are corrected
for residual nonuniformity and nonlinearity of the
detector response using simulated and collision data event
samples [83–85].
To identify jets originating from b quarks, the combined

secondary vertex CSVv2 algorithm [86,87] is used. This
has an efficiency of approximately 80% for tagging a b
quark jet, and a mistagging rate of 10% for light-quark
and gluon jets, and about 40% for c quark jets. Jets with
pT > 25 GeV and jηj < 2.4 are considered b quark jets
(“b jets”) if they satisfy the loose working point require-
ments [87] of this algorithm. Events with one or more
identified b jets are vetoed in the analysis to reduce the tt̄
background.
The missing transverse momentum pmiss

T is defined as the
magnitude of the negative vector sum p⃗miss

T of the trans-
verse momenta of all reconstructed particles in the event,
taking into account jet energy corrections [88].
The primary pp interaction vertex (PV) is taken to be

the reconstructed vertex with the largest value of summed
physics-object p2

T . The physics objects are the jets, clus-
tered using the jet finding algorithm [80,81] with the tracks
assigned to the vertex as inputs, and the associated missing
transverse momentum, taken as the negative vector sum of
the pT of those jets.
The analysis depends crucially on identifying electrons

and muons, with good efficiency and low contamination.
Electrons are reconstructed by combining the information
from the ECAL and the tracker [89]. Electrons are required
to be within the tracking system volume, jηj < 2.5, and
have a minimum pT of 10 GeV. Electron identification is
performed using a multivariate discriminant that includes
the shower shape and track quality information. To reject
electrons originating from photon conversions in detector
material, electrons must have measurements in all inner-
most layers of the tracking system and must not be matched
to any secondary vertex [89].
Muons are reconstructed by combining the information

from the tracker and muon spectrometer in a global fit
[90]. The quality of the geometrical matching between
measurements made separately in the two systems is used
in the further selection of muons. Only muons within the
muon system acceptance of jηj < 2.4 and with pT >
5 GeV are considered. Electrons within a cone of ΔR ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔηÞ2 þ ðΔϕÞ2

p
< 0.05 of a muon are discarded as those

likely coming from radiation.
To ensure that electron and muon candidates are con-

sistent with originating from the PV, the transverse (longi-
tudinal) impact parameter of the leptons with respect to this
vertex must not exceed 0.5 (1.0) mm, and the displacement
divided by its uncertainty must not exceed 4.
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Leptons originating from decays of heavy particles, such
as electroweak bosons or N, are referred to as “prompt,”
while leptons produced in hadron decays are called “non-
prompt.” For convenience, we also include misidentified
hadrons and jets in the nonprompt-lepton classification. A
powerful discriminator between these two types of leptons
is the isolation variable Irel. It is defined as the pileup-
corrected scalar pT sum of particles within a cone of
ΔR < 0.3 around the lepton candidate’s direction at the
vertex, divided by the lepton candidate pT . The summation
comprises the reconstructed charged hadrons originating
from the PV, neutral hadrons, and photons.
Electrons and muons that pass all the aforementioned

requirements and satisfy Irel < 0.6 are referred to as “loose
leptons.” Leptons that additionally satisfy Irel < 0.1 and, in
the case of electrons, pass a more stringent requirement
on the multivariate discriminant, chosen to maximize
the signal over background ratio, are referred to as “tight
leptons.” Events containing exactly three loose leptons, not
all having the same charge, are retained in the analysis.
To distinguish between SM background and N produc-

tion, the three leptons are required to pass the tight
selection, and the following variables are used: the flavor,
charge, and pT of the leptons in the event; the invariant
mass of the trilepton system M3l; the minimum invariant
mass of all opposite-sign lepton pairs in the event Mmin

2lOS;
and the transverse mass MT ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pl

Tp
miss
T ½1 − cosðΔϕÞ�

p
,

where pl
T is the transverse momentum of the lepton that is

not used in the Mmin
2lOS calculation, and Δϕ is the azimuthal

angle between p⃗l
T and p⃗Tmiss

T .
To address the kinematically distinct cases of N masses

below and above that of the W boson, two search regions
are defined, referred to as the low- and high-mass regions.
In the low-mass region (targeting mN < mW), N is

produced in the decay of an on-shell W boson, leading
to the decayW → ll0l00ν via an intermediate N. To reflect
the targeted mN range in this region, and to suppress the
background from Z → lþl− production with an accom-
panying high-pT lepton from an asymmetric photon con-
version, the requirement M3l < 80 GeV is imposed. The
background from Wγ� events, with γ� → lþl−, is reduced
by rejecting events that contain an opposite-sign same-
flavor (OSSF) lepton pair. The effectiveness of this require-
ment relies on the fact that N is a Majorana particle and can
decay to a lepton of equal or opposite charge to that of its
parent W boson.
Events in the low-mass region are required to have

pmiss
T < 75 GeV to suppress tt̄ background. The highest pT

(leading) lepton must satisfy pT > 15 GeV, while the next-
to-highest pT (subleading) lepton must have pT > 10 GeV.
The third (trailing) lepton must have pT > 10 ð5Þ GeV if it
is an electron (muon). In addition the following conditions
are imposed to avoid trigger threshold effects: in eμμ
events, if a trailing electron has 10 < pT < 15 GeV, the
leading muon is required to have pT > 23 GeV, and if a

trailing muon has 5 < pT < 8 GeV, the leading and sub-
leading electrons must satisfy pT > 25 and 15 GeV; in eeμ
events, if a trailing muon has pT > 8 GeV, either the
leading electron must have pT > 23 GeV, or the sublead-
ing electron must have pT > 15 GeV. These requirements
lead to a signal selection efficiency of 5%–7% for a
trilepton final state depending on the N mass.
The events are subdivided into two ranges of leading

lepton pT: 15 < pleading
T < 30 GeV and 30 < pleading

T <
55 GeV. The lower range has higher signal efficiencies
formN close tomW , leading to three leptons with similar pT
spectra. The higher range targets very low mN down to
1 GeV, with one energetic and two soft leptons in the event.
Finally, the variableMmin

2lOS, which is correlated withmN ,
is used to further subdivide the events into four bins
(<10, 10–20, 20–30, and > 30 GeV) giving a total of
eight search regions, as shown in Fig. 1.
In the high-mass region (targeting mN > mW), N is

produced in the decay of a high-mass off-shell W boson,
leading to three relatively energetic leptons, and more
sizable pmiss

T . In this region, the three selected leptons must
satisfy pT > 55; 15; 10 GeV. With these requirements, the
background from Wγ� production is negligible, and events
containing an OSSF lepton pair are therefore retained,
but with the invariant mass of any OSSF lepton pair
required to satisfy Mll > 5 GeV. The backgrounds from
WZ and Zγð�Þ production are respectively suppressed by
vetoing events having an OSSF lepton pair with
jMllðorM3lÞ −MZj < 15 GeV. Signal selection effi-
ciency for trilepton final state reaches up to 50%.
In order to improve the discrimination of signal from

background, the high-mass region is divided into two event
categories: events containing an OSSF lepton pair and
events with no such pair. Both categories are divided into
bins of M3l and Mmin

2lOS, each further subdivided according
to MT , which tends to be large for high N masses. This
results in a total of 25 search regions, as shown in Fig. 1.
To extract values of jVeN j2 and jVμN j2 separately, the

results for both the low- and high-mass regions are obtained
for events with ≥ 2 electrons or ≥ 2 muons, respectively.
We now consider the most important sources of back-

ground and their associated systematic uncertainties.
The tt̄ and DY processes, with an additional nonprompt
lepton, constitute the main background for events in the
low- and high-mass regions with no OSSF lepton pair. It is
estimated by using the tight-to-loose ratio method
described in Ref. [91]. The probability for a loose non-
prompt lepton to pass the tight selection criteria is
measured in a multijet sample in data enriched in non-
prompt leptons. This probability is applied to events that
pass the full signal selection, but contain at least one
lepton that fails the tight selection, while satisfying the
loose selection requirements. The method is validated
using simulation and data in control regions enriched in tt̄
or DYþ jets events. Agreement between the predicted
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and observed yields in the various control regions is found
to be within the overall systematic uncertainty of 30%
assigned to this background estimate.
The background from WZ and Wγ� production is

dominant in the high-mass region containing an OSSF
lepton pair. It is obtained from simulation, with the
simulated yield normalized to data in a control region
formed by selecting three tight leptons with
pT > 25; 15; 10 GeV, and requiring an OSSF lepton pair
with invariant mass Mll consistent with a Z boson:

jMll −MZj < 15 GeV. In addition, events are required
to have pmiss

T > 50 GeV. The ratio of the predicted to
observed WZ yield in this control region is found to be
1.08� 0.09. This ratio is used to normalize the MC
generated event samples, and its associated uncertainty is
propagated to the result.
Production of ZZ events with both Z bosons decaying

leptonically, and one lepton not identified, results in a
trilepton signature. This contribution is estimated from
simulation, and the simulated yield is normalized in a
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FIG. 1. Observed and expected event yields as a function of Mmin
2lOS and MT for events with at least two electrons (upper), and with at

least two muons (lower). The contribution of each background source is shown. The first 8 bins of each figure correspond to the low-
mass region, while the rest display the high-mass region.
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control region containing four leptons that form two OSSF
lepton pairs with invariant masses consistent with a
Z boson. The ratio of data to simulation in the control
region is found to be 1.03� 0.10. An additional uncer-
tainty of 25% is assigned to the prediction of events with
MT > 75 GeV, based on a comparison of the observed and
predicted event yields in the control region.
External and internal photon conversions (Xγð�Þ) con-

tribute to the trilepton final state when a photon is produced
with a Z boson, and this photon undergoes an asymmetric
conversion in which one of the leptons has very low pT and
fails the lepton selection criteria. This contribution is
obtained from simulation and verified in a data control
region enriched in conversions from the Z þ jets process,
with Z → llγð�Þ and γð�Þ → ll, where one of the leptons is
outside the detector acceptance. The control region is
defined by jMll −MZj > 15 GeV and jM3l −MZj <
15 GeV. The ratio of data to expected background in
the control region is 0.95� 0.08, and is used to normalize
the simulation. Kinematic properties of the events in data
are used to set a systematic uncertainty in the photon
conversion background of 15%.
Other SM processes that can yield three or more prompt

leptons include triboson production (W, Z,H, or a prompt γ)
and single-boson production in association with a single top
quark or a tt̄ pair (tt̄=tþ X). Such processes generally have
very small production rates and in some cases are further
suppressed by the b jet veto. They are estimated from
simulation with an uncertainty of 50%, which includes
uncertainties due to experimental effects, event simulation,
and theoretical calculations of the cross sections.
The background from the mismeasurement of charge

arises from events with an eþe− pair in which the charge
of one of the electrons is misreconstructed. It is predicted
using simulation, which is validated to agree within 10% of
an estimate obtained from data [92].
Systematic uncertainties affecting any process whose

yield is estimated from simulation are considered, such as
those from trigger efficiency, lepton selection efficiencies,
jet energy scale, b jet veto efficiency, pileup modeling, and
those related to fixed-order calculations in event simula-
tion. The effect of each uncertainty on the event yields is
computed and accounted for.
The uncertainty in the trigger efficiency is obtained by

measuring the efficiencies of all trigger components using
the tag-and-probe technique [89,90], and is estimated to be
2% for events with leading lepton pT > 30 GeV and 5%
otherwise. Lepton identification efficiencies are also com-
puted using the tag-and-probe technique with an uncer-
tainty of 2% per lepton.
The impact of the jet energy scale uncertainty is

determined by shifting the jet energy correction factors
up and down by their estimated uncertainty for each jet, and
recalculating all kinematic quantities obtained from jets.
This results in an uncertainty in event yields of up to 3%,

depending on the search region. Correlation effects due to
the migration of events from one search region to another
are also taken into account. Similarly, the b jet veto
efficiency is corrected for differences between data and
simulation, leading to an uncertainty in event yields of
1%–5%. The uncertainty in yields due to modeling of
pileup is computed by modifying the total inelastic scatter-
ing cross section by 5% [93], and is measured to be
1%–5%, depending on the search region. The uncertainty
in the integrated luminosity is 2.5% [94].
Further uncertainties in background yields estimated

from simulation arise from the unknown higher-order
effects in the theoretical calculations of cross sections,
and from uncertainties in the knowledge of the proton
PDFs. Uncertainties in the renormalization and factoriza-
tion scales affect the signal cross section and acceptance.
These are evaluated by independently varying the afore-
mentioned scales up and down by a factor of two relative to
their nominal values. The uncertainties associated with the
choice of PDFs are estimated by considering replica PDF
sets generated using weights, giving a PDF probability
distribution centered on the nominal PDF set [95].
The limited statistical precision of the available MC

samples leads to an additional uncertainty of 1%–30%,
depending on the process and search region.
The expected and observed yields togetherwith the relative

contributions of the different background sources in each
search region are shown in Fig. 1. Tabulated results and
enlarged versions of Fig. 1, with potential signals super-
imposed, are provided in the supplemental material [96]. We
see no evidence for a significant excess in data beyond the
expected SMbackground.We compute 95%confidence level
(C.L.) upper limits on jVeN j2 and jVμN j2 separately, while
assuming other matrix elements to be 0, using the CLs
criterion [97,98] under the asymptotic approximation for
the test statistic [99,100]. A simultaneous fit of all search
regions is performed and all systematic uncertainties are
treated as log-normal nuisance parameters in the fit.
The interpretation of the results is presented in Fig. 2.

The N lifetime is inversely proportional to mN
5jVlN j2

[53,59]. At low masses this becomes significant, resulting
in displaced decays and lower efficiency than if the decays
were prompt, illustrated by comparison of the black dotted
line in Fig. 2 (prompt assumption) with the final result. This
is accounted for by calculating the efficiency vs N lifetime,
and propagating this to the limits on mixing parameter
vs mass.
In summary, a search has been performed for a heavy

neutral leptonN of Majorana nature produced in the decays
of aW boson, with subsequent prompt decays of N to Wl,
where the vector boson decays to lν. The event signature
consists of three charged leptons in any combination of
electrons and muons. No statistically significant excess of
events over the expected standard model background is
observed.
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Upper limits at 95% confidence level are set on the
mixing parameters jVeNj2 and jVμN j2, ranging between
1.2 × 10−5 and 1.8 for N masses in the range 1 GeV <
mN < 1.2 TeV. These results surpass those obtained in
previous searches carried out by the ATLAS [28] and CMS
[27,29] Collaborations, and are the first direct limits for
mN > 500 GeV. This search also provides the first probes
for low masses (mN < 40 GeV) at the LHC, improving on
the limits set previously by the L3 [34] and DELPHI [38]
Collaborations. For N masses below 3 GeV, the most
stringent limits to date are obtained from the beam-dump
experiments: CHARM [31,36], BEBC [30], FMMF [37],
and NuTeV [39].
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D. Hits,115 J. Hoss,115 T. Klijnsma,115 W. Lustermann,115 M. Marionneau,115 M. T. Meinhard,115 D. Meister,115 F. Micheli,115

P. Musella,115 F. Nessi-Tedaldi,115 F. Pandolfi,115 J. Pata,115 F. Pauss,115 G. Perrin,115 L. Perrozzi,115 M. Quittnat,115

M. Reichmann,115 D. A. Sanz Becerra,115 M. Schönenberger,115 L. Shchutska,115 V. R. Tavolaro,115 K. Theofilatos,115

M. L. Vesterbacka Olsson,115 R. Wallny,115 D. H. Zhu,115 T. K. Aarrestad,116 C. Amsler,116,yy D. Brzhechko,116

M. F. Canelli,116 A. De Cosa,116 R. Del Burgo,116 S. Donato,116 C. Galloni,116 T. Hreus,116 B. Kilminster,116 I. Neutelings,116

D. Pinna,116 G. Rauco,116 P. Robmann,116 D. Salerno,116 K. Schweiger,116 C. Seitz,116 Y. Takahashi,116 A. Zucchetta,116

V. Candelise,117 Y. H. Chang,117 K. Y. Cheng,117 T. H. Doan,117 Sh. Jain,117 R. Khurana,117 C. M. Kuo,117 W. Lin,117

A. Pozdnyakov,117 S. S. Yu,117 Arun Kumar,118 P. Chang,118 Y. Chao,118 K. F. Chen,118 P. H. Chen,118 F. Fiori,118

W.-S. Hou,118 Y. Hsiung,118 Y. F. Liu,118 R.-S. Lu,118 E. Paganis,118 A. Psallidas,118 A. Steen,118 J. F. Tsai,118

B. Asavapibhop,119 K. Kovitanggoon,119 G. Singh,119 N. Srimanobhas,119 M. N. Bakirci,120,zz A. Bat,120 F. Boran,120

S. Damarseckin,120 Z. S. Demiroglu,120 C. Dozen,120 E. Eskut,120 S. Girgis,120 G. Gokbulut,120 Y. Guler,120 I. Hos,120,aaa

E. E. Kangal,120,bbb O. Kara,120 U. Kiminsu,120 M. Oglakci,120 G. Onengut,120 K. Ozdemir,120,ccc S. Ozturk,120,zz

A. Polatoz,120 D. Sunar Cerci,120,ddd U. G. Tok,120 S. Turkcapar,120 I. S. Zorbakir,120 C. Zorbilmez,120 G. Karapinar,121,eee

K. Ocalan,121,fff M. Yalvac,121 M. Zeyrek,121 E. Gülmez,122 M. Kaya,122,ggg O. Kaya,122,hhh S. Tekten,122 E. A. Yetkin,122,iii

M. N. Agaras,123 S. Atay,123 A. Cakir,123 K. Cankocak,123 Y. Komurcu,123 B. Grynyov,124 L. Levchuk,125 F. Ball,126

L. Beck,126 J. J. Brooke,126 D. Burns,126 E. Clement,126 D. Cussans,126 O. Davignon,126 H. Flacher,126 J. Goldstein,126

G. P. Heath,126 H. F. Heath,126 L. Kreczko,126 D. M. Newbold,126,jjj S. Paramesvaran,126 T. Sakuma,126

S. Seif El Nasr-storey,126 D. Smith,126 V. J. Smith,126 K.W. Bell,127 A. Belyaev,127,kkk C. Brew,127 R. M. Brown,127

L. Calligaris,127 D. Cieri,127 D. J. A. Cockerill,127 J. A. Coughlan,127 K. Harder,127 S. Harper,127 J. Linacre,127 E. Olaiya,127

D. Petyt,127 C. H. Shepherd-Themistocleous,127 A. Thea,127 I. R. Tomalin,127 T. Williams,127 W. J. Womersley,127

G. Auzinger,128 R. Bainbridge,128 P. Bloch,128 J. Borg,128 S. Breeze,128 O. Buchmuller,128 A. Bundock,128 S. Casasso,128

D. Colling,128 L. Corpe,128 P. Dauncey,128 G. Davies,128 M. Della Negra,128 R. Di Maria,128 Y. Haddad,128 G. Hall,128

G. Iles,128 T. James,128 M. Komm,128 R. Lane,128 C. Laner,128 L. Lyons,128 A.-M. Magnan,128 S. Malik,128

L. Mastrolorenzo,128 T. Matsushita,128 J. Nash,128,lll A. Nikitenko,128,g V. Palladino,128 M. Pesaresi,128 A. Richards,128

A. Rose,128 E. Scott,128 C. Seez,128 A. Shtipliyski,128 T. Strebler,128 S. Summers,128 A. Tapper,128 K. Uchida,128

M. Vazquez Acosta,128,mmm T. Virdee,128,p N. Wardle,128 D. Winterbottom,128 J. Wright,128 S. C. Zenz,128 J. E. Cole,129

P. R. Hobson,129 A. Khan,129 P. Kyberd,129 A. Morton,129 I. D. Reid,129 L. Teodorescu,129 S. Zahid,129 A. Borzou,130

K. Call,130 J. Dittmann,130 K. Hatakeyama,130 H. Liu,130 N. Pastika,130 C. Smith,130 R. Bartek,131 A. Dominguez,131

A. Buccilli,132 S. I. Cooper,132 C. Henderson,132 P. Rumerio,132 C. West,132 D. Arcaro,133 A. Avetisyan,133 T. Bose,133

D. Gastler,133 D. Rankin,133 C. Richardson,133 J. Rohlf,133 L. Sulak,133 D. Zou,133 G. Benelli,134 D. Cutts,134 M. Hadley,134

J. Hakala,134 U. Heintz,134 J. M. Hogan,134,nnn K. H.M. Kwok,134 E. Laird,134 G. Landsberg,134 J. Lee,134 Z. Mao,134

M. Narain,134 J. Pazzini,134 S. Piperov,134 S. Sagir,134 R. Syarif,134 D. Yu,134 R. Band,135 C. Brainerd,135 R. Breedon,135

D. Burns,135 M. Calderon De La Barca Sanchez,135 M. Chertok,135 J. Conway,135 R. Conway,135 P. T. Cox,135 R. Erbacher,135

C. Flores,135 G. Funk,135 W. Ko,135 R. Lander,135 C. Mclean,135 M. Mulhearn,135 D. Pellett,135 J. Pilot,135 S. Shalhout,135

M. Shi,135 J. Smith,135 D. Stolp,135 D. Taylor,135 K. Tos,135 M. Tripathi,135 Z. Wang,135 F. Zhang,135 M. Bachtis,136

C. Bravo,136 R. Cousins,136 A. Dasgupta,136 A. Florent,136 J. Hauser,136 M. Ignatenko,136 N. Mccoll,136 S. Regnard,136

D. Saltzberg,136 C. Schnaible,136 V. Valuev,136 E. Bouvier,137 K. Burt,137 R. Clare,137 J. Ellison,137 J. W. Gary,137

S. M. A. Ghiasi Shirazi,137 G. Hanson,137 G. Karapostoli,137 E. Kennedy,137 F. Lacroix,137 O. R. Long,137

M. Olmedo Negrete,137 M. I. Paneva,137 W. Si,137 L. Wang,137 H. Wei,137 S. Wimpenny,137 B. R. Yates,137 J. G. Branson,138

S. Cittolin,138 M. Derdzinski,138 R. Gerosa,138 D. Gilbert,138 B. Hashemi,138 A. Holzner,138 D. Klein,138 G. Kole,138

V. Krutelyov,138 J. Letts,138 M. Masciovecchio,138 D. Olivito,138 S. Padhi,138 M. Pieri,138 M. Sani,138 V. Sharma,138

S. Simon,138 M. Tadel,138 A. Vartak,138 S. Wasserbaech,138,ooo J. Wood,138 F. Würthwein,138 A. Yagil,138

G. Zevi Della Porta,138 N. Amin,139 R. Bhandari,139 J. Bradmiller-Feld,139 C. Campagnari,139 M. Citron,139 A. Dishaw,139

V. Dutta,139 M. Franco Sevilla,139 L. Gouskos,139 R. Heller,139 J. Incandela,139 A. Ovcharova,139 H. Qu,139 J. Richman,139

D. Stuart,139 I. Suarez,139 J. Yoo,139 D. Anderson,140 A. Bornheim,140 J. Bunn,140 J. M. Lawhorn,140 H. B. Newman,140

T. Q. Nguyen,140 C. Pena,140 M. Spiropulu,140 J. R. Vlimant,140 R. Wilkinson,140 S. Xie,140 Z. Zhang,140 R. Y. Zhu,140

M. B. Andrews,141 T. Ferguson,141 T. Mudholkar,141 M. Paulini,141 J. Russ,141 M. Sun,141 H. Vogel,141 I. Vorobiev,141

PHYSICAL REVIEW LETTERS 120, 221801 (2018)

221801-13



M.Weinberg,141 J. P. Cumalat,142 W. T. Ford,142 F. Jensen,142 A. Johnson,142 M. Krohn,142 S. Leontsinis,142 E. Macdonald,142

T. Mulholland,142 K. Stenson,142 K. A. Ulmer,142 S. R. Wagner,142 J. Alexander,143 J. Chaves,143 Y. Cheng,143 J. Chu,143

A. Datta,143 S. Dittmer,143 K. Mcdermott,143 N. Mirman,143 J. R. Patterson,143 D. Quach,143 A. Rinkevicius,143 A. Ryd,143

L. Skinnari,143 L. Soffi,143 S. M. Tan,143 Z. Tao,143 J. Thom,143 J. Tucker,143 P. Wittich,143 M. Zientek,143 S. Abdullin,144

M. Albrow,144 M. Alyari,144 G. Apollinari,144 A. Apresyan,144 A. Apyan,144 S. Banerjee,144 L. A. T. Bauerdick,144

A. Beretvas,144 J. Berryhill,144 P. C. Bhat,144 G. Bolla,144,a K. Burkett,144 J. N. Butler,144 A. Canepa,144 G. B. Cerati,144

H.W. K. Cheung,144 F. Chlebana,144 M. Cremonesi,144 J. Duarte,144 V. D. Elvira,144 J. Freeman,144 Z. Gecse,144

E. Gottschalk,144 L. Gray,144 D. Green,144 S. Grünendahl,144 O. Gutsche,144 J. Hanlon,144 R. M. Harris,144 S. Hasegawa,144

J. Hirschauer,144 Z. Hu,144 B. Jayatilaka,144 S. Jindariani,144 M. Johnson,144 U. Joshi,144 B. Klima,144 B. Kreis,144

S. Lammel,144 D. Lincoln,144 R. Lipton,144 M. Liu,144 T. Liu,144 R. Lopes De Sá,144 J. Lykken,144 K. Maeshima,144

N. Magini,144 J. M. Marraffino,144 D. Mason,144 P. McBride,144 P. Merkel,144 S. Mrenna,144 S. Nahn,144 V. O’Dell,144

K. Pedro,144 O. Prokofyev,144 G. Rakness,144 L. Ristori,144 A. Savoy-Navarro,144,ppp B. Schneider,144 E. Sexton-Kennedy,144

A. Soha,144 W. J. Spalding,144 L. Spiegel,144 S. Stoynev,144 J. Strait,144 N. Strobbe,144 L. Taylor,144 S. Tkaczyk,144

N. V. Tran,144 L. Uplegger,144 E.W. Vaandering,144 C. Vernieri,144 M. Verzocchi,144 R. Vidal,144 M. Wang,144

H. A. Weber,144 A. Whitbeck,144 W. Wu,144 D. Acosta,145 P. Avery,145 P. Bortignon,145 D. Bourilkov,145 A. Brinkerhoff,145

A. Carnes,145 M. Carver,145 D. Curry,145 R. D. Field,145 I. K. Furic,145 S. V. Gleyzer,145 B. M. Joshi,145 J. Konigsberg,145

A. Korytov,145 K. Kotov,145 P. Ma,145 K. Matchev,145 H. Mei,145 G. Mitselmakher,145 K. Shi,145 D. Sperka,145

N. Terentyev,145 L. Thomas,145 J. Wang,145 S. Wang,145 J. Yelton,145 Y. R. Joshi,146 S. Linn,146 P. Markowitz,146

J. L. Rodriguez,146 A. Ackert,147 T. Adams,147 A. Askew,147 S. Hagopian,147 V. Hagopian,147 K. F. Johnson,147 T. Kolberg,147

G. Martinez,147 T. Perry,147 H. Prosper,147 A. Saha,147 A. Santra,147 V. Sharma,147 R. Yohay,147 M.M. Baarmand,148

V. Bhopatkar,148 S. Colafranceschi,148 M. Hohlmann,148 D. Noonan,148 T. Roy,148 F. Yumiceva,148 M. R. Adams,149

L. Apanasevich,149 D. Berry,149 R. R. Betts,149 R. Cavanaugh,149 X. Chen,149 O. Evdokimov,149 C. E. Gerber,149

D. A. Hangal,149 D. J. Hofman,149 K. Jung,149 J. Kamin,149 I. D. Sandoval Gonzalez,149 M. B. Tonjes,149 N. Varelas,149

H. Wang,149 Z. Wu,149 J. Zhang,149 B. Bilki,150,qqq W. Clarida,150 K. Dilsiz,150,rrr S. Durgut,150 R. P. Gandrajula,150

M. Haytmyradov,150 V. Khristenko,150 J.-P. Merlo,150 H. Mermerkaya,150,sss A. Mestvirishvili,150 A. Moeller,150

J. Nachtman,150 H. Ogul,150,ttt Y. Onel,150 F. Ozok,150,uuu A. Penzo,150 C. Snyder,150 E. Tiras,150 J. Wetzel,150 K. Yi,150

B. Blumenfeld,151 A. Cocoros,151 N. Eminizer,151 D. Fehling,151 L. Feng,151 A. V. Gritsan,151 P. Maksimovic,151 J. Roskes,151

U. Sarica,151 M. Swartz,151 M. Xiao,151 C. You,151 A. Al-bataineh,152 P. Baringer,152 A. Bean,152 S. Boren,152 J. Bowen,152

J. Castle,152 S. Khalil,152 A. Kropivnitskaya,152 D. Majumder,152 W. Mcbrayer,152 M. Murray,152 C. Rogan,152 C. Royon,152

S. Sanders,152 E. Schmitz,152 J. D. Tapia Takaki,152 Q. Wang,152 A. Ivanov,153 K. Kaadze,153 Y. Maravin,153

A. Mohammadi,153 L. K. Saini,153 N. Skhirtladze,153 F. Rebassoo,154 D. Wright,154 A. Baden,155 O. Baron,155 A. Belloni,155

S. C. Eno,155 Y. Feng,155 C. Ferraioli,155 N. J. Hadley,155 S. Jabeen,155 G. Y. Jeng,155 R. G. Kellogg,155 J. Kunkle,155

A. C. Mignerey,155 F. Ricci-Tam,155 Y. H. Shin,155 A. Skuja,155 S. C. Tonwar,155 D. Abercrombie,156 B. Allen,156

V. Azzolini,156 R. Barbieri,156 A. Baty,156 G. Bauer,156 R. Bi,156 S. Brandt,156 W. Busza,156 I. A. Cali,156 M. D’Alfonso,156

Z. Demiragli,156 G. Gomez Ceballos,156 M. Goncharov,156 P. Harris,156 D. Hsu,156 M. Hu,156 Y. Iiyama,156

G. M. Innocenti,156 M. Klute,156 D. Kovalskyi,156 Y.-J. Lee,156 A. Levin,156 P. D. Luckey,156 B. Maier,156 A. C. Marini,156

C. Mcginn,156 C. Mironov,156 S. Narayanan,156 X. Niu,156 C. Paus,156 C. Roland,156 G. Roland,156 J. Salfeld-Nebgen,156

G. S. F. Stephans,156 K. Sumorok,156 K. Tatar,156 D. Velicanu,156 J. Wang,156 T. W. Wang,156 B. Wyslouch,156

S. Zhaozhong,156 A. C. Benvenuti,157 R. M. Chatterjee,157 A. Evans,157 P. Hansen,157 S. Kalafut,157 Y. Kubota,157

Z. Lesko,157 J. Mans,157 S. Nourbakhsh,157 N. Ruckstuhl,157 R. Rusack,157 J. Turkewitz,157 M. A. Wadud,157 J. G. Acosta,158

S. Oliveros,158 E. Avdeeva,159 K. Bloom,159 D. R. Claes,159 C. Fangmeier,159 F. Golf,159 R. Gonzalez Suarez,159

R. Kamalieddin,159 I. Kravchenko,159 J. Monroy,159 J. E. Siado,159 G. R. Snow,159 B. Stieger,159 J. Dolen,160 A. Godshalk,160

C. Harrington,160 I. Iashvili,160 D. Nguyen,160 A. Parker,160 S. Rappoccio,160 B. Roozbahani,160 G. Alverson,161

E. Barberis,161 C. Freer,161 A. Hortiangtham,161 A. Massironi,161 D. M. Morse,161 T. Orimoto,161 R. Teixeira De Lima,161

T. Wamorkar,161 B. Wang,161 A. Wisecarver,161 D. Wood,161 S. Bhattacharya,162 O. Charaf,162 K. A. Hahn,162 N. Mucia,162

N. Odell,162 M. H. Schmitt,162 K. Sung,162 M. Trovato,162 M. Velasco,162 R. Bucci,163 N. Dev,163 M. Hildreth,163

K. Hurtado Anampa,163 C. Jessop,163 D. J. Karmgard,163 N. Kellams,163 K. Lannon,163 W. Li,163 N. Loukas,163

N. Marinelli,163 F. Meng,163 C. Mueller,163 Y. Musienko,163,kk M. Planer,163 A. Reinsvold,163 R. Ruchti,163 P. Siddireddy,163

G. Smith,163 S. Taroni,163 M. Wayne,163 A. Wightman,163 M. Wolf,163 A. Woodard,163 J. Alimena,164 L. Antonelli,164

PHYSICAL REVIEW LETTERS 120, 221801 (2018)

221801-14



B. Bylsma,164 L. S. Durkin,164 S. Flowers,164 B. Francis,164 A. Hart,164 C. Hill,164 W. Ji,164 T. Y. Ling,164 W. Luo,164

B. L. Winer,164 H.W. Wulsin,164 S. Cooperstein,165 O. Driga,165 P. Elmer,165 J. Hardenbrook,165 P. Hebda,165

S. Higginbotham,165 A. Kalogeropoulos,165 D. Lange,165 J. Luo,165 D. Marlow,165 K. Mei,165 I. Ojalvo,165 J. Olsen,165
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