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1. Introduction 1

1 Introduction1

Left-right (LR) symmetric models [1–4], which extend the electroweak sector of the standard2

model (SM) by a right-handed SU(2) group, provide a possible explanation for parity violation3

in the SM as the consequence of spontaneous symmetry breaking at a multi-TeV mass scale.4

These models predict a heavy partner of the SM W boson, a heavy, right-handed gauge boson5

WR that is coupled to right-handed fermions. In addition, LR models also provide an explana-6

tion for the small mass of SM neutrinos through the seesaw mechanism [5–7], which requires7

the existence of a heavy right-handed neutrino (N) for each lepton flavor. The heavy neutrinos8

couple exclusively to leptons of the corresponding flavor, and have different masses.9

The coupling strength of the WR boson to the SM particles (gR) is a free parameter in most LR10

models. We assume LR symmetry, such that gR is the same as the SM coupling constant gL.11
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Figure 1: Feynman diagram for the production of a heavy neutrino via the decay of a WR boson.

The dominant production process for the WR boson at the CERN LHC is the Drell–Yan (DY)12

mechanism. The leading order Feynman diagram for this process is shown in Fig. 1. Although13

the potential Majorana nature of the right-handed neutrinos implies that the final-state charged14

leptons can have the same sign, we do not impose charge requirements on the final-state lep-15

tons, in order to remain sensitive to the widest possible range of models. Searches for WR16

bosons and heavy neutrinos have been performed by the ATLAS [8–10] and CMS [11–15] Col-17

laborations using LHC proton-proton (pp) collision data at
√

s = 8 and 13 TeV. These searches18

have excluded regions of phase space with masses of the right-handed W boson and heavy19

neutrino (mWR
and mN, respectively) up to several TeV.20

In this paper, we extend the region of parameter space covered in the previous 2016 CMS search21

for WR bosons in events with two same-flavor leptons (e or µ) and two jets using 2016 data [12],22

by including the regime where the WR boson is heavy compared to the N (mWR
/mN ≥ 10). In23

this scenario, the heavy neutrinos are produced with large transverse momentum (pT) and their24

decay products are collimated along their direction of motion. Therefore, the heavy neutrino25

decay is reconstructed in a single jet and identified using jet substructure techniques, simi-26

lar to those discussed in Refs. [16–18] and previously applied in Ref. [10]; we refer to these27

as “boosted” events, in contrast to “resolved” events where the two jets from the heavy neu-28

trino decay are reconstructed separately. The inclusion of boosted events leads to significant29

improvements in the search sensitivity in the region where mN < 0.5 TeV. To obtain maxi-30

mum sensitivity, a statistical combination of the resolved and boosted results is performed.31

For this analysis we use the data sample collected in 2016–2018 with the CMS detector at the32

LHC corresponding to an integrated luminosity of 138 fb−1. Tabulated results are provided in33

HEPData [19].34
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2 The CMS detector35

A detailed description of the CMS detector, together with a definition of the coordinate system36

and the relevant kinematic variables, can be found in Ref. [20]. The central feature of the CMS37

apparatus is a superconducting solenoid of 6 m internal diameter, providing a magnetic field of38

3.8 T. Within the solenoid volume are a silicon pixel and strip tracker, a lead tungstate crystal39

electromagnetic calorimeter (ECAL), and a brass and scintillator hadron calorimeter (HCAL),40

each composed of a barrel and two endcap sections. Forward calorimeters extend the pseu-41

dorapidity (η) coverage provided by the barrel and endcap detectors. Muons are detected in42

gas-ionization chambers embedded in the steel flux-return yoke outside the solenoid.43

Events of interest are selected using a two-tiered trigger system [21]. The first level, composed44

of custom hardware processors, uses information from the calorimeters and muon detectors to45

select events at a rate of around 100 kHz within a fixed time interval of less than 4 µs [22]. The46

second level, known as the high-level trigger, consists of a farm of processors running a version47

of the full event reconstruction software optimized for fast processing, and reduces the event48

rate to around 1 kHz before data storage.49

3 Simulated samples50

All signal events are simulated using the MADGRAPH5 aMC@NLO 2.6.5 [23] Monte Carlo (MC)51

event generator at leading order (LO) following the prescriptions described in Refs. [17, 18] for52

various mWR
hypotheses in the range from 0.2 to 7.0 TeV, with mN ranging from 0.1 TeV up to53

mWR
where N is a Majorana neutrino. The events are generated in final states with two same-54

flavor (SF) leptons (ee or µµ). The production cross sections are scaled to next-to-LO (NLO) in55

quantum chromodynamics (QCD) using K factors obtained from the same generator.56

The background samples are simulated with several MC event generators. The Z and W bo-57

son production associated with jets is simulated with the MADGRAPH5 aMC@NLO 2.2.2 (2.4.2)58

generator for up to four parton-level jets at LO for the 2016 (2017–2018) samples, with the MLM59

matching scheme between jets from matrix element calculations and parton showers [24]. The60

POWHEG 2.0 [25–28] generator is used to model the tt production, as well as tW and t-channel61

single top quark production at NLO. The s-channel single top quark production is generated62

with the MADGRAPH5 aMC@NLO generator at NLO precision. The inclusive decay of tt pro-63

duced in association with a W and Z boson is simulated by MADGRAPH5 aMC@NLO at NLO64

and LO precision, respectively. The PYTHIA generator [29] is used to simulate diboson pro-65

cesses (WW, WZ, and ZZ) at LO. Triple vector boson (WWW, WWZ, WZZ, and ZZZ) events66

are generated at NLO using MADGRAPH5 aMC@NLO.67

The generators used for the signal and background processes are interfaced with PYTHIA 8.22668

(8.230) [29] to simulate the parton showering and hadronization in the 2016 (2017–2018) sam-69

ples. The PYTHIA parameters for the underlying event description are set with either the70

CUETP8M1 [30] tune for the 2016 samples or the CP5 [31] tune for the 2017–2018 samples.71

For the description of the parton distribution functions (PDFs), the NNPDF3.0 [32] PDF sets72

are used to produce all simulated background samples in 2016. For the 2017–2018 background73

samples, the NNPDF3.1 next-to-NLO (NNLO) PDF sets [33] are used. The NNPDF3.1 NNLO74

PDF sets are used to simulate all the signal samples.75

All simulated samples were processed through a GEANT4 simulation [34] of the CMS detector.76

Multiple pp collisions may occur in the same or adjacent LHC bunch crossings (pileup) and77

contribute to the overall event activity in the detector. This effect is included in the simulation,78
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4. Event reconstruction and object selection 3

and the distribution of the number of pileup interactions is adjusted to match the one observed79

in the data, assuming a total inelastic cross section of 69.2 mb [35].80

4 Event reconstruction and object selection81

For this search, the events were selected at the trigger level by requiring the presence of a high-82

momentum lepton in the event. A combination of three triggers that require an isolated electron83

with pT > 27 (32)GeV, an electron with pT > 115 GeV, or a photon with pT > 175 (200)GeV84

is used to collect events that contain at least one electron in 2016 (2018). In 2017, two triggers85

with the requirement of an isolated electron with pT > 35 GeV or a photon with pT > 200 GeV86

were used. The single-electron triggers differ in their usage of isolation requirements: while the87

lower-threshold trigger requires electrons to be well isolated, the higher-threshold trigger does88

not, which gives an improved efficiency at high pT. Similarly, the single-photon trigger avoids89

reliance on the online track reconstruction and increases the overall efficiency for electrons90

with pT > 200 GeV. Events containing at least one isolated muon are collected by triggers that91

require a muon with a minimum pT of 50 GeV.92

The candidate vertex with the largest value of summed physics-object p2
T is taken to be the93

primary pp interaction vertex. The physics objects used for this determination are the jets,94

clustered using the jet finding algorithm [36, 37] with the tracks assigned to candidate ver-95

tices as inputs, as well as the remaining single tracks (including identified leptons), and the96

associated missing transverse momentum, taken as the negative vector sum of the pT of those97

objects.98

The global event reconstruction (also called particle-flow event reconstruction) [38] aims to re-99

construct and identify each individual particle in an event, with an optimized combination100

of all subdetector information. In this process, the identification of the particle type (photon,101

electron, muon, charged and neutral hadron) plays an important role in the determination102

of the particle direction and energy. Photons (e.g., coming from π0 decays or from electron103

bremsstrahlung) are identified as ECAL energy clusters not linked to the extrapolation of any104

charged particle trajectory to the ECAL. Each electron (e.g., coming from photon conversions in105

the tracker material or from B hadron semileptonic decays) is identified as a primary charged106

particle track and potentially many ECAL energy clusters corresponding to this track extrap-107

olation to the ECAL and to possible bremsstrahlung photons emitted along the way through108

the tracker material. Muons (e.g., from B hadron semileptonic decays) are identified as tracks109

in the central tracker consistent with either a track or several hits in the muon system, and110

associated with calorimeter deposits compatible with the muon hypothesis. Charged hadrons111

are identified as charged particle tracks neither identified as electrons, nor as muons. Finally,112

neutral hadrons are identified as HCAL energy clusters not linked to any charged hadron tra-113

jectory, or as a combined ECAL and HCAL energy excess with respect to the expected charged114

hadron energy deposit.115

The energy of each photon is obtained from the ECAL measurement. The energy of each elec-116

tron is determined from a combination of the electron momentum at the primary interaction117

vertex as determined by the tracker, the energy of the corresponding ECAL cluster, and the en-118

ergy sum of all bremsstrahlung photons spatially compatible with originating from the electron119

track. The momentum of each muon is obtained from the trajectory of the corresponding track120

in the magnetic field. The energy of each charged hadron is determined from a combination of121

the momentum measured in the tracker and the matching ECAL and HCAL energy deposits,122

corrected for the response function of the calorimeters to hadronic showers. Finally, the en-123

ergy of each neutral hadron is obtained from the corresponding corrected ECAL and HCAL124
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energies.125

For each event, the jets are clustered from the reconstructed particles using the infrared and126

collinear safe anti-kT algorithm [36, 37] with a distance parameter of 0.4 (AK4 jets) or 0.8 (AK8127

jets). The jet momentum is determined as the vectorial sum of all particle momenta in the jet,128

and is found from simulation to be, on average, within 5–10% of the true momentum over the129

whole pT spectrum and detector acceptance [39].130

Pileup interactions can contribute additional tracks and calorimetric energy deposits to the131

reconstructed jets, increasing their apparent momentum. To mitigate this effect for AK4 jets,132

charged particles identified as originating from pileup vertices are discarded and an offset cor-133

rection is applied to correct for the remaining contributions. Jet energy corrections are derived134

by comparing the average measured energies of jets in data with those of simulated jets. In135

situ measurements of the momentum balance in dijet, photon+jet, Z+jet, and multijet events136

are used to account for any residual differences in jet energy scale in data and simulation [39].137

The typical jet energy resolution is 15% at 10 GeV, 8% at 100 GeV, and 4% at 1 TeV. Additional138

selection criteria are applied to each jet to remove jets potentially dominated by anomalous139

contributions from various subdetector components or reconstruction failures [40]. For AK8140

jets, the pileup-per-particle identification algorithm [41, 42] is used to mitigate the effect of141

pileup at the reconstructed-particle level, making use of local shape information, event pileup142

properties and tracking information.143

The momentum resolution for electrons with pT ≈ 45 GeV from Z → ee decays ranges from144

1.7% to 4.5%. It is generally better in the barrel region than in the endcaps, and also depends145

on the bremsstrahlung energy emitted by the electron as it traverses the material in front of the146

ECAL [43].147

Muons are measured in the range |η| < 2.4, with detection planes made using three technolo-148

gies: drift tubes, cathode strip chambers, and resistive-plate chambers. The single-muon trigger149

efficiency exceeds 90% over the full η range, and the subsequent efficiency to reconstruct and150

identify muons is greater than 96%. Matching muons to tracks measured in the silicon tracker151

results in a fractional pT resolution of 1% in the barrel and 3% in the endcaps for muons with152

pT up to 100 GeV, and of better than 7% in the barrel for muons with pT up to 1 TeV [44].153

To reconstruct resolved WR candidates, events with two leptons and at least two AK4 jets are154

selected. Events with additional leptons are rejected, and if more than two jets exist, the two155

jets with the highest pT are used. The leading (subleading) lepton is required to have pT >156

60(53)GeV and to be within the fiducial acceptance (|η| < 2.4). Electrons are rejected if the157

cluster lies in the range 1.44 < |η| < 1.57, which corresponds to the transition region between158

the barrel and endcap sections of the ECAL, where the performance is degraded. To suppress159

muons originating from hadron decays or pion punch-through in jets, the pT sum of additional160

tracks that originate at the PV and are inside a cone of ∆R < 0.3, where ∆R ≡
√
(∆η)2 + (∆φ)2,161

is required to be less than 10% of the muon pT. Electrons are also required to be isolated, i.e.,162

the pT sum of all tracks in a cone of ∆R < 0.3 centered on the electron candidate, not associated163

with the electron and originating from the PV, must be below 5 GeV. Dedicated identification164

algorithms, optimized for the selection of high-momentum leptons [43, 45] are used. The two165

jet candidates must each have pT > 40 GeV and be within |η| < 2.4. To avoid overlaps between166

leptons and jets, they are required to be separated in ∆R by at least 0.4. An event is considered167

resolved if it contains four well-separated final-state objects as described above.168

Events that fail the resolved selection criteria are used to reconstruct the boosted WR candi-169

dates. The N→ `qq′ decay is reconstructed as a single AK8 jet. The boosted signature requires170
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an AK8 jet with pT > 200 GeV and two leptons that have the same pT requirements as in the171

resolved search. The leading lepton is required to be separated in the azimuthal direction by172

∆φ > 2.0 with respect to the AK8 jet. The subleading lepton, with the isolation requirement173

removed, is required to fall within the AK8 jet cone. The AK8 jet with the highest pT is chosen174

when multiple jets satisfy the conditions above, and events with additional isolated leptons are175

rejected. The jet is groomed [46] to remove soft and wide-angle radiation using the soft-drop176

algorithm [47, 48], with the soft radiation fraction parameter z set to 0.1 and the angular expo-177

nent parameter β set to 0. The groomed jet is used to compute the soft-drop jet mass (mSD) and178

each AK8 jet is required to have mSD > 40 GeV, to optimize the signal selection and background179

rejection.180

The lepton subjet fraction (LSF3) algorithm [49] is used to determine the consistency of the jet181

with three subjets, where one subjet is dominated by the four-momentum of the lepton. This182

algorithm clusters the constituents of a jet into three subjets using the exclusive-kT algorithm,183

and LSF3 is defined as the ratio of the lepton pT to its associated subjet pT (pT(`)/pT(subjet)).184

Jets with higher LSF3 values are considered to have a more isolated lepton within the jet and185

therefore the lepton is assumed to originate from a prompt decay. A selection of LSF3 > 0.75 is186

required for all signal AK8 jets, which removes more than 81 (94)% of dielectron (dimuon) back-187

ground events that have leptons originating from the decay of particles with non-negligible188

lifetimes (nonprompt leptons), while keeping 87 (92)% of signal events with (mWR
, mN) =189

(5.0, 0.2)TeV.190

For the resolved events we reconstruct an invariant mass distribution from the two leptons and191

two AK4 jets (m``jj), and for the boosted events we consider the distribution in invariant mass of192

the lead lepton and AK8 jet (m`J). We search for deviations from the expected SM background193

in these distributions in the mass regions with m``jj or m`J > 0.8 TeV. To reduce the contribution194

from Z boson production, we also impose a requirement of m`` > 0.4 (0.2)TeV in the resolved195

(boosted) search. For the signal samples with mWR
= 5.0 TeV and mN = 0.2 (3.0)TeV, the196

product of acceptance and efficiency is 21–22 (49–50)% and 34–43 (54–67)% in the dielectron197

and dimuon boosted (resolved) signal regions (SRs), respectively, depending on the year.198

5 Background estimation199

The dominant SM processes that contribute to the background in each SR are DY production of200

lepton pairs with additional jets in the final state (DY+jets), leptonic decays of pair-produced201

top quarks, and single top production with an associated W boson. These backgrounds are esti-202

mated from simulation and the modeling is corrected using control regions (CRs), as described203

below. A schematic diagram presenting the CRs and SR is shown in Fig. 2.204

The tt events with at least one hadronically decaying W boson, s- and t-channel production of205

a single top quark, and W boson production in association with jets can contribute to the SRs206

when nonprompt leptons from, e.g., semileptonic decays of B hadrons, are misidentified as207

signal-like leptons. These types of background are labeled as nonprompt, and are estimated by208

means of simulated samples. Multiboson and tt production in association with a gauge boson209

are rare SM processes that can also contribute to the SRs, and their contributions are obtained210

from simulation as well.211

To correct the mismodeled pT distribution of the Z boson in the DY simulation [50, 51], we212

apply a K factor as a function of the generator-level Z boson pT (“pT(Z) correction”). The213

NLO-to-LO K factor in QCD is obtained by taking the ratio between DY samples simulated to214

NLO and LO precision. The uncertainties from renormalization and factorization scale, PDF215
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Figure 2: A schematic diagram of the analysis region. The minimum values of the dilepton
mass in the SR and the flavor CR is 400 (200) GeV for the resolved (boosted) region. The back-
grounds from tW and tt production are estimated from the flavor CR (green), where different
flavor (DF) leptons are required. The DY background is estimated from the DY CR (blue).

variations, and the statistical uncertainties in the MC samples are taken into account. The216

nNLO electroweak correction (combination of theO(α2αS) contributions and theO(α3αS) elec-217

troweak Sudakov logarithms in the next-to-leading log approximation) is taken from Ref. [51].218

We define DY CRs to be the same as the SR but modify the dilepton mass requirement to219

60 < m`` < 150 GeV (blue region in Fig. 2). For the boosted DY CRs, a lepton is not required220

to be located inside an AK8 jet, and the LSF3 requirement is removed when collecting the AK8221

jets. Owing to a limitation of the DY MC generator, which is restricted to the LO simulation222

of events with a maximum of four partons in the hard scattering, a shape discrepancy is ob-223

served in the leading AK4 and AK8 jet pT distributions in the resolved and boosted DY CRs,224

respectively. We correct the shape of the jet pT distributions to match with those observed in225

data by a bin-by-bin rescaling (“DY reshape”). Since this mismodeling is due to the higher-226

order effect of QCD jet splitting, the dielectron and dimuon events will be affected in a similar227

way, thus the two event samples are summed when extracting the reweighting values, typi-228

cally ranging from 0.8 to 1.2. The DY reshape correction modifies the shape of the m``jj and229

m`J distributions and brings the distribution in simulation into good agreement with data. The230

uncertainty assigned to the DY reshape correction is dominated by the statistical uncertainty,231

and is treated as uncorrelated across bins in the invariant mass spectrum. The normalization232

of the DY processes is allowed to vary in the fitting procedure, which is described in Section 7.233

Several checks were performed to validate the extrapolation from low to high m``, including234

verifying the agreement in the intermediate region, 150 < m`` < 400(200)GeV for the resolved235

(boosted) analysis.236

To constrain the normalization of the tt and tW backgrounds in each SR, a corresponding con-237

trol region (flavor CR) dominated by tt and tW events is defined by requiring the two leptons238

to have different flavors (the green region in Fig. 2). For the boosted analysis, separate control239

regions are used for the dielectron and dimuon searches. These require a lead muon plus a240

jet with an electron contained within it (e-jet), and a lead electron plus a jet with a muon con-241

tained within it (µ-jet), respectively. The normalizations of these backgrounds are extracted by242

performing a simultaneous fit across the SRs and flavor CRs.243
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The invariant mass distributions in the DY CRs, flavor CRs, and the SRs are simultaneously244

fitted (Section 7). The m``jj and m`J distributions after the fitting (post-fit) in the DY CRs and245

flavor CRs are shown in Figs. 3 and 4, respectively.246
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Figure 3: The m``jj (m`J) distributions in the resolved (boosted) DY CRs are shown in the upper
(lower) row. Results in the ee (µµ) channels are shown in the left (right) plots. The hatched
uncertainty bands on the simulated background histograms include statistical and systematic
components.

6 Systematic uncertainties247

The m``jj (m`J) distribution is used to perform a binned maximum likelihood fit in the resolved248

(boosted) SR. The shapes of the invariant mass distributions are affected by a number of sys-249

tematic uncertainties. Each systematic uncertainty is treated either as uncorrelated or fully250

correlated across the three data-taking years. A complete list of systematic uncertainties and251

their correlations is given in Table 1.252
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Figure 4: The reconstructed mass of the WR boson in the resolved (upper), boosted with e-jet
(lower left), and boosted with µ-jet (lower right) flavor CR.

The integrated luminosities for the 2016, 2017, and 2018 data-taking years have 1.2–2.5% in-253

dividual uncertainties [52–54], while the overall uncertainty for the 2016–2018 period is 1.6%.254

The uncertainties in the expected signal and background yields associated with the pileup sim-255

ulation are estimated by varying the total cross section of the inelastic scattering used in the256

simulation by ±5%. The resultant uncertainties are 0.0–0.9% and 0.2–1.1% in signal and back-257

ground yields, respectively.258

The lepton trigger, reconstruction, identification, and isolation efficiencies are measured in both259

data and simulation using Z → `±`∓ (` = e or µ) events and data-to-simulation scale factors260

are applied to all simulation samples to correct any discrepancies. The uncertainties in the261

lepton scale factors are evaluated by changing the scale factors by ±1 standard deviation from262

their nominal values. The momenta of leptons are varied in the simulation within their ±1263

standard deviation from their nominal value, and the differences in the mass distributions are264

taken as the uncertainties. The uncertainties in the jet energy scale and resolutions [39] affect265

the signal and background yields by less than 5%. The jet selection efficiency associated with266
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the requirement LSF3 > 0.75 is measured by taking a sample of AK8 jets from boosted W267

bosons in tt events where one W boson decays leptonically and the other decays hadronically268

and injecting a simulated lepton (e or µ) in the direction of the hadronically decaying W boson,269

to emulate the 3-prong jet topology. The data-to-simulation scale factor obtained for the LSF3270

requirement, ranging from 0.95 to 1.05, is then applied to the simulated samples. The resulting271

uncertainty in the yields amounts to less than 10% for both the signal and background.272

As described in Section 5, the two corrections applied to the DY simulation are varied within273

their uncertainties to estimate their impact on the invariant mass distributions.274

Owing to the imperfect description of nonprompt leptons in the simulation, a conservative275

100% normalization uncertainty, cross-checked with a dedicated control region with zero b jets,276

is assigned to the nonprompt background estimation. A 50% uncertainty is assigned to the rare277

SM background. The theoretical uncertainties originating from the strong coupling constant αS,278

PDFs, and renormalization/factorization scales are the dominant sources of uncertainties for279

the signal shape estimate. The PDF and αS uncertainties are estimated from the standard devi-280

ation of the weights from the PDF replicas provided in the NNPDF3.1 PDF set [33], following281

the PDF4LHC procedure [55].282

Table 1: Summary of the relative uncertainties in the total yields of the signal and background
(bkgd) predictions. The uncertainties are given for the resolved (boosted) SR. The values for
the signal correspond to mWR

= 5 TeV. The range given for each systematic uncertainty source
covers the variation across the years and the year-to-year treatment is shown as either fully
correlated (C) or uncorrelated (U). The EW1, EW2, and EW3 entries are the uncertainties from
the O(α2) Sudakov terms, the NLO portion of the nNLO EW uncertainty, and the uncertainty
in the Sudakov approximation at nNLO, respectively.

Source Process Corr.
ee bkgd. ee signal µµ bkgd. µµ signal

(%) (%) (%) (%)
Integrated luminosity All C 1.6 (1.6) 1.6 (1.6) 1.6 (1.6) 1.6 (1.6)
Electron reconstruction All C 1.0–1.6 (0.5–0.8) 0.8–1.4 (0.4–0.8) — —
Electron energy resolution All C <0.1 (<0.1) <0.1 (<0.1) — —
Electron energy scale All C 0.5–1.9 (0.5–2.4) 0–0.2 (0–0.4) — —
Electron identification All C 3.1–3.3 (1.8–1.9) 4.1–4.4 (2.1–2.4) — —
Electron trigger All U 0–0.1 (0.2–0.4) <0.1 (0.1–0.2) — —
Muon reconstruction All C — — 0.4–1.0 (0.3–0.7) 4.4–36.8 (5.6–30.7)
Muon momentum scale All C — — 0.4–2.5 (0.5–3.7) 0.1–0.2 (0.1–0.3)
Muon identification All C — — 0.2–1.2 (0.1–0.6) 0.2–1.1 (0.1–0.5)
Muon isolation All C — — 0.1–0.2 (0–0.1) 0.1–0.2 (0–0.1)
Muon trigger All U — — 0.1–0.2 (0.1–0.2) 0.7–1.6 (0.5–1.3)
Jet energy scale All C 1.9–4.2 (0.9–1.9) 0–0.2 (0–0.2) 2.1–3.5 (0.6–0.9) 0–0.2 (0–0.4)
Jet energy resolution All U 0.5–1.5 (0.7–2.0) 0–0.3 (0–0.4) 0.2–1.3 (0.2–1.1) 0–0.3 (0–0.3)
Jet mass scale All C <0.1 (1.0–1.8) <0.1 (0.1–1.0) <0.1 (1.4–1.7) <0.1 (0.2–1.0)
LSF scale factor All U — (6.7–8.7) — (6.7–8.7) — (5.8–7.1) — (5.8–7.1)
Pileup modeling All C 0.2–1.1 (0.5–1.2) 0.1–0.8 (0.1–0.9) 0.3–0.5 (0.2–1.2) 0.1–0.5 (0–0.6)
pT (Z) correction, MC stat. DY+jets C 0.6–2.0 (0.6–2.0) — 0.6–2.0 (0.6–2.0) —
pT (Z) correction, renorm./fact. scales DY+jets C 6.3–7.1 (6.7–7.3) — 6.1–7.1 (6.8–7.4) —
pT (Z) correction, PDF replicas DY+jets C 0.6–2.0 (0.6–2.0) — 0.6–2.0 (0.6–2.0) —
pT (Z) correction, PDF αS DY+jets C 0.8–4.7 (0.8–5.2) — 0.8–4.7 (0.8–5.3) —
pT (Z) correction, EW1 [51] DY+jets C <0.1 (<0.1) — <0.1 (<0.1) —
pT (Z) correction, EW2 [51] DY+jets C 0.3 (0.3) — 0.3 (0.3) —
pT (Z) correction, EW3 [51] DY+jets C 0.1 (0.1) — 0.1 (0–0.1) —
DY reshape DY+jets C 8.5–9.1 (10.1–11.6) — 8.5–9.2 (9.7–11.6) —
Nonprompt background normalization Nonprompt U 100 (100) — 100 (100) —
Rare SM background normalization Others C 50 (50) — 50 (50) —
PDF replicas Signal C — 5.9–11.9 (8.8–40.3) — 2.8–6.8 (17.5–40.6)
αS Signal C — 0–0.2 (0.2–1.3) — 0–0.2 (0.2–1.2)
Renorm./fact. scales Signal C — 0–0.1 (0.3–2.3) — 0–0.1 (2.1–2.9)



10

7 Results283

A maximum-likelihood fit is performed on the m``jj (m`J) distributions in the resolved (boosted)284

SRs and CRs, with the systematic uncertainties described in Section 6 treated as nuisance pa-285

rameters. The background-only post-fit invariant mass distributions are shown in Fig. 5 and286

no significant excess over the background expectations is observed. A simulated signal distri-287

bution corresponding to mass values at the limit of sensitivity is shown for comparison. The288

shape of this distribution is very similar for the resolved and the boosted analysis, with the peak289

falling in the last bin. The enhancement visible around 2 TeV in the resolved distribution is due290

to sculpting of the WR off-shell mass distribution. The upper limits on the product of the cross291

section for WR production and the branching fractions σ(pp → WR)B(WR → ee(µµ)qq′) for292

various mWR
and mN hypotheses are obtained using the distributions of the likelihood ratio cal-293

culated using the asymptotic approximation [56] and the CLs criterion [57, 58]. The excluded294

phase space as a function of mWR
obtained from the expected and observed upper limits at 95%295

confidence level (CL) is shown in Fig. 6. With mN = mWR
/2, the observed (expected) lower296

limit at 95% CL on the mass of the WR is 4.7 (5.2) TeV and 5.0 (5.2) TeV for the electron and muon297

channels, respectively; for mN = 0.2 TeV, limits exclude the phase space up to mWR
= 4.8 (5.0)298

and 5.4 (5.3)TeV for the electron and muon channels. The local p-value of the signal strength,299

as a function of mWR
and mN, is obtained from fits to the data with the signal stength at each300

point treated as a free parameter. We observe the most extreme p-value to occur in the electron301

channel for the (mWR
, mN) = (6.0, 0.8)TeV mass point and to be 1.58 × 10-3, corresponding302

to a local significance of 2.95σ. The look-elsewhere effect [59] is taken into account by using303

pseudo-experiments to calculate the probability under the background-only hypothesis of ob-304

serving a similar or larger excess in the electron channel across the full analysis mass range.305

This probability is 2.7× 10-3, corresponding to a global significance of 2.78σ. The upper limits306

across the entire (mWR
, mN) plane are shown in Fig. 7. The results are compared with previous307

searches for WR bosons and heavy neutrinos performed by the ATLAS Collaboration [9] using308

LHC pp collision data at
√

s = 13 TeV and the excluded regions from this analysis in mWR
,309

with mN = mWR
/2, match these previous results in the electron channel and extend them by310

0.3 TeV in the muon channel. Furthermore, for values of mN less than 0.5 TeV, the introduction311

of the boosted analysis provides a significant increase in sensitivity, extending the range of mWR
312

excluded in this region beyond 4.8 and 5.0 TeV in the electron and muon channels, respectively.313
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Figure 5: The background-only post-fit m``jj (m`J) distributions in the resolved (boosted) SR are
shown in the upper (lower) plot. Results for the dielectron (dimuon) channel are shown on
the left (right). Statistical and systematic uncertainties in the expected background yields are
represented by the hatched band. The simulated signal distribution is scaled up by a factor of
five to enhance visibility.
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Figure 6: The expected (black dashed line) and the observed (black solid line) 95% CL upper
limits on the product of the cross section for WR production and the branching fractions for
the electron channel (left) and muon channel (right) from the combination of the resolved and
boosted categories. The plots in the upper (lower) row are the results for the mN = mWR

/2
(mN = 0.2 TeV) mass point, which correspond to the resolved (boosted) WR topology. The
green (inner) and yellow (outer) bands indicate the 68 and 95% coverage of the expected upper
limits. The red solid lines represent the values expected from the theory [17].
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Figure 7: The observed 95% CL upper limits on the product of the production cross sections
and the branching fractions of a right-handed WR boson divided by the theory expectation
for a coupling constant gR equal to the SM coupling of the WR boson (gL), for the electron
channel (left) and muon channel (right). The observed exclusion regions are shown for the
resolved (solid green), boosted (solid blue), and combined (solid black) channels, together with
the expected exclusion region for the combined result (dotted black). The dash-dotted lines
represent the 68% coverage of the boundaries of the expected exclusion regions. The observed
exclusion regions obtained in the previous search performed by the CMS Collaboration [12]
are bounded by the magenta lines. The biggest improvement can be seen in the mN < 0.5 TeV
region, where the new boosted category greatly improves the sensitivity over the previous
result.

8 Summary314

A search for right-handed bosons (WR) and heavy right-handed neutrinos (N) in the left-right315

symmetric extension of the standard model has been presented. The analysis is based on316

proton-proton collision data collected at
√

s = 13 TeV by the CMS detector, corresponding317

to an integrated luminosity of 138 fb−1. The final state consists of events with two same-flavor318

leptons (ee or µµ) and two quarks, and is identified through two regions: the resolved region,319

where all four objects are well separated, and the boosted region, where the heavy neutrino de-320

cay is identified using jet substructure techniques applied to large-area jets. The addition of the321

boosted region greatly improves the search sensitivity in the region where mN < 0.5 TeV. No322

significant excess over the standard model background expectations is observed in the invari-323

ant mass distributions. Upper limits are set on the products of the WR and N production cross324

sections and their branching fraction to two leptons and two quarks assuming that couplings325

are identical to those of the standard model. For N masses mN equal to half the WR mass mWR
326

(mN = 0.2 TeV), mWR
is excluded at 95% confidence level up to 4.7 (4.8) and 5.0 (5.4) TeV for the327

electron and muon channels, respectively. This analysis provides the most stringent limits on328

the WR mass to date.329
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