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0 Notes1

0.1 v5:9-Sep-20242

• Details of JECs are included.3

• Add new plots and event selections for the fake control region.4

0.2 v4:9-Sep-20245

• Tau object and systematic definitions are made more clear.6

• Nonprompt hadronic tau data-driven estimation method is updated.7

• Included major systematic sources and made input to corresponding section of the8

AN.9

0.3 v3:7-AUG-202410

• Extended and fixed content in previously edited sections.11

0.4 v2:30-JAN-202312

• Updated sections 1, 213
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Initiation of AN-23-001.15
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1 Introduction67

Several experimental results have provided a solid observation for parity violation in the stan-68

dard model (SM) weak interactions, which is inexplicable in the bounds of SM itself. Various69

extensions of the SM have been introduced to spell out such unaccountable observations, and70

one of them is the Left-right symmetric model (LRSM) [1–4] which extends the SM electroweak71

sector by a right-handed SU(2) group. Such an extension can explain the observed parity vio-72

lation by allowing a spontaneous symmetry breaking in a scale of TeV order.73

Figure 1: Feynman diagram for the production of N from a WR decay.

In this study, the production of the right-handed W boson (WR) subsequently decaying into a74

tau lepton (τpri) and a heavy neutral lepton N is the process of interest. The N again decays into75

an off-shell WR and a tau lepton (τsec) with the same flavor as the first lepton: the virtual WR76

decays hadronically, essentially a three-body decay. The Feynman diagram for such a process77

is depicted in Fig.1. Here, the channel of interest will be the one where τpri decays hadroni-78

cally and τsec leptonically, leading to a light lepton and a hadronic tau (τh) with jets from the79

off-shell WR as the final state.80

81

Several studies have been performed in CMS targeting the same channel of interest with the82

same model hypothesis. The most recent study has excluded WR masses below 3.52 (2.75) TeV83

at 95% confidence level, assuming the N mass is 0.8 (0.2) times the mass of the WR boson using84

the 2016 data corresponding to an integrated luminosity of 35.9 fb−1 [5]. This analysis mainly85

targets to improve the limits on the phase space where the mass of WR is way larger than the86

mass of N which was not fully excluded in the mentioned previous study. The mass hypothesis87

is set to range from 1 TeV to 6.5 TeV and 100 GeV to mWR
− 100 GeV respectively for WR and N.88

Also an assumption that the coupling strength of WR with the SM particles gR, is the same as89

the SM coupling constant gL.90
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2 Dataset91

2.1 Data Samples92

This analysis uses proton-proton (pp) collisions in the LHC, recorded by the CMS detector at93 √
s = 13 TeV during Run-II, with an integrated luminosity of 137.4 fb−1. The data collected94

in 2016 is split into two eras with different conditions, mainly due to the APV readout chip95

condition alteration between those eras. The dataset produced in 2016 before such modification96

is denoted as ”preVFP” and for the vice versa condition as ”postVFP”, corresponding to an97

integrated luminosity of 19.50 fb−1 and 16.81 fb−1 respectively, resulting in 36.31 fb−1 in total98

in 2016. Luminosity information for each era with the run information is shown in Table 199

alongside the tau dataset used in this analysis, aiming for the desired eτh and µτh channel of100

interest of this search. The following golden JSON files were used to select the lumi sections101

when all subdetectors were operational during recording :102

• 2016 : Cert 271036-284044 13TeV Legacy2016 Collisions16 JSON.txt103

• 2017 : Cert 294927-306462 13TeV UL2017 Collisions17 GoldenJSON.txt104

• 2018 : Cert 314472-325175 13TeV Legacy2018 Collisions18 JSON.txt105

Table 1: Tau Dataset

Dataset Name Run Range

2016preVFP 19.50fb−1

/Tau/Run2016B-ver2 HIPM UL2016 MiniAODv2-v1/MINIAOD 273150 – 275376
/Tau/Run2016C-HIPM UL2016 MiniAODv2-v1/MINIAOD 275656 – 276283
/Tau/Run2016D-HIPM UL2016 MiniAODv2-v1/MINIAOD 276315 – 276811
/Tau/Run2016E-HIPM UL2016 MiniAODv2-v1/MINIAOD 276831 – 277420
/Tau/Run2016F-HIPM UL2016 MiniAODv2-v1/MINIAOD 277932 – 278770
2016postVFP 16.81fb−1

/Tau/Run2016F-UL2016 MiniAODv2-v1/MINIAOD 278769 – 278808
/Tau/Run2016G-UL2016 MiniAODv2-v1/MINIAOD 278820 – 280385
/Tau/Run2016H-UL2016 MiniAODv2-v1/MINIAOD 281613 – 284044
2017 41.48fb−1

/Tau/Run2017B-UL2017 MiniAODv2-v1/MINIAOD 297047 – 299329
/Tau/Run2017C-UL2017 MiniAODv2-v1/MINIAOD 299368 – 302029
/Tau/Run2017D-UL2017 MiniAODv2-v1/MINIAOD 302031 – 302663
/Tau/Run2017E-UL2017 MiniAODv2-v1/MINIAOD 303824 – 304797
/Tau/Run2017F-UL2017 MiniAODv2-v1/MINIAOD 305040 – 306460
2018 59.83fb−1

/Tau/Run2018A-UL2018 MiniAODv2-v1/MINIAOD 315257 – 316995
/Tau/Run2018B-UL2018 MiniAODv2-v1/MINIAOD 317080 – 319310
/Tau/Run2018C-UL2018 MiniAODv2-v1/MINIAOD 319337 – 320065
/Tau/Run2018D-UL2018 MiniAODv2-v2/MINIAOD 320500 – 325175

2.2 Signal Samples106

The signal samples are generated using MADGRAPH at leading order (LO) [6] for the ττ chan-107

nel process. The LRSM model EffLRSM NLO [7] was included for the generation in MADGRAPH108

as an external model, with different WR and N mass values as input parameters. Samples were109

generated with mWR
ranging from 1 TeV to 6.5 TeV, and mN from 100 GeV to mWR

− 100 GeV with110
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an increment of 500 GeV and 100 GeV respectively. Fig.2 shows the calculated cross section of111

each generated samples in the (mWR
, mN) plane. The sample names and the corresponding112

values of cross sections can be found in Appendix A.1.113

Figure 2: Signal sample cross sections in pb, of produced pp → τ N → ττ jj in the (mWR
, mN)

plane.

An additional LHE level filter was used to filter out events where both taus decay hadronically,114

thus only allowing two leptonic taus or a leptonic tau with a hadronic tau as the LHE level115

final state taus. PYTHIA 8.2 [8] was used to simulate parton showering and fragmentation,116

where the PYTHIA parameters having direct effect with underlying events are tuned with the117

CP5 tune [9]. NNPDF 3.1 [10–12] is used for the parton density function (PDF). After generator-118

level simulations, the events go through GEANT4 [13] to simulate the CMS detector properly.119

All samples were produced up to the MINIAODSIM level, which follows the CMS Run2 ultra120

legacy campaigns per era, listed in Table 2.121

Table 2: Run2 ultra legacy (UL) MINIAODSIM production campaigns for each eras.

Era MINIAOD Campaign
2016preVFP RunIISummer20UL16MiniAODAPVv2-106X mcRun2 asymptotic preVFP v11-v1
2016postVFP RunIISummer20UL16MiniAODv2-106X mcRun2 asymptotic v17-v1

2017 RunIISummer20UL17MiniAODv2-106X mc2017 realistic v9-v1
2018 RunIISummer20UL18MiniAODv2-106X upgrade2018 realistic v16 L1v1-v1

Some of the generator-level kinematic distributions, such as the transverse momentum (pT),122

pseudorapidity (η) and invariant masses were studied and plotted in Fig.3–5 for the scenario123

mWR
= 2 TeV with mN = 100 GeV, mWR

/2 and mWR
− 100 GeV as a validation of the sample124

production process. Plots for other mass points, i.e., mWR
= 1, 4 TeV are shown in Appendix125

A.2. Only the ττ events were selected among all of the available ℓℓ channels, thus having126

a preselection requiring exactly two τ leptons where the primary (secondary) τ from WR(N)127
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will be denoted as τ pri(τ sec) within the ”resolved” topology described in the below list. Being128

able to distinguish between the primary and secondary lepton in the generator level helps to129

reconstruct the sum of τpriτsec jj and τsec jj which will act as a proxy of WR and N respectively.130

• At least 2 AK4 jets (j), which are cleaned using leptons and taus.131

• min∆R(τ , j) > 0.4 for all τ and jets.132

Otherwise, events failing the resolved selection but having at least one AK8 jet (J) and ∆R(τ , J) <133

0.8 for any τ , are included in the ”boosted” signal region. Further description of the signal and134

control region cuts will be dealt with in Section 6.135

136

Table 3: Selection efficiency for selected signal sample mass scenarios. ττ denotes the preselec-
tion of selecting exactly two final state τ leptons. The resolved and boosted regions are selected
after the preselection. All efficiencies listed are calculated by comparing the number of events
with no selections.

Mass Points Selection Efficiency
mWR

mN τµ τh Resolved Boosted
(GeV) (GeV)

1000 100 7.58% 0.03% 7.38%
1000 200 7.70% 0.12% 7.35%
1000 500 9.07% 1.09% 7.40%
1000 900 5.98% 1.83% 3.26%
2000 100 12.02% 0.02% 11.90%
2000 400 12.97% 0.34% 12.42%
2000 1000 15.19% 2.71% 11.93%
2000 1900 10.51% 4.09% 5.34%
4000 100 12.97% 0.04% 12.76%
4000 800 16.70% 0.93% 15.37%
4000 2000 18.24% 3.89% 13.80%
4000 3900 14.22% 6.43% 6.53%

The selection efficiency for the ττ preselection with both the resolved and boosted region is137

shown in Table 3. Among the selected ττ events, the rate of τeτh and τeτh channels are also138

calculated.139

2.3 Background samples140

An overview of simulated background samples used in this analysis is in Table 4. Legends in141

the plots shown in this analysis note group the background samples as :142

• Nonprompt : will be defined in Section 7.2.143

• Top : t+X, tt+X144

• Others : V+X, VV+X, VVV+X145

3 Analysis Strategy146

3.1 Triggers147

This analysis targets a final state which consists of a hadronic tau accompanied by a nearly148

back-to-back light lepton, which has two nearby AK4 jets or a single AK8 jet. This differ-149
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Table 4: Background samples used in this analysis. All samples were produced up to the
MINIAODSIM level for campaigns corresponding to each era listed in Table 2

.

Sample σ (pb)

tt+X
TTToHadronic TuneCP5 13TeV-powheg-pythia8 377.96
TTTo2L2Nu TuneCP5 13TeV-powheg-pythia8 365.34
TTToSemiLeptonic TuneCP5 13TeV-powheg-pythia8 88.29

t+X

ST t-channel antitop 5f InclusiveDecays TuneCP5 13TeV-powheg-pythia8 80.0
ST t-channel top 5f InclusiveDecays TuneCP5 13TeV-powheg-pythia8 134.2
ST tW antitop 5f inclusiveDecays TuneCP5 13TeV-powheg-pythia8 39.65
ST tW top 5f inclusiveDecays TuneCP5 13TeV-powheg-pythia8 39.65

V+X WJetsToLNu TuneCP5 13TeV-madgraphMLM-pythia8 61526.7
DYJetsToLL M-50 TuneCP5 13TeV-madgraphMLM-pythia8 6077.2

VV+X
WW TuneCP5 13TeV-pythia8 118.7
WZ TuneCP5 13TeV-pythia8 51.1
ZZ TuneCP5 13TeV-pythia8 16.91

VVV+X

WWW 4F TuneCP5 13TeV-amcatnlo-pythia8 0.2086
WWZ 4F TuneCP5 13TeV-amcatnlo-pythia8 0.1651
WZZ TuneCP5 13TeV-amcatnlo-pythia8 0.05565
ZZZ TuneCP5 13TeV-amcatnlo-pythia8 0.01398

ence of jet topologies near the light lepton occurs from how boosted or resolved the secondary150

WR decaying from N is. If the secondary WR is boosted enough which is the case where151

m(WR) ≫ m(N),the leptons and two AK4 jets would collimate, thus resulting in a single AK8152

jet with a light lepton inside it. In the other case where m(WR) ≃ m(N), will result in a well153

seperated system of two AK4 jets with a light lepton nearby. This analysis mainly focuses on154

the improvement in the phase space where m(WR) ≫ m(N) which will have a highly non-155

isolated light lepton, thus triggering on the hadronic tau would be a suitable strategy. The156

single hadronic tau triggers used in this analysis are summarized in Table 5.

Table 5: Single tau triggers used for each Run II era.

Year HLT Path Name
2016 HLT VLooseIsoPFTau140 Trk50 eta2p1 v∗
2017 HLT MediumChargedIsoPFTau180HighPtRelaxedIso Trk50 eta2p1 v∗
2018 HLT MediumChargedIsoPFTau180HighPtRelaxedIso Trk50 eta2p1 v∗

157
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4 Object Definition and Identification158

The CMS global event reconstruction, utilizing the particle-flow (PF) algorithm, seeks to iden-159

tify and reconstruct each particle in an event by integrating data from the various CMS sub-160

detectors [14]. By determining particle types such as photons, electrons, muons, as well as161

charged and neutral hadrons, the direction and energy of the particle objects can be accurately162

measured.163

4.1 Muons164

4.1.1 Reconstruction165

Muons are reconstructed by starting from a track in the muon system, which is matched with166

another track in the tracker. Additional information regarding muon reconstruction algorithms167

is described in detail in [15]. The reconstruction of high-pT muons which are the main focus168

of this analysis are unreliable using a single reconstruction algorithm as in such high pT region169

momentum resolution of trackers and muon systems are low. Thus, the so-called ’cocktail’170

(TuneP) algorithm is introduced to compensate for the inefficiency of reconstructing high-pT171

muons.[16]172

4.1.2 Identification173

High-pT muons used in this analysis are identified by the following :174

• The muon is reconstructed as a global muon.175

• At least one muon chamber hit is included in the global muon track fit.176

• At least two muon stations have muon segments.177

• The pT relative error, σpT
/pT of the muon best track is less than 0.3.178

• Muon tracks must have at least one pixel hit.179

• At least six tracker layer hits are required in the reconstruction.180

• The transverse impact parameter, with respect to the primary vertex, must be less181

than 2mm, and the longitudinal distance of the track must be less than 5mm.182

The last requirement is included to exclude muons from cosmic rays and decays-in-flights,183

which usually have longer impact parameters than the muons that are in our interest. Also, to184

reject muons rooting from jets.185

4.1.3 Corrections186

Additional momentum corrections are applied to the reconstructed muons. The momentum187

is corrected using the Rochester correction for muons with pT ≤ 200 GeV. [17] In the case of188

muons with pT ≥ 200 GeV, the generalized-endpoint (GE) method [18, 19] is used, which cor-189

rects the position and width of the dimuon mass peak from Z0 → µµ processes in simulations190

and data to make better agreement.191

4.1.4 Selection192

Muons are classified into two selection categories: tight and loose. These categories are de-193

signed to reconstruct both resolved and boosted signal events optimally. Tight leptons are194

used to identify isolated leptons similar to those expected in resolved signals. On the other195

hand, loose leptons, resembling non-isolated leptons in boosted signals, must be within a wide196
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cone jet to help reconstruct a merged jet consisting of quarks and a lepton. The detailed cuts197

for both selections are shown in Table 6.198

Table 6: Summary table of muon selections

Requirement Loose Tight
|η| < 2.4 < 2.4
pT > 53 GeV > 53 GeV
ID HighPt HighPt

Isolation - Relative Tracker Isolation < 0.1

4.2 Electrons199

4.2.1 Reconstruction200

Electrons are reconstructed from ECAL clusters matched to GSF tracks that require a shower201

shape consistent with an electromagnetic interaction. Accounting for the imperfect measure-202

ment of electron energy in data, a correction is applied, obtained using Z0 → ee events. A203

scale factor is applied to electrons in the data to correct this mid-measurement according to204

the recipe provided by the Egamma POG. A correction to the MC must also be applied to cor-205

rect the differences in resolution by smearing the energy of electrons. Smearing, scaling, and206

reconstruction efficiency scale factors were provided by the POG.207

4.2.2 Identification208

Reconstructed electrons must meet the criteria of the HEEP identification. This involves the209

electron having a high-quality, isolated track spatially correlated with an isolated ECAL energy210

deposit. Moreover, the shape of the ECAL energy deposit shower must match that of a genuine211

electromagnetic shower. A scale factor from the EGamma POG was applied to account for212

discrepancies in electron identification efficiencies between data and simulation. [20]213

4.2.3 Selection214

Identical to the case of muons, there are again loose and tight selections to recover boosted215

and resolved signals, respectively. Tight electrons are required to pass the HEEP identification,216

while for the loose case the centrally defined Egamma POG cut based loose identification [21]217

without the relISoWithEA criterion is required. The selections are summarized in Table 7.218

Table 7: Summary table of electron selections

Requirement Loose Tight
|η| < 2.4 < 2.4
pT > 53 GeV > 53 GeV
ID Cut Based Loose without relIsoWithEA HEEPv7

4.3 Taus219

4.3.1 Reconstruction220

Taus themselves are not a stable particle. Thus, they decay either hadronically or leptonically.221

In CMS, hadronically decaying taus are reconstructed using the hadron-plus-strip (HPS) algo-222

rithm [22], which searches for tracks of at least one charged hadron and strips originating from223

neutral pions, which usually decay into two photons. These photons are likely to produce a224
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pair of oppositely charged electrons, which will curve in opposite directions due to the uniform225

magnetic field inside the CMS, thus making a strip-like trail of hits in the ECAL. Seeded by PF226

jets with ∆R = 0.4, the mentioned signatures are found and used to reconstruct hadronic taus227

using the HPS algorithm.228

229

tracker

ECAL

HCAL

τ±

DM 0

ντ

π±

τ±

DM 1

ντ

π±

π0

γ γ

τ±

DM 10

ντ

π± π∓ π±

τ±

DM 11

ντ

π± π∓
π±

π0

γ γ

Figure 6: Decay modes (DM) of hadronic taus identified in CMS

The decay modes (DM) are defined as in Eq. 1, which is classified by the number of charged230

hadrons (nProng) and strips (nStrip).231

DM = 5 × (nProng − 1) + nStrip (1)

4.3.2 Identification232

Previously, multi-variate driven discriminators were used to distinguish genuine taus from jets233

or leptons. Now, DeepTau [23], a newly developed deep neural network driven discriminator,234

is used to differentiate taus from other objects. It classifies tau leptons compared to jets, muons,235

and electrons, generating three outputs to differentiate tau leptons from these particles, helping236

to lower the chances of incorrectly identifying electrons and muons as tau leptons. In this237

analysis, v2.1 is used.238

4.3.3 Selection239

Taus selected for the analysis are summarized in Table 8 labeled as ”Tight”. Besides that, there240

is one other set of selections labeled as ”Fake”, which are used to measure the jet to hadronic241

tau nonprompt contribution, with an orthogonal loose selection for the DeepTau vsJet working242

points. Both selection first requires NewDecayMode to be true in order to identify hadronic taus243

with the DeepTau algorithm and then requires decay modes 0,1,10 and 11 only by excluding244

2-prong cases. For the DeepTau working points, in the case of tight ID, vsJet, vsEl and vsMu245

working points are selected all as Tight while for fake ID only the vsJet working point is246

selected to pass VVVLoose but not Tight. Nonprompt hadronic taus will be explained in247

detail in Section 7.2.248
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Table 8: Summary table of tau selections

Requirement Fake Tight
|η| < 2.1 < 2.1
|dZ| < 0.2 < 0.2

NewDecayMode True True
DecayMode 0,1,10,11 0,1,10,11

DeepTau vsJet VVVLoose and !Tight Tight
DeepTau vsEl Tight Tight

DeepTau vsMu Tight Tight

4.4 Jets249

4.4.1 Reconstruction250

Jets are reconstructed by clustering particle flow (PF) candidates using the anti-kT algorithm251

[24] for each event. These jets are categorized by a distance parameter R =
√
(∆η)2 + (∆ϕ)2, of252

either 0.4 (AK4) or 0.8 (AK8). Two different methods are utilized for each AK4 and AK8 jet to253

mitigate the pileup (PU) effect stemming from multiple interactions in the same bunch crossing.254

For the AK4 jets, charged hadron subtraction (CHS) removes charged particles originating from255

non-primary vertices. For the AK8 jets, the pileup per particle identification (PUPPI) algorithm256

[25] is used to weigh the PF candidates before jet clustering.257

4.4.2 Identification258

The AK4 jets are required to pass the official JetMET POG ”tight jet ID with lepton veto” ID.259

The requirements for this ID can be listed as follows:260

• The neutral hadron and electromagnetic (EM) fractions must be less than 90%.261

• At least two constituents in the jet.262

• Muon energy fraction must be less than 80%.263

• At least one charged hadron in the jet, while the charged hadronic fraction is greater264

than 0.265

• The charged EM fraction must be less than 90% (2016) or 80% (2017,2018).266

The AK8 jets are required to pass the official JetMET POG ”tight” jet ID, which must pass the267

following conditions :268

• The neutral hadron and EM fractions must be less than 90%.269

• At least two constituents in the jet.270

• At least one charged hadron in the jet, and the charged hadronic fraction must be271

greater than 0.272

• The charged EM fraction must be less than 99% for 2016 only.273

4.4.3 Lepton Subjet Fraction (LSF)274

The so-called isolation for a reconstructed object, which is calculated as the ratio of the pT sum275

of objects within a cone of a certain radius around it to the pT of the object itself, is not an ideal276

variable to identify signal objects in highly boosted topologies [26]. This is because cutting on277

isolation in such situations rejects backgrounds but at the cost of significant signal loss.278

In cases where the event has boosted topologies, the lepton subjet fraction (LSF) can be utilized279
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as a better measure. It is calculated similarly to traditional isolation and involves clustering280

objects in an event into fatjets using the anti-kT algorithm with a radius parameter of R = 0.8.281

Then, the exclusive kT algorithm is used to cluster the constituents of each fat jet into n-subjets,282

where the specific final state topology determines n. Finally, the LSFn quantity is calculated as283

follows:284

LSFn =
pℓT
psj

T

(2)

where psj
T is the pT of the subjet containing the lepton in concern, and pℓT the pT of that lepton285

itself. LSF values close to 1 indicate that the lepton is more isolated. A benchmark test using286

SUSY models was performed in [26], which showed that the signal final state leptons have287

LSF values peaking near 1, while the background leptons dominating from bb decays peaking288

around 0.2.289

A significance test for the cut value of LSF3 was done to determine the optimal choice shown290

in detail in Appendix B.2.291

4.4.4 Selection292

The kinematics of the jet system differ significantly by the boost, thus having different jet293

topologies in the resolved and boosted regions. When the system is not boosted enough, one294

would expect the two AK4 jets from the signal W decay to be resolved, thus giving a two AK4295

jet signal. Meanwhile, if there is enough boost to the system, those two AK4 jets are likely to296

be collimated, thus resulting in a single AK8 jet. The selections required for both AK4 and AK8297

jets are summarized in Table 9.298

Table 9: Summary table of jet selections

Requirement AK4 AK8
|η| < 2.4 < 2.4
pT > 40 GeV > 200 GeV
ID Tight Tight with Lepton Veto

LSF - > 0.6

4.5 Missing Transverse Energy299

The missing transverse energy (MET) is defined as the magnitude of negative 4-vector sum300

of all visible particles. Type 1 correction which takes account of jet energy corrections is ap-301

plied. Changes of jet pT due to jet energy scale and resolution are also propagated into MET302

too. In this analysis, the PUPPI missing transverse energy (MET) reconstruction [27] is used,303

which utilizes a local shape variable used to distinguish between the collinear arrangement304

of particles resulting from the hadronization of quarks and gluons produced through QCD305

mechanisms, and the soft, diffuse radiation originating from pileup. MET filters recommended306

by the JetMET POG are also applied in order to relieve instrumental effects from the detector307

which is summarized in Table 10.308
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Table 10: Summary of the MET filters used in this analysis.

path dataset 2016 2017 2018
Flag goodVertices data & MC ✓ ✓ ✓
Flag globalSuperTightHalo2016Filter data & MC ✓ ✓ ✓
Flag HBHENoiseFilter data & MC ✓ ✓ ✓
Flag HBHENoiseIsoFilter data & MC ✓ ✓ ✓
Flag EcalDeadCellTriggerPrimitiveFilter data & MC ✓ ✓ ✓
Flag BadPFMuonFilter data & MC ✓ ✓ ✓
Flag BadPFMuonDzFilter data & MC ✓ ✓ ✓
Flag eeBadScFilter data ✓ ✓ ✓
Flag ecalBadCalibFilterV2 data & MC – ✓ ✓
Flag hfNoisyHitsFilter data & MC ✓ ✓ ✓

5 Corrections309

Several corrections are given to the simulated samples to describe the data sufficiently.310

5.1 Electron and muon ID scale factor311

Both muon and electron ID scale factors are taken from relevant POGs. [28]312

5.2 Hadronic tau ID and energy scale313

The energies of actual hadronic tau candidates can differ between data and simulation and314

across decay modes. To correct this discrepancy, Tau POG provides an energy scale measured315

from Z boson decays in the µτh channel, which only depends on the decay mode. Such cor-316

rection is then applied to the hadronic tau 4-vectors by directly scaling them. Not only for317

the hadronic taus but such correction is also propagated to the missing transverse energy. Ad-318

ditionally, the identification efficiency of genuine hadronic taus can differ between data and319

simulation. This is also relieved by applying scale factors measured by the Tau POG binned by320

the hadronic tau pT.321

5.3 Prefire reweighting322

The ageing of ECAL crystals disturbed the timing of two consecutive bunches, which led to323

the firing of L1. This eventually affected the data in 2016 and 2017. Such an effect is taken into324

account in simulated samples by weighting the events.325

5.4 Pileup reweighting326

In order to match the pileup conditions in simulation with data, simulated samples are reweighted327

to account for pileup.328

5.5 Trigger scale factor329

The single hadronic tau trigger scale factors are given flat between 0.87 and 1.08 by the year, as330

recommended by Tau POG. [29]331

5.6 Jet energy scale and resolution correction332

The jet energy and resolution corrections are applied using the JetMET POG recommendation.333

[30] The correction versions per era, period, and type of samples are given in Table 11.334
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Table 11: Jet energy correction (JEC) tags used in different eras for MC/data.

Global tags Era JEC file tags

MC

106X mcRun2 asymptotic preVFP v11 UL2016 preVFP Summer19UL16APV V7 MC
106X mcRun2 asymptotic v17 UL2016 postVFP Summer19UL16 V7 MC
106X mc2017 realistic v10 UL2017 Summer19UL17 V6 MC

106X upgrade2018 realistic v15 L1v1 UL2018 Summer19UL18 V5 MC

Data

106X dataRun2 v35

UL2016 preVFP B
Summer19UL16APV RunBCD V7 DATAUL2016 preVFP C

UL2016 preVFP D
UL2016 preVFP E

Summer19UL16APV RunEF V7 DATAUL2016 preVFP F
UL2016 F

Summer19UL RunFGH V7 DATAUL2016 G
UL2016 H

106X dataRun2 v33

UL2017 B Summer19UL18 RunB V6 DATA
UL2017 C Summer19UL18 RunC V6 DATA
UL2017 D Summer19UL18 RunD V6 DATA
UL2017 E Summer19UL18 RunE V6 DATA
UL2017 F Summer19UL18 RunF V6 DATA
UL2018 A Summer19UL18 RunA V5 DATA
UL2018 B Summer19UL18 RunB V5 DATA
UL2018 C Summer19UL18 RunC V5 DATA
UL2018 D Summer19UL18 RunD V5 DATA

6 Event Selection335

Events are split into two categories, targeting boosted and resolved final states. Among the336

events that pass the single tau trigger mentioned in Section 3.1 and having at least one hadronic337

tau that passes the hadronic tau requirement in Section 4.3 with pT larger than the correspond-338

ing trigger safe pT cut for each era, the preselection region is divided into two orthogonal339

regions :340

• Resolved preselection:341

– At least two AK4 jets.342

– One ”tight” lepton with pT > 53 GeV.343

• Boosted preselection:344

– Fails resolved preselection.345

– At least one AK8 jet.346

– One ”loose” lepton.347

Preselected events are further classified into boosted and resolved signal and control regions348

as follows:349

1. Resolved regions:350

• Passes the resolved preselection.351

• Fake Control Region352

– MET < 100 GeV and m(τh jj) < 500 GeV353

• ∆R between any pair of the leptons, leading hadronic tau and the two leading354

AK4 jets are greater than 0.4.355

• The leading lepton, which passes the ∆R criteria and the Tight ID, is selected356

and denoted as ℓTight.357

• Resolved Signal Region358
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– MET > 100 GeV and m(τhℓTight jj) > 900 GeV359

• Resolved QCD Tau Fake Measurement Region360

– MET < 100 GeV and m(τhℓTight jj) > 900 GeV361

2. Boosted regions:362

• Passes the boosted region preselection.363

• Fake Control Region364

– MET < 100 GeV and m(τh J) < 500 GeV365

• At least one AK8 jet with LSF requirement satisfies ∆ϕ(ℓLoose) > 2.0, and if so366

the leading AK8 jet (J) is selected for analysis.367

• At least one loose lepton satisfies ∆R(ℓLoose, J) < 0.8 and if so, the leading368

lepton is selected.369

• Boosted Signal Region370

– MET > 100 GeV and m(τh J) > 900 GeV371

• Boosted QCD Tau Fake Measurement Region372

– MET < 100 GeV and m(τh J) > 900 GeV373

All regions are then again divided into electron or muon channels depending on the flavour of374

the lepton selected. The mass cuts are optimized to maximize signal significance in the signal375

region, described in detail in Appendix B.1. Fig. ?? shows a diagram summarizing all the signal376

and control regions.377

6.1 Signal Efficiency378

Signal efficiencies for signal samples are shown in Appendix A.3379

6.2 Preselection380

6.2.1 Yields381

Table 12: Yields for each background group and data in the fake control region summarized
into a table for each Run2 UL eras

2016preVFP 2016postVFP 2017 2018
Fakes 324.30±6.50 304.78±6.26 124.45±4.75 214.12±6.11

Top 32.13±1.18 33.80±1.17 21.78±1.02 24.87±1.01

Others 12.23±2.88 10.31±2.54 10.44±4.81 10.76±5.48

Total 368.66±7.21 348.89±6.86 156.67±6.84 249.75±8.27

Data 376 381 155 268
Data/Prediction 1.01 1.09 0.99 1.07

6.2.2 Plots382

The MET and mEff. distributions are shown in Fig. 7 – 10 and Fig. 11 – 14 for each Run2 UL383

eras.384
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Figure 7: MET distribution shown for the electron (muon) channel in the left (right) column,
and for the boosted (resolved) channel in the upper (lower) column for the 2016preVFP era.
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Figure 8: MET distribution shown for the electron (muon) channel in the left (right) column,
and for the boosted (resolved) channel in the upper (lower) column for the 2016postVFP era.
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Figure 9: MET distribution shown for the electron (muon) channel in the left (right) column,
and for the boosted (resolved) channel in the upper (lower) column for the 2017 era.
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Figure 10: MET distribution shown for the electron (muon) channel in the left (right) column,
and for the boosted (resolved) channel in the upper (lower) column for the 2018 era.
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Figure 11: m(τh J) and m(τhℓ jj) distributions shown for the electron (muon) channel in the
left (right) column, and for the boosted (resolved) channel in the upper (lower) column for the
2016preVFP era.
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Figure 12: m(τh J) and m(τhℓ jj) distributions shown for the electron (muon) channel in the
left (right) column, and for the boosted (resolved) channel in the upper (lower) column for the
2016postVFP era.
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Figure 13: m(τh J) and m(τhℓ jj) distributions shown for the electron (muon) channel in the left
(right) column, and for the boosted (resolved) channel in the upper (lower) column for the 2017
era.
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Figure 14: m(τh J) and m(τhℓ jj) distributions shown for the electron (muon) channel in the left
(right) column, and for the boosted (resolved) channel in the upper (lower) column for the 2018
era.

6.3 Control Region385

6.3.1 Yields386

6.3.2 Plots387

The m(τh J) and m(τhℓ jj) distribution are shown in Fig 15 for the fake control region. The388

backgrounds grouped in the legend are following the naming convention defined in Section 2.3.389

390
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Table 13: Yields for each background group and data in the fake control region summarized
into a table for each Run2 UL eras

2016preVFP 2016postVFP 2017 2018
Fakes 324.30±6.50 304.78±6.26 124.45±4.75 214.12±6.11

Top 32.13±1.18 33.80±1.17 21.78±1.02 24.87±1.01

Others 12.23±2.88 10.31±2.54 10.44±4.81 10.76±5.48

Total 368.66±7.21 348.89±6.86 156.67±6.84 249.75±8.27

Data 376 381 155 268
Data/Prediction 1.01 1.09 0.99 1.07

6.4 Signal Region391

6.4.1 Yields392

Yields for each selection steps up to the signal regions are shown as a cutflow table in Table 14393

– 21

Table 14: Cutflow for each background group and data which is blinded after the preselection
level in the resolved electron channel for Run2 UL era 2017.

Preselection ∆R > 0.4 mEff > 900 GeV MET> 100 GeV
Fakes 105.97±4.57 100.59±4.45 52.89±3.29 44.72±3.07

Top 118.95±2.39 113.98±2.35 43.29±1.47 34.75±1.31

Others 134.49±61.22 99.19±50.06 90.96±49.94 87.83±49.87

Total 359.42±61.44 313.77±50.31 187.14±50.07 167.31±49.98

Data 171.00 164.00 77.00 66.00
Data/Prediction 0.64 – – –

Table 15: Cutflow for each background group and data which is blinded after the preselection
level in the resolved muon channel for Run2 UL era 2018.

Preselection ∆R > 0.4 mEff > 900 GeV MET> 100 GeV
Fakes 513.67±9.89 494.91±9.72 258.67±7.07 233.53±6.83

Top 177.12±2.87 170.08±2.82 62.69±1.77 49.27±1.58

Others 34.59±9.66 27.95±8.58 12.27±5.55 11.84±5.54

Total 725.39±14.12 692.94±13.27 333.62±9.16 294.65±8.94

Data 565 – – –
Data/Prediction 0.78 – – –

Table 16: Cutflow for each background group and data which is blinded after the preselection
level in the boosted electron channel for Run2 UL era 2017.

Preselection Fatjet ∆R(e, J) < 0.8 mEff > 900 GeV MET> 100 GeV
Fakes 5740.80±31.62 408.46±8.45 405.85±8.43 91.67±4.03 72.46±3.64

Top 118.57±2.58 33.74±1.34 33.41±1.33 3.58±0.48 3.33±0.45

Boson 195.50±58.45 20.40±6.60 20.40±6.60 2.04±1.42 1.09±1.06

Total 6054.87±66.51 462.60±10.81 459.66±10.79 97.29±4.30 76.88±3.82

Data 6222 – – –
Data/Prediction 1.03 – – –

394
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Figure 15: m(τh J) and m(τhℓ jj) in the fake control region for each UL era.

6.4.2 Plots395

The m(τh J) and m(τhℓ jj) distribution for boosted and resolved signal regions, respectively,396

are shown in Fig 16–18. The signal samples shown in the plots are scaled to match 1% of397

the corresponding era luminosity. The backgrounds grouped in the legend are following the398

naming convention defined in Section 2.3. Observed data is blinded.399
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Table 17: Cutflow for each background group and data which is blinded after the preselection
level in the boosted muon channel for Run2 UL era 2017.

Preselection Fatjet ∆R(µ, J) < 0.8 mEff > 900 GeV MET> 100 GeV
Fakes 1279.83±15.48 118.34±4.70 115.85±4.65 17.76±1.92 14.50±1.74

Top 118.59±2.63 30.42±1.28 29.95±1.27 4.03±0.47 3.27±0.44

Others 325.36±96.72 85.26±49.58 85.26±49.58 1.52±0.68 0.63±0.44

Total 1723.77±97.99 234.03±49.82 231.06±49.81 23.32±2.09 18.39±1.85

Data 1186 – – – –
Data/Prediction 0.68 – – –

Table 18: Cutflow for each background group and data which is blinded after the preselection
level in the resolved electron channel for Run2 UL era 2018.

Preselection ∆R > 0.4 mEff > 900 GeV MET> 100 GeV
(mWR

, mN) = (2.0, 0.2)TeV 14446.23±535.23 14092.22±528.67 12471.02±497.31 11140.59±469.92

(mWR
, mN) = (2.0, 1.8)TeV 40377.02±901.28 38497.18±880.09 37827.95±872.31 33478.06±820.61

(mWR
, mN) = (6.5, 0.2)TeV 7784.53±396.91 7564.33±391.29 4382.06±298.02 3890.16±280.53

(mWR
, mN) = (6.5, 6.3)TeV 98502.27±1404.89 96750.64±1392.39 96731.04±1392.25 94923.17±1379.22

Fakes 160.49±5.30 152.83±5.17 77.64±3.69 67.53±3.50

Top 105.46±2.17 102.24±2.13 38.12±1.37 29.97±1.23

Others 28.32±8.14 27.96±8.13 17.59±6.15 13.98±5.36

Total 294.28±9.95 283.04±9.87 133.35±7.30 111.49±6.52

Data 253 – –
Data/Prediction 0.86 – –

Table 19: Cutflow for each background group and data which is blinded after the preselection
level in the resolved muon channel for Run2 UL era 2018.

Preselection ∆R > 0.4 mEff > 900 GeV MET> 100 GeV
(mWR

, mN) = (2.0, 0.2)TeV 21760.66±663.37 21086.30±653.17 18688.75±614.95 16574.33±579.43

(mWR
, mN) = (2.0, 1.8)TeV 51354.22±1029.57 49011.69±1005.59 47771.21±992.70 42910.60±940.48

(mWR
, mN) = (6.5, 0.2)TeV 11553.28±487.17 11039.32±476.17 6333.66±360.09 5714.54±342.41

(mWR
, mN) = (6.5, 6.3)TeV 125476.38±1607.81 122564.66±1588.87 122521.58±1588.58 120247.96±1574.05

Fakes 513.67±9.89 494.91±9.72 258.67±7.07 233.53±6.83

Top 129.83±2.44 125.42±2.40 45.02±1.50 33.39±1.30

Others 23.01±7.67 19.56±7.02 8.71±4.37 8.31±4.36

Total 666.52±12.75 639.89±12.23 312.39±8.45 275.23±8.20

Data 565 – –
Data/Prediction 0.85 – –

Table 20: Cutflow for each background group and data which is blinded after the preselection
level in the boosted electron channel for Run2 UL era 2018.

Preselection Fatjet ∆R(e, J) < 0.8 mEff > 900 GeV MET> 100 GeV
(mWR

, mN) = (2.0, 0.2)TeV 63597.69±1162.07 25693.37±734.30 25648.71±733.62 21931.52±678.40 19268.94±636.07

(mWR
, mN) = (2.0, 1.8)TeV 17109.65±626.31 2548.79±236.19 2304.91±222.65 1131.96±155.96 1048.01±150.18

(mWR
, mN) = (6.5, 0.2)TeV 31476.81±826.09 10669.63±478.64 10615.47±477.04 8565.86±428.85 8013.52±414.90

(mWR
, mN) = (6.5, 6.3)TeV 33986.20±873.24 4317.70±305.87 3884.79±287.54 3005.59±253.34 2962.56±251.51

Fakes 5740.80±31.62 408.46±8.45 405.85±8.43 91.67±4.03 72.46±3.64

Top 118.57±2.58 33.74±1.34 33.41±1.33 3.58±0.48 3.33±0.45

Others 195.50±58.45 20.40±6.60 20.40±6.60 2.04±1.42 1.09±1.06

Total 6054.87±66.51 462.60±10.81 459.66±10.79 97.29±4.30 76.88±3.82

Data 6222 – – –
Data/Prediction 1.03 – – –



6.4 Signal Region 31

Table 21: Cutflow for each background group and data which is blinded after the preselection
level in the boosted muon channel for Run2 UL era 2018.

Preselection Fatjet ∆R(µ, J) < 0.8 mEff > 900 GeV MET> 100 GeV
(mWR

, mN) = (2.0, 0.2)TeV 62562.06±1148.44 27931.98±767.34 27791.59±765.11 25446.83±732.22 23167.98±698.82

(mWR
, mN) = (2.0, 1.8)TeV 12136.50±511.48 1699.65±190.34 1570.83±182.89 825.92±132.55 783.17±129.05

(mWR
, mN) = (6.5, 0.2)TeV 53460.24±1077.06 20868.50±667.63 20841.46±667.09 18466.44±628.04 17537.55±612.14

(mWR
, mN) = (6.5, 6.3)TeV 28185.76±787.05 3248.06±264.21 2812.28±245.32 2518.49±232.36 2457.71±229.68

Fakes 1802.13±17.61 156.41±5.22 151.56±5.14 21.51±1.91 20.40±1.89

Top 129.72±2.79 33.97±1.33 33.61±1.32 4.65±0.52 3.63±0.46

Others 126.93±52.93 18.75±6.82 18.74±6.82 3.22±3.18 3.21±3.18

Total 2058.78±55.85 209.13±8.69 203.90±8.64 29.37±3.75 27.24±3.73

Data 1815 – – –
Data/Prediction 0.88 – – –
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Figure 16: m(τh J) and m(τhℓ jj) in the signal region for 2016preVFP and 2016postVFP com-
bined. Results for the electron (muon) channel are shown in the left (right) column, and for the
boosted (resolved) channel in the upper (lower) column. Data points are blinded.



33

100

200

300

400

500

310×

E
ve

nt
s/

B
in

1000 2000 3000 4000 5000 6000
J) [GeV]hτm(

0

1

2

O
bs

./P
re

d. Obs./Pred. Stat. Unc.  Syst. Unc.⊕Stat. Blinded

2−10

1−10

1

10

210

310

410

510

610

E
ve

nt
s/

B
in

CMS
Work In Progress
Preliminary

 (13 TeV)-141.5 fb

Boosted SR
 Channel hτe

Others

+tXtt

Nonprompt

Pred. Unc.

(2.0, 0.2) TeV

(4.0, 0.2) TeV

(4.8, 0.2) TeV

50

100

150

200

250

300

310×

E
ve

nt
s/

B
in

1000 2000 3000 4000 5000 6000
J) [GeV]hτm(

0

1

2
O

bs
./P

re
d. Obs./Pred. Stat. Unc.  Syst. Unc.⊕Stat. Blinded

2−10

1−10

1

10

210

310

410

510

E
ve

nt
s/

B
in

CMS
Work In Progress
Preliminary

 (13 TeV)-141.5 fb

Boosted SR
 Channel 

h
τµ

Others

+tXtt

Nonprompt

Pred. Unc.

(2.0, 0.2) TeV

(4.0, 0.2) TeV

(4.8, 0.2) TeV

200

400

600

800

1000

1200

310×

E
ve

nt
s/

B
in

1000 2000 3000 4000 5000 6000
ejj) [GeV]hτm(

0

1

2

O
bs

./P
re

d. Obs./Pred. Stat. Unc.  Syst. Unc.⊕Stat. Blinded

2−10

1−10

1

10

210

310

410

510

610

E
ve

nt
s/

B
in

CMS
Work In Progress
Preliminary

 (13 TeV)-141.5 fb

Resolved SR
 Channel hτe

Others

+tXtt

Nonprompt

Pred. Unc.

(2.0, 1.8) TeV

(4.0, 3.8) TeV

(4.8, 4.6) TeV

200

400

600

800

1000

1200

1400

1600

1800

310×

E
ve

nt
s/

B
in

1000 2000 3000 4000 5000 6000
jj) [GeV]µhτm(

0

1

2

O
bs

./P
re

d. Obs./Pred. Stat. Unc.  Syst. Unc.⊕Stat. Blinded

2−10

1−10

1

10

210

310

410

510

610

E
ve

nt
s/

B
in

CMS
Work In Progress
Preliminary

 (13 TeV)-141.5 fb

Resolved SR
 Channel 

h
τµ

Others

+tXtt

Nonprompt

Pred. Unc.

(2.0, 1.8) TeV

(4.0, 3.8) TeV

(4.8, 4.6) TeV

Figure 17: m(τh J) and m(τhℓ jj) in the signal region for 2017. Results for the electron (muon)
channel are shown in the left (right) column, and for the boosted (resolved) channel in the
upper (lower) column. Data points are blinded.

7 Background Estimation400

7.1 Prompt Backgrounds401

Backgrounds with a correctly identified real hadronic tau are directly taken from simulations402

listed in Table 4. The dominant background is the top pair and single top production. Boson403

production associated with jets is also a contributing factor, but it is highly suppressed.404
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Figure 18: m(τh J) and m(τhℓ jj) in the signal region for 2018. Results for the electron (muon)
channel are shown in the left (right) column, and for the boosted (resolved) channel in the
upper (lower) column. Data points are blinded.

7.2 Nonprompt Backgrounds with jet → τh misidentification405

7.2.1 Fake Factor Method406

The most dominant background originates from events having jets being misidentified as τh,407

mostly from QCD multijet events and an additional contribution from top pair events. Due408

to the inaccuracy of the simulation of such backgrounds, a data-driven method is utilized to409

measure such misidentification rates.410
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Figure 19: The left figure shows a schematic diagram depicting the QCD fake rate measurement
region and its associated orthogonal regions cut by changing the DeepTau vsJet working point.
The other figure shows the missing transverse energy distribution for each region, which is cut
by the signal region cut value of 100 GeV, where the prompt backgrounds are shown as a filled
histogram and data as points with the signal region blinded.

First is to measure the ”fake factor”, which will be denoted as FFb where b = QCD, TT which411

represents the fake background source (QCD, top pair). It is defined as the ratio of number412

of events with a jet passing the VVVLoose but not Tight DeepTau ID working point as a413

denominator and the numerator as the number of events with a jet passing the Tight working414

point as a function of the pT and decay mode (DM) of the hadronic tau using the data for each415

era. To determine such factors for a particular background source, one needs to construct a416

sound measurement region (MR) which is orthogonal to the signal region and has the dominant417

contribution of the background source of interest. As described in Section 6, a QCD MR is418

defined by inverting the transverse momentum selection, shown in Fig. 19. FFQCD can be then419

calculated in such QCD MR as :420

FFQCD(pτ h
T , DM) =

NTight
Data (pτ h

T , DM)− NTight
Prompt MC(pτ h

T , DM)

NVVVLoose ∩ !Tight
Data (pτ h

T , DM)− NVVVLoose ∩ !Tight
Prompt MC (pτ h

T , DM)
(3)

Note that while deriving FFQCD, prompt contributions are subtracted to properly extract only421

the QCD-like fake contribution. The derived FFQCD values as a function of hadronic tau pT can422

be seen in Fig. ??, while for individual eras plotted separately are shown in Fig. 67 – 69.423

Meanwhile, for top pair contributions, no suitable measurement region was available thus,424

only simulation labeled as tt+X in Table 4 was used in the measurement of FFTT which can be425

expressed as :426

FFTT(pτ h
T , DM) =

NTight
Nonprompt TT MC(pτ h

T , DM)

NVVVLoose ∩ !Tight
Nonprompt TT MC(pτ h

T , DM)
(4)
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Figure 20: FFQCD derived in terms of hadronic tau pT for all UL eras shown in the left (right)
side as a single plot for 1 prong (3 prong) decay modes.

The derived FFTT for each UL era as a function of the hadronic tau pT for each decay mode are427

shown in Fig. 64 – 66, while inclusively shown in Fig. 21 in terms of eras.428

The FFb values are subsequently used for each event as a weighted sum in what is known as the429

application region (AR). The AR is distinct from the signal region, requiring the hadronic tau430

to pass the VVVLoose but fail the Tight DeepTau2017v2p1VSjet working point. The weights431

assigned to each FF component are referred to as fractions denoted as fb, indicating the proba-432

bility of the event corresponding to a specific background process. The entire fake factor would433

then be expressed as Eq. 5 :434

FF = ∑
b∈{QCD,TT}

fbFFb = fQCDFFQCD + fTTFFTT (5)

Such fb for each background source b is derived in the AR by simply calculating the non-435

normalized ratio f ′b :436

f ′b =
NAR

b

NAR
Data

(6)

Where NAR
b is the number of nonprompt MC events in the AR with a source of b. For back-437

grounds which are non-QCD, NAR
b is simply the nonprompt MC events, while for QCD, it is438

calculated as,439

NQCD = max
(

0, NAR
Data − NAR

Prompt MC − NAR
TT

)
(7)

Where NAR
Prompt MC is the number of prompt MC events in the AR. In order to make fb normal-440

ized, i.e ∑b fb = 1 one could normalize f ′b as441
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Figure 21: FFTT derived in terms of hadronic tau pT for all UL eras shown in a single plot for
each decay mode.

fb ≡
1

∑b f ′b
× f ′b (8)

fb could be parameterized with any variable of interest, and in this analysis pT of the hadronic442

tau and mEff is used which is shown in Fig. 23 – 25 and Fig. 71 – 73 respectively.443
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Figure 22: Fractions of the hadronic tau misidentification backgrounds as a function of hadronic
tau pT, divided by the hadronic tau decay modes used in this analysis in the Run2 UL 2016pre-
VFP era.
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Figure 23: Fractions of the hadronic tau misidentification backgrounds as a function of hadronic
tau pT, divided by the hadronic tau decay modes used in this analysis in the Run2 UL
2016postVFP era.
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Figure 24: Fractions of the hadronic tau misidentification backgrounds as a function of hadronic
tau pT, divided by the hadronic tau decay modes used in this analysis in the Run2 UL 2017 era.
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Figure 25: Fractions of the hadronic tau misidentification backgrounds as a function of hadronic
tau pT, divided by the hadronic tau decay modes used in this analysis in the Run2 UL 2018 era.

7.2.2 Closure Validation444

Validation of the fake method can be checked in the closure region for each fake factor source.445

As FFQCD is derived in the designated QCD Fake MR, itself could be used as a closure region,446

while for FFTT, which did not have a particular MR but used simulation only to estimate, the.447

Fig 26 – 28 shows the overall closure agreement in the QCD fake MR. Upon these, a 30% nor-448

malization uncertainty for data driven nonprompt contributions is given.449
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Figure 26: Closure plots in the QCD Fake MR for 2016preVFP and 2016postVFP data merged
for the electron (muon) channel in the left (right) column, boosted (resolved) channel in the
upper (lower) column.
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Figure 27: Closure plots in the QCD Fake MR for 2017 data for the electron (muon) channel in
the left (right) column, boosted (resolved) channel in the upper (lower) column.

8 Systematic Uncertainties450

Several systematic uncertainties are considered in this analysis, which is also summarized in451

Table 22.452
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Figure 28: Closure plots in the QCD Fake MR for 2018 data for the electron (muon) channel in
the left (right) column, boosted (resolved) channel in the upper (lower) column.

8.1 Object reconstruction uncertainties453

8.1.1 Hadronic Taus454

• Tau ID uncertainty The propagation of the uncertainty in the hadronic tau identifi-455

cation follows the recommendation of the Tau POG. In the case of high pT hadronic456

taus with pT > 140 GeV, a different uncertainty scheme is applied, which also fol-457

lows the POG recommendation.458

• Tau energy scale (TES) The energy scale of a genuine hadronic tau is corrected by459

the decay mode and era, which ranges between 0.7% to 1.2%, following the recom-460
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Table 22: Summarized table of systematic uncertainties that are taken account to in this anal-
ysis. For each uncertainty sources, the type, magnitude, processes that it applies to, and era
correlation are shown.

Uncertainty source Type Magnitude Processes Era correlation

Luminosity norm. 1 − 2.5% All Simulations

Hadronic Tau

ID. shape – All Simulations
Trigger norm. 8 − 11% All Simulations

Energy Scale shape – All Simulations
FF Stat. shape – Nonprompts

FF Norm. norm. 30% Nonprompts
Jet Energy Scale shape – All Simulations

Theory
PDF shape. – Signals

µR, µF shape – Signals

mendation of the Tau POG.461

8.1.2 Jets462

• Jet energy scale (JES) The merged uncertainty scheme recommended by the JetMET463

POG is used, which takes into account a series of JES uncertainties. Jets in simula-464

tions are also smeared to agree with the jet energy resolution in data. Uncertainties465

stemming from such smearing are included as a shape uncertainty.466

8.2 Theoretical Uncertainties467

• µR and µF scale uncertainty: Renormalization and factorization scale uncertainties468

are derived by enveloping over all possible combinations of variations of µR =469

0.5, 1.0, 2.0 and µF = 0.5, 1.0, 2.0 with the two extreme combinations (µR, µF) =470

0.5, 2.0 and 2.0, 0.5 removed.471

• PDF uncertainty: Following the recommendations of the PDF4LHC collaboration472

[31], uncertainties in the PDFs are calculated bin-by-bin from the uncertainty in the473

correction by varying PDF member sets.474

8.3 Background estimation uncertainties475

• Tau fake factor statistical uncertainty: The statistical uncertainty from the fake es-476

timation method is introduced as a shape uncertainty for the data-driven fake esti-477

mations.478

• Normalization uncertainty: From the closure validation, a flat normalization uncer-479

tainty of 30% will only be given for the data-driven fake estimations.480

8.4 Other uncertainties481

• Integrated luminosity: Following the Lumi POG recommendations, luminosity un-482

certainty is given era by era.483

• Tau trigger scale factor: For the single tau trigger used in this analysis, TAU POG484

provided the uncertainty between 8 to 1% depending on the year with no depen-485

dency on other variables.486
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• MC statistics: A bin-by-bin statistical uncertainty is considered to take into account487

the limited statistics available in our MC samples. The Barlow-Beeston approach488

uses a single nuisance parameter in each bin to scale the sum of the process yields.489

8.5 Impacts490
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Figure 29: Pull and impacts for systematic sources from the background only fitting using the
Asimov dataset for 2018 prediction.
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Figure 30: Pull and impacts for systematic sources with injecting a signal of m (WR) =
4.5 TeV, m (N) = 4.0 TeV with setting the signal strength r to 1.0 using Asimov dataset for 2018
prediction.

9 Results491

The expected and upper limit of signal strength is calculated with Combine [32] in each year.492

Limits are calculated using the binned shape method with the reconstructed WR mass as the493

input where the signal strength is floating as a free parameter while the systematic uncertainties494

described in Section 8 are introduced as nuisance parameters.495

9.1 Expected Limits496
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Figure 31: Expected limit at 95% CL in the m(N) = 0.1 TeV scenario on the σ (pp → WR) ×
BR (WR → Nτ) with respect to different m(WR) hypotheses for inclusive signal regions for
2018.
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Figure 32: Expected limit at 95% CL in the m(N) = 0.2 TeV scenario on the σ (pp → WR) ×
BR (WR → Nτ) with respect to different m(WR) hypotheses for inclusive signal regions for
2018

10 Conclusion497

A search for WR boson decaying into a heavy neutral lepton N has been performed in a light498

lepton, hadronic tau and jets final state using data collected by the CMS detector in Run 2. This499

search has improved the upper limit of the signal cross section, especially in the boosted region500

where m(WR) ≫ m(N).501
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Figure 33: Expected limit at 95% CL in the m(N) = 0.5×m(WR) scenario on the σ (pp → WR)×
BR (WR → Nτ) with respect to different m(WR) hypotheses for inclusive signal regions for 2018

A Signal Sample502

A.1 Cross Section503

Table 23: Cross section of produced signal samplesSample Name

σ(pb) LO kNLO/LO

WRTau WR1000 N100 0.88 × 101 -
WRTau WR1000 N200 0.83 × 101 -
WRTau WR1000 N300 0.77 × 101 -
WRTau WR1000 N400 0.69 × 101 -
WRTau WR1000 N500 0.59 × 101 -
WRTau WR1000 N600 0.47 × 101 -
WRTau WR1000 N700 0.33 × 101 -
WRTau WR1000 N800 0.18 × 101 -
WRTau WR1000 N900 0.60 -

WRTau WR1200 N1000 0.63 -
WRTau WR1200 N100 0.41 × 101 -

WRTau WR1200 N1100 0.21 -
WRTau WR1200 N200 0.39 × 101 -
WRTau WR1200 N300 0.37 × 101 -
WRTau WR1200 N400 0.35 × 101 -
WRTau WR1200 N500 0.31 × 101 -
WRTau WR1200 N600 0.27 × 101 -
WRTau WR1200 N700 0.23 × 101 -
WRTau WR1200 N800 0.17 × 101 -
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WRTau WR1200 N900 0.12 × 101 -
WRTau WR1400 N1000 0.70 -
WRTau WR1400 N100 0.21 × 101 -

WRTau WR1400 N1100 0.47 -
WRTau WR1400 N1200 0.25 -
WRTau WR1400 N1300 0.81 × 10−1 -
WRTau WR1400 N200 0.20 × 101 -
WRTau WR1400 N300 0.19 × 101 -
WRTau WR1400 N400 0.18 × 101 -
WRTau WR1400 N500 0.17 × 101 -
WRTau WR1400 N600 0.16 × 101 -
WRTau WR1400 N700 0.14 × 101 -
WRTau WR1400 N800 0.12 × 101 -
WRTau WR1400 N900 0.95 -

WRTau WR1600 N1000 0.54 -
WRTau WR1600 N100 0.11 × 101 -

WRTau WR1600 N1100 0.42 -
WRTau WR1600 N1200 0.31 -
WRTau WR1600 N1300 0.20 -
WRTau WR1600 N1400 0.10 -
WRTau WR1600 N1500 0.35 × 10−1 -
WRTau WR1600 N200 0.11 × 101 -
WRTau WR1600 N300 0.10 × 101 -
WRTau WR1600 N400 0.10 × 101 -
WRTau WR1600 N500 0.95 -
WRTau WR1600 N600 0.89 -
WRTau WR1600 N700 0.81 -
WRTau WR1600 N800 0.73 -
WRTau WR1600 N900 0.64 -

WRTau WR1800 N1000 0.36 -
WRTau WR1800 N100 0.63 -

WRTau WR1800 N1100 0.31 -
WRTau WR1800 N1200 0.26 -
WRTau WR1800 N1300 0.20 -
WRTau WR1800 N1400 0.14 -
WRTau WR1800 N1500 0.93 × 10−1 -
WRTau WR1800 N1600 0.47 × 10−1 -
WRTau WR1800 N1700 0.16 × 10−1 -
WRTau WR1800 N200 0.62 -
WRTau WR1800 N300 0.59 -
WRTau WR1800 N400 0.57 -
WRTau WR1800 N500 0.55 -
WRTau WR1800 N600 0.52 -
WRTau WR1800 N700 0.49 -
WRTau WR1800 N800 0.45 -
WRTau WR1800 N900 0.41 -

WRTau WR2000 N1000 0.23 -
WRTau WR2000 N100 0.37 -

WRTau WR2000 N1100 0.21 -
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WRTau WR2000 N1200 0.18 -
WRTau WR2000 N1300 0.16 -
WRTau WR2000 N1400 0.13 -
WRTau WR2000 N1500 0.99 × 10−1 -
WRTau WR2000 N1600 0.70 × 10−1 -
WRTau WR2000 N1700 0.45 × 10−1 -
WRTau WR2000 N1800 0.23 × 10−1 -
WRTau WR2000 N1900 0.78 × 10−2 -
WRTau WR2000 N200 0.36 -
WRTau WR2000 N300 0.34 -
WRTau WR2000 N400 0.34 -
WRTau WR2000 N500 0.33 -
WRTau WR2000 N600 0.31 -
WRTau WR2000 N700 0.29 -
WRTau WR2000 N800 0.27 -
WRTau WR2000 N900 0.26 -

WRTau WR2200 N1000 0.15 -
WRTau WR2200 N100 0.22 -

WRTau WR2200 N1100 0.14 -
WRTau WR2200 N1200 0.12 -
WRTau WR2200 N1300 0.11 -
WRTau WR2200 N1400 0.97 × 10−1 -
WRTau WR2200 N1500 0.81 × 10−1 -
WRTau WR2200 N1600 0.66 × 10−1 -
WRTau WR2200 N1700 0.50 × 10−1 -
WRTau WR2200 N1800 0.35 × 10−1 -
WRTau WR2200 N1900 0.22 × 10−1 -
WRTau WR2200 N2000 0.11 × 10−1 -
WRTau WR2200 N200 0.21 -

WRTau WR2200 N2100 0.39 × 10−2 -
WRTau WR2200 N300 0.21 -
WRTau WR2200 N400 0.20 -
WRTau WR2200 N500 0.19 -
WRTau WR2200 N600 0.19 -
WRTau WR2200 N700 0.18 -
WRTau WR2200 N800 0.17 -
WRTau WR2200 N900 0.16 -

WRTau WR2400 N1000 0.97 × 10−1 -
WRTau WR2400 N100 0.13 -

WRTau WR2400 N1100 0.90 × 10−1 -
WRTau WR2400 N1200 0.83 × 10−1 -
WRTau WR2400 N1300 0.76 × 10−1 -
WRTau WR2400 N1400 0.68 × 10−1 -
WRTau WR2400 N1500 0.60 × 10−1 -
WRTau WR2400 N1600 0.52 × 10−1 -
WRTau WR2400 N1700 0.43 × 10−1 -
WRTau WR2400 N1800 0.35 × 10−1 -
WRTau WR2400 N1900 0.26 × 10−1 -
WRTau WR2400 N2000 0.18 × 10−1 -
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WRTau WR2400 N200 0.13 -
WRTau WR2400 N2100 0.11 × 10−1 -
WRTau WR2400 N2200 0.58 × 10−2 -
WRTau WR2400 N2300 0.21 × 10−2 -
WRTau WR2400 N300 0.13 -
WRTau WR2400 N400 0.12 -
WRTau WR2400 N500 0.12 -
WRTau WR2400 N600 0.12 -
WRTau WR2400 N700 0.11 -
WRTau WR2400 N800 0.11 -
WRTau WR2400 N900 0.10 -

WRTau WR2600 N1000 0.62 × 10−1 -
WRTau WR2600 N100 0.84 × 10−1 -

WRTau WR2600 N1100 0.58 × 10−1 -
WRTau WR2600 N1200 0.55 × 10−1 -
WRTau WR2600 N1300 0.50 × 10−1 -
WRTau WR2600 N1400 0.47 × 10−1 -
WRTau WR2600 N1500 0.42 × 10−1 -
WRTau WR2600 N1600 0.38 × 10−1 -
WRTau WR2600 N1700 0.33 × 10−1 -
WRTau WR2600 N1800 0.28 × 10−1 -
WRTau WR2600 N1900 0.24 × 10−1 -
WRTau WR2600 N2000 0.19 × 10−1 -
WRTau WR2600 N200 0.82 × 10−1 -

WRTau WR2600 N2100 0.14 × 10−1 -
WRTau WR2600 N2200 0.98 × 10−2 -
WRTau WR2600 N2300 0.61 × 10−2 -
WRTau WR2600 N2400 0.31 × 10−2 -
WRTau WR2600 N2500 0.11 × 10−2 -
WRTau WR2600 N300 0.79 × 10−1 -
WRTau WR2600 N400 0.78 × 10−1 -
WRTau WR2600 N500 0.75 × 10−1 -
WRTau WR2600 N600 0.73 × 10−1 -
WRTau WR2600 N700 0.70 × 10−1 -
WRTau WR2600 N800 0.68 × 10−1 -
WRTau WR2600 N900 0.65 × 10−1 -

WRTau WR2800 N1000 0.40 × 10−1 -
WRTau WR2800 N100 0.53 × 10−1 -

WRTau WR2800 N1100 0.38 × 10−1 -
WRTau WR2800 N1200 0.36 × 10−1 -
WRTau WR2800 N1300 0.34 × 10−1 -
WRTau WR2800 N1400 0.31 × 10−1 -
WRTau WR2800 N1500 0.29 × 10−1 -
WRTau WR2800 N1600 0.27 × 10−1 -
WRTau WR2800 N1700 0.24 × 10−1 -
WRTau WR2800 N1800 0.21 × 10−1 -
WRTau WR2800 N1900 0.19 × 10−1 -
WRTau WR2800 N2000 0.16 × 10−1 -
WRTau WR2800 N200 0.52 × 10−1 -
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WRTau WR2800 N2100 0.13 × 10−1 -
WRTau WR2800 N2200 0.10 × 10−1 -
WRTau WR2800 N2300 0.77 × 10−2 -
WRTau WR2800 N2400 0.53 × 10−2 -
WRTau WR2800 N2500 0.33 × 10−2 -
WRTau WR2800 N2600 0.17 × 10−2 -
WRTau WR2800 N2700 0.62 × 10−3 -
WRTau WR2800 N300 0.50 × 10−1 -
WRTau WR2800 N400 0.49 × 10−1 -
WRTau WR2800 N500 0.47 × 10−1 -
WRTau WR2800 N600 0.46 × 10−1 -
WRTau WR2800 N700 0.45 × 10−1 -
WRTau WR2800 N800 0.43 × 10−1 -
WRTau WR2800 N900 0.41 × 10−1 -

WRTau WR3000 N1000 0.26 × 10−1 -
WRTau WR3000 N100 0.34 × 10−1 -

WRTau WR3000 N1100 0.25 × 10−1 -
WRTau WR3000 N1200 0.23 × 10−1 -
WRTau WR3000 N1300 0.22 × 10−1 -
WRTau WR3000 N1400 0.21 × 10−1 -
WRTau WR3000 N1500 0.20 × 10−1 -
WRTau WR3000 N1600 0.18 × 10−1 -
WRTau WR3000 N1700 0.17 × 10−1 -
WRTau WR3000 N1800 0.15 × 10−1 -
WRTau WR3000 N1900 0.14 × 10−1 -
WRTau WR3000 N2000 0.12 × 10−1 -
WRTau WR3000 N200 0.33 × 10−1 -

WRTau WR3000 N2100 0.11 × 10−1 -
WRTau WR3000 N2200 0.90 × 10−2 -
WRTau WR3000 N2300 0.74 × 10−2 -
WRTau WR3000 N2400 0.58 × 10−2 -
WRTau WR3000 N2500 0.43 × 10−2 -
WRTau WR3000 N2600 0.30 × 10−2 -
WRTau WR3000 N2700 0.18 × 10−2 -
WRTau WR3000 N2800 0.94 × 10−3 -
WRTau WR3000 N2900 0.35 × 10−3 -
WRTau WR3000 N300 0.32 × 10−1 -
WRTau WR3000 N400 0.32 × 10−1 -
WRTau WR3000 N500 0.31 × 10−1 -
WRTau WR3000 N600 0.30 × 10−1 -
WRTau WR3000 N700 0.29 × 10−1 -
WRTau WR3000 N800 0.28 × 10−1 -
WRTau WR3000 N900 0.27 × 10−1 -

WRTau WR3200 N1000 0.17 × 10−1 -
WRTau WR3200 N100 0.23 × 10−1 -

WRTau WR3200 N1100 0.16 × 10−1 -
WRTau WR3200 N1200 0.16 × 10−1 -
WRTau WR3200 N1300 0.15 × 10−1 -
WRTau WR3200 N1400 0.14 × 10−1 -
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WRTau WR3200 N1500 0.13 × 10−1 -
WRTau WR3200 N1600 0.13 × 10−1 -
WRTau WR3200 N1700 0.12 × 10−1 -
WRTau WR3200 N1800 0.11 × 10−1 -
WRTau WR3200 N1900 0.99 × 10−2 -
WRTau WR3200 N2000 0.90 × 10−2 -
WRTau WR3200 N200 0.22 × 10−1 -

WRTau WR3200 N2100 0.80 × 10−2 -
WRTau WR3200 N2200 0.70 × 10−2 -
WRTau WR3200 N2300 0.61 × 10−2 -
WRTau WR3200 N2400 0.51 × 10−2 -
WRTau WR3200 N2500 0.42 × 10−2 -
WRTau WR3200 N2600 0.33 × 10−2 -
WRTau WR3200 N2700 0.24 × 10−2 -
WRTau WR3200 N2800 0.17 × 10−2 -
WRTau WR3200 N2900 0.10 × 10−2 -
WRTau WR3200 N3000 0.53 × 10−3 -
WRTau WR3200 N300 0.21 × 10−1 -

WRTau WR3200 N3100 0.20 × 10−3 -
WRTau WR3200 N400 0.21 × 10−1 -
WRTau WR3200 N500 0.20 × 10−1 -
WRTau WR3200 N600 0.19 × 10−1 -
WRTau WR3200 N700 0.19 × 10−1 -
WRTau WR3200 N800 0.18 × 10−1 -
WRTau WR3200 N900 0.17 × 10−1 -

WRTau WR3400 N1000 0.11 × 10−1 -
WRTau WR3400 N100 0.15 × 10−1 -

WRTau WR3400 N1100 0.11 × 10−1 -
WRTau WR3400 N1200 0.10 × 10−1 -
WRTau WR3400 N1300 0.99 × 10−2 -
WRTau WR3400 N1400 0.94 × 10−2 -
WRTau WR3400 N1500 0.89 × 10−2 -
WRTau WR3400 N1600 0.85 × 10−2 -
WRTau WR3400 N1700 0.80 × 10−2 -
WRTau WR3400 N1800 0.75 × 10−2 -
WRTau WR3400 N1900 0.70 × 10−2 -
WRTau WR3400 N2000 0.64 × 10−2 -
WRTau WR3400 N200 0.15 × 10−1 -

WRTau WR3400 N2100 0.58 × 10−2 -
WRTau WR3400 N2200 0.53 × 10−2 -
WRTau WR3400 N2300 0.47 × 10−2 -
WRTau WR3400 N2400 0.42 × 10−2 -
WRTau WR3400 N2500 0.36 × 10−2 -
WRTau WR3400 N2600 0.30 × 10−2 -
WRTau WR3400 N2700 0.24 × 10−2 -
WRTau WR3400 N2800 0.19 × 10−2 -
WRTau WR3400 N2900 0.14 × 10−2 -
WRTau WR3400 N3000 0.96 × 10−3 -
WRTau WR3400 N300 0.14 × 10−1 -
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WRTau WR3400 N3100 0.59 × 10−3 -
WRTau WR3400 N3200 0.30 × 10−3 -
WRTau WR3400 N3300 0.12 × 10−3 -
WRTau WR3400 N400 0.14 × 10−1 -
WRTau WR3400 N500 0.13 × 10−1 -
WRTau WR3400 N600 0.13 × 10−1 -
WRTau WR3400 N700 0.12 × 10−1 -
WRTau WR3400 N800 0.12 × 10−1 -
WRTau WR3400 N900 0.11 × 10−1 -

WRTau WR3600 N1000 0.75 × 10−2 -
WRTau WR3600 N100 0.10 × 10−1 -

WRTau WR3600 N1100 0.71 × 10−2 -
WRTau WR3600 N1200 0.69 × 10−2 -
WRTau WR3600 N1300 0.67 × 10−2 -
WRTau WR3600 N1400 0.64 × 10−2 -
WRTau WR3600 N1500 0.61 × 10−2 -
WRTau WR3600 N1600 0.58 × 10−2 -
WRTau WR3600 N1700 0.55 × 10−2 -
WRTau WR3600 N1800 0.52 × 10−2 -
WRTau WR3600 N1900 0.49 × 10−2 -
WRTau WR3600 N2000 0.46 × 10−2 -
WRTau WR3600 N200 1.00 × 10−2 -

WRTau WR3600 N2100 0.42 × 10−2 -
WRTau WR3600 N2200 0.39 × 10−2 -
WRTau WR3600 N2300 0.35 × 10−2 -
WRTau WR3600 N2400 0.32 × 10−2 -
WRTau WR3600 N2500 0.28 × 10−2 -
WRTau WR3600 N2600 0.25 × 10−2 -
WRTau WR3600 N2700 0.21 × 10−2 -
WRTau WR3600 N2800 0.18 × 10−2 -
WRTau WR3600 N2900 0.14 × 10−2 -
WRTau WR3600 N3000 0.11 × 10−2 -
WRTau WR3600 N300 0.95 × 10−2 -

WRTau WR3600 N3100 0.82 × 10−3 -
WRTau WR3600 N3200 0.56 × 10−3 -
WRTau WR3600 N3300 0.34 × 10−3 -
WRTau WR3600 N3400 0.18 × 10−3 -
WRTau WR3600 N3500 0.72 × 10−4 -
WRTau WR3600 N400 0.91 × 10−2 -
WRTau WR3600 N500 0.89 × 10−2 -
WRTau WR3600 N600 0.85 × 10−2 -
WRTau WR3600 N700 0.82 × 10−2 -
WRTau WR3600 N800 0.80 × 10−2 -
WRTau WR3600 N900 0.77 × 10−2 -

WRTau WR3800 N1000 0.50 × 10−2 -
WRTau WR3800 N100 0.73 × 10−2 -

WRTau WR3800 N1100 0.48 × 10−2 -
WRTau WR3800 N1200 0.47 × 10−2 -
WRTau WR3800 N1300 0.46 × 10−2 -
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WRTau WR3800 N1400 0.43 × 10−2 -
WRTau WR3800 N1500 0.42 × 10−2 -
WRTau WR3800 N1600 0.40 × 10−2 -
WRTau WR3800 N1700 0.38 × 10−2 -
WRTau WR3800 N1800 0.36 × 10−2 -
WRTau WR3800 N1900 0.34 × 10−2 -
WRTau WR3800 N2000 0.32 × 10−2 -
WRTau WR3800 N200 0.68 × 10−2 -

WRTau WR3800 N2100 0.30 × 10−2 -
WRTau WR3800 N2200 0.28 × 10−2 -
WRTau WR3800 N2300 0.26 × 10−2 -
WRTau WR3800 N2400 0.24 × 10−2 -
WRTau WR3800 N2500 0.22 × 10−2 -
WRTau WR3800 N2600 0.19 × 10−2 -
WRTau WR3800 N2700 0.17 × 10−2 -
WRTau WR3800 N2800 0.15 × 10−2 -
WRTau WR3800 N2900 0.13 × 10−2 -
WRTau WR3800 N3000 0.11 × 10−2 -
WRTau WR3800 N300 0.65 × 10−2 -

WRTau WR3800 N3100 0.86 × 10−3 -
WRTau WR3800 N3200 0.67 × 10−3 -
WRTau WR3800 N3300 0.49 × 10−3 -
WRTau WR3800 N3400 0.33 × 10−3 -
WRTau WR3800 N3500 0.21 × 10−3 -
WRTau WR3800 N3600 0.11 × 10−3 -
WRTau WR3800 N3700 0.44 × 10−4 -
WRTau WR3800 N400 0.62 × 10−2 -
WRTau WR3800 N500 0.60 × 10−2 -
WRTau WR3800 N600 0.58 × 10−2 -
WRTau WR3800 N700 0.56 × 10−2 -
WRTau WR3800 N800 0.54 × 10−2 -
WRTau WR3800 N900 0.52 × 10−2 -

WRTau WR4000 N1000 0.35 × 10−2 -
WRTau WR4000 N100 0.51 × 10−2 -

WRTau WR4000 N1100 0.33 × 10−2 -
WRTau WR4000 N1200 0.32 × 10−2 -
WRTau WR4000 N1300 0.31 × 10−2 -
WRTau WR4000 N1400 0.30 × 10−2 -
WRTau WR4000 N1500 0.29 × 10−2 -
WRTau WR4000 N1600 0.28 × 10−2 -
WRTau WR4000 N1700 0.26 × 10−2 -
WRTau WR4000 N1800 0.25 × 10−2 -
WRTau WR4000 N1900 0.24 × 10−2 -
WRTau WR4000 N2000 0.23 × 10−2 -
WRTau WR4000 N200 0.48 × 10−2 -

WRTau WR4000 N2100 0.22 × 10−2 -
WRTau WR4000 N2200 0.20 × 10−2 -
WRTau WR4000 N2300 0.19 × 10−2 -
WRTau WR4000 N2400 0.18 × 10−2 -
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WRTau WR4000 N2500 0.16 × 10−2 -
WRTau WR4000 N2600 0.15 × 10−2 -
WRTau WR4000 N2700 0.13 × 10−2 -
WRTau WR4000 N2800 0.12 × 10−2 -
WRTau WR4000 N2900 0.11 × 10−2 -
WRTau WR4000 N3000 0.92 × 10−3 -
WRTau WR4000 N300 0.46 × 10−2 -

WRTau WR4000 N3100 0.79 × 10−3 -
WRTau WR4000 N3200 0.65 × 10−3 -
WRTau WR4000 N3300 0.52 × 10−3 -
WRTau WR4000 N3400 0.41 × 10−3 -
WRTau WR4000 N3500 0.30 × 10−3 -
WRTau WR4000 N3600 0.20 × 10−3 -
WRTau WR4000 N3700 0.13 × 10−3 -
WRTau WR4000 N3800 0.66 × 10−4 -
WRTau WR4000 N3900 0.28 × 10−4 -
WRTau WR4000 N400 0.44 × 10−2 -
WRTau WR4000 N500 0.42 × 10−2 -
WRTau WR4000 N600 0.40 × 10−2 -
WRTau WR4000 N700 0.39 × 10−2 -
WRTau WR4000 N800 0.37 × 10−2 -
WRTau WR4000 N900 0.36 × 10−2 -

WRTau WR4200 N1000 0.24 × 10−2 -
WRTau WR4200 N100 0.37 × 10−2 -

WRTau WR4200 N1100 0.23 × 10−2 -
WRTau WR4200 N1200 0.23 × 10−2 -
WRTau WR4200 N1300 0.22 × 10−2 -
WRTau WR4200 N1400 0.21 × 10−2 -
WRTau WR4200 N1500 0.20 × 10−2 -
WRTau WR4200 N1600 0.19 × 10−2 -
WRTau WR4200 N1700 0.19 × 10−2 -
WRTau WR4200 N1800 0.18 × 10−2 -
WRTau WR4200 N1900 0.17 × 10−2 -
WRTau WR4200 N2000 0.16 × 10−2 -
WRTau WR4200 N200 0.35 × 10−2 -

WRTau WR4200 N2100 0.15 × 10−2 -
WRTau WR4200 N2200 0.15 × 10−2 -
WRTau WR4200 N2300 0.14 × 10−2 -
WRTau WR4200 N2400 0.13 × 10−2 -
WRTau WR4200 N2500 0.12 × 10−2 -
WRTau WR4200 N2600 0.11 × 10−2 -
WRTau WR4200 N2700 0.10 × 10−2 -
WRTau WR4200 N2800 0.94 × 10−3 -
WRTau WR4200 N2900 0.85 × 10−3 -
WRTau WR4200 N3000 0.76 × 10−3 -
WRTau WR4200 N300 0.33 × 10−2 -

WRTau WR4200 N3100 0.67 × 10−3 -
WRTau WR4200 N3200 0.58 × 10−3 -
WRTau WR4200 N3300 0.49 × 10−3 -
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WRTau WR4200 N3400 0.41 × 10−3 -
WRTau WR4200 N3500 0.32 × 10−3 -
WRTau WR4200 N3600 0.25 × 10−3 -
WRTau WR4200 N3700 0.18 × 10−3 -
WRTau WR4200 N3800 0.13 × 10−3 -
WRTau WR4200 N3900 0.78 × 10−4 -
WRTau WR4200 N4000 0.42 × 10−4 -
WRTau WR4200 N400 0.31 × 10−2 -

WRTau WR4200 N4100 0.18 × 10−4 -
WRTau WR4200 N500 0.30 × 10−2 -
WRTau WR4200 N600 0.28 × 10−2 -
WRTau WR4200 N700 0.27 × 10−2 -
WRTau WR4200 N800 0.26 × 10−2 -
WRTau WR4200 N900 0.25 × 10−2 -

WRTau WR4400 N1000 0.17 × 10−2 -
WRTau WR4400 N100 0.28 × 10−2 -

WRTau WR4400 N1100 0.17 × 10−2 -
WRTau WR4400 N1200 0.16 × 10−2 -
WRTau WR4400 N1300 0.15 × 10−2 -
WRTau WR4400 N1400 0.15 × 10−2 -
WRTau WR4400 N1500 0.14 × 10−2 -
WRTau WR4400 N1600 0.14 × 10−2 -
WRTau WR4400 N1700 0.13 × 10−2 -
WRTau WR4400 N1800 0.13 × 10−2 -
WRTau WR4400 N1900 0.12 × 10−2 -
WRTau WR4400 N2000 0.12 × 10−2 -
WRTau WR4400 N200 0.26 × 10−2 -

WRTau WR4400 N2100 0.11 × 10−2 -
WRTau WR4400 N2200 0.11 × 10−2 -
WRTau WR4400 N2300 0.10 × 10−2 -
WRTau WR4400 N2400 0.96 × 10−3 -
WRTau WR4400 N2500 0.90 × 10−3 -
WRTau WR4400 N2600 0.85 × 10−3 -
WRTau WR4400 N2700 0.78 × 10−3 -
WRTau WR4400 N2800 0.72 × 10−3 -
WRTau WR4400 N2900 0.66 × 10−3 -
WRTau WR4400 N3000 0.60 × 10−3 -
WRTau WR4400 N300 0.24 × 10−2 -

WRTau WR4400 N3100 0.55 × 10−3 -
WRTau WR4400 N3200 0.49 × 10−3 -
WRTau WR4400 N3300 0.43 × 10−3 -
WRTau WR4400 N3400 0.37 × 10−3 -
WRTau WR4400 N3500 0.31 × 10−3 -
WRTau WR4400 N3600 0.26 × 10−3 -
WRTau WR4400 N3700 0.21 × 10−3 -
WRTau WR4400 N3800 0.16 × 10−3 -
WRTau WR4400 N3900 0.12 × 10−3 -
WRTau WR4400 N4000 0.80 × 10−4 -
WRTau WR4400 N400 0.23 × 10−2 -
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WRTau WR4400 N4100 0.50 × 10−4 -
WRTau WR4400 N4200 0.27 × 10−4 -
WRTau WR4400 N4300 0.12 × 10−4 -
WRTau WR4400 N500 0.21 × 10−2 -
WRTau WR4400 N600 0.20 × 10−2 -
WRTau WR4400 N700 0.19 × 10−2 -
WRTau WR4400 N800 0.19 × 10−2 -
WRTau WR4400 N900 0.18 × 10−2 -

WRTau WR4600 N1000 0.13 × 10−2 -
WRTau WR4600 N100 0.21 × 10−2 -

WRTau WR4600 N1100 0.12 × 10−2 -
WRTau WR4600 N1200 0.12 × 10−2 -
WRTau WR4600 N1300 0.11 × 10−2 -
WRTau WR4600 N1400 0.11 × 10−2 -
WRTau WR4600 N1500 0.10 × 10−2 -
WRTau WR4600 N1600 0.10 × 10−2 -
WRTau WR4600 N1700 0.97 × 10−3 -
WRTau WR4600 N1800 0.93 × 10−3 -
WRTau WR4600 N1900 0.89 × 10−3 -
WRTau WR4600 N2000 0.86 × 10−3 -
WRTau WR4600 N200 0.19 × 10−2 -

WRTau WR4600 N2100 0.82 × 10−3 -
WRTau WR4600 N2200 0.79 × 10−3 -
WRTau WR4600 N2300 0.75 × 10−3 -
WRTau WR4600 N2400 0.71 × 10−3 -
WRTau WR4600 N2500 0.68 × 10−3 -
WRTau WR4600 N2600 0.64 × 10−3 -
WRTau WR4600 N2700 0.60 × 10−3 -
WRTau WR4600 N2800 0.56 × 10−3 -
WRTau WR4600 N2900 0.52 × 10−3 -
WRTau WR4600 N3000 0.48 × 10−3 -
WRTau WR4600 N300 0.18 × 10−2 -

WRTau WR4600 N3100 0.44 × 10−3 -
WRTau WR4600 N3200 0.40 × 10−3 -
WRTau WR4600 N3300 0.36 × 10−3 -
WRTau WR4600 N3400 0.32 × 10−3 -
WRTau WR4600 N3500 0.28 × 10−3 -
WRTau WR4600 N3600 0.24 × 10−3 -
WRTau WR4600 N3700 0.20 × 10−3 -
WRTau WR4600 N3800 0.17 × 10−3 -
WRTau WR4600 N3900 0.13 × 10−3 -
WRTau WR4600 N4000 0.10 × 10−3 -
WRTau WR4600 N400 0.17 × 10−2 -

WRTau WR4600 N4100 0.76 × 10−4 -
WRTau WR4600 N4200 0.52 × 10−4 -
WRTau WR4600 N4300 0.33 × 10−4 -
WRTau WR4600 N4400 0.18 × 10−4 -
WRTau WR4600 N4500 0.79 × 10−5 -
WRTau WR4600 N500 0.16 × 10−2 -
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WRTau WR4600 N600 0.15 × 10−2 -
WRTau WR4600 N700 0.14 × 10−2 -
WRTau WR4600 N800 0.14 × 10−2 -
WRTau WR4600 N900 0.13 × 10−2 -

WRTau WR4800 N1000 0.93 × 10−3 -
WRTau WR4800 N100 0.16 × 10−2 -

WRTau WR4800 N1100 0.88 × 10−3 -
WRTau WR4800 N1200 0.85 × 10−3 -
WRTau WR4800 N1300 0.82 × 10−3 -
WRTau WR4800 N1400 0.79 × 10−3 -
WRTau WR4800 N1500 0.76 × 10−3 -
WRTau WR4800 N1600 0.74 × 10−3 -
WRTau WR4800 N1700 0.71 × 10−3 -
WRTau WR4800 N1800 0.69 × 10−3 -
WRTau WR4800 N1900 0.66 × 10−3 -
WRTau WR4800 N2000 0.64 × 10−3 -
WRTau WR4800 N200 0.15 × 10−2 -

WRTau WR4800 N2100 0.61 × 10−3 -
WRTau WR4800 N2200 0.58 × 10−3 -
WRTau WR4800 N2300 0.56 × 10−3 -
WRTau WR4800 N2400 0.54 × 10−3 -
WRTau WR4800 N2500 0.51 × 10−3 -
WRTau WR4800 N2600 0.48 × 10−3 -
WRTau WR4800 N2700 0.46 × 10−3 -
WRTau WR4800 N2800 0.43 × 10−3 -
WRTau WR4800 N2900 0.40 × 10−3 -
WRTau WR4800 N3000 0.38 × 10−3 -
WRTau WR4800 N300 0.14 × 10−2 -

WRTau WR4800 N3100 0.35 × 10−3 -
WRTau WR4800 N3200 0.32 × 10−3 -
WRTau WR4800 N3300 0.30 × 10−3 -
WRTau WR4800 N3400 0.27 × 10−3 -
WRTau WR4800 N3500 0.24 × 10−3 -
WRTau WR4800 N3600 0.22 × 10−3 -
WRTau WR4800 N3700 0.19 × 10−3 -
WRTau WR4800 N3800 0.16 × 10−3 -
WRTau WR4800 N3900 0.14 × 10−3 -
WRTau WR4800 N4000 0.11 × 10−3 -
WRTau WR4800 N400 0.13 × 10−2 -

WRTau WR4800 N4100 0.91 × 10−4 -
WRTau WR4800 N4200 0.69 × 10−4 -
WRTau WR4800 N4300 0.51 × 10−4 -
WRTau WR4800 N4400 0.35 × 10−4 -
WRTau WR4800 N4500 0.22 × 10−4 -
WRTau WR4800 N4600 0.12 × 10−4 -
WRTau WR4800 N4700 0.55 × 10−5 -
WRTau WR4800 N500 0.12 × 10−2 -
WRTau WR4800 N600 0.11 × 10−2 -
WRTau WR4800 N700 0.11 × 10−2 -
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WRTau WR4800 N800 0.10 × 10−2 -
WRTau WR4800 N900 0.97 × 10−3 -

WRTau WR5000 N1000 0.69 × 10−3 -
WRTau WR5000 N100 0.13 × 10−2 -

WRTau WR5000 N1100 0.67 × 10−3 -
WRTau WR5000 N1200 0.64 × 10−3 -
WRTau WR5000 N1300 0.61 × 10−3 -
WRTau WR5000 N1400 0.59 × 10−3 -
WRTau WR5000 N1500 0.57 × 10−3 -
WRTau WR5000 N1600 0.55 × 10−3 -
WRTau WR5000 N1700 0.54 × 10−3 -
WRTau WR5000 N1800 0.51 × 10−3 -
WRTau WR5000 N1900 0.50 × 10−3 -
WRTau WR5000 N2000 0.48 × 10−3 -
WRTau WR5000 N200 0.12 × 10−2 -

WRTau WR5000 N2100 0.46 × 10−3 -
WRTau WR5000 N2200 0.44 × 10−3 -
WRTau WR5000 N2300 0.42 × 10−3 -
WRTau WR5000 N2400 0.41 × 10−3 -
WRTau WR5000 N2500 0.39 × 10−3 -
WRTau WR5000 N2600 0.37 × 10−3 -
WRTau WR5000 N2700 0.35 × 10−3 -
WRTau WR5000 N2800 0.34 × 10−3 -
WRTau WR5000 N2900 0.32 × 10−3 -
WRTau WR5000 N3000 0.30 × 10−3 -
WRTau WR5000 N300 0.11 × 10−2 -

WRTau WR5000 N3100 0.28 × 10−3 -
WRTau WR5000 N3200 0.26 × 10−3 -
WRTau WR5000 N3300 0.24 × 10−3 -
WRTau WR5000 N3400 0.22 × 10−3 -
WRTau WR5000 N3500 0.20 × 10−3 -
WRTau WR5000 N3600 0.19 × 10−3 -
WRTau WR5000 N3700 0.17 × 10−3 -
WRTau WR5000 N3800 0.15 × 10−3 -
WRTau WR5000 N3900 0.13 × 10−3 -
WRTau WR5000 N4000 0.11 × 10−3 -
WRTau WR5000 N400 0.98 × 10−3 -

WRTau WR5000 N4100 0.93 × 10−4 -
WRTau WR5000 N4200 0.77 × 10−4 -
WRTau WR5000 N4300 0.61 × 10−4 -
WRTau WR5000 N4400 0.47 × 10−4 -
WRTau WR5000 N4500 0.35 × 10−4 -
WRTau WR5000 N4600 0.24 × 10−4 -
WRTau WR5000 N4700 0.15 × 10−4 -
WRTau WR5000 N4800 0.82 × 10−5 -
WRTau WR5000 N4900 0.38 × 10−5 -
WRTau WR5000 N500 0.91 × 10−3 -
WRTau WR5000 N600 0.86 × 10−3 -
WRTau WR5000 N700 0.80 × 10−3 -
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WRTau WR5000 N800 0.77 × 10−3 -
WRTau WR5000 N900 0.72 × 10−3 -
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A.2 Generator Level Kinematic distributions504
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Figure 34: The pT distributions of (sub)leading jet, primary and secondary τ , and N, WR nor-
malized by the number of events produced with different mN and mWR

= 1 TeV.



A.2 Generator Level Kinematic distributions 65

0 500 1000 1500 2000 2500
 

lead
 of j

T
p

0

0.1

0.2

0.3

0.4

0.5

A
.U

.

CMS
Simulation

=100 GeV
N

=4000 GeV, m
RWm

=2000 GeV
N

=4000 GeV, m
RWm

=3900 GeV
N

=4000 GeV, m
RWm

0 500 1000 1500 2000 2500
 

sublead
 of j

T
p

0

0.2

0.4

0.6

0.8

1

A
.U

.

CMS
Simulation

=100 GeV
N

=4000 GeV, m
RWm

=2000 GeV
N

=4000 GeV, m
RWm

=3900 GeV
N

=4000 GeV, m
RWm

0 500 1000 1500 2000 2500
 priτ of 

T
p

0

0.05

0.1

0.15

0.2

0.25

0.3

A
.U

.

CMS
Simulation

=100 GeV
N

=4000 GeV, m
RWm

=2000 GeV
N

=4000 GeV, m
RWm

=3900 GeV
N

=4000 GeV, m
RWm

0 500 1000 1500 2000 2500
 secτ of 

T
p

0

0.02

0.04

0.06

0.08

0.1

0.12A
.U

.

CMS
Simulation

=100 GeV
N

=4000 GeV, m
RWm

=2000 GeV
N

=4000 GeV, m
RWm

=3900 GeV
N

=4000 GeV, m
RWm

0 100 200 300 400 500 600 700 800 900 1000
jj secτpriτ of 

T
p

0

0.05

0.1

0.15

0.2

0.25

0.3A
.U

.

CMS
Simulation

=100 GeV
N

=4000 GeV, m
RWm

=2000 GeV
N

=4000 GeV, m
RWm

=3900 GeV
N

=4000 GeV, m
RWm

0 500 1000 1500 2000 2500 3000
jj secτ of 

T
p

0

0.02

0.04

0.06

0.08

0.1

A
.U

.

CMS
Simulation

=100 GeV
N

=4000 GeV, m
RWm

=2000 GeV
N

=4000 GeV, m
RWm

=3900 GeV
N

=4000 GeV, m
RWm

Figure 35: The pT distributions of (sub)leading jet, primary and secondary τ , and N, WR nor-
malized by the number of events produced with different mN and mWR

= 4 TeV.



66

6− 4− 2− 0 2 4 6
 

lead
 of jη

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0.22

A
.U

.

CMS
Simulation

=100 GeV
N

=1000 GeV, m
RWm

=500 GeV
N

=1000 GeV, m
RWm

=900 GeV
N

=1000 GeV, m
RWm

6− 4− 2− 0 2 4 6
 

sublead
 of jη

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

A
.U

.

CMS
Simulation

=100 GeV
N

=1000 GeV, m
RWm

=500 GeV
N

=1000 GeV, m
RWm

=900 GeV
N

=1000 GeV, m
RWm

6− 4− 2− 0 2 4 6
 

pri
τ of η

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0.22

0.24

A
.U

.

CMS
Simulation

=100 GeV
N

=1000 GeV, m
RWm

=500 GeV
N

=1000 GeV, m
RWm

=900 GeV
N

=1000 GeV, m
RWm

6− 4− 2− 0 2 4 6
 

sec
τ of η

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2A
.U

.

CMS
Simulation

=100 GeV
N

=1000 GeV, m
RWm

=500 GeV
N

=1000 GeV, m
RWm

=900 GeV
N

=1000 GeV, m
RWm

6− 4− 2− 0 2 4 6
jj secτ

pri
τ of η

0

0.02

0.04

0.06

0.08

0.1

A
.U

.

CMS
Simulation

=100 GeV
N

=1000 GeV, m
RWm

=500 GeV
N

=1000 GeV, m
RWm

=900 GeV
N

=1000 GeV, m
RWm

6− 4− 2− 0 2 4 6
jj 

sec
τ of η

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

A
.U

.

CMS
Simulation

=100 GeV
N

=1000 GeV, m
RWm

=500 GeV
N

=1000 GeV, m
RWm

=900 GeV
N

=1000 GeV, m
RWm

Figure 36: The η distributions of (sub)leading jet, primary and secondary τ , and N, WR normal-
ized by the number of events produced with different mN and mWR

= 1 TeV.
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Figure 37: The η distributions of (sub)leading jet, primary and secondary τ , and N, WR normal-
ized by the number of events produced with different mN and mWR

= 4 TeV.
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A.3 Signal Efficiencies505
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Figure 38: Signal preselection efficiency for m(WR)=2.0 TeV (upper row) and m(WR)=2.4 TeV
(below row) with different mN values for the electron (muon) channel in the left (right) column.
The selections are before giving any missing transverse momentum or mass cuts.
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Figure 39: Signal preselection efficiency for m(WR)=2.8 TeV (upper row) and m(WR)=3.2 TeV
(below row) with different mN values for the electron (muon) channel in the left (right) column.
The selections are before giving any missing transverse momentum or mass cuts.
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Figure 40: Signal preselection efficiency for m(WR)=4.4 TeV (upper row) and m(WR)=4.8 TeV
(below row) with different mN values for the electron (muon) channel in the left (right) column.
The selections are before giving any missing transverse momentum or mass cuts.
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B Optimization of Selections506

B.1 Optimization of mass cut selection507

Cut variables and values given after the preselection and the missing transverse momentum508

cut of 100 GeV is optimized by varying the cut and checking the significance of the signals in509

each region. Several variables are considered, such as the effective mass which is the mass510

of the 4-vector sum of all final state objects except the missing transverse momentum vector,511

LT + HT which is the sum of all leptonic and hadronic momenta, ST which is LT + HT + ET.512

Figure 41: Significance of signals with the WR mass fixed as 2 TeV with different N masses while
differing the mass cut for each signal regions. Here the mass variable is defined as the mass
value of the 4-vector sum of the final state objects.
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Figure 42: Number of prompt background events in each boosted regions with cutting the mass
value of the 4-vector sum of the final state objects.

Figure 43: Number of prompt background events in each resolved regions with cutting the
mass value of the 4-vector sum of the final state objects.
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Figure 44: Schematic 2D box plot showing the distribution of missing transverse momentum
and the effective mass for prompt backgrounds (blue) and signals (red) with m(WR) = 2 TeV
and m(N) = 100 GeV in boosted (resolved) regions in the upper (lower) row and electron
(muon) channels in the left (right) column. The signals are scaled to match the number of
background events to emphasize the shape difference of the distribution.
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Figure 45: Schematic 2D box plot showing the distribution of missing transverse momentum
and the effective mass for prompt backgrounds (blue) and signals (red) with m(WR) = 2 TeV
and m(N) = 200 GeV in boosted (resolved) regions in the upper (lower) row and electron
(muon) channels in the left (right) column. The signals are scaled to match the number of
background events to emphasize the shape difference of the distribution.
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Figure 46: Schematic 2D box plot showing the distribution of missing transverse momentum
and the effective mass for prompt backgrounds (blue) and signals (red) with m(WR) = 2 TeV
and m(N) = 400 GeV in boosted (resolved) regions in the upper (lower) row and electron
(muon) channels in the left (right) column. The signals are scaled to match the number of
background events to emphasize the shape difference of the distribution.
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Figure 47: Schematic 2D box plot showing the distribution of missing transverse momentum
and the effective mass for prompt backgrounds (blue) and signals (red) with m(WR) = 2 TeV
and m(N) = 600 GeV in boosted (resolved) regions in the upper (lower) row and electron
(muon) channels in the left (right) column. The signals are scaled to match the number of
background events to emphasize the shape difference of the distribution.
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Figure 48: Schematic 2D box plot showing the distribution of missing transverse momentum
and the effective mass for prompt backgrounds (blue) and signals (red) with m(WR) = 2 TeV
and m(N) = 1000 GeV in boosted (resolved) regions in the upper (lower) row and electron
(muon) channels in the left (right) column. The signals are scaled to match the number of
background events to emphasize the shape difference of the distribution.
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Figure 49: Schematic 2D box plot showing the distribution of missing transverse momentum
and the effective mass for prompt backgrounds (blue) and signals (red) with m(WR) = 2 TeV
and m(N) = 1400 GeV in boosted (resolved) regions in the upper (lower) row and electron
(muon) channels in the left (right) column. The signals are scaled to match the number of
background events to emphasize the shape difference of the distribution.
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Figure 50: Schematic 2D box plot showing the distribution of missing transverse momentum
and the effective mass for prompt backgrounds (blue) and signals (red) with m(WR) = 2 TeV
and m(N) = 1800 GeV in boosted (resolved) regions in the upper (lower) row and electron
(muon) channels in the left (right) column. The signals are scaled to match the number of
background events to emphasize the shape difference of the distribution.
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Figure 51: Schematic 2D box plot showing the distribution of missing transverse momentum
and the effective mass for prompt backgrounds (blue) and signals (red) with m(WR) = 2 TeV
and m(N) = 1900 GeV in boosted (resolved) regions in the upper (lower) row and electron
(muon) channels in the left (right) column. The signals are scaled to match the number of
background events to emphasize the shape difference of the distribution.
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Figure 52: Significance of signals with the WR mass fixed as 2 TeV with different N masses while
differing the mass cut for each signal regions. Here the mass variable LT + HT is defined as the
pT sum of all light leptons, hadronic taus and jets.
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Figure 53: Number of prompt background events in each boosted regions with cutting LT + HT.

Figure 54: Number of prompt background events in each resolved regions with cutting LT +
HT.
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Figure 55: Schematic 2D box plot showing the distribution of missing transverse momen-
tum and LT + HT for prompt backgrounds (blue) and signals (red) with m(WR) = 2 TeV and
m(N) = 100 GeV in boosted (resolved) regions in the upper (lower) row and electron (muon)
channels in the left (right) column. The signals are scaled to match the number of background
events to emphasize the shape difference of the distribution.
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Figure 56: Schematic 2D box plot showing the distribution of missing transverse momen-
tum and LT + HT for prompt backgrounds (blue) and signals (red) with m(WR) = 2 TeV and
m(N) = 200 GeV in boosted (resolved) regions in the upper (lower) row and electron (muon)
channels in the left (right) column. The signals are scaled to match the number of background
events to emphasize the shape difference of the distribution.
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Figure 57: Schematic 2D box plot showing the distribution of missing transverse momen-
tum and LT + HT for prompt backgrounds (blue) and signals (red) with m(WR) = 2 TeV and
m(N) = 400 GeV in boosted (resolved) regions in the upper (lower) row and electron (muon)
channels in the left (right) column. The signals are scaled to match the number of background
events to emphasize the shape difference of the distribution.
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Figure 58: Schematic 2D box plot showing the distribution of missing transverse momen-
tum and LT + HT for prompt backgrounds (blue) and signals (red) with m(WR) = 2 TeV and
m(N) = 600 GeV in boosted (resolved) regions in the upper (lower) row and electron (muon)
channels in the left (right) column. The signals are scaled to match the number of background
events to emphasize the shape difference of the distribution.
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Figure 59: Schematic 2D box plot showing the distribution of missing transverse momen-
tum and LT + HT for prompt backgrounds (blue) and signals (red) with m(WR) = 2 TeV and
m(N) = 1000 GeV in boosted (resolved) regions in the upper (lower) row and electron (muon)
channels in the left (right) column. The signals are scaled to match the number of background
events to emphasize the shape difference of the distribution.
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Figure 60: Schematic 2D box plot showing the distribution of missing transverse momen-
tum and LT + HT for prompt backgrounds (blue) and signals (red) with m(WR) = 2 TeV and
m(N) = 1400 GeV in boosted (resolved) regions in the upper (lower) row and electron (muon)
channels in the left (right) column. The signals are scaled to match the number of background
events to emphasize the shape difference of the distribution.
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Figure 61: Schematic 2D box plot showing the distribution of missing transverse momen-
tum and LT + HT for prompt backgrounds (blue) and signals (red) with m(WR) = 2 TeV and
m(N) = 1800 GeV in boosted (resolved) regions in the upper (lower) row and electron (muon)
channels in the left (right) column. The signals are scaled to match the number of background
events to emphasize the shape difference of the distribution.
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Figure 62: Schematic 2D box plot showing the distribution of missing transverse momen-
tum and LT + HT for prompt backgrounds (blue) and signals (red) with m(WR) = 2 TeV and
m(N) = 1900 GeV in boosted (resolved) regions in the upper (lower) row and electron (muon)
channels in the left (right) column. The signals are scaled to match the number of background
events to emphasize the shape difference of the distribution.



B.1 Optimization of mass cut selection 91

Figure 63: Significance of signals with the WR mass fixed as 2 TeV with different N masses while
differing the mass cut for each signal regions. Here the mass variable ST is defined as the pT
sum of all light leptons, hadronic taus and jets.
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B.2 Optimization of LSF selection513

C LSF Validation514

D Nonprompt Background Estimation515

D.1 Top Pair MC Fake Factors516
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Figure 64: FFTT as a function of hadronic tau pT divided into its decay modes for 2016 simula-
tions.
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Figure 65: FFTT as a function of hadronic tau pT divided into its decay modes for 2017 simula-
tions.
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Figure 66: FFTT as a function of hadronic tau pT divided into its decay modes for 2018 simula-
tions.
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D.2 QCD Data Driven Fake Factors517

Figure 67: FFQCD as a function of hadronic tau pT divided into 1 (3) prong decay modes for
2016 data in the QCD Fake MR.

Figure 68: FFQCD as a function of hadronic tau pT divided into 1 (3) prong decay modes for
2016 data in the QCD Fake MR.
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Figure 69: FFQCD as a function of hadronic tau pT divided into 1 (3) prong decay modes for
2016 data in the QCD Fake MR.
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D.3 Application Region Fake Contribution Ratios518

D.3.1 Signal Region Application Region (mEff.)519

Figure 70: Fractions of the hadronic tau misidentification backgrounds as a function of mEff,
divided by the hadronic tau decay modes used in this analysis in the Run2 UL 2016preVFP era.
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Figure 71: Fractions of the hadronic tau misidentification backgrounds as a function of mEff,
divided by the hadronic tau decay modes used in this analysis in the Run2 UL 2016postVFP
era.
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Figure 72: Fractions of the hadronic tau misidentification backgrounds as a function of mEff,
divided by the hadronic tau decay modes used in this analysis in the Run2 UL 2017 era.



100

Figure 73: Fractions of the hadronic tau misidentification backgrounds as a function of mEff,
divided by the hadronic tau decay modes used in this analysis in the Run2 UL 2018 era.
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D.3.2 Low Mass CR Application Region (pT)520

Figure 74: Fractions of the hadronic tau misidentification backgrounds in the low mass CR
application region as a function of hadronic tau pT, divided by the hadronic tau decay modes
used in this analysis in the Run2 UL 2018 era.
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Figure 75: Fractions of the hadronic tau misidentification backgrounds in the low mass CR
application region as a function of hadronic tau pT, divided by the hadronic tau decay modes
used in this analysis in the Run2 UL 2018 era.
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Figure 76: Fractions of the hadronic tau misidentification backgrounds in the low mass CR
application region as a function of hadronic tau pT, divided by the hadronic tau decay modes
used in this analysis in the Run2 UL 2018 era.
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Figure 77: Fractions of the hadronic tau misidentification backgrounds in the low mass CR
application region as a function of hadronic tau pT, divided by the hadronic tau decay modes
used in this analysis in the Run2 UL 2018 era.
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D.3.3 Low Mass CR Application Region (mEff.)521

Figure 78: Fractions of the hadronic tau misidentification backgrounds in the low mass CR
application region as a function of mEff, divided by the hadronic tau decay modes used in this
analysis in the Run2 UL 2018 era.
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Figure 79: Fractions of the hadronic tau misidentification backgrounds in the low mass CR
application region as a function of mEff, divided by the hadronic tau decay modes used in this
analysis in the Run2 UL 2018 era.
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Figure 80: Fractions of the hadronic tau misidentification backgrounds in the low mass CR
application region as a function of mEff, divided by the hadronic tau decay modes used in this
analysis in the Run2 UL 2018 era.
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Figure 81: Fractions of the hadronic tau misidentification backgrounds in the low mass CR
application region as a function of mEff, divided by the hadronic tau decay modes used in this
analysis in the Run2 UL 2018 era.
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