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1 Introduction1

Many extensions of the standard model (SM) predict new massive charged gauge bosons [1–2

3]. The W′ boson is a heavy partner of the SM W gauge boson that could be produced in3

proton-proton collisions at the CERN LHC. Searches for a high-mass W′ boson resonance have4

been performed at the Tevatron [4, 5] and the LHC [6–15] in the lepton-neutrino, diboson and5

diquark final states.6

Vector-like quarks (VLQ) are beyond the SM predicted heavy quarks in which the left and7

right-handed chiralities transform the same way under SM gauge groups, and are consistent8

with the current Higgs boson measurements. Here we investigate the case of a heavy B or T9

VLQ that is produced along with a bottom (b) or top (t) quark respectfully in the decay of a W′10

boson. The analysis then considers the branching fraction where B or T VLQ then decays into a11

Higgs boson and either a t or b quark. The theoretical framework for this analysis is described12

in Ref. [16].13

We perform an inclusive search for a W′ boson in the t quark, Higgs boson, and b quark final14

state. The background is dominated by top-pair production (tt) and jets produced by the strong15

interaction, referred to as quantum chromodynamics (QCD) events. These backgrounds are16

modelled by a combination of Monte Carlo (MC) simulation and control regions in data. Limits17

on the W′ production cross section in the branching fraction to B or T VLQ are set by using the18

distribution of t quark, Higgs boson, b quark invariant mass (mthb). To identify the t quark and19

Higgs boson, boosted techniques are used in order to preserve selection efficiency in the high20

W′ boson mass range.21

2 The CMS detector22

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-23

ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip24

tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-25

tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward26

calorimeters extend the pseudorapidity coverage provided by the barrel and endcap detectors.27

Muons are detected in gas-ionization chambers embedded in the steel flux-return yoke outside28

the solenoid.29

The particle-flow event algorithm [17] reconstructs and identifies each individual particle with30

an optimized combination of information from the various elements of the CMS detector.31

The energy of photons is directly obtained from the ECAL measurement, corrected for zero-32

suppression effects. The energy of electrons is determined from a combination of the electron33

momentum at the primary interaction vertex as determined by the tracker, the energy of the34

corresponding ECAL cluster, and the energy sum of all bremsstrahlung photons spatially com-35

patible with originating from the electron track. The energy of muons is obtained from the36

curvature of the corresponding track. The energy of charged hadrons is determined from a37

combination of their momentum measured in the tracker and the matching ECAL and HCAL38

energy deposits, corrected for zero-suppression effects and for the response function of the39

calorimeters to hadronic showers. Finally, the energy of neutral hadrons is obtained from the40

corresponding corrected ECAL and HCAL energy.41

Jet momentum is determined as the vectorial sum of all particle momenta in the jet, and is42

found from simulation to be within 5 to 10% of the true momentum over the whole pT spectrum43

and detector acceptance. Additional proton-proton interactions within the same or nearby44
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bunch crossings can contribute additional tracks and calorimetric energy depositions to the jet45

momentum. To mitigate this effect, tracks identified to be originating from additional proton-46

proton collisions within the same or adjacent bunch crossings (pileup) vertices are discarded,47

and an offset correction is applied to correct for remaining contributions. Jet energy correc-48

tions are derived from simulation to bring measured response of jets to that of particle level49

jets on average. In situ measurements of the momentum balance in dijet, photon + jet, Z+jet,50

and multijet events are used to account for any residual differences in jet energy scale in data51

and simulation. Additional selection criteria are applied to each jet to remove jets potentially52

dominated by anomalous contributions from various subdetector components or reconstruc-53

tion failures.54

A more detailed description of the CMS detector, together with a definition of the coordinate55

system used and the relevant kinematic variables, can be found in Ref. [18].56

3 Data samples57

The data sample used in the analysiscorresponds to 35.9 fb−1 of 13 TeV data. The tt produc-58

tion background component is generated with POWHEG and is composed of two MC samples59

which are generated using different tt invariant mass regions and are summed using the corre-60

sponding generator selection efficiency. The signal samples are generated using MADGRAPH561

in a W′ mass range from 1.5 to 4.0 TeV in 500 GeV increments.62

For each W′ mass point, three VLQ mass points are generated, with the central VLQ mass range63

from 1.0 to 2.5 TeV. The VLQ masses are generated such that there is a low (≈1/2 W′ mass),64

central (≈2/3 W′ mass), and high (≈3/4 W′ mass) sample for each W′ mass point. The W′ and65

VLQ width is generated as 3% of the resonance mass.66

The theoretical framework followed in the analysis is described in Ref. [16] as evaluated at67

sL = 0.5 and cot(`2) = 3. The sL parameter determines the degree of top compositeness and68

θ2 determines the angle between the superposition of elementary and composite W′ states.69

The W′ cross section is inversely proportional to cot2(`2) = 3, but the lower cot(`2) tend to be70

dominated by the leptonic W′ decay mode. High sL parameter decreases Bt or bT phase space71

compared to BT, whereas low sL tends to prefer the W′ diboson decays. The cross sections used72

to scale signal in the analysis are evaluated using this framework at 13 TeV from 1.5 to 4.0 TeV73

in the assumption that W′ →VLQ branching ratio is evenly distributed between Bt and bT, and74

the VLQ→qH branching ratio is 50%.75

The MC samples are reweighted such that the true number of vertices in the simulation match76

the average number of interactions in data using the standard procedure and a minimum bias77

cross section hypothesis of 69.2±3.18 mb.78

4 Event reconstruction79

The W′ → (Bt, Tb) → tHb final state is characterized by three high pt jets. Two of these jets80

are wide and massive due to the heavy resonance (t quark or H boson) decay, and the third81

is narrow and low mass. Therefore, we require one jet clustered with the anti-kt algorithm jet82

with a distance parameter of 0.8 (AK8 jet) with pT > 300 GeV (Higgs candidate), one AK8 jet83

with pT > 400 GeV (top candidate) and at least one AK4 jet with pT > 200 GeV. For the two84

tagged AK8 jets, the ∆R is required to be at least 1.8 in order to reduce jet-shape correlation85

which tends to bias the background estimate. After tagging the AK8 jets, the collection of86

jets considered for the b candidate is populated by AK4 jets with ∆R of at least 1.2 from the87
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tagged AK8 jets. In the case of multiple jets with the same tag, the tagged candidate is chosen88

randomly. Jet identification criteria used for these three jets in order to reduce the impact of89

spurious jets from detector noise. All jets in the analysis are required to be within |η| < 2.4.90

Additionally, in order to restrict the analysis to the region of full trigger efficiency (see Section91

4), the pT sum of all AK4 jets in the event (HT) is required to be at least 1000 GeV.92

To mitigate the effect of pileup, the pileup per particle identification (PUPPI) algorithm [19] is93

used for all jets in the analysis. The PUPPI algorithm applies weights that rescale the transverse94

momentum based on the per-particle probability of originating from the primary vertex prior95

to jet clustering. The energy and resolution of all jets are scaled using the latest corrections.96

For the top candidate jet, we use a top-tagging algorithm that selects the distinct three-prong97

substructure, a high groomed mass, and b flavor discrimination. For the Higgs candidate jet,98

we use a Higgs-tagging algorithm that selects a high groomed mass, and the double b flavor99

from the bb decay mode. For the b candidate jet, we require only a b tag. The details of the100

tagging variables will be detailed later in this section.101

Due to the fact that the signal of interest is a high mass resonance decaying to multiple high pt102

jets, the trigger used for data taking requires either high HT or AK8 jet pT.103

The trigger turn on can be seen in Fig. 1, and is parameterized as the summed pt of all AK4104

jets in the event. To study the trigger turn on, we require events to pass triggers with reduced105

thresholds for the denominator, and additionally require the full trigger selection for the nu-106

merator. The minimum of the summed AK4 pT is required to be at least 1000 GeV in the full107

selection, which ensures the analysis is largely in the trigger plateau region. Although there is108

very little inefficiency due to the trigger turn-on, this is taken into account as an event weight109

when processing MC samples.110
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Figure 1: Trigger turn on curve as a function of summed AK4 jet pt. The minimum in this
analysis is 1.0 TeV as shown by the red dashed line.

In the case of a highly boosted top quark in the pT >400 GeV region, the decay products (one111

b quark and two light quarks) can merge into a single jet. We use the standard CMS top quark112

tagging algorithm for top quark jet identification at the loose operating point. This is defined113
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Table 1: Efficiency table in units of percent for each signal point in the analysis. The columns
are mW′ and the rows are mVLQ.

1500 GeV 2000 GeV 2500 GeV 3000 GeV 3500 GeV 4000 GeV
800 GeV 0.83 — — — — —
1000 GeV 0.88 2.3 — — — —
1300 GeV 0.48 2.5 3.5 — — —
1500 GeV — 2.1 3.5 4.0 — —
1800 GeV — — 3.3 4.1 4.5 —
2100 GeV — — — 3.7 4.3 4.8
2500 GeV — — — — 4.4 3.9
3000 GeV — — — — — 3.5

by Nsubjettiness, softdrop mass, and subjet b tagging.114

Nsubjettiness defines the τN variable, which quantifies how consistent the jet energy pattern is115

given N hard partons with the low τN values being more consistent with N partons. In the case116

of a top quark hadronic decay, τ3/ τ2 is used at the τ3/ τ2 < 0.8 operating point.117

The merged top jet can also be discriminated from background by using the large top quark118

mass. The modified mass drop tagger algorithm, also known as the soft drop algorithm with119

angular exponent β= 0 [20] is used to calculate this mass variable. This algorithm reclusters the120

jet using the Cambridge Aachen algorithm, then declusters until the softdrop condition is met.121

We require the softdrop mass to be between 105 and 210 GeV in order to put the mass in the122

range of a top quark.123

The softdrop mass and Nsubjettiness discriminators are calculated with PUPPI inputs.124

Finally, as the top jet contains a b quark, additional discrimination power can be achieved by125

using subjet b tagging [21]. We require at least one subjet b tag at the loose operating point.126

The scale factor for this top tagging operating point is measured to be 1.07 in a sample enriched127

in semileptonic tt production.128

In the case of a highly boosted Higgs boson in the bb decay mode, the decay products tend129

to merge into a jet that has a mass that is consistent with a Higgs boson and two b quarks130

clustered within the jet area. Once again we use the softdrop mass, but in this case the jet is131

scaled using a PUPPI softdrop mass correction derived for use in W tagging [22]. We require132

the softdrop mass to be between 105 and 135 GeV in order to be consistent with a Higgs boson.133

We use jet mass scale and jet mass resolution scale factors derived from fitting the W softdrop134

mass spectrum in a sample enriched in semileptonic tt production.135

To identify the two b quarks clustered into the merged Higgs jet, we use a dedicated double136

b tagging algorithm [21] We use the medium operating point which requires the double b tag137

discriminator to be at least 0.8. Scale factors are derived for this tagger in the case of a true138

Higgs boson and a mistagged top quark.139

See Fig. 2 for the relevant distributions in loose selections in tt, QCD, and signal MC, and Tab.1140

for the signal efficiency for all samples considered in the analysis.141

There is a region of top quark and Higgs tagging selection overlap, which is resolved by giving142

Higgs-tag priority in the full selection.143

For the b quark daughter of the B VLQ or W′ boson reconstructed as an AK4 jet, we use the144
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CSVv2 b tagging algorithm at the loose operating point which requires a discriminator value145

of at least 0.5426. We use a MC to data scale factor for the b tagging requirement in order to146

improve the agreement of data sand simulation. Both the scale factor for true-b and mistag-b147

are evaluated by matching the b jet with the progenitor particles identified from the generator.148

The b jet is of true b origin over 95% of the time in the full selection for signal, but this there is149

a non-negligible mistagging rate for tt production.150

The sensitivity of the selections used in the analysis have been studied both in the context of151

expected limit and W′ discovery potential. After identifying the top, Higgs and b candidate152

jets, we extract the W′ candidate mass as the invariant mass of the three jets.153
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Figure 2: Normalized distributions of discriminating variables in tt, QCD, and signal
MC simulation. The QCD distributions are extracted from sets with minimum generator
HT >1000 GeV. From upper left to lower right, maximum subjet b tag for top quark discrim-
ination (SJcsvmax >0.5426), τ3/ τ2 for top quark discrimination (τ3/ τ2 < 0.8), softdrop mass
used for top quark discrimination (105< mSD <210 GeV), double b tag discriminant used for
Higgs boson tagging (Dbtag> 0.8), and softdrop mass used for Higgs boson discrimination
(105< mSD <135 GeV).
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5 Background estimation154

The primary background in this analysis is QCD multijet production and is derived from data.155

To estimate this component of the total background estimate, we invert the Higgs tagging cri-156

terion. Specifically, the selection used for this inverted definition is Higgs candidate softdrop157

mass<30 GeV and not requiring the double b-tagging selection. Tab. 2 defines various selection158

regions used in the analysis.159

A transfer function TF(pT, η) is extracted from data by additionally inverting the top candi-160

date softdrop mass selection to be between 30 and 105 GeV and τ3/ τ2 > 0.65. In this region,161

TF(pT, η) is defined as the ratio of the reconstructed Higgs candidate pT spectrum in two η162

regions (central (|η| < 1.0) and forward (|η| > 1.0) for the full Higgs boson selection to the163

inverted selection (SB2/SB1). This can be interpreted as the probability to transform the nor-164

malization and shape of distributions from the inverted Higgs region to the full selection.165

After extracting TF(pT, η), it is used to predict the background in the full selection by defining166

a region with top and b candidate selections applied except requiring the Higgs inverted selec-167

tion in data (SB3). In this region, TF(pT, η) is used as an event weight for the mthb spectrum,168

which is used as the QCD background estimate in the signal region (SR∼=SB3×(SB2/SB1)).169

Because the Higgs candidate softdrop mass is inverted in this selection (SB3), the Higgs candi-170

date 4-vector mass is set to the mean as extracted from SB4 (see below)) when forming the mthb171

invariant mass. This has only has a small effect on the resulting distribution, and a systematic172

uncertainty is evaluated as the RMS of the distribution in SB4.173

In the TF(pT, η) extraction procedure, the tt production component is subtracted from data in174

all distributions used for creating TF(pT, η) in order to ensure that TF(pT, η) only refers to the175

QCD component. The fraction of tt simulation subtracted from the numerator and denomina-176

tor is low (7.3% and 0.4% of the total distribution respectively). Additionally, the tt contam-177

ination of the QCD background estimate in the signal region needs to be subtracted. This is178

performed by running the QCD background procedure on the tt MC using the same TF(pT, η)179

as is used when extracting the QCD estimate from data. This contribution accounts for 2.6%180

of the total QCD estimate in the signal region. The tt contamination has only a small effect on181

the QCD estimation, so the deviation due to tt subtraction procedure is taken as the difference182

between the subtracted and unsubtracted templates.183

In order to test the applicability and versatility of the background estimate in data, we define184

a set of control regions based on inverting the b tagging criterion on the b candidate AK4 jet185

(SB4-SB7). The TF(pT, η) function in this control region (SB6/SB5) can be seen Fig. 3. The186

mthb background closure test in this region can be seen in Fig. 4 (SB4∼=SB7(SB6/SB5)). The tt187

component is subtracted for this control region in an analogous way as the signal region. The188

agreement in the mthb distribution background closure test is considered evidence that the top189

candidate criterion can be inverted without biasing the Higgs candidate tagging, which is the190

primary assumption in the background estimate.191

Additionally, the background closure can be studied in QCD MC simulation. Fig. 5 shows the192

level of background agreement where the SR selection and QCD background are elements eval-193

uated only using QCD MC. Although the level of agreement is close to 1σ when considering the194

statistical uncertainty on TF(pT, η) and SR, we still include the change in normalization as an195

additional “non-closure” uncertainty of 12% when evaluating the QCD background estimate196

in real data.197

Tab. 3 shows the yield for various backgrounds, data, and signal for various selection regions198
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Table 2: Selection regions used in the analysis. Cut selections described in the text are explicitly
defined here. The following definitions are used; Htag = Dbtag> 0.8 and 105< mSD <135 GeV,
ttag = SJcsvmax >0.5426 and τ3/ τ2 < 0.8 and 105< mSD <210 GeV, btag = CSV> 0.5426, Hantitag
= mSD <30 GeV, tantitag = SJcsvmax >0.5426 and τ3/ τ2 > 0.65 and 30< mSD <105 GeV, bantitag
= CSV< 0.5426.

Region t quark H boson b quark Purpose
SR ttag Htag btag limit setting
SB1 tantitag Hantitag btag background estimation
SB2 tantitag Htag btag background estimation
SB3 ttag Hantitag btag background estimation
SB4 ttag Htag bantitag background closure
SB5 tantitag Hantitag bantitag background closure
SB6 tantitag Htag bantitag background closure
SB6 ttag Hantitag bantitag background closure

including the full selection.199

The tt component is measured from simulation with an additional event weight to correct the200

generator top pT distribution.201
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Figure 3: TF(pT, η) as measured in the b tag inverted control region (SB6/SB5). in the central
(left) and high (right) η regions.
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Figure 4: Reconstructed W′ mass distributions in the b candidate inverted sideband (SB4)
shown for data, and background contributions. Several example signal W′ boson models are
shown to demonstrate the low signal contamination. All distributions are normalized using
the luminosity of the data set, and signal represents the summed contribution from the T and
B branching fractions assuming equal probability.
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Figure 5: Reconstructed W′ mass distributions in the QCD MC in the signal region for the
purposes of closure. The agreement given the systematic uncertainties is at the 1σ level, but
this disagreement is taken into account as an additional uncertainty when running on data.
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Figure 6: TF(pT, η) used for estimation of the QCD background estimate in the signal region
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Figure 7: Reconstructed W′ mass distributions in the signal region shown for several back-
ground contributions, and several example signal W′ boson models. All distributions are nor-
malized using the luminosity of the data set, and signal represents the summed contribution
from the T and B branching fractions assuming equal probability.

Table 3: Event yield table after various selections. All MC yields are scaled to 35.9 fb−1. Here
b1, h1, and t1 indicate the selection where at least one b, top quark or Higgs boson is tagged.
NOTE – need to fix h0 channel yields.

Region Data QCD ttbar signal 1500 signal 2000 signal 2500 signal 3000
b1 188261 — 1996 119 80 37 14
h1 2980 — 405 56 40 18 7
t1 201413 — 3648 99 68 32 12

t1 b1 45922 — 1410 69 47 22 8
h1 b1 1250 — 126 45 31 14 5
t1 h1 1129 869 305 32 24 11 4

h1 b1 t1 — 210 67 23 17 7 3
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6 Systematic uncertainties202

This analysis considers a wide range of systematic uncertainties that we organize into those203

that impact only the event yield, and those that have an effect on the mthb distribution shape as204

well. All systematic uncertainties considered in the analysis are summarized in Tab. 4.205

6.1 Normalization uncertainties206

The standard deviation (s.d.) on the integrated luminosity is taken as 2.5% for the dataset used207

in the analysis [23].208

In the analysis we use a top tagging MC to data scale factor measured in a samples enriched in209

semileptonic tt production [24]. The uncertainties on the scale factor are asymmetric between210

-4% and 10% of the nominal value.211

The theoretical uncertainty in the tt production cross section is taken into account as an asym-212

metric uncertainty between -5.5% and 4.8%.213

The “non-closure” uncertainty on the data derived QCD background estimate is evaluated as214

the normalization difference between the full selection and background prediction from the215

QCD MC closure test.216

6.2 Shape uncertainties217

The uncertainty in the jet energy scale is taken into account by scaling the four-vectors used in218

reconstructing the mthb distribution by the±1s.d. uncertainty. The jet energy scale variation im-219

pacts the mthb distribution shape through a horizontal shift but can also cause a normalization220

difference in the case that the jet falls above or below the kinematic threshold. The uncertainty221

in the jet energy resolution is also taken into account by the ±1s.d. jet energy resolution scale222

factor. This uncertainty is applied to all MC samples used in the analysis.223

The uncertainty in the jet mass scale and resolution is measured in a pure semileptonic tt sam-224

ple. In this sample, a fit is performed to the merged W mass peak in which the mean and width225

of the PUPPI softdrop mass spectrum is extracted. The mass scale uncertainty is evaluated at226

0.94% from the W mass peak mean which is evaluated as a mass shift, and the uncertainty227

on the mass resolution is evaluated at 20% from the W mass peak width. This uncertainty is228

applied to the signal estimate used in the analysis.229

The uncertainty used for the b tag requirement on the AK4 jet is evaluated by varying the b tag-230

ging and b mistagging scale factor by the ±1s.d. uncertainty and are considered uncorrelated231

with each other. Given the kinematic selection on the AK4 jet, this uncertainty is evaluated in232

four pT regions from 200-1000 GeV, at jet pT outside of this region, the uncertainty is evaluated233

as twice the uncertainty at 1000 GeV. This uncertainty is applied to all MC samples used in the234

analysis.235

The double b tagging uncertainty used for the Higgs tagging selection is evaluated by varying236

the double b tagging scale factor by the ±1s.d. uncertainty. The scale factor is parameterized237

using three regions in pT. Similar to the AK4 b tagging uncertainty, outside of the kinematic238

range of the scale factor, the uncertainty is evaluated at twice the maximum range. Also eval-239

uated is the mistag scale factor in the case of a Higgs-mistagged top quark as explained in240

Section 4. The uncertainty on both the Higgs efficiency and mistag rate is applied to all MC241

samples used in the analysis, and is treated in an uncorrelated manner during limit setting .242

The analysis is largely in the kinematic plateau of the trigger, however, the small inefficiency243
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is evaluated using the trigger efficiency extracted from data as parameterized in the HT (see244

Fig. 1), and the uncertainty is evaluated as half of this inefficiency. This uncertainty is applied245

to all MC samples used in the analysis.246

As mentioned in Section 3, the MC pileup distribution is reweighted to match data using the247

minbias cross section of 69.2 mb. The uncertainty on this procedure is evaluated by varying248

the minbias cross section by ±4.6%. This uncertainty is applied to all MC samples used in the249

analysis.250

The mthb distribution from tt simulation is reweighted to correct for known differences in the251

generator pT spectrum. For the 1s.d. uncertainty shape for this procedure, we use the difference252

from the unweighted distribution. This uncertainty is applied to the tt MC sample used in the253

analysis.254

The uncertainty in the parton distribution functions is evaluated using the NNPDF3.0 set. The255

NNPDF set uses MC replicas, from which the uncertainty is evaluated as the RMS of the dis-256

tribution of the associated weights, and is then added in quadrature with the αs uncertainty.257

In the case of signal, the shapes are then normalized to the nominal distribution, as to only258

preserve the shape of the PDF uncertainty for limit setting. The normalization component of259

the PDF uncertainty is considered an uncertainty on the signal cross section and is displayed260

as a hatched band in the limit plot.261

The QCD normalization and factorization (µR/µF) scale uncertainty is evaluated using event262

weights provided for varying the µR/µF scales by a factor of two. There are six total weights263

that represent the independent variation of µR and µF as well as the correlated variation. Per264

event, all weights are considered and the envelope is then used as the ±1s.d. uncertainty band.265

This uncertainty is applied to the tt MC sample used in the analysis. Similar to the PDF uncer-266

tainty, the normalization component of this uncertainty is displayed as a signal cross section267

uncertainty in the limit plot, and the shape component alone is used for limit setting.268

The analysis considers four sources of uncertainty for the data derived QCD estimate. The sta-269

tistical uncertainty on TF(pT, η) is propagated to the mthb spectrum by evaluating the TF(pT, η)270

weight at the ±1s.d. in a given pT,η bin. The uncertainty from each TF(pT, η) bin is added in271

quadrature to form the uncertainty envelope in the mthb template. The up and down uncer-272

tainty variation in the tt subtraction procedure is taken as the unsubtracted mthb distribution273

and the resulting mthb distribution given twice the subtraction. The uncertainty on the 4 vec-274

tor Higgs candidate mass modification is taken as ±30 GeV. For more information on these275

corrections and uncertainties, see Section 5.276

The MC statistical uncertainty is taken into account using the “Barlow-Beeston lite” method277

during limit setting.278
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Table 4: Sources of systematic uncertainty affecting the mthb distribution taken into account
when setting 95% CL upper limits. Sources that list the changes as ±1s.d. depend on the distri-
bution of the variable given in the parentheses, while those that list the variation as a percent
are rate uncertainties.

Source Variation Process
Integrated luminosity ±2.5% signal, tt

Top quark tagging +10.0%, −4% signal,tt
tt cross section +4.8%, −5.5% tt

Top pT reweighting +1s.d.(pTgen) tt
Matrix element µR/µF scales ±1s.d.(µR/µF) signal,tt

Jet energy scale ±1s.d.(pT, η) signal,tt
Jet energy resolution ±1s.d.(pT, η) signal,tt

Jet mass scale ±1s.d.(mSD) signal,tt
Jet mass resolution ±1s.d.(mSD) signal,tt

b tagging ±1s.d.(pT) signal,tt
b mistagging ±1s.d.(pT) signal,tt

double b tagging ±1s.d.(pT) signal,tt
double b mistagging ±1s.d.(pT) signal,tt

Pileup ±1s.d. (σmb) signal,tt
PDFs ±1s.d.(Q2, x) signal,tt

HT trigger ±1s.d.(HT) signal,tt
tt contamination ±1s.d.(pT) QCD

TF(pT, η) ±1s.d.(pT, η) QCD
Higgs mass modification ±1s.d.(mH) QCD

Non closure ±12% QCD
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7 Limit setting procedure279

The mthb distribution used for limit setting can be seen in Fig. 7.280

A Poisson model is used for each bin of the mthb distribution. The mean of the Poisson distri-281

bution for each bin is taken to be:282

µi = ∑
k

βk × Tk,i, (1)

where k includes both the signal and background models, βk is the Poisson mean for process283

k, and Tk,i represents the fraction of events expected for each process k in bin i. For the signal284

template, we sum the reconstructed mthb distribution from the tB and Tb branching fractions.285

Using Bayesian statistics with a flat prior for the signal cross section, we obtain 95% CL up-286

per limits on the production cross section of W′ in the W′ →VLQ→tHb branching fraction.287

Pseudo-experiments are used to derive the ±1σ deviations in the expected limit. The system-288

atic uncertainties described above are accounted for as nuisance parameters and the posterior289

probability is refitted for each pseudo-experiment. The Theta package [25] is used to set cross290

section upper limits, which are shown in Fig. 8.291
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Figure 8: The W′ boson 95% CL production cross section limits. The expected (dashed black)
limits, as well as W′ boson theoretical cross section (solid blue), and the PDF normalization
uncertainties (dashed blue) are shown. The uncertainty in the expected limit band represents
the 68% and 95% confidence intervals. The limits given low (top-left), central (top-right), and
high (bottom) VLQ mass range (see Tab.1) is shown.
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8 Summary292

A search for a heavy W′ resonance decaying to one B or T vector-like quark and either a top or293

bottom quark respectively is presented. The data correspond to 35.9 fb−1 of integrated luminos-294

ity and was collected in 2016 by the CMS detector at the LHC. The final state for both signatures295

is top quark, Higgs boson, and b quark. Boosted heavy resonance identification techniques296

which result in the event signature of three highly energetic jets is used in the analysis in order297

to suppress standard model background, and cross section upper limits as a function of the W′298

invariant mass are presented.299
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