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Abstract

We present a search for the production of a heavy gauge boson W’ decaying into a
top quark and a bottom quark. The dataset used corresponds to an integrated lumi-
nosity of 2.2 fb~! collected by the CMS experiment at /s = 13 TeV. The final state
signature searched for is lepton (e, ) plus jets and missing transverse energy. We find
no evidence of a W’ and set 95% confidence level (C.L.) upper limits on its produc-
tion cross-section times branching fraction. For W’ bosons with purely right handed
couplings, the observed (expected) 95% C.L. lower limit is 2.38 (2.17) TeV. These are
currently the most stringent limits in this channel.
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1 Introduction

Massive charged gauge bosons, usually called W’, are predicted by several extensions of the
Standard Model [1-5]. In many models, the W’ bosons couple more strongly to the third gen-
eration than to the first and seconds generations [6, 7], motivating searches in the decay chan-
nel W — tb (tb +tb). Such searches have been performed at the Tevatron [8, 9] and at the
LHC [10-12].

This note updates the analysis presented in Ref. [10] using data collected by the CMS exper-
iment [13] at /s = 13 TeV. Although the integrated luminosity at /s = 13 TeV is currently
smaller than that at /s = 8 TeV, the W’ production cross-section is larger by nearly an order
of magnitude for a W’ boson with a mass of 2 TeV. Following Ref. [10], we analyze the lepton
(e, 1) plus jets and missing transverse energy (ET*S) final state resulting from the decay chain
W' — tb, t — bW — blv. We focus on W’ bosons with purely right-handed couplings and
widths narrow compared to their masses.

2 Signal and Background Modeling

The signal modeling is similar to that used in Ref. [10] except that only right-handed W’ bosons
(W%) are simulated. The simulated signal is produced using COMPHEP 4.5.2rc10 [14] for W’
boson masses between 1 and 3 TeV at intervals of 100 GeV. The factorization scale is set to the
mass of the W boson. The leading order (LO) cross-section is taken from COMPHEP and scaled
to the next to leading order (NLO) cross-section using a k-factor of 1.2 [15, 16]. W’ production
cross-sections range from 3.15 pb at 1 TeV to 0.013 pb at 3 TeV.

The principal features of leptonic W' — tb decays are a high-pr lepton, significant EXS arising
from the neutrino and two high-pr b-jets. The main sources of backgrounds for such final
states are tt, W+jets, single-top (tW, s-, and t-channel), Z/*+jets, dibosons (WW, WZ and ZZ)
and the continuum multijet background. Monte-Carlo samples for Z/*+jets, s-, and ¢t-channel
single-top and W+jets are generated using MadGraph5_aMC@NLO [17], tt and single-top in
the tW channel are generated using POWHEG [18] and all other backgrounds are generated
using PYTHIA [19].

All simulated signal and background samples are processed through PYTHIA for parton frag-
mentation and hadronization. The simulation of the CMS detector is performed by GEANT [20].
All simulated samples include additional proton-proton interactions (pile-up) weighted such
that the number of interactions agrees with that in the data. Additional correction factors de-
rived from the data are applied to leptons, jets and ET*® to ensure agreement with the data.

3 Object and Event Selection

All leptons, jets and EXSS used in this search are reconstructed using the Particle Flow algo-
rithm [21]. Exactly one lepton is required to have fired a non-isolated trigger, be within the
detector acceptance (|| < 2.5 for electrons excluding the barrel-end cap transition region, and
|7| < 2.1 for muons) and be associated with a reconstructed primary vertex. At 13 TeV, the
top quark from the W’ decay is more boosted than at 8 TeV, causing the b-jet and lepton decay
products to be closer to each other. This results in isolation having a significant impact on signal
efficiency so, unlike in Ref. [10], we do not require leptons to be isolated. Electrons and muons
are required to satisfy pr > 180 GeV and fulfill several identification criteria. Electron candi-
dates are selected using a multivariate technique based on the shower-shape information, the
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quality of the track, the match between the track and electromagnetic cluster, the fraction of to-
tal cluster energy in the hadronic calorimeter, the amount of activity in the surrounding regions
of the tracker and calorimeters and the probability of the electron originating from a converted
photon. The track associated with a muon candidate is required to have hits in the pixel and
muon detectors, a good quality fit and a transverse impact parameter close to the beam spot.
To reduce the multijet background, the selected lepton is required to satisfy AR(lepton, nearest
jet) > 0.4 or p’(muon, nearest jet) > 50 GeV or p¢(electron, nearest jet) > 60 GeV where
AR = /A% + Ad? and p'¢! is defined as the magnitude of the lepton momentum orthogonal
to the jet axis. Events with additional charged leptons with pr > 35 GeV and || < 2.5 for
electrons and |#| < 2.4 for muons are vetoed.

Jets are clustered using the anti-kt algorithm with a cone size of AR = 0.4 [22] and are required
to satisfy pr > 25GeV and |57 < 2.4. There must be at least two jets in the event and the pr
of the leading jet must be greater than 350 (450) GeV in the electron (muon) channel. The pr
of the sub-leading jet must be greater than 30 GeV. Since both jets are expected to come from
bottom quarks, at least one jet is required to be b-tagged using the Combined Secondary Vertex
algorithm with the Inclusive Vertex Finder. [23]

The EM* is required to be above 50 GeV in the muon channel and 120 GeV in the electron chan-
nel. The requirement is higher for electrons due to a greater presence of the multijet background
in this channel. To further reduce the multijet background, we also require |A¢(EXSS, ¢)| < 2 ra-
dians.

4 Event Reconstruction

The W’ boson is notable for a resonance in the tb invariant mass that is narrow relative to the
mass of the W’ boson. The tb invariant mass can be reconstructed from the observed charged
lepton, EXsS and jets in the event. The xy-components of the neutrino momentum are taken
from the EM5 and the z-component is calculated by constraining the invariant mass of the
lepton and neutrino to the W boson mass (80.4 GeV). This method leads to a quadratic equation
in p?. In the case the two solutions are real numbers, both solutions are used to reconstruct W
boson candidates. If both solutions contain imaginary parts, then we set p; to the real part of
the solutions, and then recompute p% which yields another quadratic ambiguity. In this case,
we use only the solution with the mass closest to 80.4 GeV.

Once we have assigned all components of the neutrino momentum, we combine the viable
neutrino solutions with the charged lepton to create W boson candidate(s). We then reconstruct
the top quark by combining the W candidates with each jet individually. Whichever jet yields
a top quark mass closest to 172.5 GeV is labeled the “best jet” and is used to reconstruct the top
quark. In the case of two W candidates, we only use the candidate which yields the best top
mass. Finally, we combine the top candidate with the highest pr jet which is not the “best jet”,
yielding our reconstructed W’ invariant mass.

Three final selection requirements are applied. In the muon channel, the reconstructed top
quark mass must be consistent with the true top quark mass: 100 < my,, < 250 GeV. The

pr of the reconstructed top quark must satisfy ptTOp > 250 in both channels. Finally, the pr of

the combination of the two leading pr jets must satisfy p]; HH7e12 5 350 GeV. All of the selection

requirements are optimized separately for the electron and muon channels. The invariant mass
distributions after this final selection are shown in Figure 1. The event yields before and after
this final selection are in Tables 1 and 2.
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Figure 1: The reconstructed tb invariant mass distributions after the final selection for the elec-

tron (left) and muon (right) channels with 1 (top) and 2 (bottom) b-tagged jets. Uncertainties

based on the shape of the distribution are not shown.

5 Background Estimation

All of the backgrounds used in this search are estimated using simulation with checks per-
formed in control regions for W-+jets and top pair backgrounds to confirm that they are well-
modeled. For W+jets, we verify the modeling of the flavor content using two samples which
differ from the event selection only in b-tagging. The pre b-tag sample does not have any b-
tagging requirements while the events in the 0 b-tag sample must not have any b-tagged jets.
The 0 b-tag sample is used to derive a first order scale factor for light flavor W+jets. This scale
factor is then applied to the W+jets simulation, and then the difference in the pre b-tag dis-
tribution is used to calculate a first order W+jets heavy flavor scale factor. This procedure is
repeated until further iterations do not cause the calculated scale factors to shift by more than
0.1%. We also confirm this calculation by solving the system of equations resulting from the
iteration analytically, and we find that the two methods yield identical results.

For the tt background, we verify the modeling of the transverse momentum of top quarks in
the signal region. This check is performed in two tt-enriched regions: one which differs from
the signal mainly in requiring 450 GeV < M(tb) < 750 GeV and one which removes the second
lepton veto and instead requires an additional electron or muon with a pt of at least 35 GeV.
These checks show that there are still differences between the top pr in data and in simulation
so we reweight the tt background using the same empirical function as in Ref. [10].
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Table 1: Number of selected data and background events in the muon channel. The expectation
corresponds to an integrated luminosity of 2.2 fb~!. “Final selection” refers to the additional

cuts of ptTOp > 250, pjTetHjetz > 350, and 250 < myop < 250. The quoted uncertainty does not
include shape-based systematics.

Process | Number of Events

Object Selection Final Selection

> 0b-tags =0b-tags =1b-tags =2b-tags | =1b-tags = 2b-tags

Data: 770 431 281 58 143 30
Background:
it 124 36 64 25 46 16
tqb 7 2 4 1 3 1
tW 17 5 9 3 4 1
W 16 3 9 4 5 2
tb 1 0 0 0 0 0
W(— tv)+j 304 218 80 6 25 1
W(— ¢v)+bb/cc 283 132 128 23 45 7
Z(— L0)+jets 47 26 21 0 12 0
vv 20 17 3 0 0 0
Total Background 819460 439+36 318+24 6215 140+11 28+3

Table 2: Number of selected data and background events in the electron channel. The ex-
pectation corresponds to an integrated luminosity of 2.2 fb~!. ”Final selection” refers to the

additional cuts of ptTOp > 250 and p]TEtH]etZ > 350. The quoted uncertainty does not include
shape-based systematics.
Process | Number of Events
Object Selection Final Selection
> 0b-tags =0b-tags =1b-tags =2b-tags | =1b-tags = 2b-tags
Data: 802 435 309 58 256 44
Background:
tt 132 40 68 24 52 17
tqb 8 2 5 2 4 1
tW 22 5 11 6 10 5
W 20 4 11 4 9 4
tb 1 0 1 0 1 0
W(— tv)+j 359 262 89 8 77 7
W(— ¢v)+bb/cc 306 146 139 22 119 18
Z(— L0)+jets 9 8 3 -1 4 -1
4% 26 17 9 0 7 0
Total Background 883+83 484150 33632 6517 283422 5145

6 Systematic Uncertainties

The systematic uncertainties for this analysis can be grouped into two categories: uncertainties
on the overall normalization and uncertainties on the shape of the M(tb) distribution. The nor-
malization uncertainties include uncertainties on the integrated luminosity, theoretical cross
sections and branching fractions, lepton identification and trigger efficiencies. The shape un-
certainties consist mainly of the jet energy scale, the b-tagging efficiency and mistag rates and
the Monte-Carlo generator-related uncertainties such as the Q? scale. The lepton and trigger
uncertainties are derived from data using the tag-and-probe method whereas the uncertainties
due to simulation are obtained by varying the relevant parameter at generator level. The cal-
culation of the systematic uncertainty for the heavy flavor W+jets background is based on the
uncertainty in b-tagging. The systematic uncertainty due to pileup is calculated by varying the



minimum bias cross section by 5%. The uncertainty due to the top pt reweighting is derived
from the difference between applying the reweighting and performing the analysis without it.
The uncertainties are listed in Table 3.

Table 3: Systematic uncertainties.

Source Rate Uncertainty =~ Shape?
Luminosity 4.6% No
Trigger Efficiency (e/ ) 4% /2% No
Lepton ID Efficiency (e/u) 5% /2% No
Jet Energy Scale to(pr, 1) Yes
Jet Energy Resolution to(pr, 1) Yes
b/c-tagging +o(pr, 1) Yes
light quark mis-tagging +o(pr, 1) Yes
PDF +o(pr, 1) Yes
Renormalization and factorization Q% scale ~ 2Q? and 0.5Q? Yes

7 Results

We use the invariant mass distributions from the background and signal samples to calculate
the expected limits on the W’ cross section times the branching ratio of W' — tb — (vbb using
the Bayesian statistics approach in the theta package [24]. The Bayesian approach uses a binned
likelihood in order to calculate the upper limits on the signal production times branching frac-
tion o(pp — W') x B(W' — tb). In order to increase sensitivity we separate the events into
four independent categories before combining the results. Events are split by lepton type (elec-
tron or muon) and by the number of b-tagged jets out of the first two leading pr jets (=1 or =2).
In order to keep the statistical uncertainties small and simulated distributions smooth, we bin
the tb invariant mass distribution as follows: 1 bin from 100 GeV to 400 GeV, 9 bins of width
200 GeV from 400 to 2200 GeV, 1 bin of width 400 GeV from 2200 to 2600 GeV, and 1 bin from
2600 to 4000 GeV. These distributions are used as input to the theta framework in calculating
the limits. The expected and observed limits are shown in Figures 2 and 3.
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Figure 2: Expected and observed Bayesian 95% C.L. upper limits on the production cross-
section of right-handed W’ bosons in the electron+jets channel (left) and muon+jets channel
(right) for combined 1 or 2 b-tags for right-handed W’ bosons. W’ masses with a cross-section
exceeding the observed limit are excluded. Limits have been calculated with an integrated
luminosity of 2.2 fb~1.
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Figure 3: Expected and observed Bayesian 95% C.L. upper limits for all channels combined
on the production cross-section of right-handed W’ bosons. W’ masses with a cross-section
exceeding the observed limit are excluded. Limits have been calculated with an integrated
luminosity of 2.2 fb~1.

8 Conclusion

We have conducted a search for heavy W’ bosons decaying to a top and bottom quark in proton-
proton collisions at /s = 13 TeV. We study the tb invariant mass distrubtion and find good
agreement between the data and predictions from simulation. We find no evidence for W’ bo-
son production and set 95% C.L. upper limits on the production cross-section times branching
fraction for W' — tb. Comparing our measurement to the theoretical prediction for the nomi-
nal value of the cross-section, we find an observed (expected) limit of 2.38 (2.17) TeV. Despite
the integrated luminosity at 13 TeV being an order of magnitude smaller, these limits already
exceed their 8 TeV counterparts.
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