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1 Introduction

Despite the remarkable success of the standard model (SM), it is not a complete theory since
it is not able to explain several experimental observations. Among the notable phenomena
that may require the existence of physics beyond the SM are the apparent existence of dark
matter, the matter-antimatter asymmetry in the universe, and neutrino oscillations. The
SM also does not provide an explanation for the origin of its internal structure, such as the
hierarchy of fermion masses, and suffers from the fine-tuning problem, which reflects the
need to keep quantum corrections to the Higgs boson mass finite. All of these phenomena
suggest the existence of a more fundamental theory.

Many models have emerged to provide an explanation for these open issues, often
introducing new particles in the energy range reachable at the CERN Large Hadron Collider
(LHC). Several of these models predict the existence of new massive bosons, called W and
7', with similar properties to their SM counterparts, the W and Z bosons, respectively, that
act as mediators of the electroweak interaction [1-15].

Models with W’ and Z’ bosons, coupled preferentially to third-generation fermions, are
of particular interest as they could be involved in the explanation of flavor anomalies [16-18],



Figure 1. Representative LO Feynman diagram for a W’ boson produced in the s-channel and
decaying to a top and a bottom quark, with a lepton in the final state.

or in the mechanism of electroweak symmetry breaking [19, 20]. In this context, the top
quark plays a particularly important role, as it has both a large Yukawa coupling to the Higgs
boson and a distinctive experimental signature due to its decay chain. Dedicated searches for
W' and Z’ bosons coupled preferentially to third-generation quarks and leptons have been
performed in the past by both the CMS and ATLAS Collaborations [21-26]. No significant
evidence for the existence of these particles has been found.

In this paper we present a search for a W’ boson decaying to a top and a bottom quark,
targeting the high end of the accessible mass spectrum at the LHC in the multi-TeV range.
The analysis focuses on the decay chains of the hypothesized W' boson including leptons,
i.e., W — tb — Wbb — ¢vbb, where ¢ represents either an electron or a muon, including
the leptonic decays of the T lepton. A representative leading-order (LO) Feynman diagram
of the process considered here is shown in figure 1.

Hypotheses for the new particle mass, My, 1, are considered in the range 2-6 TeV, and
the analysis strategy is tailored towards reconstructing highly energetic top quarks with a
lepton in the final state, complementing previous searches in the range below 3 TeV [21, 25].
Different hypotheses for the width as well as the chirality of the new particle are explored
to allow for an interpretation in a wide array of models.

Depending on the model, the relative decay width of the W’ boson with respect to its
mass (I'/ mwl) could be significant [12, 20, 27, 28], resulting in signatures that could escape
standard searches. This analysis probes F/mW/ of 1, 10, 20, and 30%, for the first time.
The total width of approximately 1% (more precisely 0.8%) corresponds to the case where
the W’ boson is only allowed to decay into t and b quarks. In the model used here, the
couplings, and thus the partial widths, are kept fixed and not varied together with the total
width. In this interpretation, the larger width can be attributed to the presence of additional
decays, as several models predict W’ bosons decaying to additional new particles [27, 28].
This leads to a reduced branching fraction compared to only considering W’ — tb decays.
In the case of fixed couplings, the cross section decreases with larger width as this implies
a smaller braching fraction to tb pairs. This is opposite to the case of a fixed branching
fraction, in which the width increases because of a larger coupling strength, which leads to a
larger cross section. We consider cases where the chirality of the W’ boson is left-handed
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Figure 2. Representative distributions of the invariant mass of the top-bottom quark pair, my,, as
originating from the W' boson for left- (left) and right-handed (right) W’ bosons, with relative widths
F/mW/ of 1, 10, 20, and 30% for a W’ boson mass of 3.6 TeV. For the LH, the signal is simulated
including the SM production of single top quarks in the s-channel to correctly take into account the
relative interference with the production of the W’ boson.

(LH), right-handed (RH), or a combination of the two. For the LH, the signal is simulated
including the SM production of single top quarks in the s-channel and the relative interference
with the production with the W’ boson, which leads to a different signal phenomenology,
depending on the mixing of the chiral components.

Figure 2 shows representative distributions of the mass of the system composed of the
top-bottom quark pair as originating from the W’ boson for narrow- and large-width samples,
for left- and right-handed chiralities, respectively, for a W’ boson mass of 3.6 TeV.

The width of the W’ boson affects the reconstructed mass distribution, resulting in a
broader peak and an asymmetry favoring lower values. This is quite visible for the cases
with large decay width, where the tail towards small masses is dominant because of off-shell
W' boson production, enhanced by rapidly increasing parton distribution functions (PDFs)
for decreasing partonic momentum fractions. For the left-handed hypothesis, the region of
the My, spectrum below 2 TeV is dominated by SM s-channel single top quark production,
yielding a very different signal shape compared to the RH case.

This article is organized as follows: section 2 gives a brief description of the CMS
apparatus, sections 3 and 4 report details on the data set and simulated samples, respectively,
used in the analysis. Section 5 describes the requirements for the selection of events, while
sections 6 and 7 report the strategy for the reconstruction and the categorization of the
events selected for analysis. The procedure for the prediction of most important backgrounds
is described in section 8, the systematic uncertainties affecting the analysis are reported in
section 9, and the limit extraction and results are detailed in section 10. Tabulated results
are provided in the HEPData record for this analysis [29].



2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal
diameter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel
and silicon strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a
brass-and-scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap
sections. Forward calorimeters extend the coverage in pseudorapidity (1) provided by the
barrel and endcap detectors. Muons are detected in gas-ionization chambers embedded in
the steel flux-return yoke outside the solenoid. A more detailed description of the CMS
detector, together with a definition of the coordinate system used and the relevant kinematic
variables, can be found in ref. [30].

Events of interest are selected using a two-tiered trigger system [31]. The first level
(L1), composed of custom hardware processors, uses information from the calorimeters and
muon detectors to select events at a rate of around 100 kHz. The second level, known as
the high-level trigger (HLT), consists of a farm of processors running a version of the full
event reconstruction software optimized for fast processing that reduces the event rate to
around 1kHz before data storage.

3 Data samples and trigger requirements

This search uses proton-proton (pp) collision data at a center-of-mass energy /s = 13 TeV
collected by the CMS experiment in the years 2016-2018, corresponding to an integrated
luminosity of 138 fb~!. Events that have passed a L1 trigger requirement for the presence
of a muon, electron, photon, or jet are selected. The HLT selection requires an event to
satisfy at least one of the following criteria:

e a muon is present without isolation requirements and with a transverse momentum
pr > 50(100) GeV for 2016-2018 (2017-2018) data;

e an electron is present with isolation requirements on the hadronic energy and with
pr > 27(35) GeV for 2016 (2017-2018) data;

e an electron is present without isolation requirements and with pp > 115 GeV;
« a photon is present with pp > 175(200) GeV for 2016 (2017-2018) data;

o the p sum of all reconstructed jets is larger than 900(1050) GeV for 2016 (2017-2018)
data.

Different trigger thresholds are used because of changes in instantaneous luminosity and
detector configuration during the different data-taking periods. The inclusion of the photon
trigger improves the trigger efficiency for electrons with very large pr. The inclusion of the jet
triggers improves the efficiency for selecting signal events by approximately 8% with respect
to using lepton triggers alone. Trigger efficiencies are derived for data and simulation in an
event sample using orthogonal triggers requiring two different-flavor leptons, i.e., muon or
electron pairs, and enriched in leptonically decaying top quark-antiquark pairs (tt). Scale



factors resulting from the differences between data and simulation are derived as functions of
the |n| and pr of the lepton and applied as a correction to simulated events.

During the 2016-2017 data taking, a gradual shift in the timing of the inputs of the ECAL
L1 trigger in the region |n| > 2.0 caused a specific trigger inefficiency (“ECAL Prefiring”).
Dedicated scale factors are applied to simulation in order to account for this effect.

4 Simulated samples and signal modeling

Simulated background samples are generated at LO with MADGRAPH5__aMC@NLO [32] for
the production of a W boson in association with jets (W + jets), and for events with jets
arising exclusively from quantum chromodynamics (QCD) interactions (multijet events). For
all these processes, the MADGRAPH5__aMC@NLO version 2.2.2 (2.4.2) is used for simulated
events in conditions corresponding to the 2016 (2017-2018) data taking. The next-to-LO
(NLO) generator POWHEG 2.0 [33-35] is used to simulate tt produced in association with
jets [36] and single top quark [37] events.

The POWHEG 2.0 and MADGRAPHSH_aMCQNLO generators are interfaced with
PYTHIA with the following versions and underlying event tunes: version 8.226 and tune
CUETP8M1 [38] for the simulated events used with 2016 data, and version 8.230 and tune
CP5 [39] for those used with 2017-2018 data. The underlying event tune CUETP8M2T4 [40]
is employed for the simulated tt events used with 2016 data, and the PYTHIA version 8.240
is adopted for simulated tt events used for 2017-2018 data. The background processes are
initially normalized to their theoretical cross sections, using the highest order calculations
available. The cross section for the tt background is computed at next-to-NLO (NNLO)
accuracy in perturbative QCD using a soft-gluon resummation at next-to-next-to-leading
logarithmic accuracy with the TopP++ 2.0 program [41]. For single top quark production,
the NLO cross section as calculated with HATHOR 2.1 [42] is used. The W + jets cross
section is calculated at LO and corrected with an inclusive k-factor to account for NLO in
electroweak and NNLO in QCD corrections [43].

Signal event samples are generated at LO using MADGRAPH5__aMC@NLO version 2.4.2
interfaced to PYTHIA 8.230. The interactions of the W’ boson with the SM particles is
described by the Lagrangian term:

Eeff _ Vfifjg
2/2°W

where V. 5 is the analogue of the Cabibbo-Kobayashi-Maskawa matrix if f; and f; represent

n fif; fif;
valag” (1+4°) + a7 (1= A7) W f; + hee., (4.1)

quarks, while for leptons V. 5; is the identity matrix, and Iw' is the coupling strength of

gfj and a{ifj regulate the coupling strengths to the two

the W’ boson. The parameters o
chiral fermion components, and depend on the specific gauge model represented in the new
physics scenario.

In the following, all a{i(g) are varied simultaneously, and we denote them simply as
ar,R)- Samples corresponding to three chirality hypotheses have been generated: RH, with
ar = 1,a1, = 0, LH, with ag =0, a1, = 1, or mixed (LR), which consist of equal parts of LH

and RH components, specifically ap = oy, = 1/v/2. The generated W' mass in the samples



ranges from 2 to 6 TeV. Narrow-width samples are generated with a width, I", set to 1% of
the resonance mass Myt in mass steps of 0.2 TeV. Large-width samples are generated with
I" set to 10, 20, and 30% of my,/, in mass steps of 0.8 TeV. All possible final states after
top quark decays have been considered for the signal process. The signal cross sections are
calculated at LO with the MADGRAPH5 aMC@NLO generator.

Predictions for intermediate values of ar and «;, are obtained by a procedure described
in ref. [44]. For an arbitrary combination of ag and «p, signal distributions, yields, and
cross sections are obtained as a linear combination of the ones from LH, RH, and LR W’
samples, and the SM single top s-channel sample. Values of ap and «;, between 0 and 1
are considered in steps of 0.1.

The default parametrization of the PDFs used in all simulations is NNPDF3.0 [45] or
NNPDF3.1 [46] at LO or NLO QCD, with the order matching that of the matrix element
calculation. All generated events undergo a full simulation of the detector response according
to the model of the CMS detector within GEANT4 [47]. All simulated samples include
additional pp interaction in the same or nearby bunch crossings (pileup) and are weighted
such that the distribution of the number of interactions in each event agrees with that
observed in the data.

5 Physics object reconstruction and selection

The decay chain considered for this analysis is W — tb — ¢vbb. Its expected experimental
signature consists of one muon or electron, the hadronization products of the two b quarks (b
jets), and one neutrino escaping the detector without generating a signal, causing a momentum
imbalance in the total pp of the reconstructed events. The experimental signature sought for
therefore includes one reconstructed electron or muon, a large amount of missing momentum
to the kinematic closure of the events, and at least two jets. The main backgrounds that
mimic this signature are tt and single top quark processes where a top quark decays through
a leptonic decay chain, W + jets production where the W boson decays into a lepton and a
neutrino, and QCD multijet processes where a fake or nonprompt lepton is reconstructed
as a prompt lepton.

After the trigger selection, an offline reconstruction of the events is performed to identify
decay vertices and particle candidates. Particle candidates in the event are reconstructed
using the particle-flow (PF) algorithm [48], which performs a global event reconstruction
by combining the information from the various elements of the CMS detector, and which
provides the identification of muons, electrons, photons, and charged and neutral hadrons.

The primary vertex is taken to be the vertex corresponding to the hardest scattering
in the event, evaluated using tracking information alone, as described in section 9.4.1 of
ref. [49]. The physics objects considered are the jets formed by clustering the tracks from the
candidate vertex by the jet-finding algorithm [50, 51] and the missing pt (p7° iSS) associated
with the vertex, taken as the negative vector pp sum of the jets. The primary vertex must
be within 24 cm of the nominal interaction point along the beam axis and within 2 cm in
the transverse plane.

Muons considered for this analysis must have pp > 55 GeV, and be within the acceptance
of the muon system, |n| < 2.4. Electrons considered for this analysis must have pp > 50 GeV,



be within an |n| < 2.2, and pass a multivariate analysis based identification criterion that has
an efficiency of 90% for prompt electrons, i.e., electrons coming from a hard-scattering process,
as opposed to nonprompt ones from a hadron decay chain. Electrons in the barrel-endcap
gap at 1.444 < |n| < 1.566 are excluded from the selection, because the reconstruction of an
electron object in this region is not optimal. In order to distinguish between prompt leptons
and the ones coming from hadronic decay chains, isolation criteria are applied based on the
deposited energy sum of hadrons and photons in a cone around the lepton direction, compared
to the lepton momentum. For this analysis, an optimized version of the “mini-isolation”
variable originally suggested in ref. [52] is adopted, tailored for cases where the lepton is
produced in a boosted top quark decay. Leptons in signal events often fall within the radius
of the jet produced by the b quark arising from the top quark decay, and the separation in
the n-¢ plane between the lepton and the jet axis decreases with the increasing Lorentz boost
of the top quark. In order to recover efficiency compared to standard fixed-radius isolation
criteria, the variable I ;,; is defined as the ratio between S;(R) and pff:

Si(R 10 GeV
Loini = # with R = — : (5.1)
DT min(max(pr, 50 GeV), 200 GeV)

where S7(R) is the scalar pp sum of charged- and neutral-hadrons, and photon PF candidates
inside a cone with a variable radius R around the lepton in the 7-¢ plane and pZT is the pp
of the lepton. The isolation variable I,,;,; is calculated for each lepton, where the cone size
decreases with increasing pET as indicated in eq. (5.1), reducing the probability of the overlap
with a jet for boosted topologies. For this analysis, muons and electrons are required to have
a mini isolation [,;,; < 0.1. Events are considered for further analysis if they contain exactly
one electron or muon satisfying the requirements listed above.

In order to reduce the background contribution, particularly from dileptonic tt events,
events with at least one additional muon with pp > 35GeV, |n| < 2.4, and I;,; < 0.4 or at
least one additional electron with pp > 35GeV, |n| < 2.2, and I;,; < 0.4 are discarded.

Scale factors accounting for the differences between the lepton identification and mini-
isolation efficiencies in data and simulation are derived using a Z — £¢ sample, as functions
of the |n| and pr of the lepton, and applied as corrections to simulated events.

Jets are reconstructed with the anti-kp algorithm [50] as implemented in the FASTJET
package [51]. Two types of jet definitions are used in the analysis:

o jets clustered with a radius parameter of R = 0.4 (AK4 jets) are considered for top
quark and W’ boson candidate reconstruction;

o jets clustered with a radius parameter of R = 0.8 (AKS jets) are also used in the
analysis, first to perform a loose selection, and then in the event categorization to veto
hadronic top quark decays coming from SM backgrounds.

The anti-k1 algorithms are both ran onto the same set of particle candidates reconstructed
by the PF algorithm, and the two resulting collections of jets are not mutually exclusive.
The hadronization products of a single quark can therefore be clustered both in an AK4
and in an AKS jet in the same event.



For the AKS8 jets, the “modified mass drop tagger” algorithm [53, 54], also known as the
“soft drop” (SD) algorithm, with angular exponent 8 = 0, soft cutoff threshold z,; < 0.1, and
characteristic radius Ry = 0.8 [55], is applied to remove soft, wide-angle radiation from the jet.

The charged hadron subtraction algorithm [56] is applied to the AK4 jets to remove
charged hadrons not originating from the primary vertex, while for the AKS8 jets the pileup-
per-particle identification algorithm [57] is employed, which assigns a weight to each charged
or neutral PF candidate according to the likelihood that the candidate originates from a
pileup interaction. The weight is then used to rescale the particle four-momentum. Correction
factors as functions of the pr, 1, energy density, and the area of the jet are applied to calibrate
the jet energy scale. The jet energy resolution for simulated jets is adjusted to reproduce the
resolution observed in data [58]. Jets potentially coming from instrumental or reconstruction
issues are discarded with dedicated selection criteria [59].

The AK4 jets with |n| < 2.4 and pp > 100 GeV are included in the analysis, and it is
required that at least two of them are present with pp > 300 and 150 GeV for the leading
and subleading jets, respectively. The presence of at least two AKS8 jets with |n| < 2.4
and pp > 170 GeV is also required to reduce contamination from low-energy tt and QCD
events, and at the same time allows for the application of a further selection requirement
donwstreams in the analysis, described in detail in section 7.

A deep neural network based tagger, DEEPJET [60-62], is used to identify AK4 jets
stemming from the hadronization of b quarks, utilizing information from the tracks, neutral
particles, and the secondary vertices within the jet. The thresholds used for the DEEPJET b
tagger in this analysis correspond to a mistag probability for jets initiated by light quarks or
gluons with pp > 500 GeV of approximately 5% in 2016 and 1% in 2017-2018. The b tagging
performance is better in 2017-2018 than in 2016 because of the upgrade of the pixel detector
of the CMS tracker in 2017. This choice of thresholds provides an efficiency of approximately
75% (60%) at pp = 500 GeV and 65% (50%) at pp = 1000 GeV for jets initiated by b quarks
in the HCAL barrel (endcap) region. To match the shape of the DEEPJET discriminator
in data and simulation, corrections as functions of the pp and 1 of AK4 jets, derived using
samples enriched in dileptonic tt events for jets initiated by b and ¢ quarks, and Z-+jets
events for the jets initiated by light quarks and gluons, are applied in simulation.

The PF-based Fi is the negative vectorial pp sum of the identified PF particles, and
its magnitude is referred to as p%iss. The signal processes are expected to have a significant
amount of p%ﬁss. A requirement that an event has p?iss > 120 GeV reduces the contamination
from QCD background processes, which mainly comes from bb and c¢ production, where
the p%liss originates from nonprompt neutrinos and resolution effects and is thus typically
of smaller magnitude.

6 Top quark and W’ boson reconstruction

For events passing the selection defined in section 5, a kinematic reconstruction of top
quark candidates from the W’ boson decay is performed. The top quark four-momentum is
reconstructed starting from the selected lepton, the pp'™, and one of the AK4 jets considered

in the event.



The top quark momentum is reconstructed according to the algorithm described in
ref. [63]. The reconstruction consists of the following steps:

—miss

o the pr  is taken as the transverse component of the neutrino momentum, ﬁff;

« the longitudinal component of the neutrino momentum, p, is calculated imposing the
mass of the lepton-neutrino pair is equal to the W boson mass [64]. The masses of
the lepton and the neutrino are taken to be zero, resulting in a second order equation
for py. An additional step is needed if the equation admits two real solutions or two
imaginary solutions;

¢ if two real solutions are found, the one that results in a value of the W boson mass
closest to the world average value is chosen. Since the reconstructed leptons have a
very small, but nonzero mass, the resulting reconstructed W boson mass will not be
equal to the imposed SM value;

o if two imaginary solutions are found, the constraint ]51} =pr 55 is released. This allows
the discriminant of the second-order equation to be set to zero, finding a single solution
for py, and one constraint on the transverse components of the neutrino. To fully
determine the neutrino pr, an additional condition is set by minimizing the vectorial

distance between ﬁ and pp°

Given that there are at least two AK4 jets in each event, multiple top quark candidates
can be constructed. It is therefore necessary to define a criterion to choose the jet assigned
to the top quark, henceforth referred to as j;.

Taking into account the kinematic features of the decay chain, the following three criteria
are considered in performing the jet assignment:

e mass criterion: since the W boson and the candidate jet are products of the top quark
decay, one expects the invariant mass of the sum of the corresponding four-momenta to
be close to the world-average value of the top quark mass [64]. For the mass criterion
we therefore choose, as j;, the one that results in a reconstructed top quark mass (M;)
closest to the nominal value.

¢ closest criterion: we choose, as j;, the jet with the lowest angular separation AR
from the lepton in the event.

» subleading criterion: one expects the highest pp AK4 jet (the “leading jet” ) to arise
from the b quark coming directly from the W’ boson decay, while the second jet in pr
(the “subleading jet”) should originate from the b quark coming from the t quark decay.
This criterion therefore chooses the subleading jet for the reconstruction of the t quark.

If the same AK4 jet satisfies at least two of these criteria, it is chosen as j; and the top
quark four momentum is reconstructed. If three different AK4 jets are selected by the three
criteria, the one passing the mass criterion is selected.

In order to reconstruct the W’ boson candidate in the event, another AK4 jet is needed,
referred to as jW/. This AK4 jet is chosen as the one with the highest pt among the jets
not chosen as the j;.



Number of b jets j; is a b-tagged jet Jy! isa b-tagged jet Type of category (label)

0 no no Control region (RO)
Signal-enriched regions

1 yes no t jet region (RT)

1 no yes W' jet region (RW')

>2 yes yes Region with 2 b jets (R2B)

Table 1. The regions defined in the analysis depending on the number of b-tagged jets and of the j;
and jy,/ assignment.

If there are fewer than two b-tagged jets, the j; and Jw! selection procedure described
above is applied to the entire jet collection. If there are at least two b-tagged jets, the j;
and jW/ selection procedure is applied only to the b jet collection.

The reconstructed Myt My, with £ = e, is obtained as the invariant mass of the
reconstructed top quark and Jw! four-momenta. The quality of the reconstruction algorithm
W/ of 4TeV, and it is assessed that
the correct jet is assigned in 91% of the cases for the top quark, and in 87% of the cases
for the W’ boson.

is evaluated on a simulated signal sample with an m

7 Event categorization

Events are divided into four regions, depending on the number of b tagged jets, and whether
they are selected as j; or jW/. If an event has at least two b-tagged jets, it belongs to the R2B
signal-enriched region. Conversely, if there are fewer than two b-tagged jets, the region is
labeled as RO, a control and validation region with no signal contamination, if none of j; and
Jyy! are b-tagged jets, RT, a signal-enriched region, if only the j; is b-tagged, and RW’, another
signal-enriched region, if only the Jw! 18 b-tagged. The four regions are described in table 1.

After the event is assigned to one of the regions, events are further categorized in so-called
subregions. Two variables are used in this step:

« the soft-drop mass Mgp aks of the AKS jet (jaks) with the smallest angular distance
in the n-¢ plane, AR(jW/,jAKS), to the jir. If AR(jW/,jAKg) < 0.4, the soft-drop mass
of this jakg is taken to be Mgp axs. If AR(jW/,jAKg) > 0.4, the event is not retained
for further analysis.

e the reconstructed top quark mass M;, defined as the invariant mass of the reconstructed
top quark four-momentum vector, obtained with the procedure described in section 6.

For each of the regions of table 1, four subregions are identified and labeled using
subscripts A, B, C, and D, as defined below, and illustrated in figure 3:

o subregion A requires Mgp axg < 60 GeV and 120 < M, < 220 GeV;

« subregion B requires Mgp axg < 60GeV, My > 220 GeV, in RO, RW’', and RT, and
Mgp axs < 30GeV, M; > 340 GeV for R2B. This different selection in R2B prevents
signal contamination;

,10,



o subregion C requires Mgp axg > 60 GeV and 120 < M; < 220 GeV;
e subregion D requires Mgp pxg > 60 GeV and My < 120 or My > 220 GeV.

The subregions R2B, RT», and RW’ A are used for signal extraction. In such subregions,
the requirement on Mgp axg reduces contamination from tt events decaying into a £ + jets
final state, where the j; likely comes from a genuine leptonically-decaying top quark, and
the Iy 18 likely to come from a hadronically decaying top quark. For hadronically decaying,
highly energetic top quarks, the decay products are often reconstructed as a single AK8
jet whose soft-drop mass is close to the top quark mass. For the same subregions, the
requirement on M; reduces contamination from W + jets and multijet QCD events, where
a genuine leptonically-decaying top quark is not present in the event, as well as from top
quark candidates from tt events in the £ + jets channel where the b jet association failed,
or from residual dilepton events that happened to pass the lepton veto.

The subregions R0, and RW’ A are dominated by W + jets events, while RT'y and R2By
are dominated by tt events, with some contributions from W + jets, single top quark, and
multijet QCD events.

The subregion R0, is not suitable for signal extraction because of the abundance of
W + jets events, with jets coming from light quarks or gluons. For this reason, this subregion
is used instead for validation of the background extraction procedure defined below.

Regions B are utilized to determine the overall shape and normalization of the different
backgrounds, and Regions C and D to assess, and constraint, systematic uncertainties.

8 Background estimation

The modeling of tt, W + jets, and single top quark production, especially at very high
values of My, is sensitive to higher-order QCD and electroweak corrections that are not
included in simulations. In order to correct for these effects, the overall distribution of
the background is extracted from the data. The strategy followed in this paper consists
in deriving from the entire 2016-2018 data set a single distribution for all the three major
background contributions, tt, W + jets, and single top quark production. The multijet
QCD process is instead a minor background and simulation is used for its prediction. The
background contamination procedure is described in detail in this section while a schematic
view is shown in figure 3.

For each of the three subregions enriched with signal, R2B,, RT, and RW’ A as well as
the subregion R0O,, all indicated henceforth as “fit subregions”, the corresponding subregion
B is used in order to determine the overall shape and normalization of the reconstructed
M,yj; distribution for the background processes. Simulations are used to determine a transfer
function, TF(M,yj), from each of those subregions to the corresponding signal-enriched
subregion. In the following we describe the procedure in detail, denoting as Ry, Rp, R,
and Rp the fit subregion A and the corresponding subregions B, C, and D, respectively,
where R can be either R2B, RT, RW’, or RO.

The M;y;; distribution for the sum of the non-QCD simulated background components
is considered in Ry and in Rg. The ratio of the two distributions is then modeled with a
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Figure 3. A visual representation of the subregions and their usage in the background extraction
procedure. The z axis reports the requirements applied on M, in order to define the subregions while

the y axis represents the soft-drop mass of the AKS8 jet associated to the AK4 jet used to reconstruct
the W’ boson (Msp axs)-

transfer function that takes the form of:
 bMyy
TF(MMj) = qe U eMyyj; +d, (8.1)

with a, b, ¢, d being parameters extracted from a maximum likelihood fit to the Monte Carlo
(MC) simulation for non-QCD backgrounds. The following steps are then performed for
each bin of the M,y distribution.

A fit to the My,;; distribution in data is performed in the subregion Rp with the same
functional form as in eq. (8.1) with parameters extracted from a maximum likelihood fit.
The number of events in each bin as estimated by the fit is then used. The QCD multijet
contribution in Ry is estimated from simulation and subtracted from the resulting distribution.
The distribution is then multiplied by the binned transfer function TF from eq. (8.1) resulting
in the background prediction for non-QCD events in the subregion R. The overall procedure
can be summarized as:

NHOD-QCD7 R’A — TF . (NData R‘B _ ]\[C2CJ]D7 MC RB)7 (8_2)
where N QD:Ra i¢ the predicted number of events in the signal subregion R, NP2@Rs i

the number of events estimated from the fit to data in Rg, and N QCD,MCRp i¢ the number
of QCD multijet events predicted by simulation in Rg.
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Subregions R and Rp are used to assess potential systematic influences on the procedure,
either due to the kinematic difference of the M,y;; spectra induced by the selection on M;
and not accounted for in simulations, or to the different background composition in the two
subregions. The background extraction is repeated in R¢ and Rp, by modeling the M,y;;
distribution in data in Rp with a function of the same form as in eq. (8.1). A transfer function
TF(Mjgy;;)cp between Re and Ry is derived from simulation and modeled with a function
of the same form as in eq. (8.1). The number of events in R¢ is obtained as:

N?omQCD.Re _ pp . (NPataRp _ \yQOD,MORpy (8.3)

A bin-by-bin correction factor CF is then defined as:

Nnon—QCD, DataR¢

CF = ]\fnon—QCD7 Re 7 (84)

where N"n-QCD:PataRo 3o the number of events in data in Rg, obtained after subtracting
the QCD events in R, as determined from simulation.
An alternative shape to the prediction in eq. (8.2) is obtained as follows:

Nnon—QCD,corrRA —CF. Nnon-QCD,RA. (8.5)

The full bin-by-bin difference between the prediction obtained in eq. (8.2) and the one
in eq. (8.5) is taken as the systematic uncertainty.

Summarizing the procedure, for each subregion the T'F'(M;y;;) from Rp to Ry is obtained
via a fit to simulation, then multiplied by the distribution in data, which is derived with a fit
to Rp in order to soothe statistical effects. To this distribution a small bin-by-bin correction
factor is applied as a systematic uncertainty, obtained by repeating the same procedure in
R and d, in order to account for potential biases in the method.

9 Systematic uncertainties

Several sources of systematic uncertainties have been taken into account. All uncertainties
are applied to all background processes are propagated through the background estimation
procedure.

o Luminosity: an uncertainty of 1.6% in the integrated luminosity is used [65-67]. This
uncertainty is treated as affecting only the number of events, and as correlated across
processes and muon and electron channels.

o Parton distribution functions: the uncertainty due to the PDFs is estimated using
reweighted distributions derived from all PDF sets of NNPDF3.1 or NNPDF3.0 according
to the PDF4LHC recommendations [68].

e Factorization and renormalization scales: uncertainties related to the choice of these
two scales are obtained by considering all variations obtained by setting alternative
scales to double or half of the nominal value. The maximum over all variations is taken
as the uncertainty. These uncertainties are calculated independently for each process.
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Multijet QCD background: an additional rate uncertainty corresponding to 50% of the
nominal cross section is considered as the uncertainty in the number of QCD multijet
events.

b tagging and mistagging efficiency: scale factors are applied to simulated events,
allowing the reproduction of the b-tagging and mistagging efficiencies, as measured in
data. The uncertainty from the scale-factor measurement is propagated to obtain the
systematic uncertainty.

Pileup modeling: systematic uncertainties related to pileup modeling are taken into
account by varying the total inelastic pp cross section of 69.2 mb by +4.6% [69].

Trigger efficiency: data-to-simulation scale factors have been measured in a control
sample selected with different trigger requirements with respect to the ones applied
for this analysis, selecting a statistically independent event sample. The systematic
uncertainty due to the trigger efficiency is obtained by shifting the values of the trigger
scale factors up and down by their uncertainties.

ECAL prefiring corrections: in 2016-2017, a small fraction of ECAL trigger primitives
was associated with a wrong bunch crossing. Events have been corrected for this effect
with a per-event weight, and the corresponding uncertainties have been propagated to
the signal yield.

Jet energy scale and resolution: in simulated events all reconstructed jet four-momenta
are simultaneously varied according to the n- and pp-dependent uncertainties in the
jet energy scale. In order to evaluate the systematic effect due to differences in the jet
energy resolution between data and simulation, a smearing is also applied to simulated
events by increasing or decreasing the jet resolutions by their uncertainties [58]. These
variations in jet four-momenta are also propagated to the P,

Background modeling, statistical uncertainties: as described in section 8, fits are
performed to determine the background shape in the R and to obtain the TF(Myyj;).
Statistical uncertainties are propagated to the final distributions. The uncertainties
in the parameters obtained from the two fits, to the T'F(Mjy;;) and to the M,
distribution, are propagated to the predicted number of events in each bin. These
uncertainties are treated as uncorrelated across all categories and lepton channels.

Background modeling, alternative shapes: alternative models with respect to the form
described in eq. 8.1 and section 8 are considered for the function used to model the
data in R and for the function used to model the T'F'(Mjy;;). In this specific scenario,
the fit for deriving the number of events starts from 1.5 TeV instead of the nominal
starting point of 1 TeV. The fit function is applied within this range to determine the
number of events. The resulting uncertainty is initially asymmetric, as it considers
the difference between the fit distribution and the nominal distribution. To obtain a
two-sided (symmetric) variation, the full difference between the fit distribution and the
nominal distribution is considered, but with opposite signs.
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o Background modeling, alternative model: an alternative function is considered for the
function used to model the data: the data are described with a Landau function without
any further change in the procedure. This uncertainty is obtained by considering the full
difference with the nominal distribution and symmetrized to get a two-sided variation.

» Background composition: when obtaining the T'F(M,y;;), the dependence on the
background composition of tt, W + jets, and single top quark production is taken into
account by varying each of them independently by a relative factor of +80% of the
expected yield. The entire procedure is repeated by varying each background in all
subregions, deriving a new T'F'(Myy;;) between R and Rp, and applying the T'F(Mjy;;)
to the Ry distribution from data. Different alternative templates are obtained with
this procedure for each background. This is done in order to reduce the dependence of
the fit on events in the low part of the M;y;; spectrum, and to separate the low-mass
regime from the high-mass regime in the background. This uncertainty is designed
to cover differences in the relative fraction of backgrounds among regions, statistical
fluctuations in simulation, and the process cross section in the very high-energy regime.

e Background rate: in order to disentangle the rate and shape effects of the background
composition uncertainty, the total background yield for each subregion is left free to
float in the fit.

o Background correction factors: an uncertainty in the correction factor is determined,
by considering the full difference between the final distribution with and without the
correction (cf. egs. (8.2) and (8.5)). This uncertainty is then symmetrized by considering
the full difference, but with the opposite sign.

o Limited size of simulated samples: the statistical uncertainty due to the limited size of
the simulated event samples is evaluated for each bin with the Barlow-Beeston “lite”
method [70, 71].

The background modeling uncertainties are considered as uncorrelated among regions
and lepton channels. This choice is motivated by kinematic and background composition
differences among regions and lepton channels. Lepton identification and trigger uncertainties
are considered as correlated among regions but as uncorrelated among lepton channels.
Experimental uncertainties are considered as correlated among regions and lepton channels.
Jet energy scale and resolution uncertainties are uncorrelated among years due to differences
in detector conditions. Factorization and renormalization scale uncertainties are uncorrelated
between all processes, while PDF uncertainties are correlated instead.

Table 2 shows the range of variation of the leading sources of uncertainty on signal
and backgrounds.

10 Statistical inference and results

A simultaneous maximum likelihood fit to data is performed using the distribution of My ;
in both the muon and electron channels. All systematic uncertainties described in section 9
are treated as nuisance parameters.
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W' signal Background
Uncertainty Myt = 2 TeV My, = 6 TeV Non-QCD background QCD multijet
W + jets component 11-23
tt component 9-21
Single top quark component 1-6
Background shape, statistical 1-5
Transfer function, statistical 1-10
Background shape, modelling 2-6
Transfer function, modelling 2
Background correction factors 1-9
b tagging and mistagging 3-11 8-23 2 4-12
Jet energy scale and resolution 1 14 2-4 1040

Table 2. Leading systematic uncertainties in the signal and background yields. Two representative
w’ = 2and 6 TeV, both with I'/m » = 1%. The uncertainties are
shown by giving the minimum and maximum across all regions. All values are given as percentages,
and uncertainties in the backgrounds are the same for all signal masses.

signal points are considered, at m

A first fit is performed in the subregion R0, in order to validate the background
estimation procedure using a statistically independent sample. The post-fit distributions
of the reconstructed Myy;; are shown in figure 4. The distributions are in agreement with
the data, as can be seen in the lower panel, where the data minus the expected number
of events are presented, normalized to the statistical uncertainty of the data. The orange
band represents the systematic uncertainties, also normalized to the statistical uncertainty of
the data. In addition, a goodness of fit test was conducted, yielding a p-value of 0.128 [72].
Signal injection tests were performed, ensuring that no significant bias is present due to
the statistical inference procedure.

To check for the presence of a possible signal in the data, the fit procedure is carried out
simultaneously using the distributions of Myy;; in the three subregions R2B,, RT 4, RW’ A
of the muon and electron channels.

All signal hypotheses described in section 1 are probed in separate fits, including purely
left- and right-handed chiralities of the W’ boson, and width hypotheses of 1, 10, 20, and

30% of the My,

analysis is performed by considering SM s-channel single top quark production as a signal

+ over a range between 2-6 TeV. For left-handed and mixed scenarios, the

in the statistical inference procedure.

A local excess over the background is observed for masses Myt between 3.4-4.4TeV,
with a maximum local significance of 2.6 standard deviations at 3.8 TeV for a 1% relative
width, and a right-handed signal hypothesis. The most significant contribution to the
excess comes from the R2B, region for the muon channel, making it the most sensitive
subregion in the analysis. An important contribution also comes from the R2B, in the
electron channel and RT, in the muon channel. The global significance of this excess is
2.0 standard deviations. The corresponding post-fit My,;; distributions in the background

plus signal hypothesis are shown in figure 5. Events in data corresponding to the excess
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Figure 4. Post-fit distributions of Mj,;; in the RO, control subregion for muons (left) or electrons
(right). The lower panel reports the data minus the expected number of events normalized to the
statistical uncertainty of the data. The orange band represents the systematic uncertainties, also
normalized to the statistical uncertainty of the data.

region in Mj,;; were scrutinized, by studying the features of reconstructed physics objects
to ensure that all were correctly reconstructed.

The most important systematic uncertainties affecting the result are those related to
the b tagging efficiency, the background composition, the background alternative shape,
and the background correction factors.

Upper limits on the production cross section are extracted by following the CLg pre-
scription [73, 74], making use of the asymptotic approximation [75]. Cross section limits
are derived for each value of the W' mass, width, and chirality, and compared with the
prediction obtained as described in section 8. Figures 6 and 7 show, for LH and RH hypotheses
respectively, the upper limits on the cross section as a function of My in the scenarios with
F/mW/ =1, 10, 20, and 30%. Upper limits for scenarios with F/mW/ = 10, 20, and 30% in
the case of a fixed branching fraction and a larger coupling are shown in appendix A.

The observed 95% CL upper limits on the production cross section for a right- and
left-handed W’ boson in the tb final state are shown in figure 8, as functions of Myt and
relative width T'/ m,,+- Numbers in red represent values of the excluded cross sections lower

than the theoretical ones for the analyzed model.

These limits can be compared with those given in ref. [26]. The analysis presented here
provides the most stringent exclusion limits at high masses, for which it was designed, i.e.
around 5TeV and above. At lower masses the limits from ref. [26] are stronger, but they
should be compared with the results from ref. [25], which are competitive below 4 TeV.

Models with values of the parameters ap and ag,, which regulate the chirality fraction as
defined in eq. (4.1), ranging from 0.1 to 0.9 in steps of 0.1 were also tested in the hypothesis
of I'/ Myt = 1%. Under the hypothesis of a narrow width, a simple formula can be used
to obtain the cross section of the process from the ones for single top s-channel production
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Figure 5. Post-fit distributions of M,y;; in the R2B, (upper), RW’, (middle), and RT, (lower)
subregions for muons (left column) and electrons (right column). All process yields and nuisance
parameters are set to the values obtained from the background plus signal fit. The signal considered for
the fit corresponds to the purely right-handed production of a W' with My of 3.6 TeV and a relative
width of 1% of the Mt and is represented by the solid red line. The lower panels show the data
minus the expected number of events, normalized to the statistical uncertainty of the data. The orange
band represents the systematic uncertainties, also normalized to the statistical uncertainty of the data.

— 18 —



138 fo! (13 TeV) 138 fo™' (13 TeV)

LN B B L L

L B L

a10° qQ
= CMS 95% CL upper limits K3 - CMS 95% CL upper limits
2 —— Observed 2 —— Observed
T i L i
o r/ My = 19 Me;dlan expected 2 I/ My = 10% Meodlan expected
a I 68% expected a I 68% expected
© 10 95% expected © 95% expected
—— o (pp > tb) 10 —— o (pp > tb)
1 &l
107" E
3 1
PR T raar T IR VRN PRI SR A 10 HuluuluuluuluHXHHXHHXHH:
2 55 6 2 . ; . 5 5.5 6
my, [TeV] my, [TeV]
138 fo' (13 TeV) 138 fo' (13 TeV)
= A R R T = T T R T S ST R
== 1o CMS 95% CL upper limits == CMS 95% CL upper limits
e —e— Observed o) 10° —e— Observed
N i T F o ane, e i
o F/mW,= 20% Median expected o F/mW. - 30% Median expected
a1 I 68% expected R I 68% expected
© 95% expected 95% expected
10 —— o (pp > tb) i —— o (pp > tb)
1 3 1 =
~ sl b b Lo b Lo Ly T T O A
1073 55 > 2 5 5 55
my, [TeV] my, [TeV]

Figure 6. Observed and expected 95% CL upper limits on the product of the production cross
section for production of a tb quark pair in the s-channel, mediated by either a W or a left-handed
W’ boson, and including interference terms, given as functions of My, for a relative width of 1%

(upper left), 10% (upper right), 20% (lower left), and 30% (lower right). The inner (green) band and
the outer (yellow) band indicate the regions containing 68 and 95%, respectively, of the distribution
of limits expected under the background-only hypothesis. The solid red curves show the theoretical
expectation at LO.

(ogm), pure LH (o1,), pure RH (0R), and the mixed LH and RH (o1,r) case with ag = oy, [76]:

1
2 2, 2 2 2, 2 2 2 2 2 2
o= (1-af)ogm+—5—5 [OéL(OéL —ag)oy, + ag(ag — af)og + 401,aROLR — QQLQRUSM} .
af, -+ R
(10.1)

Making use of this formula, we can evaluate upper limits on the production cross section,
to allow for re-interpretation in a wide array of models, or on the W’ boson once the theoretical
cross section is specified. The observed 95% CL upper limits on the production cross section
for a generalized left-right coupling of the W’ boson to a t and a b quark are obtained
for masses of the W’ boson between 2 and 6 TeV in steps of 0.8 TeV. The observed limits
are reported in figure 9.
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Figure 7. Observed and expected 95% CL upper limits on the product of the production cross section
for a right-handed W’ boson and the W' — tb branching fraction, as functions of Mgt for a relative
width of 1% (upper left), 10% (upper right), 20% (lower left), and 30% (lower right). The inner
(green) band and the outer (yellow) band indicate the regions containing 68 and 95%, respectively, of
the distribution of limits expected under the background-only hypothesis. The solid red curves show
the theoretical expectation at LO.
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Figure 8. Observed 95% CL upper limit on the production cross section for a left- (on the left) and
right-handed (on the right) W’ boson in the tb final state, as functions of my,s and relative width

r/ Myt Numbers in red, written diagonally, represent values of the excluded cross sections that are
lower than the theoretical ones for the analyzed model.
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Figure 9. Observed 95% CL upper limit on the production cross section for a generalized left-right
coupling of the W’ boson to a t and a b quark for a mass of the W’ boson of 2 TeV (upper left),
2.8 TeV (upper right), 3.6 TeV (middle left), 4.4 TeV (middle right), 5.2 TeV (lower left), and of 6 TeV
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Figure 10. Expected (left) and observed (right) 95% CL lower limit on m./ for a generalized
left-right coupling of the W’ boson to a t and a b quark.

Limits on My, are also obtained for all tested values of the generalized left-right coupling

of the W’ boson to a t and a b quark. Figure 10 shows the expected and observed limits
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11 Summary

A search is presented for W’ bosons decaying to a top and a bottom quark in leptonic final
states, making use of 138 b=t of proton-proton collision data collected with the CMS detector
at the LHC. Good agreement between data and the standard model expectation is observed.

Upper limits at 95% confidence level are set on the product of the W’ production cross
section and the branching fraction of W' — tb. Multiple hypotheses are considered for
the new particle mass, width, and chirality. For a 1% relative width hypothesis, purely
right-handed W' bosons are excluded with masses lower than 4.3 TeV. Production cross
sections above 66 to 2 fb are excluded for masses between 2 and 6 TeV. Purely left-handed
W' bosons with a 1% relative decay width are excluded for masses lower than 3.9 TeV.

The largest excess, with a local (global) significance of 2.6 (2.0) standard deviations, is
observed for a hypothesized right-handed W’ boson with a mass of 3.8 TeV and a relative
width of 1%.

For a 10% relative width hypothesis, purely right-handed W’ bosons are excluded with
masses lower than 2.7 TeV. Purely left-handed W’ bosons are excluded with masses lower
than 2.5 TeV for a relative width of 10% of the W’ boson mass. Limits on the production
cross section of a W’ boson with relative widths of 20% and 30% are set for purely left- and
right-handed couplings. Scenarios with the presence of both left- and right-handed couplings
are also tested and limits on their production cross sections are set. For these scenarios,
exclusion limits on the W’ boson mass are provided for the considered model. This is the
first time an analysis probes both the width and the chirality of the W’ boson.
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A Alternative cross sections

Upper limits are also provided in the case that the couplings, and thus the partial widths, are
varied together with the total width. In this interpretation the branching fraction of the W’
— tb decays is the same for each value of the width of the W’ boson, where no additional decays
are hypothesized, but the coupling strength is increased by a factor (I'/ mwl)2. Figure 11

shows the limits for an RH W’ boson with these alternative theoretical cross sections.
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Figure 11. Observed and expected 95% CL upper limits on the product of the production cross
section for a right-handed W’ boson and the W’ — tb branching fraction, as functions of the Mgt

for a relative width of 10% (upper left), 20% (upper right), and 30% (lower). The inner (green)
band and the outer (yellow) band indicate the regions containing 68 and 95%, respectively, of the
distribution of limits expected under the background-only hypothesis. The solid curves show the
theoretical expectation at LO in the case that the couplings, and thus the partial widths, are varied
together with the total width. In this interpretation the branching fraction of the W' — tb decays is
the same for each value of the width of the W’ boson.
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