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Abstract

A search for physics beyond the standard model (SM) in the final state with a hadron-
ically decaying tau lepton and a neutrino is presented. This analysis is based on
data recorded by the CMS experiment from proton-proton collisions at a center-of-
mass energy of 13 TeV at the LHC, corresponding to a total integrated luminosity of
138 fb~!. The transverse mass spectrum is analyzed for the presence of new physics.
No significant deviation from the SM prediction is observed. Limits are set on the
production cross section of a W’ boson decaying into a tau lepton and a neutrino.
Lower limits are set on the mass of the sequential SM-like heavy charged vector bo-
son and the mass of a quantum black hole. Upper limits are placed on the couplings
of a new boson to the SM fermions. Constraints are put on a nonuniversal gauge
interaction model and an effective field theory model. For the first time, upper lim-
its on the cross section of t-channel leptoquark (LQ) exchange are presented. These
limits are translated into exclusion limits on the LQ mass and on its coupling in the
t-channel. The sensitivity of this analysis extends into the parameter space of LQ
models that attempt to explain the anomalies observed in B meson decays. The limits
presented for the various interpretations are the most stringent to date. Additionally,
a model-independent limit is provided.
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1 Introduction

A search for new phenomena is conducted in the final state with a high transverse-momentum
(pr) tau lepton (7) and large missing transverse momentum. This search uses proton-proton
(pp) collision data at y/s = 13 TeV recorded by the CMS experiment at the CERN LHC in 2016~

2018, corresponding to an integrated luminosity of 138 fb ™"

The existence of new physics phenomena in the high-m region of the T plus neutrino (v) final
state is predicted by several theoretical models that extend the standard model (SM) of particle
physics. These models explore several open issues in modern particle physics. Among them
is the large relative difference between the energy scale of electroweak symmetry breaking
and that of gravity. This large discrepancy is often referred to as the hierarchy problem [1, 2].
Models attempt to solve the hierarchy problem by extending the gauge group in a way similar
to that in left-right symmetric models.

Due to its short lifetime, the T lepton itself is not detected directly, but via its decay products.
The hadronic decays of the T lepton constitute about 2/3 of all its decays. The hadronic decay
products, 7}, of the tau lepton are distinctive because they result in jets with a lower charged-
hadron multiplicity compared to the jets originating from the hadronization of partons pro-
duced in the hard scattering process. The selection of the hadronic T decay mode also allows
for discrimination against the leptonic T decays, which cannot be distinguished from prompt
decays to light leptons, such as those examined in the most recent searches by the ATLAS and
CMS Collaborations for W’ in the final states with an electron or muon plus a neutrino [3} 4].

The transverse mass, mry, of the T—pIT“iSS system is the primary discriminating variable in this
analysis. It is defined as

my = \/ 2py" Pl — cos Ap(pr", )], @

where p; is the magnitude of the transverse momentum of the reconstructed 7, candidate,
pImiss is the vector of transverse momentum misbalance in the event, p™*s is its magnitude, and

A¢(Pr", PN is the azimuthal opening angle between the dlrectlons of pMiss and the tau lep-
ton. We perform the search in a kinematic region where the f" and the Fiss

balanced and back-to-back in the azimuthal plane.

are approximately

A new charged gauge boson (W’) is one possible signature of the sequential SM (SSM) [5]. In
this model, the W’ boson couplings to fermions are similar to those of the SM W, while the
additional decay mode of the W’ boson to top and bottom quarks is allowed for a sufficiently
high boson mass. Searches for an SSM-like W’ boson decaying to the T +v final state have
previously been reported by the CMS Collaboration at 8 TeV [6] and 13 TeV [7], as well as by
the ATLAS Collaboration at 13 TeV [8]. These searches by the ATLAS and CMS experiments
excluded W’ bosons with masses up to 3.7 TeV and 4.0 TeV, respectively. The W’ coupling
strengths may differ from that of the SM W or the SSM W’ bosons. Therefore, we also con-
sider the case where the ratio g,/ gw of the W’ boson coupling strength to that of the SM W
boson is not unity. The nonuniversal gauge interaction model (NUGIM) predicts an enhanced
branching fraction for decays into third-generation fermions. We also place upper exclusion
limits on the ratio of the W’ boson coupling strength to the W boson coupling strength and on
the NUGIM.

Some models of leptoquarks (LQs) are particularly interesting in light of the significant devia-
tions from the SM prediction in measurements in the flavor sector of B — D* transitions, by the
BaBar [9,[10], Belle [11H14], and LHCb [15-17] Collaborations. Deviations have also been found



in recent measurements of B — K* transitions that have been performed by the LHCb Collab-
oration [18-21]. The values presently measured by LHCb are in tension with the SM prediction
by between 1.4 and 3.1 standard deviations. The postulate of TeV-scale LQs with dominant
couplings to third-generation fermions is among the favored theoretical attempts to explain
these anomalies [22-44]. While numerous searches for single or pair production of LQs with
dominant couplings to third-generation fermions at the LHC have yielded null results [45-55],
the first search for LQ t-channel exchange in the T +v final state is presented here.

If the excess seen in the B — Dy transitions is indeed due to new physics, the mass scale of its
manifestation is expected to be at the TeV scale or not far beyond [56]. To provide a different
test for the presence of new physics, a description based on an effective field theory (EFT) [57]
with different types of coupling coefficients referred to as Wilson coefficients is also considered.

In models with extra spatial dimensions, the hierarchy problem can be solved by lowering the
fundamental Planck scale to the TeV range, which implies that gravity is strongly coupled at
the LHC energies. In this case, the production of microscopic black holes may be possible at
the LHC [58] 59]. In some models [60], these black holes would decay nonthermally into pairs
of particles. Such black holes are often called quantum black holes (QBHs).

The shape of the my distribution is interpreted using a binned-likelihood method for the SSM,
QBH, and EFT descriptions. We set upper exclusion limits on the cross section times branching
fraction (0 B) for the SSM description as a function of the mass of the new resonance (/) and
for the QBH model as a function of the mass scale of the QBH (mpy;). In the case of the EFT
description, upper exclusion limits are placed on the Wilson coefficients. Additionally, a model
independent limit setting method is considered and discussed.

The paper is structured as follows: the CMS detector is briefly described in Section [2 The
models examined in this analysis are outlined in Section |3, The data and simulated samples
used are presented in Section {4} while Section 5| describes the event reconstruction and the
kinematic selection of the signal region. The specific determination of the background from
misidentified T leptons is described in Section[6] Section [/]reviews the most important sources
of systematic uncertainties and their impact on the measurements. The results and achieved
sensitivity for all the models are detailed in Section|[§land summarized in Section[9} The results
are also documented in HEPData [61].

2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-
eter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and
silicon strip tracker, measuring the charged particle trajectories inside a pseudorapidity ()
acceptance of || < 2.5. Also within the solenoid volume are a lead tungstate crystal electro-
magnetic calorimeter (ECAL), and a brass and scintillator hadron calorimeter (HCAL). Each
subdetector is composed of a barrel and two endcap sections. Forward calorimeters extend the
pseudorapidity coverage provided by the barrel and endcap detectors. Muons are detected in
gas-ionization detectors embedded in the steel flux-return yoke outside the solenoid.

Events of interest are selected using a two-tiered trigger system. The first level, composed of
custom hardware processors, uses information from the calorimeters and muon detectors to
select events at a rate of around 100 kHz within a fixed latency of about 4 us [62]. The second
level, known as the high-level trigger, consists of a farm of processors running a version of the
full event reconstruction software optimised for fast processing, and reduces the event rate to



around 1 kHz before data storage [63]].

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. [64].

3 Physics models

This section describes the different signal models used in this paper. All of these models predict
physics beyond the SM that would be detectable in a final state with a T lepton and missing
transverse momentum.

3.1 The SSM heavy charged vector boson

In the SSM, the W’ boson is a heavy analogue of the W boson. The experimental signature
would be a resonance with fermionic decay modes and branching fractions similar to those of
the SM W boson. For W’ boson masses larger than 180 GeV the additional W/ — tb decay
mode becomes relevant. If this decay is considered, the branching fraction for the W' — v
decay in the SSM is 8.5% [5]. Under these assumptions, the relative decay width of a 1 TeV
W’ boson is I'/M = 3.3%. Decays to W and Z bosons are assumed to be suppressed in the
SSM. No interference between the production of the new particle and the production of the SM
W boson is assumed. This is justified by the fact that the subsequent hadronic decay of the T
lepton leads to two neutrinos being present in the final state, significantly lowering the effect
an interference of W' and W might have. The leading order (LO) Feynman diagram for this
specific process is given in Fig.
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Figure 1: Leading order Feynman diagram for the production and decay of a new heavy
charged vector boson, W/, decaying to T7,.

3.2 Varying coupling strength

In the SSM, the W’ boson coupling strength, ¢,/ is assumed to be identical to the SM W boson
coupling, gw. However, we also consider cases where gy # gw. Because the W’ boson width
and cross section also depend on gy, we can interpret the kinematic distributions with respect
to W’ particles as described by various coupling values. The W’ boson coupling strength is
given in terms of the SM weak coupling strength gy = e¢/sin’6yy ~ 0.65, where e is the
electron charge and 6y is the weak mixing angle.

3.3 Nonuniversal gauge interaction model

Models with nonuniversal couplings predict an enhanced branching fraction for decays into
the third generation of SM fermions. These models could offer an explanation as to why the
mass of the top quark is so large [65H67]. The NUGIM exhibits an SU(2), x SU(2);, x U(1) sym-
metry. The symmetry groups SU(2), and SU(2),, govern the couplings of the gauge bosons to



the light fermions of the first two generations and to the heavy fermions of the third generation,
respectively. Models of this type are often called G(221) models. The weak SM SU(2); group
is a low-energy limit of two gauge groups: SU(2), and SU(2)y,.
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Figure 2: Branching fractions B(W’) as function of the mixing angle cot 6 (solid lines), for W’
boson decays in the NUGIM G(221) framework, as calculated in Refs. [65H67]. The total de-
cay width I'y; (dotted lines) can also be determined as a function of the mixing angle. When
re-scaled to accommodate the W H decay channel, the values associated with cot 6y = 1 corre-
spond to those in the SSM.

These groups combine via a mixing angle 6, resulting in an SM-like SU(2); group and an
additional extended group SU(2)g. This extended group gives rise to additional heavy gauge
bosons such as the W’ boson. The mixing angle directly affects the cross section and decay
width of such particles, as shown in Fig.[2| As canbe seen, for cot g = 1 the branching fractions
are equal for all lepton flavors, which would correspond to an SSM-like feature. When re-scaled
to accommodate the W H decay channel, the values associated with cotfg = 1 correspond to
those in the SSM. For values larger than one, the decay to T leptons becomes dominant. The
mixing angle changes the production cross section and the branching fractions of the W' boson.
In the NUGIM, decays to W and Z bosons are negligible by construction, while decays to W H
bosons typically have a branching fraction <6%.

In the NUGIM G(221), neglecting the small contribution from the W H decay, the ratio of the
couplings, g/ 8gw, is related to the parameter cot 0 by the following equation [67]:

@)

T — FSSM —
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Because of this functional relationship, a reinterpretation of the limits on the coupling strength

yields limits on the parameters of NUGIM G(221). Therefore, the SSM W' signal samples men-

tioned in Section {4.1| can be used to probe this model. The product of the cross section and

branching fraction, o3, scales with I'sgy; / Tnuciv-
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3.4 Quantum black holes

Theories that invoke extra spatial dimensions often permit a fundamental Planck scale in the
TeV region. Such theories also provide the possibility of producing microscopic black holes at
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LHC energies [58]59]. In models with QBHs [60], the regime at which gravity becomes strongly
coupled to SM particles causes the theory to become non-perturbative. This creates unavoid-
able limitations. When working in these regimes, usage of the model and its predictions should
be viewed as a dimensional analysis in which some extrapolations from the classical domain
carry over to the QBHs. In contrast to semiclassical thermal black holes that can decay to high-
multiplicity final states, QBHs are nonthermal objects, expected to decay predominantly to
pairs of particles. Despite not having a complete theory of quantum gravity, it is still possible
to gain insight into the signatures of QBHs at the LHC based on some fundamental principles
and a few assumptions. The cross section for QBH production depends on the threshold mass,
my,, in n additional spatial dimensions. The n > 1 cases correspond to the Arkani-Hamed-
Dimopoulos-Dvali model [68]. In this search the number of extra dimensions is assumed to be
n=4. The my, distribution of the QBH signal is characterized by a sharp edge at the threshold
of QBH production, followed by a monotonic decrease at larger masses.

3.5 Leptoquarks

Leptoquarks are hypothetical new scalar or vector bosons carrying both baryon and lepton
numbers and an electric charge in multiples of (1/3)e. The postulation of TeV-scale LQs with
dominant couplings to third-generation fermions is a popular theoretical explanation of the
observed anomalies in the ratio of branching fractions of B meson decays

_ BB = K'up)
Rice = B(B — K*ee) @)

and the ratio of the widths of semileptonic B meson decays

I'(B— D*tv)

Rps = =——— "
P" 7 T(B — D)

(4)

where / = e or .

Under the assumption that their couplings to the SM fermions are renormalizable and gauge in-
variant, the possible quantum numbers of LQs are restricted to those given in the Buchmiiller—
Riickl-Wyler model [69].

LQ

q vr
Figure 3: Leading order Feynman diagram of the process pp — 7V, mediated via a leptoquark
in the t-channel.

At the LHC, the final state with one T lepton and pT® can be produced by an LQ appearing
as a t-channel propagator, leading to a nonresonant enhancement of events with large values
of my. The LO Feynman diagram of this process is shown in Fig. |3l The cross section of this
process depends on the mass of the LQ () and its coupling gy to SM fermions. While the



dependence of the cross section on 1 is weaker for a LQ in the t-channel compared to single
or pair LQ production, it scales with g{; at LO.

In models addressing the tension in the flavor sector, LQs are often predicted to have flavor-
nonuniversal couplings to left- (LH) and right-handed (RH) fermions, effectively modifying the
LQ coupling to LH and RH SM fermions to be g 8; and gy B3, respectively. Here, B/ and B3 are
complex 3x3 matrices with i and j denoting the down-type quarks and leptons, respectively.

The normalization of gy, is chosen such that ﬁlﬁr =1

Three coupling benchmark scenarios are considered in this analysis, two of which have been
proposed in Ref. [44]. The first two scenarios are the result of a fit of the parameters of a
U(1) vector LQ of charge (—1/3)e to explain the flavor anomalies in Rg+ (Eq. (3)) and Rp«
(Eq. @) and other related observables. The first benchmark scenario considers only couplings

to LH SM fermions (i.e., ,Bllé = 0) and is referred to as “best fit LH” in the following. The
second benchmark, referred to as “best fit LH+RH”, additionally considers ) ﬁ}ff‘ = 1 with all

other ,B;{ = 0. In the third “democratic” benchmark, equal couplings only to LH fermions are

assumed, i.e. ‘,BE‘ =1land ,Bg =0foralliandj.

3.6 Effective field theory description

As mentioned above, the ratio in Eq. (4) appears to be enhanced with respect to the SM ex-
pectation by approximately 30%. If this enhancement originates from new physics, the corre-
sponding mass scale of this physics is expected to be at, or near, the TeV scale [56]. The aim
of this model is to search for any prescription that is able to address the Rp+ anomalies with
new heavy mediators. It uses a low-energy EFT of new physics in semi-leptonic (b — fvc)
transitions and translates this into a predictive theory at the TeV scale [57]. This EFT model
introduces three Wilson coefficients — one for the LH vector coupling €SP, one for tensor like
coupling €$°, and one for scalar-tensor like coupling egtL’.

4 Data and simulated events
4.1 Data

In this search, we analyze a data set from pp collisions at a center-of-mass energy of 13 TeV that
was recorded by the CMS experiment in 2016-2018 and corresponds to an integrated luminos-
ity of 138 fb~'. Events were selected with an isolated single 7 trigger with || < 2.1 and with py
thresholds of 120 GeV in 2016 and 180 GeV in 2017-2018. The 7 trigger is complemented with
a piiss trigger with a 120 GeV threshold. The trigger efficiency for simulated signal events that
pass the offline selection criteria is about 95%. The efficiency of the 7 trigger estimated using
Monte Carlo simulations typically differs from that measured with data by approximately 10%
(depending on the particular py bin) across all data-taking years. The estimated pM* trigger
efficiency from simulation is only 1-4% above or below data depending on the pTs® bin. We
correct these differences in trigger efficiency between simulation and data using efficiency cor-
rection factors, which are henceforth referred to as scale factors. The scale factors range from
0.88-0.99 (0.87-1.08) for the 2016 (2017-2018) datasets.

4.2 Event simulation

Generated events are processed through a simulation of the detector geometry and response
using GEANT4 [70]. The same reconstruction software is applied to both data and simulated



4.2 Event simulation 7

events. Backgrounds are simulated using an expected distribution of the number of addi-
tional pp interactions within the same or nearby bunch crossings (pileup). All simulated back-
grounds are reweighted such that the distribution of the number of collisions per bunch cross-
ing matches the data, with an average of approximately 23 (32) interactions per bunch cross-
ing [71H73] in 2016 (2017-2018). Unless otherwise noted, simulated samples use the underlying
event tune CUETP8M1 [74] in 2016 and the CP5 tune [75] in 2017-2018.

4.2.1 Signal simulation

The SSM W’ boson signal samples (q'q —W') are generated at LO using PYTHIA 8.2.05 [76] for
each data-taking year, and employing the NNPDEF2.3 [77] (NNPDEFE3.1 [78]) parton distribution
function (PDF) set for the 2016 (2017-2018) configurations. These samples are generated for
mass points ranging from 0.6 to 6.0 TeV. To interpret the results in terms of the coupling ratio
of the SSM W' boson and the SM W boson, signal samples are simulated at LO using MAD-
GRAPH5_.aMC@NLO version 2.6.5 [79} 80] for different coupling ratios gy//gw for coupling
ratio values of [0.001, 0.01, 0.1, 1.0, 2.0, 3.0, 5.0], for all mass points.

Signal samples of LQ t-channel exchange at LO using MADGRAPH5_aMC@NLO are generated
for LQ masses between 0.1 and 10 TeV neglecting interference with SM processes. Interference
is expected to be negligible in the phase space sensitive to this signal [81]. The parton shower,
hadronization, and underlying event are modelled with PYTHIA 8. The underlying event tune
CP2 [75] is used for 2017 and 2018. The NNPDF2.3 and NNPDEF3.1 PDF sets are used for 2016
and 2017-2018, respectively.

The QBH signal samples are generated with the QBH 3.0 generator [82]. We consider the q'q
production of a singly positively charged QBH with its subsequent decay to a T lepton and
a neutrino. Signal samples with minimum threshold masses from 400 to 11000 GeV are em-
ployed. The CTEQ6L1 PDF set [83], which is the recommended PDF for QBHs, is used. The
definition of the Q scale for PDFs is taken to be the inverse of the gravitational radius.

Signal samples for the EFT model are generated using MADGRAPH5_aMC@NLO at LO, while
simulation of the hadronization and T lepton decay is performed using PYTHIA 8. The signal
samples are generated with MADGRAPH5_.aMC@NLO using the values 0.3, 1.0, and 0.3 for the
Wilson coefficients (eib, e%b, egg), respectively, which are obtained by fitting them to the current
values of Rp« [84]. The event content of these signal samples can be rescaled to cover a wider
range of coupling values. The CP2 tune is used in conjunction with NNPDEF3.1 PDF set for
generation of signal samples.

4.2.2 Simulation of the background

Background processes for this analysis include off-shell SM W production, processes coming
from the decay of top quarks (tt), the Drell-Yan (DY) process, and diboson (ZZ, WW, WZ)
processes. These samples are produced with PYTHIA 8 (for SM W), MADGRAPH5_aMC@NLO
(for DY, ZZ, and WZ), and POWHEG 2.0 [85H87] (for tt and WW). Backgrounds are simulated
using the NNPDF3.0 (NNPDEF3.1) NNLO [88] PDF set for 2016 (2017-2018).

The SM background expected in this search consists of two different types of events: those
where the T candidate originates from a gluon- or quark-initiated jet, and others where the T
originates from a genuine T lepton decay. The former is derived from data, while the latter is
estimated using simulation.

The dominant irreducible background for this analysis comes from SM W — tv produc-
tion. This background is generated at LO precision in quantum chromodynamics (QCD) with



PYTHIA 8 for high-mass off-shell production. On-shell production is generated at LO preci-
sion in QCD with MADGRAPH5_aMC@NLO, and the simulated jets are matched to the matrix
element and parton shower produced by PYTHIA using MLM [79] merging. The differential
cross section is reweighted as a function of the invariant mass of the SM W boson, incorporat-
ing next-to-LO (NLO) electroweak (EW) and next-to-NLO (NNLO) QCD corrections. The EW
and QCD corrections can be combined by two different mathematical approaches: additive
and multiplicative [89]. These approaches differ by approximately 5%. The applied correc-
tion factor uses the recommended additive approach [90], which is parametrized using a fit
of a fourth order polynomial function. Differences between this approach and the multiplica-
tive approach are taken as a systematic uncertainty. The calculation uses the FEWz 3.1 and
MCSANC 1.01 [91} 92] generators for the QCD and EW corrections, respectively.

5 Event selection and particle identification

The particle-flow algorithm [93] aims to reconstruct and identify each individual particle in
an event, with an optimized combination of information from the various subsystems of the
CMS detector. We obtain the photon energy from the ECAL measurement. Electron energy is
determined from a combination of the electron momentum at the primary interaction vertex as
determined by the tracker, the energy of the corresponding ECAL cluster, and the energy sum
from all bremsstrahlung photons spatially compatible with originating from the electron track.
Muon energy is obtained from the curvature of the corresponding track. Charged-hadron en-
ergy is determined from a combination of the momentum of the hadron measured in the tracker
and matching ECAL and HCAL energy deposits, corrected for the response function of the
calorimeters to hadronic showers. Neutral-hadron energy is obtained from the energy deposits
in the ECAL and HCAL corrected in a similar way to that of the charged hadrons.

For each event, hadronic jets are clustered from these reconstructed particles using the infrared-
and collinear-safe anti-kt algorithm [94] in the FASTJET software package [95] with a distance
parameter of 0.4. The jet momentum is determined as the vectorial momentum sum of each
particle contained within the jet. From simulation, we find the jet momentum to be, on aver-
age, within 5-10% of the true momentum over the entire pt spectrum and detector acceptance.
Pileup can contribute additional tracks and calorimetric energy depositions to the jet momen-
tum. To mitigate this effect, we discard charged particles identified to be originating from
pileup vertices and apply an offset to correct for remaining contributions. Jet energy correc-
tions are derived from simulation to bring the measured response of jets to be similar to that
of particle-level jets, on average. In situ measurements of the momentum balance in dijet, pho-
ton+jet, Z +jet, and multijet events are used to account for any residual differences in the jet
energy scale between data and simulation [96]. The jet energy resolution, obtained from a dijet
balance technique, is found to be 15-20% at 30 GeV, 10% at 100 GeV, and 5% at 1 TeV [96]. We
apply additional selection criteria to each jet to remove jets potentially dominated by anoma-
lous contributions from various subdetector components or reconstruction failures [97].

The missing transverse momentum vector 7 is computed as the negative vector pr sum
of all of the particle-flow candidates in an event, and its magnitude is denoted as piss. The
pmiss is modified to account for corrections to the energy scale of the reconstructed jets in the
event [97]. Anomalous high-p™i* events can occur due to a variety of reconstruction failures,
detector malfunctions, or non-collision backgrounds. We reject such events by using event
filters designed to identify more than 85% of the spurious high-pTiss events, with a mistagging
rate less than 0.1% [97]].

The T4, candidates are reconstructed using the Hadron-plus-Strip (HPS) algorithm [98] starting



from a jet. To reconstruct the 7, decay mode and its four momentum, we consider all particles
in an #7—¢ cone of radius AR = 0.5 around the jet axis. This candidate is subsequently compared
with quark or gluon-initiated jets, electrons, and muons. We apply corrections for the small
differences in the T}, energy between simulation and data.

To distinguish between 7}, candidates originating from genuine 7 leptons and other objects,
we use the DEEPTAU identification [99] . This identification method consists of a convolutional
deep neural network that uses machine learning techniques and image recognition methods in
order to discriminate genuine 7}, candidates from light leptons and jets. It combines high-level
variables, such as the T lepton isolation, with low-level variables such as specific energy de-
posits in CMS subdetectors. This method has been shown to provide excellent discrimination
against these jets, electrons, and muons while retaining a high efficiency for genuine 7 leptons.
The identification efficiency of genuine 7, candidates (p > 100 GeV) provided by the chosen
identification method in this analysis is approximately 75%, while the probability of a jet being
misidentified as a T lepton is less than 0.7%. Differences between data and simulation arising
from the application of the identification method are corrected for using scale factors. Correc-
tions due to differences in T identification performance and energy scale measurements are less
than 5%.

We select T}, candidates with a p;h > 130 (190) GeV for data recorded in 2016 (2017-2018). The
T, candidate is required to be in the range || < 2.1. Additionally, we require T, candidates to
pass anti-jet, anti-electron, and anti-muon discriminators of the DEEPTAU algorithm in order to
reduce their corresponding misidentification probabilities [99]. The piss associated with these
events is required to be at least 200 GeV.

In order to reduce the number of misidentified light leptons and to reduce background, we
reject events containing loosely identified electrons [100] or muons [101] with pp ~> 20 GeV
within the detector acceptance. Events containing more than one 7, candidate fulfilling the
identification criteria are also rejected. The T}, decay products and the neutrino are expected
to be back-to-back to each other for all signal processes. The neutrino created during the T
lepton decay is emitted in a similar direction to that of the T lepton in the laboratory frame and
therefore only slightly reduces the overall magnitude of the expected pIsS. Thus, we require
0.7 < pf/p¥is < 1.3 and |A¢(pr", pi*)| > 2.4. The variable used to determine the signal
yields for this analysis is the transverse mass, mr, as shown in Eq. ().

6 Jet background estimation

We use data to estimate the backgrounds due to jets misidentified as 7, candidates. In this anal-
ysis, this background contribution originates mostly from QCD multijet and Drell-Yan events.
The signal-free control region comprises events with one well reconstructed light lepton and
a 7}, candidate. These events are selected using single light lepton triggers. The misidentifi-
cation rate is defined as the number of T lepton candidates passing the full selection criteria
divided by the number of those candidates that do not fulfill the isolation requirement. This
rate is calculated as a function of the T lepton candidate py and the number of charged hadrons
within the T lepton candidate isolation cone (AR = 0.5). Events where a T lepton is matched
to a generator-level T lepton in simulation are subtracted from data. The ratio is estimated at
approximately 5% for T lepton decays involving three charged hadrons and up to 30% for T
leptons that decay into one charged hadron. The rate is then applied as an event-weight to
signal-like events where a T lepton candidate does not fulfill the isolation requirement. This
application region primarily contains events originating from misidentified jets, with a small
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contamination of genuine 7}, candidates. This contamination is subtracted from the application
region using input from simulation.

This method is validated by estimating the ratio of simulated events in which jets are misiden-
tified as 7}, candidates, applying it to signal-like events where a T lepton candidate does not
tulfill the isolation requirement, and comparing the results to the background prediction from
simulation in the signal region. In order to account for the differences found with this valida-
tion, and to cover uncertainties arising from differences in the misidentification rate measure-
ments from the individual sideband regions, corresponding uncertainties are applied.

7 Systematic uncertainties

There are various sources of uncertainties that can affect the normalization or the shape of the
my distribution. These affect either the signal or the background estimates. We consider three
types of systematic uncertainties: normalization, shape-based, and statistical.

The dominant uncertainty that affects the shape of the my distribution arises from the PDF sets
used in simulating the background processes. We calculate this uncertainty with the PDFALHC
procedure [102], using replicas of the NNPDF3.0 (NNPDF3.1) PDF set for 2016 (2017-2018).
This uncertainty grows with increasing mt and becomes as large as 50% in the highest bin
(> 1.8 TeV) of the m distribution.

Another source of uncertainty comes from corrections to the measured 7 lepton energy scale
(1.5-4.0% for pt" > 100 GeV, depending on the decay mode), T identification efficiency (up to
5% for 1 TeV T leptons), and 7 trigger scale factors (= 10%). Uncertainties coming from shifting
the jet energy scale and resolution are propagated to the calculation of pmiss.

For all backgrounds estimated at NLO, factorization and renormalization scales are each mul-
tiplied by three factors (0.5, 1.0, 2.0), with the combination (1.0, 1.0) being the nominal. The
largest deviations in the resulting event yield predictions, both up and down from the nominal
value, are taken as systematic uncertainty. Variations where one scale is multiplied by 0.5 and
the other by 2 are considered unphysical and are not considered.

Events in simulation are reweighted based on pileup differences between measured data and
simulation. The total inelastic cross section of 69.2 mb [103] is varied by +5% and the resulting
final my distribution is recalculated to estimate the uncertainty.

Uncertainties that affect the normalization of the background modeling arise from the measure-
ment of the integrated luminosity, as well as from uncertainties in the cross sections of specific
backgrounds. For the integrated luminosity, we apply an uncertainty of 1.2%/2.3%/2.5% for
the year 2016/2017 /2018, respectively, which correspond to the combined uncertainty of 1.6%
for the full data-taking period. The cross section uncertainties are evaluated as 4% for the di-
boson background and 2% for the Drell-Yan background. The background from misidentified
T lepton candidates is estimated with a normalization uncertainty of 100%. Additionally, we
estimate the systematic uncertainty in the calculated ratio arising from the statistical uncer-
tainties in the control and application regions. For the dominant W boson background, we
apply the W boson mass-dependent uncertainties as explained in Section Uncertainties
in the jet background estimation include uncertainties from the misidentification ratio mea-
surement, as well as the statistical uncertainties from both control and application regions of
the method. Statistical uncertainties arise from data and from the limited event count in sim-
ulated background samples, and are taken into account [104]. These uncertainties are treated
as uncorrelated between the bins of the final my distribution. The combination of all uncer-
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tainties shows an increasing trend with increasing my. Because the number of total expected
background events becomes small, this does not affect the sensitivity by a significant amount
for high-mass objects.

All systematic uncertainties are treated as fully correlated across years, except for those where
the uncertainty arises from statistically independent sources. The uncertainties of the data-
driven background are treated as uncorrelated across years. Correction uncertainties related
to 7, and pTss and the luminosity uncertainties are treated as partially correlated since they
include some components that are considered correlated between years and some others that
are not.

8 Results

Figure[ddisplays the distribution for hadronically decaying T lepton events with missing trans-
verse momentum, for the combined 2016-2018 data set. To illustrate signal distributions for the
models described in this analysis, simulated SSM W’ boson samples, as well as simulated QBH
and EFT samples are included in the figure. The W' boson masses, 11y, of 1.0 and 5.0 TeV are
used for the SSM samples, a QBH mass, mgpyy, of 5.0 TeV is used for the QBH sample, and a
tensor-type EFT sample is used to show the expected effect of the Wilson coefficients on the
my distribution. The main background contribution comes from off-shell W boson production,
followed by events with misidentified T leptons. Backgrounds from misidentified T leptons
are estimated using the data-driven technique described in Sec. [6} Other backgrounds are esti-
mated using simulation. Example signal distributions are normalized to a cross section of 10 fb.
The bin width increases with transverse mass.

The data agree with the expected background yields within statistical and systematic uncer-
tainties. No significant deviation from the SM prediction is observed. We calculate limits at
95% confidence level (CL) from the my distribution using Bayesian methods known to have
good frequentist coverage properties [105]. A software framework designed specifically to
combine Higgs boson searches [106], based on the ROOSTATS package [107], is used to calcu-
late the limits. For these limit calculations, we use a Bayesian method with a uniform positive
prior probability density for the signal cross section. The nuisance parameters connected to
shape-based uncertainties are modeled using a template-morphing technique, while those af-
fecting the normalization of the distribution are included using a log-normal prior. To search
for resonances in the my spectrum, a binned maximum likelihood fit is performed.

We calculate upper exclusion limits on 8 for each model described in Section 3} We further
translate these into lower exclusion limits on 1y and mqpyy for the SSM W’ and QBH models,
respectively. However, for the studies focused on coupling strengths, these are left as upper
exclusion limits, unless otherwise specified.
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Figure 4: The transverse mass distribution of the T, + pTss system observed in the 2016
2018 data (black dots with statistical uncertainty) as well as the expectation from SM processes
(stacked histograms). The horizontal lines of the data points reflect the varying bin sizes. Dif-
ferent signal hypotheses normalized to 10fb ™! are illustrated as dashed lines for exemplary
SSM W’ boson, QBH, and EFT signal hypotheses. The ratios of the background-subtracted
data yield to the expected background yield are presented in the lower panel. The combined
statistical and systematic uncertainties in the background are represented by the grey shaded
band in the ratio panel.
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8.1 Model-independent cross section limit

New physics might produce signal shapes that are different from those expected for any of the
above-mentioned signal models. Therefore, a model-independent (MI) cross section limit on
(0BAe)yy is provided in Fig.|5| This limit is obtained by calculating a single bin limit, where we
integrate from a lower m threshold to infinity. This procedure results in an exclusion limit with
a step-like behavior that originates from the binning of the m distribution. For the estimation
of this exclusion limit, a constant product of acceptance times efficiency of 16% is assumed. This
value includes the branching fraction of hadronic T lepton decays and experimental efficiencies
for the signal. An exclusion limit on a specific model calculated using the presented MI limit
can be obtained by applying the model-dependent part of Ae.

To reflect the effect of the threshold, m™™ on a new physics signal, we determine a factor fng
by counting the number of events with my > m™" and dividing this result by the number
of generated events. The reconstruction efficiency is nearly constant over the entire m range
scanned in this analysis; therefore f,, can be evaluated at the generator level.

A limit on the product of the production cross section and branching fraction (0BA€)q to-
gether with the acceptance A and the efficiency € can be obtained as a function of m™" by
dividing the excluded cross section of the MI limit (cBAe)yy given in Fig. B|by the calculated
fraction f,, (mf™): .

(BA€)y(m7™)

fong (M)

(UBAe)excl = (5)

Here, B is the branching fraction of the new particle decaying to T +v. A new physics model
can be interpreted using the MI limit by scanning m%" for the minimum value of (0BA€)ey-
When accounting for the model-dependent part of A€, (0B).,q can be extracted. Models with
a theoretical cross section (08)geo > (08)eya can be excluded. The procedure described here
can be applied to all models involving the two-body decay of a massive system to a T lepton
and pss, which exhibit back-to-back kinematics similar to those of a generic W’ boson. If the
kinematic properties are different, the fraction of events f,,_ (mMin) must be determined for the
particular model considered.

8.2 Mass limit for a heavy vector boson

When calculating the limit in the SSM, the parameter of interest is the product of the signal pro-
duction cross section and the branching fraction cB(W’ — tv). Figure[f|shows the exclusion
limit on this product as a function of the SSM m,,,. The SSM W’ boson production is excluded
for masses between 0.6 TeV and 4.8 TeV by comparison with the theoretical NNLO cross sec-
tion. The observed limit is in agreement with the expected mass limit of 4.8 TeV. Previous CMS
searches in this channel already exclude the lower SSM mass hypotheses [6]. The lower bound
is mainly determined by the trigger thresholds and the upper bound by the available data. In
the high mass region, off-shell production of W’ bosons becomes dominant, shifting the signal
my distribution towards lower m values.

8.3 The NUGIM and coupling sensitivity

The limits for the coupling-dependent W' boson model and the NUGIM G(221) model are
calculated in a two-dimensional plane that depends on the mass of the new mediator particle
and its width. The W’ boson width is affected by the coupling. We extract the limits shown
in Fig. [7|by finding the intersection of the LO cross section theory plane of the corresponding
model with the experimental result. The upper limits on the coupling strength in the case
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Figure 5: Bayesian 95% CL model-independent upper limit on the product of signal cross sec-
tion and branching fraction for the T +v decay for a back-to-back T lepton plus p* topology.
To calculate this limit, all events for signal, background, and data are summed starting from a
minimum my threshold and then divided by the total number of events. No assumption on the
signal shape is included in this limit, however a signal selection efficiency of 16% is assumed.
The expected (dashed line) and observed (solid line) limits are shown as well as the 68% and
95% CL uncertainty bands (green and yellow, respectively). The uncertainty bands correspond
to the sum in quadrature of PDF and scale variations.
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Figure 6: Bayesian upper exclusion limits at 95% CL on the product of the cross section and
branching fraction of a W’ boson decaying to a T lepton and a neutrino in the SSM model.
For this model, W’ boson masses of up to 4.8 TeV can be excluded. The limit is given by the
intersection of the observed (solid) limit and the theoretical cross section (blue dotted curve).
The 68 and 95% quantiles of the limits are represented by the green and yellow bands, respec-
tively. The 0B for an SSM W' boson, along with its associated uncertainty, calculated at NNLO
precision in QCD is shown.
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of SSM-like W’ bosons, and on the mixing parameter cot 6 in the case of the NUGIM G(221)
model are provided as functions of nyy,. In the latter case, for cot(fg) > 5.5, the width becomes
so large that the model is no longer valid. We exclude coupling values above gy//gw = 0.05
for masses of 1 TeV. For a mass hypothesis of 6 TeV, coupling values above 2 are excluded. For
NUGIM G(221) models, we can exclude all theoretically allowed values of cotfg for masses
below 2.2 TeV. For values of cot 0 = 1, masses of up to 4.8 TeV are excluded.
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Figure 7: Bayesian upper exclusion limits on the ratio g/ /gw for an SSM-like W’ boson are
shown on the left. The unity coupling ratio (blue dotted curve) corresponds to the SSM com-
mon benchmark. The lower exclusion limits on the NUGIM G(221) mixing angle cotfg are
shown on the right as a function of the W’ boson mass. The theoretically excluded region is
shaded in grey. The 68 and 95% quantiles of the limits are represented by the green and yellow
bands, respectively.

8.4 The QBH limits

The QBH model has the same m sensitive observable as the SSM model. However, it differs
with respect to its production mechanism. Its signal shape in the generator mass distribution
is characterized by a threshold mass with a rising edge, followed by a monotonic decrease
towards higher masses. This shape is less sharp in the my distribution and, in parts, extends
towards lower masses because of the T lepton decay. We exclude this model for threshold
masses of up to 6.6 TeV, as shown in Fig.

8.5 Leptoquark limits

We also place upper limits on the cross section of the process pp — 7v mediated by LQ ex-
change in the t-channel. These limits are presented in Fig.[f} Masses up to 205/ 515 / 5900 GeV
are excluded for the best-fit LH / best-fit LH+RH / democratic scenarios.

Figure[10[shows lower limits on the LQ mass for varying LQ couplings gy; to SM fermions. The
limits are compared to the values of g; that are obtained in the fit [44] to the flavor anomaly
data in the two best fit scenarios for only LH couplings (left) and LH+RH couplings (right).

In both best-fit scenarios, we exclude a significant part of the LQ parameter space. LQ masses
up to 10 TeV and couplings gy, of up to 8 are probed. In comparison to the values of g; preferred
to explain the flavor anomalies, this analysis has direct sensitivity to LQs, as predicted by the
model of Ref. [44]. The exclusion limits at 95% CL just reach the preferred phase space at large
values of m; o and gy In addition to exclusion limits probing the couplings as predicted in the
best fit scenarios, limits that are not motivated by the b anomalies are presented as well. They
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Figure 8: Bayesian upper exclusion limits at 95% CL on the product of the production cross
section and branching fraction of a QBH in an associated T lepton and neutrino final state. The
68 and 95% quantiles of the limits are represented by the green and yellow bands, respectively.
Masses of up to 6.6 TeV are excluded at 95% CL. The limit is given by the intersection of the
observed (solid) limit and the theoretical cross section (blue dotted curve).

are obtained using the benchmark of democratic LH couplings. The lower limits on m; are
shown for varying values of g in Fig.[10| (lower) for this scenario.

8.6 The EFT limits

In the EFT description, we calculate limits in terms of the three Wilson coefficients used in
this model. For each available signal hypothesis, the event yield is scaled with the square of
the corresponding Wilson coefficient to probe a range between 0.05 and 2.0 for each coupling
type, and the direct limit on the maximum allowed coupling value is extracted. The results
are shown in Fig. The excluded values are 0.32 (0.27) / 0.51 (0.41) / 0.27 (0.22) observed
(expected) for €1 / €g; / er, respectively. The small difference originates from the shape of the
signals, for which the my-region between 1.0 and 1.5 TeV has the most impact on the exclusion
limits [57].

8.7 Overview of the exclusion limits

A summary of mass exclusion limits calculated at 95% CL is shown in Table I, The limits
presented in this analysis are the most stringent to date for all the models considered.
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Figure 9: Bayesian upper limits at 95% CL on the cross section of the process pp — Tv me-
diated by LQ exchange in the t-channel. 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 predicted LQ cross section at LO in the three cou-
pling benchmark scenarios is depicted in different colors for gy = 1. The uncertainty bands
correspond to the sum in quadrature of PDF and scale variations. The first benchmark scenario

considers only couplings to LH SM fermions (i.e. ,811{ = 0) and is referred to as “best fit LH”. The
second benchmark, referred to as “best fit LH+RH”, considers ﬁlf; = 1 and all other ,BII{ =0.
In the third “democratic” benchmark, equal couplings only to LH fermions are assumed, i.e.,

7l =1and g} = Oforalliand j.

Table 1: Summary of 95% CL exclusion limits (expected and observed) derived from 2016-
2018 data, for the physics models studied in this analysis: sequential standard model (SSM),
nonuniversal gauge interaction model (NUGIM), a quantum black hole (QBH) interpretation,
t-channel leptoquark (LQ), and effective field interpretation (EFT).

Model Parameter Expected Limit Observed Limit
SSMW' — 1+4+v My 4.8 TeV 4.8 TeV
NUGIM cot(0)=1 My 4.8TeV 4.8TeV
NUGIM cot(0r)=5.5 My 2.4TeV 2.2TeV
QBH Moy 6.6 TeV 6.6 TeV
LQ democratic, gy=1.0 mo 6.7 TeV 59TeV
LQ best-fit LH, g;=1.0 miq 145 GeV 205 GeV
LQ best-fit LH, gy=2.5 mrq 1.8 TeV 1.5TeV
LQ best-fit LH+RH, g;=1.0 meq 645 GeV 515GeV
LQ best-fit LH+RH, g;=2.5 meq 3.0TeV 2.5TeV
EFT eP 0.27 0.32
EFT er 0.41 0.51

EFT esP 0.22 0.27
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Figure 11: Bayesian upper exclusion limits at 95% CL on each of the Wilson coefficients de-
scribed by the EFT model in Section [3|based on 20162018 data. The three different coupling
types represent a LH vector coupling (e°), scalar-tensor-like coupling (eglz, and tensor-like cou-
pling (5)). The 68 and 95% quantiles of the limits are represented by the green and yellow
bands, respectively.
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9 Summary

A search for new resonant phenomena in the transverse mass distribution of a hadronically
decaying T lepton and missing transverse momentum final state has been performed. The
analysis uses 2016-2018 data collected with the CMS detector in proton-proton collisions with
Vs = 13TeV at the LHC, corresponding to an integrated luminosity of 138 fb~'. The newly
developed DEEPTAU algorithm is used to identify T lepton candidates and to separate signal
from background. Background from jets being misidentified as hadronically decaying T lepton
candidates is derived from data.

No significant deviation from the standard model expectations is observed. Upper limits are set
at 95% confidence level on the product of the production cross section and branching fraction
0B of a new resonance gauge boson (W’) decaying to a T lepton and a neutrino. Lower limits
are derived on the mass of a W’/ boson in the sequential standard model and on the mass of
a quantum black hole. In the case of the generalized coupling model, upper limits on o5 are
translated into upper exclusion limits on the ratio of the couplings of the W' boson to that of
the standard model W boson, g/ gw- Similarly, limits are obtained on the mixing angle 6 for
the nonuniversal gauge interaction model and on the Wilson coefficients for an effective field
theory model.

The process of t-channel leptoquark (LQ) exchange is targeted explicitly in this analysis. For
the first time, upper limits are placed on the cross section of the pp — Tv process mediated
by t-channel LQ exchange. Three benchmark coupling scenarios are tested that correspond to
the best fits to the flavor anomaly data and to a generic democratic flavor structure. Significant
portions of the LQ parameter space are excluded by placing upper limits on the LQ coupling gy
as a function of the LQ mass, including parts of the region preferred by a vector LQ explanation
of the anomalies. Additionally, a model-independent limit is provided. The limits obtained for
the various interpretations presented are the most stringent to date.
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