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1 Introduction

The standard model (SM) of particle physics is remarkably successful in describing matter
and its fundamental interactions. In 2012, the discovery of a major missing piece, the Higgs
boson, was announced by the ATLAS and CMS experiments [1–3] at the CERN LHC. Despite
the many successes of the SM, there are both theoretical and experimental reasons why it
is not considered to be the final and most fundamental theory of nature. Measurements of
the B → Dτν and B → D∗

τν decay rates reported by the BaBar [4, 5], Belle [6–11], and
LHCb [12–16] Collaborations collectively deviate from the SM predictions by about three
standard deviations [17]. Leptoquark (LQ) models have received considerable interest in the
interpretation of these deviations. Leptoquarks are hypothetical color-triplet scalar or vector
bosons, which carry both baryon and lepton quantum numbers, and have fractional electric
charge. They are predicted by many theories beyond the SM, such as grand unification [18–
25] and models invoking technicolor [26–28] or compositeness [29–31]. An LQ that couples
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Figure 1. Example Feynman diagrams of signal processes at leading order: single (left) and pair
(center) LQ production, as well as nonresonant production of two τ leptons via t-channel LQ exchange
(right).

most strongly to third-generation fermions could offer coherent explanations [32–63] for the
B → Dτν, B → D∗

τν, and other B physics anomalies reported by LHCb [64–69] and Belle [70].
The production cross sections in proton-proton (pp) collisions and decay widths of LQs

are determined by: the LQ mass mLQ, its branching fraction β to a charged lepton and a
quark, the coupling strength λ of the LQ-lepton-quark vertex, and the coupling parameter
κ in the case of vector LQs [71–73]. The LQ can be produced in pairs via gluon fusion or
quark-antiquark annihilation, or singly via quark-gluon fusion. However, for large values of
the coupling strength λ, the nonresonant production of two leptons via LQ exchange in the t

channel dominates the total cross section [74, 75]. Pair production of LQs is approximately
independent of λ, while single production and nonresonant production are not.

Currently, the most stringent limits on the production of an LQ decaying to a τ lepton and
a b quark come from analyses by the ATLAS Collaboration [76, 77]. Leptoquarks with masses
below 1.49–1.96 TeV were excluded in a search for scalar or vector LQ pair production [76],
while coupling-dependent limits have been placed in a search for single and nonresonant LQ
production [77], excluding scalar (vector) LQ masses of up to 1.53 (2.05) TeV at couplings of
λ = 2.5. A search for single production of LQs with the same decay mode was performed
by the CMS Collaboration, excluding scalar LQs below masses of 1.05 TeV for λ = 2.5 [78].
Other searches for LQs decaying to a t quark and a τ lepton or neutrino exploiting the LHC
2016–2018 (2015–2018) data set have been performed by CMS [79, 80] (ATLAS [81, 82]).

This paper presents a search that targets the single and pair production of scalar and
vector LQs that decay exclusively to a τ lepton and a b quark, and a search for the nonresonant
production of a τ lepton pair. Example Feynman diagrams of the signal processes at leading
order (LO) are shown in figure 1. Single and pair production have a resonant final state
that includes two τ leptons and at least one heavy-flavored jet. Nonresonant production
will also have a final state with two τ leptons, and potentially additional jets originating
from gluon splitting or initial-state radiation.

The search is based on a data sample of pp collisions at a center-of-mass energy of
13 TeV recorded by the CMS experiment in 2016–2018, corresponding to an integrated
luminosity of 138 fb−1. It exploits several decay channels of the τ lepton pair: fully hadronic
(τhτh), semileptonic (eτh, µτh), and fully leptonic channels (eµ, µµ). Throughout this paper,
electrons and muons are collectively referred to as leptons (ℓ). Owing to the large branching
fraction of the τh decay, the semileptonic and fully hadronic channels are the most sensitive
to an LQ signal, while events with two leptons are primarily used to constrain the SM
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backgrounds. Candidate events are further categorized according to whether or not at least
one high-pT jet is present (targeting resonant LQ production) or absent (targeting nonresonant
ττ production). If high-pT jets are present, two subcategories are defined according to whether
or not at least one is identified as being initiated by a b quark. The LQ signal is extracted
from a simultaneous fit to the observed distribution of the scalar sum of transverse momenta
in the categories with a high-pT jet, and the distribution of an angular distribution in the
category without a high-pT jet.

This paper is organized as follows: a brief description of the CMS detector is given in
section 2. The simulated samples used in this analysis are discussed in section 3, followed
by an overview of the event and object reconstruction in section 4. In section 5, the event
selection and the observables for signal extraction are described, after which the background
estimation is described in section 6. The systematic uncertainties are discussed in section 7.
The results and their statistical interpretation are presented in section 8. The paper closes
with a summary in section 9.

Tabulated results are provided in the HEPData record for this analysis [83].

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 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 pseudorapidity (η) coverage provided by
the barrel and endcap detectors. Muons are measured in gas-ionization detectors 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. [84].

Events of interest are selected using a two-tiered trigger system [85]. 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 time interval of about 4 µs [86].
The second level, known as the high-level trigger, consists of a farm of processors running a
version of the full event reconstruction software optimized for fast processing, and reduces
the event rate to about 1 kHz before data storage [85].

During the 2016 and 2017 data taking, a gradual shift in the timing of the inputs of the
ECAL first-level trigger in the region at |η| > 2.0 caused a specific trigger inefficiency. For
events containing an electron (a jet) with transverse momentum pT larger than ≈50 GeV
(≈100 GeV), in the region 2.5 < |η| < 3.0 the efficiency loss is ≈10–20%, depending on pT,
η, and time. Correction factors were computed from data and applied to the kinematic
acceptance evaluated by simulation.

3 Simulated samples

Samples of simulated events are used to devise selection criteria, and estimate and validate
background predictions. The main sources of background are the pair production of t quarks
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(tt), single t quark production, Drell-Yan (DY) and W boson production in association
with jets, respectively denoted as “DY + jets” and “W + jets”, diboson (WW, WZ, ZZ)
production, and quantum chromodynamics (QCD) production of multijet events. The
backgrounds are simulated with the Monte Carlo technique, except for the QCD multijet
background in the µµ and eµ channels, and the background due to jets misidentified as τh in
the µτh, eτh, and ττ channel. The W + jets and DY + jets processes are generated using the
MadGraph5_amc@nlo [87] generator (versions 2.2.2 and 2.3.3) at LO precision with up to
four additional partons simulated at the matrix element level, which are merged and matched
to the parton shower with the MLM scheme [88]. Diboson production is generated at LO
with pythia [89] in version 8.212 (8.230) for the 2016 (2017 and 2018) sample, except for the
gluon-initiated process, which is simulated with the mcfm (version 7.0) generator [90–92].
The tt and single t quark production are generated by powheg [93–95] (versions 2.0 and
1.0) at next-to-LO (NLO) precision in perturbative QCD [96–99].

Minor background processes, denoted in figures and tables as “other”, include electroweak
production of W or Z bosons in association with jets, the associated production of a W or Z
boson, a photon, and additional jets (Vγ + jets), as well as the production of three massive
gauge bosons (triboson production). All minor backgrounds are simulated using different
versions of MadGraph5_amc@nlo depending on the process and data-taking period. The
production of a Z boson and a photon, as well as that of three massive gauge bosons, is
simulated at NLO, while all other minor backgrounds are generated at LO.

The DY + jets, W + jets, tt , and single t processes are normalized using cross sections
computed at next-to-NLO (NNLO) in perturbative QCD [100–102]. All other background
processes are normalized according to their respective cross sections computed at the same
order as that of the matrix element calculations.

A simplified R̃2 model [40] is used to generate the signal samples with a scalar LQ.
In the case of the vector LQ, a U1 model [73] is used, in which the LQ couples only
to left-handed fermions of the third generation, with a corresponding Lagrangian density
L ⊃ λ

(
bLγµ

τLUµ + tLγµ
ντLUµ

)
+ h.c.. The coupling of LQs to quarks and charged leptons

relative to the coupling to quarks and neutrinos is expressed by a dimensionless parameter
β. For all signal samples we consider exclusive LQ couplings to b quarks and τ leptons,
corresponding to β = 1. The signal samples are generated at LO precision using the
MadGraph5_amc@nlo 2.6.1 [103] event generator with the five-flavor scheme. Since the
kinematic properties of the final state are expected to be independent of λ for the LQ signals
of t-channel exchange, pair production, and single production with approximately λ < 1.5,
and the LQ decay width is smaller than the experimental resolution, samples generated with
λ = 1 are used for those cases. Additional samples of single LQ production are generated
for values of λ between 1.5–2.5 to take into account the increased width and changes to
kinematic properties of the final state. The single and pair production of vector LQs depends
on an additional parameter κ, which affects the interaction of the LQ with the SM gauge
fields. Values of κ = 1 and 0 are considered in this analysis, corresponding to the Yang-Mills
and minimal coupling scenarios, respectively. The nonresonant production of two τ leptons
via t-channel LQ exchange is generated assuming no interference with the SM DY process, as
the corresponding reduction of the signal yield in sensitive regions of the analysis would be
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less than 5% for λ > 1 [75] and is therefore considered to be negligible. The cross sections
of all signal processes are computed at LO with the models discussed above, except for the
production of a scalar LQ pair, which is computed at NLO [104–106].

The event generators are interfaced with pythia 8.212 for 2016 and 8.230 for 2017 and
2018 samples to model the parton showering and fragmentation, as well as the decay of the τ

leptons. The pythia parameters affecting the description of the underlying event are set to
the CUETP8M1 (CP5) tune for all 2016 (2017–2018) samples [107, 108], except for the 2016
tt sample, for which CUETP8M2T4 [109] is used. For the simulation of the SM background
processes, the NNPDF3.0 PDFs [110] with the order matching that of the matrix element
calculations are used with all generators for 2016, while NNPDF3.1 [111] NNLO PDFs are
used for 2017 and 2018 running conditions. For the simulation of the LQ signal, NNPDF3.1
PDFs at LO are used for all years. Generated events are processed through a simulation of
the CMS detector based on Geant4 [112], and are reconstructed with the same algorithms as
used for data. The simulated samples include additional pp interactions per bunch crossing,
referred to as “pileup”. The effect of pileup is taken into account by generating minimum-bias
collision events with pythia. The simulated events are weighted such that the distribution
of the number of pileup interactions matches that in data.

4 Event and object reconstruction

A particle-flow algorithm [113] aims to reconstruct and identify each individual particle in an
event, with an optimized combination of information from the various elements of the CMS
detector. Photons are identified as ECAL energy clusters not linked to the extrapolation of any
charged particle trajectory to the ECAL. Electrons are identified as a primary charged particle
track and potentially many ECAL energy clusters, corresponding to this track extrapolation
to the ECAL and to possible bremsstrahlung photons emitted along the way through the
tracker material. Muons are identified as tracks in the central tracker consistent with either a
track or several hits in the muon system, and associated with calorimeter deposits compatible
with the muon hypothesis. Charged hadrons are identified as charged particle tracks neither
identified as electrons, nor as muons. Finally, neutral hadrons are identified as HCAL energy
clusters not linked to any charged hadron trajectory, or as a combined ECAL and HCAL
energy excess with respect to the expected charged hadron energy deposit.

The energy of photons is obtained from the ECAL measurement. The energy of electrons
is determined from a combination of the track momentum at the main interaction vertex,
the corresponding ECAL cluster energy, and the energy sum of all bremsstrahlung photons
attached to the track. The energy of muons is obtained from the corresponding track
momentum. The energy of charged hadrons is determined from a combination of the track
momentum and the corresponding ECAL and HCAL energies, corrected for the response
function of the calorimeters to hadronic showers. Finally, the energy of neutral hadrons is
obtained from the corresponding corrected ECAL and HCAL energies.

The primary pp interaction vertex of an event is taken to be the reconstructed vertex
corresponding to the hardest scattering in the event, evaluated using tracking information
alone, as described in section 9.4.1 of ref. [114].
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The momentum resolution for electrons with a pT ≈ 45 GeV from Z → ee decays ranges
from 1.6–5.0%. It is generally better in the barrel region than in the endcaps, and also
depends on the bremsstrahlung energy emitted by the electron as it traverses the material
in front of the ECAL [115, 116]. Electrons are identified with a multivariate analysis [117]
discriminant that includes several quantities describing the track quality, the shape of the
energy deposits in the ECAL, and the compatibility of the measurements from the tracker
and the ECAL. Electrons must also pass a filter that rejects electrons coming from photon
conversions and are required to be isolated [116]. Electrons are required to have pT > 50 GeV,
|η| < 2.3, and be within a longitudinal distance dz of 0.2 cm and a radial distance dxy of
0.045 cm from the primary vertex (PV).

Matching muons to tracks measured in the silicon tracker results in a relative pT resolution,
for muons with pT up to 100 GeV, of 1% in the barrel and 3% in the endcaps. The pT resolution
in the barrel is better than 7% for muons with pT up to 1 TeV [118]. Muons are identified with
requirements on the quality of the track reconstruction and on the number of measurements
in the tracker and the muon system, and are required to be isolated [118]. Furthermore,
muons must have pT > 50 GeV, |η| < 2.4, and be within a longitudinal distance dz < 0.2 cm
and a radial distance dxy < 0.045 cm from the PV.

For each event, hadronic jets are clustered from reconstructed particles using the infrared-
and collinear-safe anti-kT algorithm [119, 120] with a distance parameter of 0.4. Jet momentum
is determined as the vectorial sum of all particle momenta in the jet, and is found from
simulation to be, on average, within 5–10% of the true momentum over the entire pT spectrum
and detector acceptance. Pileup interactions can contribute additional tracks and calorimetric
energy depositions to the jet momentum. To mitigate this effect, charged particles identified
to be originating from pileup vertices are discarded and an offset correction is applied to
correct for remaining contributions. Jet energy corrections are derived from simulation
to bring the measured response of jets to that of particle level jets on average. In situ
measurements of the momentum balance in dijet, photon + jet, Z + jet, and multijet events
are used to account for any residual differences in the jet energy scale between data and
simulation [121]. The jet energy resolution amounts typically to 15–20% at 30 GeV, 10% at
100 GeV, and 5% at 1 TeV [121]. Additional selection criteria are applied to each jet to remove
jets potentially dominated by anomalous contributions from various subdetector components
or reconstruction failures. In this analysis, jets are required to have pT > 50 GeV and
|η| < 4.7, and must be separated from the selected leptons by ∆R =

√
(∆η)2 + (∆ϕ)2 > 0.5,

where ϕ denotes the azimuthal angle.
Jets originating from the hadronization of b quarks are identified using the DeepCSV

algorithm [122, 123] based on a deep neural network with four hidden layers that is an
extension of the combined secondary vertex algorithm [124]. It exploits observables related
to the long lifetime and large mass of b hadrons. This analysis uses a fixed working point
(WP) of DeepCSV that corresponds to a 10% misidentification rate for jets originating from
light quarks or gluons, and an efficiency of up to 90% in selecting b quark jets, depending
on the jet pT and η. The efficiency degrades to approximately 60% for pT > 500 GeV. In
this analysis, b-tagged jets are required to have pT > 50 GeV and |η| < 2.4 (2.5) for the
2016 (2017–2018) data-taking period.
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Hadronic τ lepton decays are reconstructed from jets, using the hadrons-plus-strips
algorithm [125], which combines 1 or 3 tracks with energy deposits in the calorimeters, to
identify the τ lepton decay modes. Neutral pions are reconstructed as strips with dynamic
size in η-ϕ from reconstructed electrons and photons, where the strip size varies as a function
of the pT of the electron or photon candidate. To distinguish genuine τh decays from jets
originating from the hadronization of quarks or gluons, electrons, or muons, the DeepTau
algorithm [126] is used, which combines information from all individual reconstructed particles
near the τh candidate axis with properties of the τh candidate and the event. The probability
of a jet to be misidentified as a τh candidate by the DeepTau algorithm depends on the pT
and quark flavor of the jet. In simulated W + jets events it has been estimated to be 0.43%
for a genuine τh identification efficiency of 70%. The misidentification rate for electrons
(muons) is 2.60 (0.03)% for a genuine τh identification efficiency of 80 (>99)%. Lastly, the τh
candidate is required to have pT > 50 GeV, |η| < 2.3, and be within a longitudinal distance
dz of 0.2 cm from the PV.

The missing transverse momentum vector p⃗ miss
T is computed as the negative vector pT

sum of all the particle-flow candidates in an event, and its magnitude is denoted as pmiss
T [127].

The p⃗ miss
T is modified to account for corrections to the energy scale of the reconstructed

jets in the event.

5 Event selection

This search targets a final state signature with energetic τ leptons and b quark jets. Section 5.1
introduces a baseline event selection, which requires the events to be consistent with either
the eτh, µτh, τhτh, eµ, or µµ decay channel, where the electron, muon, or τh object is
assumed to be the visible product of τ lepton decays. The most sensitive decay channels are
eτh, µτh, and τhτh, while the expected LQ signal contribution is negligible compared to the
background in the eµ and µµ channels. However, the fully leptonic channels still provide
a large sample of background events that help to constrain the systematic uncertainties in
the simulated background in a combined fit. Event categories that target the resonant LQ
production based on events with at least one high-pT jet not originating from a τh decay
are then defined in section 5.2, and those targeting a nonresonant signal based on events
with no such high-pT jets are defined in section 5.3.

5.1 Baseline selection

This analysis makes use of three types of triggers depending on the explored final state. Events
collected by single-electron triggers are considered in the eτh channel, by single-muon triggers
for the µτh, eµ, and µµ final states, and by triggers requiring a pair of τh candidates for
the τhτh channel. A minimum pT of 27–35 GeV (24–27 GeV, 35–40 GeV) is required for each
particle candidate to pass the single-electron (single-muon, τhτh) triggers, varying between
years of data taking. The τhτh triggers are limited to |η| < 2.1, therefore τh candidates are
required to have |η| < 2.1 in the τhτh channel.

The eτh (µτh) channel requires exactly one electron (muon) and at least one τh candidate
passing the reconstruction criteria described in section 4. The selected lepton and τh must
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have an angular separation of ∆R > 0.5 and have opposite-sign (OS) electric charge. If
multiple such combinations of a lepton and a τh candidate are found, the pair with the
highest-pT τh candidate is selected. In order to reject background events from Z → e+e−

and Z → µ
+

µ
− decays, the DeepTau discriminators against leptons misidentified as τh

candidates are applied to the τh object in both channels. In the eτh (µτh) channel, the
“Loose” (“VVLoose”) WP of the discriminator against electrons, as defined in ref. [126], is
used. In both channels, the “VLoose” WP of the discriminator against muons is employed.

Lastly, for both the eτh and µτh channels, a veto on additional leptons is applied in
order to reduce DY + jets, tt , and diboson backgrounds, as well as to keep orthogonality
between the eτh and µτh channels. For this purpose, events with additional isolated electrons
or muons that pass looser identification criteria are discarded.

Events in the τhτh channel are required to have two τh candidates satisfying the criteria
detailed in section 4. The two τh candidates must be separated by ∆R > 0.5 and have OS
electric charges as well. As in the case of the semileptonic channels, extra-lepton vetoes,
and the DeepTau discriminators against leptons are applied. As there is little background
in this channel from electrons or muons misidentified as τh candidates, loose WPs of the
discriminators against electrons (“VVLoose”) and muons (“VLoose”) are used.

In the eµ (µµ) channel, the presence of exactly one electron and one muon (exactly two
muons) of OS electric charges and with ∆R > 0.5 is required, while a veto is applied on
additional leptons. The criteria discussed in section 4 are applied.

5.2 Search for resonant LQ production

The final states of the single- and pair-production processes are characterized by two high-pT
τ leptons and one or two high-pT b quarks. In order to obtain the highest sensitivity to
the LQ signal, the event categorization and selections have been optimized. The kinematic
variable showing the best separation power between signal and background is the scalar sum
SMET

T of the pT of the τ decay candidates (p1
T, p2

T), the leading jet (pj
T), and pmiss

T ,

SMET
T = p1

T + p2
T + pj

T + pmiss
T . (5.1)

The SM background has a steeply falling SMET
T distribution, while the LQ signal is expected

to appear at large values of SMET
T . The signal strength is extracted from a simultaneous

fit to the observed distribution of this observable. This analysis considers events that have
at least one jet with pT > 50 GeV. Two orthogonal event categories are then constructed:
the “0b” category, which requires zero loosely b-tagged jets with pT > 50 GeV, and the
“≥1b” category, which requires at least one such jet. The 0b category primarily targets
events of single or pair production of LQs in which jets initiated by a b quark are not b
tagged. An additional requirement is applied on the invariant mass mvis of the sum of the
four-momenta of all visible decay products of the two τ leptons, mvis > 100 GeV, to remove
DY events with negligible loss of signal.

The product of acceptance and efficiency for the vector LQ signal in the resonant signal
categories 0b and ≥1b is shown in the upper row of figure 2 as a function of mLQ. The scalar
LQ signal shows a very similar behavior. The acceptances and efficiencies are restricted to the
sensitive region of SMET

T > 800 GeV and are computed with respect to all possible decay modes

– 8 –



J
H
E
P
0
5
(
2
0
2
4
)
3
1
1

500 1000 1500 2000

Leptoquark mass [GeV]

0

2

4

6

8

10

12

14

16

 e
ff
ic

ie
n
c
y
 [
%

]
×

A
c
c
e
p
ta

n
c
e
 

(13 TeV)

CMS
Simulation

 > 800 GeVMET
T, Shτhτ

 = 1κ = 1, λVector LQ, 

Pair, 0b 1b≥Pair, 

Single, 0b 1b≥Single, 

Nonres, 0b 1b≥Nonres, 

500 1000 1500 2000

Leptoquark mass [GeV]

0

2

4

6

8

10

12

14

 e
ff
ic

ie
n
c
y
 [
%

]
×

A
c
c
e
p
ta

n
c
e
 

(13 TeV)

CMS
Simulation

 > 800 GeVMET
T, Shτµ

 = 1κ = 1, λVector LQ, 

Pair, 0b 1b≥Pair, 

Single, 0b 1b≥Single, 

Nonres, 0b 1b≥Nonres, 

500 1000 1500 2000

Leptoquark mass [GeV]

0

0.5

1

1.5

2

 e
ff
ic

ie
n
c
y
 [
%

]
×

A
c
c
e
p
ta

n
c
e
 

(13 TeV)

CMS
Simulation

 < 4χ, hτhτ

 = 1κ = 1, λVector LQ, 

 < 400 GeVvisNonres, 200 < m

 < 600 GeVvisNonres, 400 < m

 > 600 GeVvisNonres, m

500 1000 1500 2000

Leptoquark mass [GeV]

0

0.5

1

1.5

2

 e
ff
ic

ie
n
c
y
 [
%

]
×

A
c
c
e
p
ta

n
c
e
 

(13 TeV)

CMS
Simulation

 < 4χ, hτµ

 = 1κ = 1, λVector LQ, 

 < 400 GeVvisNonres, 200 < m

 < 600 GeVvisNonres, 400 < m

 > 600 GeVvisNonres, m

Figure 2. Product of acceptance and efficiency for a vector LQ signal in the τhτh (left) and µτh
(right) channels of the 0b and ≥1b (upper), and the 0j categories (lower). The resonant LQ signals
are neglected in the 0j category. Vertical bars (only just visible) indicate the statistical uncertainty.

of the two τ leptons. In the τhτh channel of the ≥1b category, the product of acceptance and
selection efficiency for the LQ pair production events varies with mLQ between approximately
3.5 and 10.0%, while it varies between 1.0 and 7.5% for the single production. Below LQ
masses of approximately 1 TeV, the acceptance and efficiency for resonant production decrease
towards lower masses in the ≥1b category because of a softer pT spectrum. Contributions
from the nonresonant signal are also considered in the 0b and ≥1b categories, as one or more
high-pT jets due to initial-state radiation or gluon splitting may be present.

5.3 Search for nonresonant LQ production

To increase the purity of the nonresonant signal, a small longitudinal Lorentz boost |η1 +
η2|/2 < 1.1 and a pseudorapidity difference |∆η| < 3 between the two τ decay candidates
are required. To make this category orthogonal to those described in section 5.2, selected
events are required to have no jets with pT > 50 GeV. This category will therefore be referred
to as the “0j” category. After these selections, the events are separated into three bins
of the visible mass mvis: 200–400, 400–600, and larger than 600 GeV, because the signal
purity increases with mvis.
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In these three categories, the sensitive observable used for the signal extraction in a
simultaneous fit is the angular separation between the two τ lepton candidates, defined as
χ = exp (|∆η|). The choice of this variable is motivated by the fact that the χ distribution in
Rutherford scattering is flat [128], while new physics processes with a more isotropic angular
distribution will appear as an excess at low χ values. The χ distribution is then measured
over the range 1 < χ < 21, which implies a maximum value of |∆η| = 3.04.

The product of acceptance and efficiency for the vector LQ signal in the 0j categories is
shown in the lower row of figure 2 as a function of mLQ. Very similar behavior is found for
the scalar LQ signal. The acceptances and efficiencies are restricted to the sensitive region of
χ < 4 and are computed with respect to all possible decay modes of two τ leptons.

6 Background estimation

For the search of a resonant LQ signal in the 0b and ≥1b categories, the dominant backgrounds
in most search channels stem from tt production because of the presence of genuine electrons,
muons, τ leptons, and b quark jets from t quark decays. In final states with at least one τh
candidate, events with jets misidentified as τh candidates (j → τh events) are another major
source of background. For the nonresonant search in the 0j category, the main backgrounds
in the signal region (SR) are DY production as well as the j → τh events.

The shape of the Z boson pT spectrum of simulated DY + jets events is adjusted by
simulation-to-data correction factors. These factors are derived as a function of the pT of the
selected dimuon system in a sample enriched with DY + jets dimuon events. This procedure
is referred to as “Z boson pT reweighting” in the following.

6.1 Background estimation for the ℓτh and τhτh channels

For the eτh, µτh, and τhτh channels, all SM background processes are estimated using
simulation, except for background of j → τh events. The j → τh background in the different
signal channels consists of QCD multijet, W+jets, and tt events. This background is estimated
with the so-called “fake-factor” (FF) method that is described in detail in refs. [129, 130].
Depending on the event category, the j → τh background constitutes approximately 25–71% of
the total background in the eτh and µτh channels and 46–82% in the τhτh channel, decreasing
with the number of b-tagged jets and the minimum requirement imposed on mvis.

The FF method proceeds by defining an application region (AR) containing the same
selection criteria as in the SR, with the exception that the requirement on the DeepTau
discriminator against jets is inverted for one τh candidate, while still requiring it to pass
the “VLoose” WP. The AR is primarily populated by events with jets misidentified as τh
candidates, and has contamination from genuine τh decays at the level of a few percent or
below. The FF represents the ratio of the number of events with a jet misidentified as a
τh candidate in the AR to that in the SR. For both the AR and SR, corresponding control
regions (CRs) are defined, in which the same requirements on the DeepTau discriminator
against jets as in the AR and SR are applied. The FF is measured in data as the ratio of the
number of events in each of the two CRs, in which a jet was misidentified as a τh candidate.

The FF is measured separately for the three dominant background processes using
dedicated CRs that are pure in the respective background in order to take into account the
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differing compositions of jet flavors. The FFs for QCD multijet events are estimated in a CR
with same-sign (SS) τh pairs, while the FFs for W + jets events are estimated in ℓτh final
states with no b-tagged jets and a high transverse mass mT of the lepton and p⃗ miss

T . The
transverse mass is defined as mT =

√
2pℓ

Tpmiss
T (1 − cos ∆ϕ), where ∆ϕ denotes the azimuthal

distance between the lepton and p⃗ miss
T . For tt events, the FF are estimated purely from

simulated samples. The FFs measured separately for the three background processes are
combined in a weighted sum, in which each FF is weighted with the fraction of events of
the corresponding process in the AR. The j → τh background in the SR is obtained by
applying the combined FF to the data in the AR, from which simulated events with genuine
τh candidates have been subtracted. The combined FF takes an average value between 0.40
and 0.47, depending on the category.

The FF is calculated as a function of the pT of the τh candidate and the number of jets
in the event. In ℓτh events, the FF is also measured as a function of the ∆R between the
τh candidate and the light lepton. A polynomial function is fitted to the FF values as a
function of pT to interpolate between measured values. The presence of small backgrounds
in the AR that contain genuine τh decays results in an underestimation of the number of
events with a misidentified τh in the SR of up to 2%. Therefore, a correction is applied
based on the fractions of these processes in simulated events. Corresponding uncertainties
are incorporated into the fit model of the SR, as described in section 7. The FF method for
the τhτh channel is similar, with the exception that a weight factor of 0.5 is applied to take
into account combinatorial effects due to the presence of two τh candidates.

The FF method is tested in two validation regions (VRs): one is constructed by inverting
the leading jet pT requirement (i.e., pT < 50 GeV) and the other by using events with two τh
candidates that do not fulfill the DeepTau identification requirement against jets used to
define the SR. For both VRs, all other selection criteria are kept identical to the SR, except
that the b tagging requirement is removed to increase the number of events. The signal
contamination is negligible in both VRs. Data and the predicted background are found to
agree within statistical uncertainties, demonstrating the validity of the FF method.

6.2 Background estimation for the eµ and µµ channels

In the eµ and µµ channels, all SM background processes, except for the QCD multijet
background, are estimated using simulation and normalized according to the theoretical
cross sections.

The QCD multijet background is small and is estimated from an SS CR. In this CR, the
QCD multijet background shape is constructed by subtracting the simulated SM backgrounds
from observed data in each histogram bin. This shape is scaled by an extrapolation factor to
obtain the expected QCD multijet background in the OS SR. The extrapolation factor is
measured in simulated QCD multijet events by inverting the lepton isolation requirement,
and is found to be approximately 2.4.

7 Systematic uncertainties

Various systematic uncertainties are taken into account as nuisance parameters in the final
fit of the expected background and signal to the data. Uncertainties are treated differently
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depending on whether they affect only the rate of a given process or both its rate and shape
in the distributions used in the final fit.

7.1 Rate uncertainties

The uncertainty in the integrated luminosity varies depending on the year [131–133], amount-
ing to 1.6% for the 2016–2018 sample, and affects the rate of the signal and background
processes that are based on simulation. Uncertainties in the electron or muon identification
and trigger efficiency amount to 2% each [134]. For events in which electrons or muons
are misidentified as τh candidates, predominantly Z → e+e− events in the eτh channel and
Z → µ

+
µ

− events in the µτh channel, rate uncertainties of 12 and 25% [135], respectively,
are applied, as determined via the “tag-and-probe” method [136].

The QCD multijet background estimation in the eµ and µµ channels is found to have
rate uncertainties up to 20%. The uncertainty in the DY + jets cross section in the ≥1b
category is estimated using a dedicated CR of events with two τh candidates and at least
one b-tagged jet and mvis < 100 GeV. A 20% uncertainty is assigned to the DY + jets cross
section in the ≥1b category based on the total number of observed data events compared to
the expected background in this CR. In the other signal categories, the uncertainty in the
NNLO computation is given as 3%. The uncertainties in the cross section for the tt , diboson,
and single t quark processes are 5.5, 6, and 5.5%, respectively. A value of 5, 10, and 25%
is assigned to the uncertainty in the cross section for Vγ + jets, electroweak W or Z boson,
and triboson production, respectively. These uncertainties are correlated between the years
but assumed to be uncorrelated between 0j and the other signal categories.

7.2 Shape uncertainties

Differences in the τh identification efficiency between data and simulation are corrected by
scale factors (SFs) that are applied as functions of the τh decay mode for the τhτh channel.
The uncertainty in these SFs is predominantly statistical and assumed to be uncorrelated
between the three data-taking years and the four τh decay modes considered. In the µτh and
eτh channels instead, an inclusive SF is applied for each year, and its uncertainty is assumed
as uncorrelated between the three years but fully correlated between both channels. An
additional uncertainty, fully correlated between all analysis regions, is assigned to account for
the extrapolation of each τh identification SF from pT = 40 GeV to higher values, covering a
potential pT-dependence of the SFs. The uncertainty is expanded linearly up to values of +8
and −17% at pT = 500 GeV, beyond which it is continued as a constant. The uncertainty
in the trigger efficiency SF in the τhτh channel is taken into account by varying the SF
within its total uncertainty. This uncertainty is considered uncorrelated across years and
fully correlated between event categories in the τhτh channel.

The uncertainty in the τh energy scale depends on the τh decay mode and pT, and varies
between 0.6–1.4% for pT < 34 GeV, and between 1–4% for pT > 170 GeV, with a linear
interpolation between the respective uncertainties for 34 < pT < 170 GeV. It is only applied
to the simulated events with genuine τh candidates, namely those in DY + jets, tt , and LQ
events. It is uncorrelated between the years but correlated between the different channels.
For events in which a muon is misidentified as a τh candidate, a shape uncertainty is derived
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by varying the τh energy scale by 1%. For events with electrons that are misidentified as
a τh candidate, the uncertainties in the measured energy corrections are used, which vary
from 0.8 to 6.6% depending on the τh decay mode and pseudorapidity region.

The uncertainties in the jet energy scale are up to 4%, depending on the values of pT
and η of the jet [137]. The uncertainties in the jet energy scale and resolution are taken
into account as shape uncertainties by taking the one-standard-deviation variations of the
corrections and propagating them to all the affected variables in the analysis (including jet
pT, jet multiplicity, b tag multiplicity, pmiss

T and SMET
T ). These uncertainties are assumed to

be uncorrelated between the years and correlated between the three signal categories and
different τ decay channels. The uncertainty in the correction of the ECAL timing shift at the
trigger level is taken into account by varying the correction factor within its uncertainties.

The uncertainties in the b tagging efficiency of heavy-flavor jets (b and c quark jets) and
the misidentification rate of light-flavor (u, d, s quarks) and gluon jets are propagated from
the uncertainties in the b tagging SFs. The efficiencies for b and c quarks are assumed to be
correlated, as are the misidentification rates for light-flavor and gluon jets. Most of the shape
variations have little dependence on SMET

T , with about a 1% change in overall yield in the ≥1b
category, and less than 3% in 0b. The uncertainties are partially correlated between the years.

The uncertainties related to the FF method include the total systematic uncertainty in
the measurement of the FFs in each of the W+jets, tt , and QCD CRs, as well as the statistical
uncertainty in the pT-interpolation of the FFs. They are treated as uncorrelated between
the years, event categories, and ττ final states, as the dominant background process can
differ and the FF measurement is dominated by the statistical uncertainty due to the limited
number of events in the CRs. In addition, the statistical uncertainty in the FF interpolation
is considered uncorrelated between four bins in τh pT (<100, 100–200, 200–500, >500 GeV)
to allow independent variations of the FFs in regions with different kinematic properties.

The uncertainty in the Z boson pT reweighting is conservatively estimated by varying
the simulation-to-data correction factors up and down by 50%. Similarly, an uncertainty
is assigned to the modeling of the t quark pT in simulated tt , which was found to differ
between data and simulation [138–140]. Distributions of SMET

T and χ with differing shapes
are created by applying corrections to the simulated t quark pt distribution of the form
described in section 3 of ref. [141] but with a much larger range of variations in order to
ensure that the final fit is only weakly constrained by this uncertainty. Owing to large pre-fit
uncertainties, the Z boson and t quark pT distributions are modeled using data in the eµ

and µµ regions in the final maximum likelihood fit.

The renormalization and factorization scales µR and µF used in the event generation
depend on the process simulated and the generator used. They are either set to fixed values or
are related to kinematic properties of the individual generated events. The shape uncertainties
due to these scales are obtained by varying µR and µF simultaneously by the same or a
different factor (0.5, 1, or 2) while keeping the total yield constant and taking the envelope
of all variations. Extreme combinations of (µR, µF) varied by factors of (0.5, 2) or (2, 0.5)
are excluded. Similarly, the shape uncertainties due to the PDFs are taken into account
by creating a symmetric envelope [142].
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Finally, uncertainties related to the limited number of simulated events are taken into
account with the Barlow-Beeston-lite approach [143, 144]. They are considered for all bins
of the distributions that are used to extract the results. They are uncorrelated across the
different samples and across the bins of a single distribution.

All systematic uncertainties are summarized in table 1. In addition to the statistical
uncertainty due to the limited size of the simulated samples, the systematic uncertainties in
the identification of genuine τh candidates and in the estimation of the j → τh contribution
from data in CRs have the dominant impact on the expected sensitivity of this search.

8 Results

A binned maximum likelihood fit [145] of the observed SMET
T and χ distributions in all

channels, event categories, and data-taking periods is used to search for a possible signal over
the expected background. The nuisance parameters assigned to systematic uncertainties in
the normalization of the distributions are modeled with log-normal probability distributions in
the fit. Nuisance parameters for uncertainties affecting the shape of a distribution are modeled
with Gaussian distributions. In addition to searching for each LQ production mechanism
separately, results for the combined LQ signal with a total cross section σtot are also presented.

Figure 3 shows representative postfit distributions of SMET
T in the τhτh, ℓτh, and eµ

channels in the 0b and ≥1b categories, while figure 4 shows the postfit distributions of χ in
the 400 < mvis < 600 and mvis > 600 GeV bins of the 0j category. The total vector LQ signal
for the benchmark mLQ = 2000 GeV with λ = 2.5 and κ = 1 is overlaid and normalized to the
best-fit cross section. The binning of all histograms is chosen such that the total statistical
uncertainty in the SM background expectation of a given bin does not exceed 20%.

The postfit event yields of the signal and backgrounds are compared to the observed
data in table 2 for ττ final states with at least one τh, which are most sensitive to the LQ
signal, and all event categories considered in the fit. Table 3 shows the best-fit signal cross
section with the corresponding local significance for different LQ production modes. For lower
masses and coupling strengths λ, the observed data agree with the SM expectation within
approximately one standard deviation, and within two standard deviations for λ < 1.5 and
all LQ masses considered. At higher masses and coupling strengths, however, an excess with
a local significance of up to 2.8 standard deviations above the SM background expectation is
found. The significance is computed using the ratio of the profile likelihood of the background-
only fit to that of the fit in which the normalization of the total signal is a free parameter [146].
This excess is observed across several channels, as well as in both the χ and SMET

T distributions
in the different jet categories. The excess is most prominent for the nonresonant signal in
the analysis, which contributes to the combined excess increasingly at larger LQ masses and
couplings. The significance of the nonresonant signal by itself has no strong dependence on
mLQ or λ, hence the look-elsewhere effect is negligible for the nonresonant signal. When
combined with the pair and single production contributions to the total LQ signal, the excess
at lower LQ masses and couplings becomes less significant.

To better understand the origin of the excess and how compatible the signal model is
with each different final state, the fit of the total LQ signal is performed again, but with one
independent signal normalization parameter in each of the three jet categories (0j, 0b, ≥1b)
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Source
Channel

eτh µτh τhτh eµ µµ

Rate
Integrated luminosity 1.2–2.5%
Electron ID 2% — — 2% —
Electron trigger 2% — — — —
Muon ID — 2% — 2% 2%
Muon trigger — 2% — 2% 2%
e misID as τh 12% — 12% — —
µ misID as τh — 25% 25% — —
QCD multijet — — — 20% 20%
W + jets cross section — — — 6% 6%
DY + jets cross section 20% in ≥1b, 3% otherwise
tt cross section 5.5%
Diboson cross section 6%
Single t quark cross section 5.5%
Vγ + jets cross section 5%
Electroweak W/Z boson cross section 10%
Triboson cross section 25%
Jet energy scale 5% in 0j
pmiss

T scale Up to 4%

Shape
τh trigger — — ±1 s.d. in the SF — —
τh ID efficiency ±1 s.d. in SF, pT extrapolation — —
τh energy scale ±1 s.d. on the energy scale — —
Energy scale µ misID as τh ±1% on the energy scale — —
Energy scale e misID as τh ±1 s.d. on the energy scale — —
FF shape variations Syst. shape variations — —
b tagging efficiency ±1 s.d. in b tagging SFs
b tagging mistag rate ±1 s.d. in b tagging SFs
Jet energy scale ±1 s.d. in SF in 0b, ≥1b
Jet energy resolution ±1 s.d. in SF in 0b, ≥1b
ECAL trigger timing ±1 s.d. in SF
PDF variations Envelope of PDF variations
µR & µF variations Envelope of scale variations
Z boson pT reweighting Weight applied ±50%
t quark pT reweighting Ref. [141] with larger variations

Table 1. The sources of uncertainty considered, categorized as to whether they affect the rate or
shape of the distributions. “s.d.” refers to the standard deviation of the input variable and “(mis)ID”
stands for “(mis)identification”.
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Figure 3. Postfit distributions of SMET
T for the combined 2016–2018 data set after a simultaneous fit

of the background and vector LQ signal to the data. The last bin includes the overflow. The eµ (top),
ℓτh (center), and τhτh (bottom) channels in the 0b (left) and ≥1b (right) categories are shown. The
fitted signal distribution for the total vector LQ signal (red line) with a mass of 2000 GeV, λ = 2.5,
and κ = 1 is overlaid. In each distribution, the lower panel shows the ratio of the data (black markers)
or the sum of the postfit signal and background (red line) to the postfit background. The hatched
band indicates the total postfit uncertainty in the background.
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Figure 4. Postfit distributions of χ for the combined 2016–2018 data set after a simultaneous fit of
the background and vector LQ signal to the data. The last bin includes the overflow. The eµ (top),
ℓτh (center), and τhτh (bottom) channels in the 400 < mvis < 600 GeV (left) and mvis > 600 GeV
(right) categories are shown. The fitted signal distribution for the nonresonant vector LQ model
(red line) with a mass of 2000 GeV, λ = 2.5, and κ = 1 is overlaid. The contribution from resonant
LQ production is neglected. In each distribution, the lower panel shows the ratio of the data (black
markers) or the sum of the postfit signal and background (red line) to the postfit background. The
hatched band indicates the total postfit uncertainty in the background.
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Signal
mLQ = 1400 GeV mLQ = 2000 GeV

σfit [fb] z σfit [fb] z

Scalar

Pair 0.46+0.51
−0.49 1.0 0.39+0.45

−0.43 0.9

Single, λ = 1 1.32+1.03
−0.99 1.3 0.84+0.73

−0.70 1.2

Single, λ = 2.5 8.7+6.0
−5.7 1.5 17+12

−11 1.5

Nonres. 92+44
−38 2.8 83+39

−34 2.8

Total, λ = 1 2.3+2.1
−2.0 1.2 10.3+7.1

−6.4 1.6

Total, λ = 2.5 47+25
−22 2.4 78+37

−32 2.8

Vector, κ = 0

Pair 0.46+0.51
−0.48 1.0 0.41+0.44

−0.42 1.0

Single, λ = 1 1.20+0.96
−0.92 1.3 0.81+0.71

−0.68 1.2

Single, λ = 2.5 19+13
−12 1.6 31+22

−22 1.5

Nonres. 71+34
−29 2.8 62+30

−26 2.7

Total, λ = 1 1.8+1.7
−1.6 1.1 8.2+5.7

−5.2 1.6

Total, λ = 2.5 47+24
−21 2.5 62+31

−26 2.7

Vector, κ = 1

Pair 0.46+0.51
−0.48 1.0 0.41+0.44

−0.42 1.0

Single, λ = 1 1.20+0.96
−0.92 1.3 0.81+0.71

−0.68 1.2

Single, λ = 2.5 9.8+7.0
−6.7 1.5 24+19

−18 1.3

Nonres. 71+34
−29 2.8 62+30

−26 2.7

Total, λ = 1 0.72+0.75
−0.72 1.0 1.8+1.6

−1.5 1.2

Total, λ = 2.5 12.5+8.3
−7.5 1.7 48+25

−22 2.5

Table 3. Best-fit LQ cross sections σfit for various masses and coupling strengths λ, and the
corresponding local significance z (given in standard deviations) for different production modes
individually, as well as their combination. The look-elsewhere effect is negligible.

while keeping common nuisance parameters. For each fitted cross section, a significance is
computed while leaving the other two signal normalization parameters freely floating. For
the mLQ = 2000 GeV, λ = 2.5 benchmark, which yields the largest combined excess, the
local significances in the 0j and ≥1b categories range from 2.5 to 3.2 and 1.8 to 2.0 standard
deviations, respectively, depending on the spin of the LQ and the coupling parameter κ.
In the 0b category, a local significance between 3.4 and 3.7 standard deviations is found
for the scalar and vector LQ models.
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Figure 5. Observed and expected upper limit on the total cross section of a scalar LQ signal with
λ = 1 (left) and 2.5 (right) at the 95% CL under the assumption of exclusive LQ couplings to b quarks
and τ leptons. 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 red line shows the cross section with the shaded band indicating the theoretical uncertainties.

In a search performed by the ATLAS Collaboration [77], the LQ benchmark used in this
analysis has been excluded, warranting the study of alternative signal models as a potential
explanation of the results. As can be seen in figure 3, the largest excess of events is observed
in the 0b category at high values of SMET

T and most prominently in the ℓτh channel, which is
not expected for the model with exclusive LQ-b-τ couplings considered in this analysis. An
improved description of the data could be possible with additional LQ couplings to particles
of lighter generations. An independent analysis group based on ref. [147] finds consistent
results when applying similar event categorization and selection. A detailed study of events
in the 0b category with SMET

T > 800 GeV excluded detector-level and reconstruction issues as
a cause of the excess. This study also led to an improved modeling of the background due to
jets misidentified as τh objects with high pT in this analysis, and the systematic uncertainties
associated with genuine and misidentified τh candidates. However, the excess was found to
be robust against alternative τh uncertainty models such as modified correlation schemes
or different parametrizations of the uncertainties.

We set upper limits on the cross section of single, pair, and nonresonant production, as
well as their sum, using a profile likelihood ratio test statistic and the CLs criterion [148,
149]. The distributions of the test statistic are determined analytically using asymptotic
approximations [146]. All limits are placed under the assumption of LQs coupling exclusively
to b quarks and τ leptons (β = 1). The single production cross section approximately
scales with λ2 at lower values of λ < 1.5, while the nonresonant production cross section
is proportional to λ4. Consequently, an upper limit on the total cross section σtot can be
derived for different values of λ. To exclude regions of the λ-mLQ parameter space, the upper
limit on λ at the 95% CL is computed by varying λ. The observed and expected upper limits
at the 95% CL on the total cross section of scalar and vector LQ production are shown in
figures 5 and 6, respectively, for λ = 1 and 2.5.

Figures 7 and 8 show the upper limit on λ at the 95% CL as a function of mLQ for
the scalar and vector model. They include one line for each production mode, as well as
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Figure 6. Observed and expected upper limit on the total cross section of a vector LQ signal with
λ = 1 (left) and 2.5 (right) at the 95% CL under the assumption of exclusive LQ couplings to b quarks
and τ leptons. The upper (lower) row assumes a coupling parameter κ = 1 (0). 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 red line shows the cross
section calculated at LO with the shaded band indicating the theoretical uncertainties.

their combination, which allows for the exclusion of a larger region at higher values of λ,
where the single and nonresonant production start to contribute more significantly. Figure 9
shows the upper limit on the coupling strength for LQs exchanged in the t channel with an
extended coupling range, placing constraints on LQs with masses and coupling strengths
of up to 3 TeV and 3.5, respectively. The region with blue shading shows the parameter
space preferred by one of the models proposed to explain the B physics anomalies [61]. At
95% confidence level, LQ masses below 1.22 TeV are excluded for the scalar model with
λ = 1, and below 1.50 (1.82) TeV for the vector model with λ = 1 and a coupling parameter
κ = 0 (1). At λ = 2.5, the lower limits are 1.31 TeV for a scalar model, and 1.73 (1.88) TeV
for a vector model with κ = 0 (1).
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Figure 7. Observed and expected upper limit at the 95% CL on the coupling strength λ of a scalar
LQ under the assumption of exclusive LQ couplings to b quarks and τ leptons. The limits derived
for the single (green), pair (red), nonresonant (orange), and total LQ production (black) are shown.
The shaded bands around the expected limit lines correspond to the regions containing 68% of the
distribution of limits expected under the background-only hypothesis. The hatches indicate the
excluded side of the parameter space with respect to the combined observed limit.
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Figure 8. Observed and expected upper limit at the 95% CL on the coupling strength λ of a vector LQ
model with κ = 0 (left) and κ = 1 (right) under the assumption of exclusive LQ couplings to b quarks
and τ leptons. The limits derived for the single (green), pair (red), nonresonant (orange), and total LQ
production (black) are shown. The shaded bands around the expected limit lines correspond to the
regions containing 68% of the distribution of limits expected under the background-only hypothesis.
The hatches indicate the excluded side of the parameter space with respect to the combined observed
limit. The region with blue shading shows the parameter space preferred by one of the models proposed
to explain the B physics anomalies [61].
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Figure 9. Observed and expected upper limit at the 95% CL on the coupling strength λ of a scalar
(left) and vector LQ model (right) determined by considering only the nonresonant production of
two τ leptons through t-channel LQ exchange. Exclusive LQ couplings to b quarks and τ leptons
are assumed. 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 hatches indicate the excluded side of the parameter space with respect to the observed limit.
The region with blue shading shows the parameter space preferred by one of the models proposed to
explain the B physics anomalies [61].
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9 Summary

A search has been presented for a third-generation leptoquark (LQ) decaying to a τ lepton
and a b quark. Events with τ leptons and a varying number of jets originating from b
quarks are considered, targeting the single and pair production of the LQs, as well as the
nonresonant production of two τ leptons through t-channel LQ exchange. The search uses
proton-proton collision data at a center-of-mass energy of 13 TeV recorded with the CMS
detector and corresponding to an integrated luminosity of 138 fb−1. Upper limits are set on
third-generation scalar and vector LQ production cross sections as a function of LQ mass,
and results are compared with theoretical predictions to obtain lower limits on the LQ mass.
At 95% confidence level, third-generation LQs decaying to a τ lepton and a b quark with
unit coupling (λ = 1) are excluded for masses below 1.22 TeV for a scalar model, and below
1.50 (1.82) TeV for a vector model with a coupling parameter κ = 0 (1). For λ = 2.5 the
lower limits are 1.31 TeV for a scalar model, and 1.73 (1.88) TeV for a vector model with
κ = 0 (1). The study of nonresonant ττ production through t-channel LQ exchange allows
lower limits on the LQ mass of up to 2.3 TeV to be obtained. Upper limits are also set on the
coupling strengths of scalar and vector LQs as functions of their mass.

The observed data are found to agree with the standard model expectation within 2
standard deviations below a coupling strength of λ = 1.5. For a benchmark LQ model
with a mass of 2 TeV and a coupling strength of 2.5, the data show an excess with a local
significance of 2.8 standard deviations above the standard model expectation. Consequently,
the observed upper limits on the LQ production cross section are about three times larger
than expected for this benchmark. The present excess is driven by events with at least one
highly energetic jet but no b-tagged jets, indicating the need for future similar analyses
to consider alternative signal models.
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