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 a b s t r a c t

A search for leptoquark signals is performed in final states with a hadronically decaying 𝜏-lepton and missing 
transverse momentum, using data from proton–proton collisions at a centre-of-mass energy of √𝑠 = 13 TeV 
recorded by the ATLAS detector at the Large Hadron Collider during Run 2 (2015–18), corresponding to an 
integrated luminosity of 140 fb−1. The analysis is designed to probe both resonant production and non-resonant 
𝑡-channel exchange of the leptoquark, covering a wide range of coupling scenarios. No excess above the Standard 
Model background prediction is observed. Limits are set on the couplings in the benchmark 𝑈1 vector-leptoquark 
model at 95% confidence level for masses between 1.5 TeV and 3.0 TeV.

1. Introduction

Semileptonic decays of 𝐵 mesons provide one of the most sensitive 
probes of lepton flavour universality (LFU) in the Standard Model (SM) 
of particle physics, as well as possible contributions from physics ‘be-
yond the SM’ (BSM). In particular, a combination of the BaBar [1,2], 
Belle [3–6], Belle-II [7,8] and LHCb [9–12] results show a deviation 
of about 3.8𝜎 from the SM expectation using the HFLAV CKM2025 
fit assumptions for the ratio of branching fractions 𝑅(𝐷(∗)) = (𝐵 →
𝐷(∗)𝜏𝜈)∕(𝐵 → 𝐷(∗)𝓁𝜈), where 𝓁 = 𝑒, 𝜇 (𝓁 = 𝜇 for LHCb) [13], motivat-
ing scenarios with new interactions in the 𝑏 → 𝑐𝜏𝜈 transition. Such ex-
tensions of the SM could be described by a leptoquark (LQ) [14–17], a 
hypothetical scalar or vector boson that couples directly to a lepton and 
a quark, thereby mediating interactions between the lepton and quark 
sectors. The 𝑅(𝐷(∗)) anomaly can be accommodated by sizeable contri-
butions from both the 𝑏𝜏 and 𝑐𝜈 couplings of a LQ [18–20].

A comprehensive programme to search for LQ signals with 𝜏-leptons 
in the final state [21–26] was developed by the ATLAS [27] and 
CMS [28] experiments at the Large Hadron Collider (LHC). In LQ pair 
production, the cross-section depends only on the strong coupling con-
stant at leading order, making the searches largely insensitive to the 
specific choice of the LQ coupling. Signals with LQ masses below ap-
proximately 1.6 TeV were excluded by such searches [21,23]. Searches 

1 Authors are listed at the end of this paper.

for singly produced LQs that decay into 𝑏𝜏 were performed in the 
𝑏𝜏𝜏 final state, assuming they were produced in association with a 𝜏-
lepton. If the lepton–quark couplings are large, 𝑡-channel exchange of 
the LQ can lead to more events with a high-mass final-state than are 
expected in the SM. ATLAS and CMS have performed such non-resonant 
searches for LQ signals in the 𝜏𝜏 final state. For the 𝑈1 LQ model, the re-
gion with 𝜆𝑏𝜏∕𝑚U1

≳ 1 TeV−1 has been excluded by ATLAS [22], where 
𝜆𝑏𝜏 = 𝑔𝑈∕

√

2, with 𝑔𝑈  denoting the vector coupling constant and 𝑚U1
the LQ mass, as defined in Section 3. CMS had similar sensitivity [24], 
but observed a small excess of events at high 𝑚𝜏𝜏 , leading to a weaker 
observed limit on 𝜆𝑏𝜏∕𝑚U1

.
The previous ATLAS and CMS searches in 𝜏𝜏(+𝑏) final states men-

tioned above assumed that the signal rate depends only on the 𝑏𝜏 cou-
pling, because the 𝑐𝜈 coupling contributes only through subleading ef-
fects. While a coupling involving a second-generation quark and a third-
generation lepton is generally expected to be flavour-suppressed, a non-
zero 𝑐𝜈 coupling is required to accommodate the 𝑅(𝐷(∗)) anomaly. This 
provides a strong phenomenological motivation to probe this scenario 
directly with the first ATLAS analysis targeting the 𝜏𝜈(+𝑏) final state, 
which is presented in this Letter. Fig. 1 shows illustrative Feynman dia-
grams for the signals targeted by this analysis. A search for leptoquarks 
is performed in events with a hadronically decaying 𝜏-lepton (𝜏had) with 
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high transverse momentum (𝑝T) and large missing transverse momen-
tum, whose magnitude is denoted by 𝐸miss

T . Two types of signal produc-
tion modes are considered: a non-resonant process involving 𝑡-channel 
exchange of a LQ, typically associated with a low-𝑝T jet from the initial-
state quark, and resonant single production of a LQ decaying into a 
high-𝑝T 𝑏- or 𝑠-quark and a 𝜏-lepton. The analysis is further categorised 
according to the presence or absence of a jet containing 𝑏-hadrons (a 
‘𝑏-jet’). The categories with a 𝑏-jet are sensitive to the product of the 𝑏𝜏
and 𝑐𝜈 couplings, directly relevant to the 𝑅(𝐷(∗)) anomaly, while cat-
egories without the 𝑏-jet requirement enhance sensitivity to scenarios 
with larger 𝑐𝜈 coupling contributions. An advantage of the 𝜏𝜈𝑏 channel 
is that the corresponding SM backgrounds are highly suppressed [29]. 
In the SM, the production amplitudes of a 𝜏𝜈 system with an associated 
𝑏-quark, which can directly interfere with the BSM signal, are CKM-
suppressed. Consequently, the SM-BSM interference is expected to be 
small in the high-mass region. The CMS search of the 𝜏𝜈 final state [26] 
included a LQ interpretation and was performed without 𝑏-jet require-
ments.

2. ATLAS detector

The ATLAS detector [27,30] is a multipurpose apparatus with nearly 
4𝜋 coverage in solid angle.1 It consists of an inner tracking detec-
tor (ID) inside a 2T superconducting solenoid, electromagnetic and 
hadronic calorimeters, and a muon spectrometer. The inner tracking 
detector covers the pseudorapidity range |𝜂| < 2.5. It consists of sili-
con pixel, silicon microstrip, and transition radiation tracking detectors. 
Lead/liquid-argon (LAr) sampling calorimeters provide electromagnetic 
(EM) energy measurements with high granularity within the region 
|𝜂| < 3.2. A steel/scintillator-tile hadronic calorimeter covers the cen-
tral pseudorapidity range (|𝜂| < 1.7). The endcap and forward regions 
are instrumented with LAr calorimeters for EM and hadronic energy 
measurements up to |𝜂| = 4.9. The muon spectrometer (MS) surrounds 
the calorimeters and is based on three large superconducting air-core 
toroidal magnets with eight coils each. The field integral of the toroids 
ranges between 2.0 and 6.0 Tm across most of the detector. The MS in-
cludes a system of precision tracking chambers up to |𝜂| = 2.7 and fast 
detectors for triggering up to |𝜂| = 2.4. A two-level trigger system is used 
to select events [31]. The first-level trigger is implemented in hardware 
and uses a subset of the detector information to accept events at a rate 
close to 100 kHz. This is followed by a software-based trigger that re-
duces the accepted rate of complete events to 1.25 kHz on average in 
Run 2, depending on the data-taking conditions. A software suite [32] 
is used in data simulation, in the reconstruction and analysis of real 
and simulated data, in detector operations, and in the trigger and data 
acquisition systems of the experiment.

3. Signal model

This search focuses on the production of a vector leptoquark 𝑈1 with 
quantum numbers (𝟑, 𝟏, 2∕3), which correspond to the colour, weak, and 
hypercharge representations, respectively. The effective Lagrangian for 
𝑈1 LQ interactions [33] is

𝑈1
= −1

2
𝑈†
1𝜇𝜈𝑈

𝜇𝜈
1 + 𝑚2

U1
𝑈†
1𝜇𝑈

𝜇
1 − 𝑖𝑔s(1 − 𝜅)𝑈†

1𝜇𝑇
𝑎𝑈1𝜈𝐺

𝑎𝜇𝜈

−𝑖𝑔Y
2
3
(1 − 𝜅̃)𝑈†

1𝜇𝑈1𝜈𝐵
𝜇𝜈

1 ATLAS uses a right-handed coordinate system with its origin at the nominal 
interaction point (IP) in the centre of the detector and the 𝑧-axis along the beam 
pipe. The 𝑥-axis points from the IP to the centre of the LHC ring, and the 𝑦-
axis points upwards. Polar coordinates (𝑟, 𝜙) are used in the transverse plane, 𝜙
being the azimuthal angle around the 𝑧-axis. The pseudorapidity is defined in 
terms of the polar angle 𝜃 as 𝜂 = − ln tan(𝜃∕2) and is equal to the rapidity 𝑦 =
(1∕2) ln[(𝐸 + 𝑝𝑧)∕(𝐸 − 𝑝𝑧)] in the relativistic limit. Angular distance is measured 
in units of Δ𝑅 ≡

√

(Δ𝑦)2 + (Δ𝜙)2.

+
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,

where 𝑈1𝜇 is a vector LQ field, 𝑈1𝜇𝜈 ≡ 𝐷𝜇𝑈1𝜈 −𝐷𝜈𝑈1𝜇 is its field-strength 
tensor, 𝑚U1

 is the LQ mass, 𝐺𝑎 and 𝐵 denote the field-strength tensors of 
the SU(3)c and U(1)Y gauge bosons, 𝑔s and 𝑔Y the corresponding gauge 
coupling constants, and 𝑇 𝑎 = 𝜆𝑎∕2 (Gell-Mann matrices). Here 𝑞L (𝓁L) 
denotes the left-handed quark (lepton) doublets and 𝑑R (𝑒R) denotes 
the right-handed down-type quark (charged-lepton) singlets, 𝑖 ∈ {1, 2, 3}
and 𝑗 ∈ {1, 2, 3} are flavour indices, and 𝑎 ∈ {1,… , 8} is a SU(3)c index. 
The CKM matrix elements 𝑉𝑗𝑖 are included in 𝑞𝑖L as

𝑞𝑖L =

(

𝑉 ∗
𝑗𝑖𝑢

𝑗
L

𝑑𝑖L

)

.

The flavour basis of the quark fields is identified with the mass basis 
of the down-type quarks. The couplings 𝛽L and 𝛽R are complex 3 × 3
matrices in flavour space. In this analysis, motivated by the discussion 
in refs. [34,35], they are defined as

𝛽L =
⎛

⎜

⎜

⎝

0 0 𝛽13L
0 0 𝛽23L
0 0 𝛽33L

⎞

⎟

⎟

⎠

, 𝛽R =
⎛

⎜

⎜

⎝

0 0 0
0 0 0
0 0 𝛽33R

⎞

⎟

⎟

⎠

.

Conventionally, the normalisation factor 𝑔𝑈  is introduced to set 𝛽33L =
1. There are two benchmark scenarios, corresponding to ||

|

𝛽33R
|

|

|

= 0 and 
|

|

|

𝛽33R
|

|

|

= 1. In this analysis, the interpretation is performed in the purely 
left-handed scenario (||

|

𝛽33R
|

|

|

= 0). The parameters 𝜅 and 𝜅̃ introduce the 
LQ couplings to the SM gauge-boson fields. They are set to 𝜅 = 𝜅̃ = 0 in 
this analysis (Yang–Mills coupling scenario).

Integrating out the 𝑈1 field at low energy induces semileptonic four-
fermion operators. The left-handed coefficient for the 𝑏 → 𝑐𝜏𝜈 transition 
scales as

𝐶𝑐
LL ∼

𝑔2𝑈𝑣
2

4𝑚2
U1

(

1 +
𝑉𝑐𝑠
𝑉𝑐𝑏

𝛽23L

)

, (1)

where 𝑣 is the electroweak vacuum expectation value. The term propor-
tional to 𝛽23L  is enhanced by the ratio 𝑉𝑐𝑠∕𝑉𝑐𝑏, implying that even mod-
erate values of 𝛽23L  can generate sizeable contributions to the 𝑅(𝐷(∗))
anomalies.2 Although 𝛽23L ∼ 0.1 is often assumed in UV-complete mod-
els [34,35], low-energy charged-current observables alone do not im-
pose stringent constraints on this parameter. Additional constraints 
arise from flavour-changing neutral-current observables, particularly 
𝐵𝑠(𝑑)–𝐵̄𝑠(𝑑) mixing, as well as from LFU tests in 𝜏-lepton decays. How-
ever, these bounds are model dependent and may be affected by addi-
tional states in the UV theory [35]. This search therefore explores the 
high-𝛽23L  region [33], which was not thoroughly covered by previous 
ATLAS and CMS searches.

The signal is primarily characterised by three parameters: 𝑚U1
, 𝑔𝑈

and 𝛽23L . The relative contributions of resonant and non-resonant pro-
duction depend strongly on 𝑚U1

. The resonant production cross-section 
decreases rapidly around 𝑚U1

∼ 1.5 TeV, mainly due to the suppression 
of the parton distribution functions (PDFs) at high Bjorken-𝑥. As a result, 
the non-resonant contribution becomes dominant at higher masses. The 
coupling 𝑔𝑈  controls the overall signal normalisation. The parameter 𝛽23L
influences the flavour structure of the production process and changes 
the effective parton luminosity contributing to the signal. Larger values 
of 𝛽23L  also reduce the relative fraction of signal events containing a 𝑏-
quark in the final state. The decay width of the LQ scales approximately 
as Γ∕𝑚U1

∝ 𝑔2𝑈 ×
[

1 + (𝛽23L )2
]

. For example, at 𝑚U1
= 1.5 TeV, 𝛽23L = 0.6, 

and 𝑔𝑈 = 2, the intrinsic width is about 7% of the LQ mass.

2 The parameter 𝛽13L  is set to 𝑉 ∗
𝑡𝑑∕𝑉

∗
𝑡𝑠 𝛽23L ∼ 0.2 𝛽23L  in the signal generation, 

following the convention of ref. [33]. Its contribution to Eq. (1) is approximately 
5% of the 𝛽23L  corresponding term and is neglected there for simplicity.
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4. Data and Monte Carlo simulation

This search uses proton–proton (𝑝𝑝) collision data recorded at a 
centre-of-mass energy of √𝑠 = 13 TeV by the ATLAS detector during 
Run 2 of the LHC (2015–2018), corresponding to an integrated lumi-
nosity of 140 fb−1. The number of interactions per bunch crossing (pile-
up) ranged from about 8 to 70, with an average of 34 [36]. Events 
were collected using the lowest-threshold unprescaled 𝐸miss

T , single-
electron and single-muon triggers [37–39]. The typical thresholds were 
𝐸miss
T = 110 GeV, with various pile-up mitigation algorithms depending 

on the data-taking period, and 𝑝T = 26 GeV for electrons and muons, 
with different isolation requirements for various 𝑝T ranges. The 𝐸miss

T
trigger is fully efficient above the offline 𝐸miss

T  threshold used to select 
signal events. Therefore, no dedicated 𝜏had trigger is required.

Signal LQ events with a 𝜏-lepton, neutrino, and up to two 
partons (including possible 𝑏-quarks) [33] were modelled at lead-
ing order (LO) in QCD in the five-flavour scheme using the 
MadGraph5_aMC@NLO3.3.1 [40] matrix element (ME) generator with 
the NNPDF3.0nlo PDFs [41]. The parton shower (PS) and hadronisa-
tion were generated by Pythia 8.308 [42], using parameter values from 
the A14 tune with NNPDF2.3lo PDFs [43] for the underlying event 
(UE). All relevant production diagrams were considered in the ME cal-
culation, including both the 𝑠-channel (resonant) and 𝑡-channel (non-
resonant) topologies. For the CKKW-L matching [44], the Durham 𝑘⟂
and 𝐷 parameters were set to 15 GeV and 0.4, respectively, correspond-
ing to a minimum jet 𝑝T of 15 GeV at the ME level. Signal samples 
were generated for 152 different parameter points (𝑚U1

, 𝑔𝑈 , 𝛽23L ) satisfy-
ing 1.5 ≤ 𝑚U1

≤ 3.0 TeV, 0.5 ≤ 𝑔𝑈 ≤ 3.0 and 0 ≤ 𝛽23L ≤ 2.2, for ||
|

𝛽33R
|

|

|

= 0. 
The lower bound on 𝑚U1

 was chosen so as to cover the region around the 
exclusion limits set by previous LQ pair-production searches. At higher 
masses (𝑚U1

> 3 TeV), the signal is dominated by the non-resonant con-
tribution, and both the cross-section and the kinematic distributions de-
pend on the coupling-to-mass ratio rather than the explicit mass value. 
Therefore, 3.0 TeV is taken as the upper boundary of the scan. The con-
tribution from interference between the signal process and the SM 𝜏𝜈
processes with up to two partons was generated separately with Mad-
Graph at each parameter point, using the same configuration as for the 
signal process, and added to the corresponding signal sample.

The dominant source of SM background is 𝑊 → 𝜏𝜈 production in 
association with a jet. Production of a 𝑊  or 𝑍 boson in association 
with jets (𝑊+jets and 𝑍+jets) was modelled using the Sherpa 2.2.11 
or 2.2.14 generator [45], with MEs calculated at next-to-leading-order 
(NLO) accuracy in QCD for up to two additional partons, and at LO for 
up to five additional partons, and merged with the Sherpa  PS [46] 
using the MEPS@NLO prescription [47–50]. Top-quark pair (𝑡𝑡) and 
single-top (single-𝑡) backgrounds were generated at NLO accuracy in 
QCD with PowhegBox v2 [51–54], interfaced to Pythia 8.230 [55]
for parton showering and hadronisation. The 𝑡𝑡 background was nor-
malised to the inclusive cross-section calculated at next-to-next-to-

leading order (NNLO) in QCD with resummation of next-to-next-to-
leading logarithmic (NNLL) soft-gluon terms. The single-𝑡 contribution 
includes the 𝑠-channel, 𝑡-channel, and 𝑊 𝑡-associated-production pro-
cesses, with the 𝑊 𝑡 channel providing the dominant contribution in 
this analysis. Diboson processes were generated using Sherpa 2.2.2 at 
NLO accuracy. Only the fully leptonic decay modes (i.e. 4𝓁, 𝓁𝓁𝓁𝜈, 2𝓁2𝜈, 
𝓁𝜈𝜈𝜈, and 4𝜈 where 𝓁 = 𝑒, 𝜇, 𝜏) are considered in this analysis, as others 
contribute negligibly after the high-𝐸miss

T  requirement.
The decays of bottom and charm hadrons were modelled with Evt-

Gen [56] for all samples except those generated with Sherpa . All gen-
erated event samples were passed through a detailed simulation of the 
ATLAS detector based on Geant4 [57,58]. For the signal samples, the 
AtlFast3 [59] tool based on generative neural networks provided a fast 
simulation of the calorimeter’s response. The effect of pile-up was mod-
elled by overlaying [60] the simulated hard-scattering event with inelas-
tic proton–proton (𝑝𝑝) events generated from a mix of Epos 2.0.1.4 [61] 
and Pythia 8.308 [42]. The Epos  events were generated with the Epos
LHC tune [62] and the Pythia  events with the A3 tune [63] and the 
NNPDF2.3lo [64] set of parton distribution functions (PDF). Pythia
pile-up events include either a high transverse momentum (𝑝T) jet, a 
prompt photon, or a lepton from a 𝑏-hadron decay, while Epos  was fil-
tered to simulate all remaining pile-up events in the overlay sample. The 
individual simulations were first reweighted to ensure a smooth connec-
tion across jet 𝑝T then the combination reweighted to match the distri-
bution of the actual number of interactions per bunch crossing measured 
in data.

A summary of the MC generator configurations for all simulated 
event samples is shown in Table 1.

5. Event reconstruction and preselection

Hadronically decaying 𝜏-leptons are reconstructed from seed jets 
formed by the anti-𝑘𝑡 algorithm [65] with a radius parameter 𝑅 = 0.4, 
using topological cell-energy clusters, calibrated with the local hadronic 
cell-weighting scheme [66,67]. All 𝜏had candidates are required to have 
𝑝T > 20 GeV and |𝜂| < 2.5, excluding the EM calorimeter’s barrel–endcap 
transition region 1.37 < |𝜂| < 1.52. The vertex of a 𝜏had decay is deter-
mined from tracks within Δ𝑅 = 0.2 of the axis of the seed jet. Geometric 
and impact-parameter criteria are then applied to all tracks associated 
with the seed jet to select those well matched to the 𝜏had candidate, after 
which a track classifier based on a recurrent neural network (RNN) [68] 
distinguishes 𝜏had tracks from other tracks. Each 𝜏had candidate is re-
quired to have one or three tracks classified as 𝜏had tracks, with the 
sum of their charges equal to ±1. Another RNN-based classifier is used 
to separate 𝜏had candidates from the hadron-jet background [68], us-
ing tracks and calorimeter energy clusters associated with the seed jet, 
as well as several high-level discriminating variables. Several different 
working points for 𝜏had identification, corresponding to different effi-
ciencies, are used in this analysis. The ‘Loose’ working point is used 

Table 1 
List of the MC simulated samples used in this analysis. The generators used for the ME calculation, the per-
turbative order of the ME calculation, the PS generator, the PDF set and the set of tuned parameters (tune) 
used for the UE modelling are shown. The symbol 𝓁 denotes an electron or muon.
 Process  Generator  ME order  Parton shower  PDF set  Tune
𝑈1 signal  MadGraph5_aMC@NLO  LO  Pythia 8  NNPDF3.0nlo  A14
𝑊 (→ 𝜏𝜈)+jets  Sherpa 2.2.11  NLO  Sherpa  NNPDF3.0nnlo  Sherpa  default
𝑡𝑡  PowhegBox v2  NLO  Pythia 8  NNPDF3.0nlo  A14
 Single-𝑡  PowhegBox v2  NLO  Pythia 8  NNPDF3.0nlo  A14
𝑍(→ 𝜈𝜈)+jets  Sherpa 2.2.11  NLO  Sherpa  NNPDF3.0nnlo  Sherpa  default
𝑍(→ 𝜏𝜏)+jets  Sherpa 2.2.14  NLO  Sherpa  NNPDF3.0nnlo  Sherpa  default
𝑊 (→ 𝓁𝜈)+jets  Sherpa 2.2.11  NLO  Sherpa  NNPDF3.0nnlo  Sherpa  default
𝑍(→ 𝓁𝓁)+jets  Sherpa 2.2.11  NLO  Sherpa  NNPDF3.0nnlo  Sherpa  default
 Diboson  Sherpa 2.2.2  NLO  Sherpa  NNPDF3.0nnlo  Sherpa  default
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for counting the number of 𝜏had, for the overlap removal described be-
low and for 𝐸miss

T  reconstruction, whereas the ‘Tight’ working point is
employed for the 𝜏had in the signal selection. In addition, all candidates 
are required to pass the ‘Loose’ RNN eVeto working point [68], to sup-
press electrons that are misidentified as 𝜏had candidates.

Electrons are reconstructed by combining energy clusters in the EM 
calorimeter with ID tracks [69]. Electron candidates are required to 
have 𝑝T > 10 GeV and |𝜂| < 2.47 excluding the EM calorimeter’s tran-
sition region. All electrons are required to satisfy the ‘Tight’ likelihood 
identification and ‘Loose_VarRad’ isolation criteria [70]. Muons are re-
constructed from ID and MS tracks, and additional calorimeter infor-
mation [71]. Muon candidates are required to have 𝑝T > 10 GeV and 
|𝜂| < 2.5. All muons must satisfy the ‘Loose’ identification working point 
and ‘Loose_VarRad’ isolation criterion [71,72]. The ‘Loose’ identification 
working point includes calorimeter-tagged muons, while the ‘Medium’ 
working point includes only combined muons. Both the electrons and 
muons are required to have small transverse (𝑑0) and longitudinal (𝑧0) 
impact parameters for their ID track, with 𝑑0∕𝜎𝑑0 < 5 (3) for electrons 
(muons) and |

|

𝑧0 sin 𝜃|| < 0.5 mm for both, where 𝜎𝑑0  is the uncertainty 
in the 𝑑0 measurement.

Jets are reconstructed from particle-flow objects [73] with the anti-𝑘𝑡
algorithm (𝑅 = 0.4), and are required to have 𝑝T > 20 GeV and |𝜂| < 2.5. 
Pile-up jets are suppressed using the jet–vertex tagger at the ‘FixedEffPt’ 
working point [74]. Jets originating from 𝑏-hadrons (i.e. 𝑏-jets) are iden-
tified using the GN2 multivariate algorithm, based on a graph neural 
network and transformer, at a working point corresponding to 85% 𝑏-jet 
efficiency [75]. To avoid double-counting, overlapping physics objects 
are rejected in the following order: a 𝜏had within Δ𝑅 = 0.2 of an electron; 
𝜏had candidates within Δ𝑅 = 0.2 of a muon; calorimeter-tagged muons 
sharing an ID track with an electron; electrons sharing an ID track with 
a muon; the closest jet within Δ𝑅 = 0.2 of an electron; electrons within 
Δ𝑅 = 0.4 of a jet; jets within Δ𝑅 = 0.4 of a muon if they have at most two 
associated tracks and the muon is ghost-associated with the jet; muons 
within Δ𝑅 = 0.4 of a jet; and jets within Δ𝑅 = 0.2 of a 𝜏had. All the re-
constructed physics objects above are calibrated and the corresponding 
efficiency scale factors and energy/momentum corrections are applied 
to simulated events to account for residual differences between data and 
simulation.

The missing transverse momentum is defined as the negative vector 
sum of the 𝑝T of all selected objects in the event, plus a term to account 
for the 𝑝T of soft particles with ID tracks that are matched to the primary 
vertex but not to any of the selected objects [76].

Only data from periods with stable beams and all detector systems 
operational are employed [36]. The reconstructed interaction point with 
the highest ∑ 𝑝2T of the associated tracks with 𝑝T > 500 MeV is selected 
as the primary vertex [77]. All events must have at least two tracks as-
sociated with the primary vertex. Events must contain at least one jet. 
To suppress multijet background, events are rejected if the smallest az-
imuthal separation between jets and 𝐸miss

T  (i.e. minΔ𝜙(𝑗, 𝐸miss
T )) is less 

than 0.4 and the ratio of 𝐸miss
T  to jet 𝑝T for the jet with the smallest 

Δ𝜙(𝑗, 𝐸miss
T ) is less than 6. The requirements above define the event pre-

selection, which serves as the starting point for the subsequent event 
categorisation and statistical analysis.

6. Event selection

Four signal regions (SRs) are defined in order to maximise the sen-
sitivity of the analysis: two for non-resonant LQ production and two for 
resonant LQ production, illustrated by the Feynman diagrams shown 
in the left and right panels of Fig. 1, respectively. Each region is fur-
ther subdivided according to the presence or absence of a 𝑏-jet, as sum-
marised in Table 2. During the optimisation of the SRs, using simulated 
events, the selection thresholds were chosen by maximising the expected 
exclusion sensitivity, while requiring the MC statistical uncertainty in 
the expected background to remain below 30%. The jet multiplicity re-
quirements suppress top-quark background, while the remaining kine-
matic requirements target the resonant or non-resonant signal topology. 
Events in the SRs are required to pass the 𝐸miss

T  trigger. Exactly one 𝜏had
with 𝑝T > 200 GeV is required. Events with additional light leptons (elec-
trons or muons) are vetoed.

Resonance and non-resonance SRs are primarily distinguished by the 
jet 𝑝T. The resonance SRs, SR0b-Res and SR1b-Res, with no or one 𝑏-jet in 
each event, are optimised for signals with lower LQ masses (∼1.5 TeV). 
Events must satisfy 𝐸miss

T > 200 GeV and 𝑚T > 200 GeV, where 𝑚T is the 
transverse mass of the 𝜏had and 𝐸miss

T . Up to four jets are allowed per 
event. In SR0b-Res, the number of 𝑏-jets must be zero, and the leading 
jet’s 𝑝T must exceed 250 GeV. The leptoquark mass is reconstructed as 
the invariant mass of the leading jet and the 𝜏had, denoted by 𝑚𝑗𝜏had , 
which is required to be greater than 800 GeV. In SR1b-Res, exactly one 𝑏-
jet is required, and its 𝑝T must exceed 250 GeV. In addition, the invariant 
mass of the 𝑏-jet and the 𝜏had, denoted by 𝑚𝑏𝜏had , is required to be greater 
than 800 GeV.

The non-resonance SRs, SR0b-NonRes and SR1b-NonRes, target the 
high-𝑚T regime with either no or one 𝑏-jet, and hence 𝑚T > 600 GeV and 
𝐸miss
T > 400 GeV are required. The azimuthal separation between the 

𝜏had and 𝐸miss
T , denoted by Δ𝜙(𝜏had, 𝐸miss

T ), is required to be greater than 
1.2. To suppress top-quark background, at most two jets are allowed per 
event. In SR0b-NonRes, the leading jet’s 𝑝T is required to satisfy 50 <
𝑝T < 250 GeV, while for SR1b-NonRes, the 𝑏-jet’s 𝑝T is used instead.

7. Background estimation

The SM backgrounds are estimated using simulated samples. The 
dominant SM background in the SRs comes from 𝑊 → 𝜏𝜈 produc-
tion in association with jets. Subdominant contributions arise from 
top-quark decays producing 𝜏-leptons (𝑡𝑡 → 𝜏𝜈𝑏𝜏𝜈𝑏 and 𝑊 𝑡 → 𝜏𝜈𝜏𝜈𝑏), 
in cases where 𝜏-leptons and 𝑏-quarks are misreconstructed as light-
flavour jets. The normalisations of 𝑊+jets and top-quark samples are

Fig. 1. Illustrative Feynman diagrams of signals targeted by this analysis: (a) non-resonant 𝑡-channel exchange of a leptoquark (LQ) and (b) a singly produced LQ 
decaying into 𝑏𝜏/𝑠𝜏 (resonant signal).
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Table 2 
Summary of event selection criteria in SRs. All events are required to satisfy 
the preselection requirements.
 Feature  Criterion
 Trigger requirement 𝐸miss

T  trigger (lowest-unprescaled)
𝜏had multiplicity (𝑁𝜏had )  1
𝑝𝜏hadT  [GeV] > 200
𝜏had identification  Tight
 Light lepton multiplicity (𝑁𝓁)  0

 Region
SR0b-Res SR1b-Res SR0b-NonRes SR1b-NonRes

𝑏-jet multiplicity (𝑁𝑏)  0  1  0  1
𝑏-jet 𝑝T [GeV]  – > 250  – [50, 250]
 Leading jet 𝑝T [GeV] > 250  –  [50, 250]  –
𝐸miss
T  [GeV] > 200 > 400

𝑚T [GeV] > 200 > 600
𝑚𝑏𝜏had  [GeV]  – > 800  –  –
𝑚𝑗𝜏had  [GeV] > 800  –  –  –
Δ𝜙(𝜏had , 𝐸miss

T )  – > 1.2
 Number of jets ≤ 4 ≤ 2

constrained by the data in high-purity control regions (CRs), where 
single-lepton triggers are used instead of the 𝐸miss

T  trigger. Events with a 
jet misidentified as a 𝜏had, mostly 𝑍 → 𝜈𝜈 events with large 𝐸miss

T , make 
minor contributions in this analysis, and are also estimated from simula-
tion with a conservative uncertainty obtained from data-driven studies 
with 𝑍 → 𝓁𝓁 events. Multijet background is found to be negligible after 
the preselection. Other SM backgrounds, including diboson and 𝑍 → 𝜏𝜏
contributions, as well as minor contributions from 𝑊 → 𝓁𝜈 and 𝑍 → 𝓁𝓁
processes, are also estimated by simulation.

The 𝑊+jets background normalisation is constrained using two con-
trol regions, CRW-Res and CRW-NonRes, constructed using the same 
event selections as in the resonant and non-resonant SR0b regions, re-
spectively, except that an electron or muon is required instead of a 𝜏had. 
They achieve a purity of approximately 70% in 𝑊 → 𝓁𝜈 events. The 
electrons and muons selected in the control regions are required to sat-

isfy tighter identification and/or isolation criteria than those used in the 
region definition and rejection of overlapping events, which are defined 
in Section 5. Electrons (muons) in the CRW regions must satisfy the 
‘TightLH’ (‘Medium’) identification and ‘HighPtCaloOnly’ (‘Tight_Var-
Rad’) isolation criteria [70,72]. Events with 𝑏-jets are vetoed to sup-
press top-quark contributions. All other selection criteria are kept the 
same as in the corresponding SR0b regions, except that 𝜏had-related 
kinematic variables are computed using the electron or muon instead of
the 𝜏had.

The top-quark background normalisation is constrained using two 
control regions, CRTop-Res and CRTop-NonRes, defined by requiring 
one 𝜏had and one additional electron or muon. To increase the event 
yield in these regions, several kinematic requirements are loosened with 
respect to the SR selections: 𝑁𝑏 ≥ 1, 𝑝𝜏hadT > 100 GeV, 𝐸miss

T > 100 GeV, 
𝑚T > 100 GeV, and no restriction on 𝑚𝑏𝜏had . Among multiple 𝑏-jets, the 
one with the highest 𝑝T is selected and used as a proxy for the 𝑏-jet in 
the SR1b regions, and is employed in the reconstruction of kinematic 
variables such as 𝑚𝑏𝜏had . All other selection criteria are kept the same as 
in the SR1b regions. A purity of approximately 90% in top-quark events 
is achieved.

The background normalisation estimated in the CRs is tested in ded-
icated validation regions (VRs), designed to validate the extrapolation 
from the CRs to the SRs. These include regions with modified 𝑏-jet mul-
tiplicity or light-lepton requirements, while having kinematic selections 
similar to those in the SRs. Two types of VRs are defined, for each of the 
resonance and non-resonance cases, amounting to four VRs in total. The 
VRs are labelled as VRW and VRTop, characterised by the requirements 
(𝑁𝜏had , 𝑁𝓁 , 𝑁𝑏) = (0, 1, 1) and (1, 0, 2), respectively. The VRW regions are 
used to test the extrapolation of the background estimation from the 
CRs with a 𝑏-jet veto to the SRs requiring a 𝑏-jet. In the VRW regions, 
similarly to the CRW ones, the kinematic variables used in the event 
selection are computed with an electron or a muon, instead of a 𝜏had. 
The VRTop regions probe the validity of the 𝑡𝑡 background normalisa-
tions obtained in CRs using a 𝜏had and an electron or muon, by testing 
them in regions with a 𝜏had and no light lepton. In the VRTop regions, 
the highest-𝑝T 𝑏-jet is used as a proxy of the 𝑏-jet in the SRs. As with the 
CRTop regions, looser selection cuts for 𝑁𝑏, 𝑝𝜏hadT , 𝐸miss

T , 𝑚T and 𝑚𝑏𝜏had
are required.

Fig. 2. Comparison of the data and predicted background event yields for four CRs, four VRs and four SRs in the upper panel. The background prediction is shown 
after a ‘background-only fit’ in the CRs (extrapolated to the VRs and SRs). The signal expectation for signal strength 𝜇 = 1 is shown for illustrative purposes at the 
parameter points (𝑚U1

, 𝑔𝑈 , 𝛽23L
)

= (1.5 TeV, 1.5, 0.6) and (3.0 TeV, 2.5, 1.0) with a red dashed line and a violet dashed line, respectively. The ratio of the data to the 
background (‘Bkg.’) prediction is shown in the lower panel, separately for post-fit background (black points) and pre-fit background (dashed blue line). The size of 
the combined statistical and systematic uncertainty in the background prediction is indicated by a blue hatched band.
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8. Systematic uncertainties

Experimental and modelling systematic uncertainties are included as 
normalisation and shape variations in the fit and are smaller than the 
statistical uncertainty from the limited SR event yields.

The uncertainty in the combined 2015–2018 integrated luminosity is 
0.83% [78], obtained using the LUCID-2 detector [79] for the primary 
luminosity measurements, complemented by measurements using the 
inner detector and calorimeters.

The 𝜏-lepton energy scale and its uncertainties are measured in situ 
using 𝑍 → 𝜏𝜏 events, combined with test beam and MC simulation com-
parison in the high-𝑝T region [68,80,81]. The correction applied to the 
simulated 𝜏 energy scale is typically below 1% of the reconstructed 
𝜏had energy. The associated uncertainty in the absolute 𝜏 energy scale is 
smaller than 1.5%. The efficiencies of 𝜏-lepton reconstruction and iden-
tification in the simulation samples are corrected to agree with data, 
depending on 𝑝T, using 𝑡𝑡 events. The central value of the correction 
factor is close to unity in all 𝑝T ranges, with uncertainties of 5%–8% 
(6%–11%) for 1-prong (3-prong) 𝜏had at the ‘Tight’ identification work-
ing point. The uncertainties in the electron and muon reconstruction 
and identification efficiencies and their energy and momentum scales 
and resolutions are considered, and they are significantly smaller than 
those affecting 𝜏-leptons.

The jet energy scale and resolution and 𝐸miss
T  soft-term uncertainties 

are estimated using in situ methods [76,82]. The efficiency of 𝑏-jet iden-
tification in the simulation is corrected to match that measured in 𝑡𝑡 data 
events, and uncertainties in the correction factor are estimated [83–85]. 
For signal samples using AtlFast3 detector simulation, an additional un-

certainty taking into account how it differs from the full Geant4 simu-
lation is considered, and its impact on the signal yield is around 1%.

Uncertainties in the theoretical modelling of simulated events are 
also considered. For simulated 𝑊+jets events, variations of the renor-
malisation and factorisation scales, by factors of 2 and 1∕2, and the 
PDFs are considered [86]. Additionally, approximate NLO electroweak 
corrections are applied to the nominal 𝑊+jets samples, and the corre-
sponding effect is taken as an additional systematic uncertainty. Since 
the normalisation of 𝑊 → 𝜏𝜈 events is estimated in the CRW regions 
with a 𝑏-jet veto and applied to SRs with a 𝑏-jet, a 30% uncertainty is 
assigned in those regions to the ratio of 𝑊 -boson production in asso-
ciation with heavy-flavour hadrons (𝑊+HF) to that with light-flavour 
hadrons (𝑊+LF), according to previous ATLAS studies [87–90]. The 
𝑊+HF modelling uncertainty is decorrelated between the resonant and 
non-resonant regions.

For simulated top-quark events, variations of the ME calculation, 
renormalisation and factorisation scales, and PDFs are considered, simi-
larly to the 𝑊+jets samples, along with variations related to initial- and 
final-state radiation and the ℎdamp parameter [91]. The difference in the 
top-quark 𝑝T distribution’s shape between the nominal NLO prediction 
and the NNLO prediction [92] is also considered as an additional uncer-
tainty. Uncertainties in the interference between 𝑡𝑡 and single-𝑡 events 
are estimated by comparing simulations using the diagram removal and 
diagram subtraction schemes [93].

The background containing a jet misidentified as a 𝜏had is a minor 
contribution in the SRs and is mainly due to 𝑍 → 𝜈𝜈 production. The 
modelling of the probability of misidentifying a jet as a 𝜏had in simulated 
events is checked in a control sample requiring 𝑍 → 𝓁𝓁 decays, together 

Fig. 3. The post-fit distributions of (a) 𝑚𝑗𝓁 in CRW-Res, (b) 𝐸miss
T  in CRW-NonRes, (c) 𝑚𝑏𝓁 in VRW-Res and (d) 𝐸miss

T  in VRW-NonRes. The overflow entries are added 
to the rightmost bin. The background-only fit result is used for the background prediction. The distributions are shown prior to imposing the selection requirement 
on each variable, which is indicated by a right-pointing red arrow. Bottom panels show the ratio of the observed data to the background (‘Bkg.’) prediction. Blue 
upwards triangles indicate ratio values exceeding the displayed y-axis range. The size of the combined statistical and systematic uncertainty in the background 
prediction is indicated by a blue hatched band.
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with a 𝜏had candidate, providing a sample with more than 90% purity in 
events containing 𝑍 boson and a jet misidentified as 𝜏had candidate. The 
kinematic distributions are generally well modelled by the simulation, 
while up to 60% differences are observed in the overall event yield be-
tween data and simulation. These differences include effects from both 
the modelling of 𝑍+jets and the probability for jets to be misidenti-
fied as 𝜏had candidates, with the latter expected to dominate. Since this 
background contributes only a small fraction of the total background 
in the SRs, a conservative 100% uncertainty is assigned to the nor-
malisation of those simulated events. For the signal samples, variations 
of the renormalisation and factorisation scales and PDF are taken into
account.

9. Results

The TRExFitter framework [94] is used to perform the statistical 
analysis. Two fit configurations are employed: one is the ‘background-
only’ fit and the other is the ‘signal-plus-background (s+b)’ fit. A tem-
plate maximum-likelihood fit [95] is performed using the observed 
event yields in each region. For the background-only fit, the four single-
bin CRs are included in the fit to constrain the normalisations of 𝑊+jets 
and top-quark samples, with a fixed signal strength of 𝜇 = 0. Separate 
background normalisation factors are introduced for the resonance and 
non-resonance regions, resulting in four independent normalisation fac-
tors: two for 𝑊+jets (𝜆Res𝑊  and 𝜆NonRes𝑊 ) and two for the top-quark back-
ground (𝜆Res𝑡  and 𝜆NonRes𝑡 ). The top-quark normalisation factors are ap-

plied simultaneously to both the 𝑡𝑡 and single-𝑡 samples. The fit results 
are applied to SRs and VRs to compare the observed data with the SM 
expectation. For the s+b fit, on the other hand, a fit is performed in the 
four CR and four SR event categories simultaneously to constrain the 
background normalisation and determine the signal strength 𝜇. The ex-
pected yield is parameterised in the likelihood as 𝜇𝑆 +

√

𝜇𝐼 + 𝐵, where 
𝑆 denotes the pure BSM contribution, 𝐼 denotes the interference be-
tween the BSM and SM 𝜏𝜈 amplitudes, and 𝐵 denotes the SM background 
contributions. The interference term scales with √𝜇, since the pure BSM 
contribution is quadratic while the interference is linear in the BSM am-
plitude. In the SRs with a 𝑏-jet veto (SR0b-Res and SR0b-NonRes), the 
expected contribution from destructive interference for 𝜇 = 1 amounts 
to approximately 20% of the purely BSM yield at 𝑚U1

= 1.5 TeV, increas-
ing to about 30%–40% at higher masses. The impact of interference on 
the signal yield is negligibly small in the SRs with a 𝑏-jet (SR1b-Res and 
SR1b-NonRes). It is verified that, for the range of coupling values consid-
ered in this analysis, the total BSM signal plus interference yield remains 
positive in all cases. Nuisance parameters are correlated across analysis 
regions and between signal and background samples, where applicable, 
unless stated otherwise. The sensitivity is driven by the SR1b regions. 
However, for larger values of 𝛽23L  a sizable part of the signal populates 
regions without a reconstructed 𝑏-jet and the SR0b regions are sensitive 
to such 𝑈1 signals.

For both fit configurations, systematic uncertainties are considered 
as nuisance parameters in the fit, with Gaussian, log-normal or Pois-
son constraints. Statistical uncertainties in each bin due to the limited 

Fig. 4. The post-fit distributions of (a) 𝑚𝑗𝜏had  in SR0b-Res, (b) 𝑚T in SR0b-NonRes, (c) 𝑚𝑏𝜏had  in SR1b-Res, and (d) 𝑚T in SR1b-NonRes. The overflow entries are added to 
the rightmost bin. The background-only fit result is used for the background prediction. The signal expectation at the parameter points (𝑚U1

, 𝑔𝑈 , 𝛽23L
)

= (1.5 TeV, 1.5, 0.6)
and (3.0 TeV, 2.5, 1.0) is also shown with a red dashed line and a violet dashed line, respectively. The distributions are shown prior to imposing the selection requirement 
on each variable, which is indicated by a right-pointing red arrow. Bottom panels show the ratio of the observed data to the background (‘Bkg.’) prediction. Blue 
upwards triangles indicate ratio values exceeding the displayed y-axis range. The size of the combined statistical and systematic uncertainty in the background 
prediction is indicated by a blue hatched band.
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size of the simulated background samples are taken into account by
dedicated parameters using the Beeston–Barlow ‘lite’ (one parameter 
per bin) technique [96].

The background-only fit result is shown in Fig. 2. Fig. 3 shows 
the kinematic distributions in CRW and VRW regions after the 
background-only fit. The best-fit normalisation factors are 𝜆Res𝑊 = 1.21 ±
0.11, 𝜆NonRes𝑊 = 0.89 ± 0.08, 𝜆Res𝑡 = 0.76 ± 0.16 and 𝜆NonRes𝑡 = 0.81 ± 0.16. 
The post-fit background predictions agree with data within approxi-
mately 1𝜎 in all VRs except in the VRW-NonRes region, where a devia-
tion of about 2𝜎 from the SM expectation is observed. No indications of 
specific detector malfunctions are found after a verification of the events 
in this region. The background modelling in this region is further vali-
dated by checking the level of agreement between data and prediction 
in regions of lower and higher 𝐸miss

T  using the same event selection, and 
no evidence of significant mismodelling or deficiencies is found. Given 
the size of the deviation, the observation is consistent with a statistical 
fluctuation.

In the SR0b-Res and SR0b-NonRes regions, 33 and 45 events are ob-
served, with expected backgrounds of 36.4 ± 7.3 and 38.3 ± 9.9 events, 
respectively. In the SR1b-Res and SR1b-NonRes regions, 3 and 2 events 
are observed, compared to background expectations of 2.69 ± 0.83 and 
1.88 ± 0.71 events, respectively. Fig. 4 shows the kinematic distributions 
in each SR after the background-only fit. Overall, the observed data are 
in good agreement with the SM prediction.

The impact of each systematic uncertainty on the analysis sensitiv-
ity is evaluated with respect to the best-fit value of the signal strength 
𝜇. This evaluation is performed using a dataset from pseudo-datasets 
constructed from the post-fit background expectation with an injected 

signal corresponding to 𝜇 = 1, and the impact is assessed on the fitted 
value of 𝜇. Using the results of the s+b fit, performed with the dataset 
from pseudo-experiments in the SRs and the observed data in the CRs, 
the impact of a given nuisance parameter is determined from the co-
variance matrix, assuming a linear propagation of uncertainties around 
the best-fit point. For each nuisance parameter, its contribution to the 
uncertainty in the signal strength is estimated as the product of its post-
fit uncertainty, the total post-fit uncertainty in 𝜇, and the correlation 
coefficient between the nuisance parameter and the signal strength. 
The dominant source of systematic uncertainty is the 𝜏-lepton energy 
scale, and its impact on 𝜇 is around 10%. The uncertainty in the ratio 
of 𝑊+HF to 𝑊+LF is the subdominant source of systematic uncer-
tainty, whose impact depends on 𝑚U1

, but typically amounts to about
5%–10%.

An upper limit on the signal strength 𝜇 is calculated with the CLs
method [97], where the distributions of the test statistic are evaluated 
using pseudo-experiments, at predefined points in the (𝑚U1

, 𝑔𝑈 , 𝛽23L ) pa-
rameter space. Figs. 5 and 6 show the observed and expected exclusion 
contours at 95% confidence level (CL) in the purely left-handed scenario 
(|𝛽33L | = 1, |𝛽33R | = 0). Fig. 5 presents the limits on 𝑔𝑈  as a function of 𝑚U1
at fixed values of 𝛽23L , while Fig. 6 shows the limits on 𝛽23L  as a function 
of 𝑔𝑈  for each 𝑚U1

 point. The observed (expected) upper limits on 𝑔𝑈
are 1.13 (1.11) at 𝛽23L = 1.0 and 0.52 (0.53) at 𝛽23L = 2.2 for a leptoquark 
mass of 1.5 TeV, and 2.30 (2.19) at 𝛽23L = 1.0 and 1.22 (1.18) at 𝛽23L = 2.2
for a leptoquark mass of 2.5 TeV. The shaded areas indicate the param-
eter region consistent with the 𝑅(𝐷(∗)) anomalies [35]. In Ref. [35], 𝛽23L
is constrained to be within the interval [0.06, 0.16] with the general UV-
completion assumption, but in this Letter, it is mapped to a higher 𝛽23L

Fig. 5. Observed (red full line) and expected (black dashed line) 95% CL upper limits on 𝑔𝑈  as a function of 𝑚U1
, at (a) 𝛽23L = 0.2, (b) 1.0 and (c) 2.2. The shaded 

regions are favoured by 𝐵 anomalies at the 1𝜎 and 2𝜎 levels, converted from 𝐶𝑐
LL limit in ref. [35] using Eq. (1).
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Fig. 6. Observed (red full line) and expected (black dashed line) 95% CL upper limits on 𝛽23L  as a function of 𝑔𝑈  at (a) 𝑚U1
= 1.5 TeV, (b) 2 TeV, (c) 2.5 TeV and (d) 

3.0 TeV. The shaded regions are favoured by 𝐵 anomalies at the 1𝜎 and 2𝜎 levels, converted from 𝐶𝑐
LL limit in ref. [35] using Eq. (1).

region using Eq. (1). These limits are complementary to those from LQ 
pair-production searches [22,24], which are largely insensitive to 𝑔𝑈
at leading order and therefore provide the strongest constraints at low 
masses, whereas the present 𝜏𝜈(+𝑏) analysis probes the high-𝛽23L  region 
through single-production and non-resonant contributions. A previous 
𝜏𝜏 analysis [22], which assumed 𝛽23L ∼ (0.1), excluded values of ap-
proximately 𝑔𝑈 > 2.1, 2.8, and 3.5 at 𝑚U1

= 1.5 TeV, 2.0 TeV and 2.5 TeV, 
respectively. In contrast, this analysis extends the sensitivity to a com-
plementary region of the parameter space, characterised by lower values 
of 𝑔𝑈  and higher values of 𝛽23L .

10. Conclusion

This Letter presents the first ATLAS search targeting high-mass 𝑈1
leptoquark signals in the 𝜏𝜈(+𝑏) final state with a hadronically decaying 
𝜏-lepton and missing transverse momentum. The search uses 140 fb−1
of data from 13 TeV proton–proton collisions at the LHC. The analysis is 
designed to probe both resonant production and non-resonant 𝑡-channel 
exchange of the leptoquark, covering a wide range of coupling scenarios. 
No significant excess is observed over the SM background. Upper lim-
its on the 𝑈1 vector-leptoquark couplings are set at 95% CL for masses 
between 1.5 TeV and 3.0 TeV. The results probe part of the parame-
ter space at high 𝛽23L  values, which is not covered by the previous 𝜏𝜏
searches.
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