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The RDð�Þ anomaly is one of the most intriguing experimental results in particle physics today. Experiments
such as BABAR, Belle and LHCb have measured a consistent tension with the Standard Model (SM). We
study several extensions of the SM that could potentially explain this tension, such as production of heavyW0

bosons, under the sequential SM scenario, leptoquarks with preferential couplings to third-generation
fermions, and interpretations through effective field theories. Such models are not only able to explain the
RDð�Þ anomaly, but also to produce distinctive signatures at the LHC. We present different feasibility studies
to probe each of these scenarios at the LHC, considering final states with one b-quark candidate, one
hadronically decaying tau lepton (τh) and missing transverse momentum (pmiss

T ). The selection criteria have
been optimized for each model to achieve best signal significance. The studies are performed considering
different LHC running conditions, at

ffiffiffi
s

p ¼ 13 and 13.6 TeV, and different luminosities (150 and 3000 fb−1).

DOI: 10.1103/PhysRevD.107.075010

I. INTRODUCTION

The Standard Model (SM) of particle physics synthe-
sizes our understanding of fundamental particles and their
interactions. Although it has been a successful theory to
explain a broad set of experimental results, it does not
provide answers to several questions raised at the theo-
retical and experimental level. With the aim to elucidate
some of these conundrums, the LHC has a broad physics
program to search for new particles that could explain some
of the insufficiencies of the SM. A plethora of new models
have been proposed, suggesting the existence of new
particles such as heavy gauge bosons, neutral (Z0) or
electrically charged (W0) [1,2], leptoquarks (LQs) [3],
heavy neutrinos [4–6], new partners of the Higgs boson
[7–9], and others. Many of these new ideas have been
experimentally probed by the ATLAS [10] and CMS [11]
experiments at the LHC, without positive results until now.
Experimental searches have used a variety of models

as benchmark scenarios to set upper limits on the
production cross section of the hypothetical particles, at

95% Confidence Level (CL), for a broad range of masses
and couplings. For example, several searches for Z0 [12–14]
andW0 [15–17] gauge bosons have set their exclusion ranges
considering scenarios where these particles have the same
couplings as those of the SM Z and W bosons. This
particular benchmark model is known as the sequential
SM (SSM). Existing limits to third-generation fermions are
less constrained in SSM interpretations and remain impor-
tant to test lepton flavor universality. In the case of LQs, the
searches have been performed considering scenarios where
these particles have the same couplings to all SM fermions
(democratic couplings) or enhanced couplings to second- or
third-generation fermions [18].
Although we currently do not have conclusive exper-

imental evidence of physics beyond the SM, there is a set of

tensions on the decay ratios of B mesons, Rτ=l0

Dð�Þ ðl0 ¼ e; μÞ
and Rτ=l0

D , measured by the BABAR [19,20], Belle [21–25],
and LHCb [26,27] Collaborations. To explain these exper-
imental observations, some theoretical models and phe-
nomenological studies propose scenarios where new
particles have nonuniversal or preferential couplings to
third-generation fermions [28–32].
We perform a feasibility study to assess the long-term

discovery potential for resonant production of W0 bosons
and LQs at the LHC, considering preferential couplings
to third-generation fermions, motivated by the B meson
anomalies. We also consider a scenario where these hypo-
thetical mediators are so heavy they can only be produced in
off-shell processes. This approach scenario is studied with an

*ca.florez@uniandes.edu.co
†tomas.atehortua@udea.edu.co
‡josed.ruiz@udea.edu.co

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW D 107, 075010 (2023)

2470-0010=2023=107(7)=075010(10) 075010-1 Published by the American Physical Society

https://orcid.org/0000-0002-3222-0249
https://orcid.org/0000-0002-2647-8104
https://orcid.org/0000-0002-3306-0363
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.107.075010&domain=pdf&date_stamp=2023-04-13
https://doi.org/10.1103/PhysRevD.107.075010
https://doi.org/10.1103/PhysRevD.107.075010
https://doi.org/10.1103/PhysRevD.107.075010
https://doi.org/10.1103/PhysRevD.107.075010
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


effective field theory (EFT) formulation. Following [33], we
explore the production of W0 bosons that couple to bottom
(b) and charm (c) quarks on the color sector but have
democratic couplings to SM leptons (SSM): pp→W0 þb=c.
We consider final states where the W0 decays to a tau lepton,
which subsequently decays via hadronic modes (τh) and
associated neutrinos (W0 → τντ → τhντντ). In addition, we
also explore single production of LQs, decaying to a τ lepton
(τh) and a b quark (LQ → τb → τhντb). Therefore, our final
state is composed of a τh, a b-quark jet and missing
transverse momentum (pmiss

T ) from associated neutrino(s).
The pmiss

T variable is defined as the magnitude of the negative
vectorial sum of all reconstructed objects by the detector.
This quantity is an indirect measurement of the momentum
of particles that escape detection, such as neutrinos. The EFT
formulation considers an effective coupling between the b
and c quarks, the τ and ντ. Although we target the same final
state (b-quark, τh, pmiss

T ), the topology and observables vary
depending on the model. For example, the b quark in the LQ
scenario is significantly more energetic with respect to the
same object in the W0 þ b=c interpretation. This affects the
expected experimental sensitivity in each case.
Some similar studies have been performed in the past.

In the work [34] the authors examine the final state where
W0 → τντ → lντντ with l being one of the light leptons of
the SM. Additionally, in the work [28] the hadronic tau
final state is studied; however, they only consider a W0 case
and develop less constraining selection criteria. In our
proposal, we develop more targeted selection criteria for
each new physics model case, which leads necessarily to a
better discrimination power.
The studies performed within different models are carried

out considering proton-proton (pp) collisions at
ffiffiffi
s

p ¼ 13 and
13.6 TeV. Different LHC luminosity scenarios are assumed.
The estimation of the experimental sensitivity for each
benchmark scenario is performed for different sets of masses
and couplings. We determine the relevant variables and
optimal thresholds to maximize experimental sensitivity.

II. THEORETICAL MODELS

In the SSM, an additional SUð2Þ0 symmetry group is
proposed, which leads to three additional gauge bosons,
one neutral, Z0, and two electrically charged W0� [35].
Depending on the realization of the model, different
couplings to leptons are considered. The Lagrangian for
the charged current is defined in Eq. (1), where CC stands
for charged current and the g02 factor is the coupling
constant for the additional SUð2Þ0 group. The κ parameters
are complex values of 3 × 3 matrices in the flavor space.

LW0
CC ¼

g02ffiffiffi
2

p ūiγμð½κW0
q;L�ijPLþ½κW0

q;R�ijPRÞdj

þ g02ffiffiffi
2

p ν̄iγ
μð½κW0

l;L�ijPLþ ½κW0
l;R�ijPRÞljW0

μþH:c: ð1Þ

InEq. (1) thePR;L are the chiral projectors. The structure of
the Lagrangian is similar to that of the SM, and in fact the SM
can be recovered by performing the replacements outlined
in Eq. (2) below and summing over quark and lepton flavors,
as described in [36]. In the same equation VCKM

ij are the
Cabibbo-Kobayashi-Maskawa (CKM) matrix elements and
the VPMNS

ij are the lepton mixing matrix elements. In this
model, the W0 and the Z0 masses are free parameters. For the
purpose of our final state, we consider the case where the W0
has preferential couplings to the third-generation leptons.
However, for this work we consider, as in [37], a “simplified
phenomenological approach”where the κ parameters are free.
The new neutral current does not provide any contributions to
the final state we consider in this work.

½κW0
q;L�ij ¼ VCKM

ij ; ½κW0
l;L�ij ¼ VPMNS

ij ; κW
0

qðlÞ;R ¼ 0;

½κZ0
f;L�ij ¼ ðT3;f

L −Qfsin2θWÞδij;
½κZ0

f;R�ij ¼ ð−Qfsin2θWÞδij: ð2Þ

In addition to the W0=Z0 model described above, we
consider models with LQs as massive intermediate particles,
with fractional electric charge, that couple simultaneously to
leptons and quarks [3]. These hypothetical particles could be
of scalar or vectorial nature, depending on the model, and
their mass is a free parameter. As an example, Eq. (3) shows
the Lagrangian for a vectorial LQ defined as U1, with
quantum numbers (3C; 1I; 2=3Y), that couples to the second
and third families of quarks and leptons. In the same
equation, l2;3 and q2;3 refer to the SM fermion doublets.

LU ⊃ U1;μðλ33q̄3γμPLl3 þ λ32q̄3γμPLl2

þ λ23q̄2γμPLl3 þ λ22q̄2γμPLl2Þ þ H:c: ð3Þ
For our final model, we consider an EFT formulation. An

EFT is an approximation that allows us to include degrees of
freedom to describe phenomena occurring at a certain energy
scale, without considering the substructure of the interactions
at higher energies or other underlying physics phenomena
[38]. An EFT only includes relevant degrees of freedom,
i.e., those states with m ≪ Λ while heavier excitations with
M ≫ Λ are integrated out from the action [39–43]. Λ is the
cutoff scale which defines the energy scale for the new
physics. This means that the heavier degrees of freedom
for new physics appear in the “low-energy Lagrangian” as
effective terms. The representative Lagrangian for the EFT
model considered in these studies is shown in Eq. (4):

Leff ⊃ −
2Vib

v2
½ð1þ ϵibL Þðτ̄γμPLντÞðūiγμPLbÞ

þ ϵibR ðτ̄γμPLντÞðūiγμPRbÞ
þ ϵibT ðτ̄σμνPLντÞðūiσμνPLbÞ
þ ϵibSLðτ̄PLντÞðūiPLbÞ� þ H:c: ð4Þ
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In Eq. (4), Vij are the CKM matrix elements,
σμν ¼ ði=2Þ½γμ; γν�, v ≈ 246 GeV is the electroweak sym-
metry breaking scale, and ϵΓ are the Wilson coefficients
[44]. Figures 1 and 2 show representative Feynman dia-
grams for the EFT interpretation.

III. SIMULATED SAMPLES

Signal and background samples are generated at parton
level using MadGraph5_aMC (v2.6.3.2) [45], considering pp
collisions with a center-of-mass energy of

ffiffiffi
s

p ¼ 13 and
13.6 TeV. For the parton distribution function (PDF), the
NNPDF3.0 NLO [46] set is used in the event generation
of all simulated samples. At this stage, jets are required
to have a minimum transverse momentum (pT) of 30 GeV
and jηj < 5.0. Generated partonic events are then passed
through the PYTHIA 8 (v8.2.05) [47] package to include

hadronic processes. The DELPHES (v3.4.1) [48] software is
used to emulate detector response, using the CMS detector
configuration, for particle reconstruction and identification
efficiencies.
The MLM algorithm [49,50] is used for jet matching and

jet merging. This process is used for the simulation of
backgrounds which include additional jets. We follow the
common recommendations for this procedure.
The dominant sources of background events come from

the production of a SM Z (W) gauge boson with associated
jets, referred to as Zþ jets (Wþ jets), and the production
of pairs of top quarks with additional jets (tt̄). Events from
single production of top quarks plus jets, gauge boson pairs
(WW, ZZ, WZ), and from quantum chromodynamic
interactions among light quarks (QCD multijets) are also
considered but deemed negligible after applying the main
event selection criteria to search for signal. Based on the
final state objects used in the study, 2 × 106 events are
produced for each background, considering leptonic decays
for the Zþ jets (Wþ jets) background and semileptonic
final states for tt̄.
The production cross sections for all simulated processes

are estimated using MadGraph5 at leading-order precision.
Table I shows the cross sections we use for the different
signal models and Table II for the background samples.
Signal samples are produced as pp → bτν without addi-

tional jets, using a FeynRules [51] implementation interfaced
with MadGraph in the UFO format [52]. We use the same
models utilized in [44]. For the W0 model, we only consider
couplings to b and c quarks, gq, as well to τ and ντ, gl. The
simulated samples are produced considering gq ¼ gl ¼ 1.0
and masses of 0.6, 1.0, 1.6, 2.0, 2.5, 3.0, and 3.5 TeV, with
50 000 events per sample. For the LQ case, we produce
samples with gbl ¼ gcl ¼ 1.0 (couplings of the LQ and the
b or quark and leptons) and masses of 0.5, 1.0, 1.25, 1.5,
2.0, and 3.0 TeV, with 100 000 events per sample. For the
W0 and LQ samples, the corresponding decay widths are
left to be automatically calculated by MadGraph. For the EFT
scenario we consider separately the case with a scalar,
vectorial, and tensor coupling. For each case we produce a
Monte Carlo sample, considering a coupling of 1.0 and
100 000 events per sample.
It is important to stress that for the development of the

search strategy we have considered some benchmark points
for the models. These selected benchmarks are chosen on
their relevance for the LHC search and not as a function
of their compatibility to low-energy constraints nor their
capability to explain the RDð�Þ anomaly only. The exper-
imental search is constrained by the kinematics of the
signal, which is crucial for the optimization of the selection
criteria. Therefore, the most relevant characteristic for the
LQ and W0 models is the mediator mass. The value of the
couplings and the Wilson coefficients are only important to
determine the total production cross section of the signal. In
this sense, we will show results for benchmark points under

FIG. 1. Feynman diagram of pp → bτν production for the EFT
model. The circle in the middle represents the new physics that
could explain the RD� anomaly. We do not specify the nature of
the final state particles as particles or their antiparticles, as we are
interested in all the possible final states.

FIG. 2. Representative Feynman diagram for the EFT model,
that could lead to the final state of interest, that could explain the
RD� anomaly.
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the LHC reach and that are not necessarily expected to be
consistent with low-energy constraints.

IV. EVENT SELECTION CRITERIA

The event selection criteria are divided in two sets. The
first set, defined as baseline selections, contains the require-
ments used similarly across the three different models
under study. These selections allow us to define the phase
space and objects to search for each type of signal. Events
with one τh candidate, zero electrons or muons, and exactly
one b-quark jet are selected, following the studies per-
formed in Ref. [33]. Events with two or more τh candidates
with pT above 50 GeV and jητj < 2.3 are rejected. The
baseline selections are summarized in Table III. The second
set of selections, presented in Table IV, is associated with
the topological characteristics of each model. These selec-
tions and the corresponding thresholds have been chosen
using a Nsffiffiffiffiffiffiffiffiffiffiffi

NsþNb
p figure of merit, in order to obtain the best

signal significance, where Ns (Nb) represents the expected
number of signal (background) events, normalized to cross
section and luminosity.

V. RESULTS

After selecting events passing the selection criteria
outlined in Tables III and IV, three different observables,

one per model, are chosen to assess the presence of
signal events among the background expectation. These
observables are found to give the best separation between
signal and background events, maximizing the expected

TABLE I. Signal parametrization and cross sections.

Model Parameters Cross section 13 TeV [pb] Cross section 13.6 TeV [pb]

SSM mW0 ¼ 6.0 × 102 GeV 5.25 5.88
mW0 ¼ 1.0 × 103 GeV 0.45 0.52
mW0 ¼ 1.6 × 103 GeV 3.04 × 10−2 3.45 × 10−2

mW0 ¼ 2.0 × 103 GeV 1.06 × 10−2 1.26 × 10−2

mW0 ¼ 2.5 × 103 GeV 3.11 × 10−3 3.58 × 10−3

mW0 ¼ 3.0 × 103 GeV 1.18 × 10−3 1.36 × 10−3

EFT ϵcbL ¼ 1.0 0.13 0.14
ϵcbSL ¼ 1.0 8.07 × 10−2 9.08 × 10−2

ϵcbT ¼ 1.0 0.71 0.79

LQ U1 mLQ ¼ 5.0 × 102 GeV 0.74 0.93
mLQ ¼ 1.0 × 103 GeV 2.44 × 10−2 2.94 × 10−2

mLQ ¼ 1.25 × 103 GeV 6.80 × 10−2 8.56 × 10−3

mLQ ¼ 1.5 × 103 GeV 2.20 × 10−3 2.77 × 10−3

mLQ ¼ 2.0 × 103 GeV 3 × 10−4 3.94 × 10−4

mLQ ¼ 3.0 × 103 GeV 9.82 × 10−6 1.24 × 10−5

TABLE II. Production cross section for dominant backgrounds.

Process Monte Carlo restrictions Cross section 13 TeV [pb] Cross section 13.6 TeV [pb]

tt̄ � � � 504.0 558.9
Wþ jets ptl ¼ 190 GeV, misset ¼ 160 GeV 0.64 0.71
DY þ jets ptl ¼ 190 GeV 0.25 0.27

TABLE III. Baseline selection criteria used for the different
models under study.

Criterion Selection

NðτhÞ >0
jητj ≤2.3
Veto 2nd − τh pT > 50 GeV and jηj < 2.3
Ne=μ with pTðe=μÞ > 15 GeV ¼ 0

Nb-jets ¼ 1

pTðbÞ >20 GeV
jηb-jetsj <2.5

TABLE IV. Topological selections for the three different
models, W0, LQ and EFT, considered in the analysis. Thresholds
have been selected based on best signal significance.

Parameter SSM EFT U1 LQ

pTðτÞ > 250 GeV 200 GeV 300 GeV
jΔϕðτ; pmiss

T Þj > 1.5 2.0 1.0
pmiss
T > 200 GeV 300 GeV 400 GeV
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experimental sensitivity. For the W0 scenario, the transverse
mass between the τh candidate and expected missing
transverse momentum, defined as mTðτh; pmiss

T Þ ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pTðτhÞpmiss

T × cosðΔϕðτh; pmiss
T ÞÞ

p
, is chosen. The

mTðτh; pmiss
T Þ distribution is shown in Fig. 3. The figure

shows the background expectation in solid format, stacked,
and three different signal samples overlaid on top of the
background. Events are normalized based on the cumu-
lative efficiency after all the selections, the production cross
sections, and integrated luminosity of 150 fb−1. The choice
of luminosity is based on the performance of the LHC
during 2016–2018 for pp collisions at

ffiffiffi
s

p ¼ 13 TeV.
For the LQmodel, the reconstructed mass between the τh

and b-quark candidates is used as the main observable
to search for signal. Figure 4 shows the corresponding
distributions, following the same conventions as those used
for mTðτh; pmiss

T Þ.
Since the EFT is a pointlike interaction, there is no on-

shell mediator considered for these signals. In that sense,
the interpretation of a peak in the histograms does not mean
the same as a peak for the SSM samples. For this model,
we use an observable, defined mathematically as mTot ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðpTðτhÞ þ pTðbÞ þ pmiss

T Þ2 − ðpTðτhÞ þ pTðbÞ þ pmiss
T Þ2

p

and named as the total mass, using the τh, the b-quark jet
and the pmiss

T . The distribution for background and three
signal points is shown in Fig. 5.
Table V shows the expected number of events, for three

different masses, for the W0 and LQ models and for three
different couplings for the EFT interpretation, and for the
dominant backgrounds.
To determine the discovery reach for each model and

assess differences, we use a profile likelihood test statistic

using the expected number of background and signal events
in each bin of the distributions shown in Figs. 3–5. We
perform a maximum likelihood fit using the full range of
these observables, employing a software package devel-
oped by the CERN laboratory known as ROOT-Fit [53].
Systematic uncertainties are incorporated into the calcu-
lations as nuisance parameters, considering log priors for
normalization and Gaussian priors for shape uncertainties.
The significance is calculated using the local p value,
estimated as the probability under a null signal hypothesis

FIG. 4. Distribution of the reconstructed mass between the τh
and b-quark jet candidates. The backgrounds are represented by
solid colors and are stacked while the signal samples are
represented by solid lines and overlaid on top of the background.
The expected event yields are estimated for an integrated
luminosity of 150 fb−1 and

ffiffiffi
s

p ¼ 13 TeV.

FIG. 5. Distribution of the total mass mTot for the EFT
benchmark scenario. The backgrounds are represented by solid
colors and are stacked, while the signal samples are represented
by solid lines and overlaid on top of the background. The
expected event yields are estimated for an integrated luminosity
of 150 fb−1 and

ffiffiffi
s

p ¼ 13 TeV.

FIG. 3. Distribution of the mTðτh; pmiss
T Þ variable, for the

background prediction and three different signal points. The
backgrounds are represented by solid colors and are stacked on
top of each other, while the signal samples are represented by
solid lines and overlaid on top of the background. The expected
events are estimated for an integrated luminosity of 150 fb−1

and
ffiffiffi
s

p ¼ 13 TeV.
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to obtain a value of the test statistic as large as that obtained
with a signal plus background hypothesis. Similar to
Refs. [54–59], the signal significance σsig is obtained by
calculating the value at which the integral of a Gaussian
between σsig and∞matches the local p value. We consider
a 3% systematic uncertainty associated with the measure-
ment of the integrated luminosity at the LHC, 5% due to the
PDF set used for the production of the simulated events for
signal and MC, following the PDF4LHC prescription [60],
5% on the identification of τh candidates and 5% on the
associated measurement of their energy scale, 3% on b-
quark jet [61] identification efficiencies and a flat 10%
uncertainty to account for other sources of experimental
effects, such as the resolution on the pmiss

T estimation.
Figure 6 shows the expected signal significance for the

W0 (LQ) model as a function of mass, for an integrated
luminosity of 150 fb−1. For the SSM W0 (LQ) model,
masses up to 2900 GeV (1600 GeV) can be excluded
considering 1.69σ of signal significance, while masses up
to 2300 GeV (1200 GeV) could potentially be discovered
with 5σ signal significance above the background

expectation. In addition, for the high-luminosity LHC
(HLLHC) at

ffiffiffi
s

p ¼ 13.6 TeV and 3000 fb−1 luminosity,
the projections show the extension of the exclusion reach to
masses beyond 3 TeV for the SSMW0 scenario, as shown in
Fig. 7. In the case of single LQ production, it is feasible to
probe masses up to 2100 GeV, while the sensitivity for
discovery at 5σ goes up to 1800 GeV. Table VI shows the
corresponding results for the EFT interpretation, for the
three different coupling scenarios and LHC operation and
luminosity conditions that have been considered.
In addition, Fig. 8 shows a comparison among the

preferred phase space on LQ and W0 model for the RDð�Þ

anomaly and the exclusions we have found from our search
proposal. To make this comparison, we have set the W0
coupling to leptons to 1 while varying the coupling to
quarks. This directly impacts the production cross section
for the mediator. For the LQ case, we have set gcl ¼ 1 and
have varied gbl. The exclusion lines denote the exclusion
achieved for 1.69σ from our proposal. Therefore, the area
with a greater coupling strength from these lines is
excluded. We can see from this comparison that we are

TABLE V. Expected number of events after the baseline and topological selection criteria, for the different signal
models considered. The estimations are performed for

ffiffiffi
s

p ¼ 13 and 13.6 TeV and 150 fb−1 luminosity.
ffiffiffi
s

p ¼ 13 TeV
ffiffiffi
s

p ¼ 13.6 TeV

Baseline Topological Baseline Topological

SSM W0
mW0 ¼ 0.6 TeV 8.55 × 104 6.57 × 103 9.40 × 104 7.22 × 103

mW0 ¼ 1.0 TeV 7.78 × 103 2.46 × 103 8.55 × 103 2.87 × 103

mW0 ¼ 1.6 TeV 5.09 × 102 2.48 × 102 5.60 × 102 2.72 × 102

mW0 ¼ 2.0 TeV 1.68 × 102 8.73 × 101 1.85 × 102 9.63 × 101

mW0 ¼ 2.5 TeV 4.60 × 101 2.30 × 101 5.06 × 101 2.53 × 101

mW0 ¼ 3.0 TeV 1.66 × 101 7.25 × 100 1.82 × 101 7.97 × 100

tt̄ 1.80 × 106 1.11 × 103 1.98 × 106 1.22 × 103

Wþ jets 3.48 × 103 2.86 × 101 3.83 × 103 3.14 × 101

Zþ jets 7.41 × 101 2.79 × 100 8.70 × 101 3.06 × 100

LQ
mLQ ¼ 0.6 TeV 2.19 × 104 1.52 × 102 2.75 × 104 1.92 × 102

mLQ ¼ 1.0 TeV 5.56 × 102 1.24 × 102 7.01 × 102 1.55 × 102

mLQ ¼ 1.25 TeV 1.77 × 102 4.98 × 101 2.23 × 102 6.22 × 101

mLQ ¼ 1.5 TeV 5.42 × 101 1.79 × 101 6.84 × 101 2.25 × 101

mLQ ¼ 2.0 TeV 6.71 × 100 2.48 × 100 8.47 × 100 3.13 × 100

mLQ ¼ 3.0 TeV 1.82 × 10−1 6.86 × 10−2 2.29 × 10−1 8.64 × 10−2

tt̄ 1.80 × 106 3.11 × 102 1.98 × 106 3.42 × 102

Wþ jets 3.48 × 103 8.80 × 100 3.83 × 103 9.82 × 100

Zþ jets 7.41 × 101 7.16 × 10−1 8.70 × 101 7.87 × 10−1

EFT
EFT ϵcbL ¼ 1 1.52 × 103 1.94 × 102 1.71 × 103 2.18 × 102

EFT ϵcbSL ¼ 1 9.09 × 102 1.81 × 102 9.99 × 102 1.99 × 102

EFT ϵcbT ¼ 1 1.09 × 104 8.41 × 102 1.31 × 104 1.01 × 103

tt̄ 1.80 × 106 1.45 × 103 1.98 × 106 1.59 × 103

Wþ jets 3.48 × 103 4.26 × 101 3.83 × 103 4.68 × 101

Zþ jets 7.41 × 101 3.69 × 100 8.70 × 101 4.05 × 100
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able to exclude all the area preferred by the RDð�Þ anomaly
for the W0 model. However, some phase space for the LQ
model remains without exclusion.

TABLE VI. Signal significance for the EFT benchmark sce-
nario, considering integrated luminosities of 150 fb−1 for

ffiffiffi
s

p ¼
13 TeV and

ffiffiffi
s

p ¼ 13.6 TeV and 3000 fb−1 for
ffiffiffi
s

p ¼ 13.6 TeV.

EFT

ffiffiffi
s

p ¼ 13 TeV
ðLint ¼ 150 fb−1Þ

ffiffiffi
s

p ¼ 13.6 TeV
ðLint ¼ 150 fb−1Þ

ffiffiffi
s

p ¼ 13.6 TeV
ðLint ¼ 3000 fb−1Þ

ϵcbSL 2.3 2.4 10.6

ϵcbL 2.7 2.8 12.4
ϵcbT 9.2 10.2 45.4

FIG. 8. Preferred bands, in solid color, for the RDð�Þ anomaly
compared to the LHC expected exclusion, in dotted lines for the
LQ and W0 models. The exclusion lines mark the lowest coupling
strength reachable by our search with 150 fb−1 at

ffiffiffi
s

p ¼ 13 TeV.

FIG. 7. Expected signal significance for the W0 and LQ
benchmark scenarios, as function of the corresponding recon-
structed mass, considering an integrated luminosity of 150 fb−1

for
ffiffiffi
s

p ¼ 13 TeV and
ffiffiffi
s

p ¼ 13.6 TeV and 3000 fb−1 forffiffiffi
s

p ¼ 13.6 TeV.

FIG. 6. Expected signal significance for the W0 and LQ
benchmark scenarios, as a function of the corresponding recon-
structed mass, considering an integrated luminosity of 150 fb−1

and
ffiffiffi
s

p ¼ 13 TeV. We also show the 1-sigma bands that explain
RDð�Þ as in [44] and in [62], setting the corresponding couplings
to 1.

FIG. 9. Expected signal significance for the EFT benchmark
scenarios, as function of the corresponding strength of the
interaction, considering an integrated luminosity of 150 fb−1

for
ffiffiffi
s

p ¼ 13 TeV. The 1-sigma bands explain the RDð�Þ anomaly
as in [44], while the vertical dashed lines show the limits derived
in [44], using a τh þ pmiss

T final state.
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VI. DISCUSSION AND CONCLUSIONS

Our findings have been interpreted in various models and
therefore we have to discuss the implications in each of the
scenarios. Firstly, while the current searches for a W0 at the
LHC, for the τ þ pmiss

T final state quote exclusion limits up
to 4.6 TeV [63,64] in the mass of the W0, our proposal
covers a new signature which must exist if a W0 is the
responsible for the anomalies on the B meson decay ratios.
In this sense, our proposal pinpoints the specific physics
process which would be a consequence of the observed B
meson anomalies, while the generic searches for a W0 cover
a broader spectrum of processes. It is important to mention
that the inclusion of a b-quark jet in the final state changes
significantly the expected amount and composition of the
background, with respect to the inclusive search.
In addition, the signature considered in this work is a

novel signature to search for LQs. The closest final state
considered in the literature for LQ searches studies final
states with two τh and one b-jet candidates. The exclusion
limit achieved by that search sets a limit on the LQ mass,
which should be greater than 1.1 TeV [65]. Therefore, our
proposal reaches a higher and more stringent limit for the
LQ mass and also explores a new channel relevant to study
B meson anomalies. The gain in experimental sensitivity is
associated with more optimal selection criteria, specially
when considering only one τh candidate instead of two. The
identification efficiency for τh candidates is not very high,
on average 60%.
For the EFT interpretation, we also reach new and

complimentary results with regard to the state of the art.
In Fig. 9 is shown the comparison among the limits

achieved by our proposal and the limits derived in [44].
We can see that the limits using bþ τh þ pmiss

T signature
are competitive with the τh þ pmiss

T results. Additionally,
from the physics point of view, both final states should exist
if the assumed couplings exist and, therefore, our proposal
makes a direct test of the underlying physics. In Table VII
are displayed the sensitivities, defined as NS=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NS þ NB

p
,

that can be achieved for each EFT interpretation at the
current operation energies for the LHC.
Finally, we have developed a completely new strategy to

address three different scenarios in a common final state
taking into account the particularities of each model. In this
sense, we have proposed a strategy that would be able to
include information on the characteristics of a hypothetical
signal in the LHC depending on the observable. In other
words, we have shown how a signal in the considered final
state does not have the same features for the possible
theoretical models giving rise to it.
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