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We study the phenomenology of a particular leptoquark extension of the Standard Model (SM), namely
the doublet-singlet scalar leptoquark extension of the SM (DSL-SM). Besides generating Majorana mass
for neutrinos, these leptoquarks contribute to muon and electron (g − 2) and various lepton flavor violating
processes. Collider signatures of the benchmark points (BPs), consistent with the neutrino oscillation data,
anomalous muon/electron magnetic moments, experimental bounds on the charged lepton flavor violation
observables, etc., are studied at the LHC/FCC with center-of-mass energies of 14, 27 and 100 TeV. While
the two −1=3 charged colored scalars from the singlet and the doublet leptoquark mix with each other, the
charge 2=3 colored scalar from the doublet leptoquark remains pure. With a near-degenerate mass
spectrum, the pure and mixed leptoquark states are shown to be distinguishable from multiple final states,
while discerning between the two mixed states remains very challenging.
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I. INTRODUCTION

Though the Standard Model (SM) provides a beautiful
theoretical explanation of the nongravitational interaction
of the elementary particles in terms of SUð3ÞC ⊗
SUð2ÞL ⊗ Uð1ÞY gauge group, there is ample evidence
that it is not a complete theory. Neutrino oscillation
indicating the nonzero masses of neutrinos and flavor
mixing of leptons is one of such phenomena advocating
the incompleteness of the SM which predicts massless
neutrinos without any flavor mixing. While the simplest
way to generate neutrino masses is to add right-handed
neutrino fields to the SM particle content, it is hard to
explain their extreme smallness. Such a small mass could
be understood if neutrinos are Majorana particles and
Majorana masses for neutrinos are generated from higher
dimensional operators who violate the lepton number by
two units. The most studied example of such an operator is

the dimension-5 Weinberg operator [1]: O5 ¼ cαβ
Λ ðLC

αLH̃
�Þ

ðH̃†LβLÞ, where α, β are the generation indices, LL ¼
ðνL; lLÞT is the left-handed lepton doublet of the SM, H ¼
ðHþ; H0ÞT is the Higgs doublet and H̃ ¼ iσ2H�. Λ is the
scale of new physics, and cαβ is a model-dependent
coefficient. The Weinberg operator gives rise to
Majorana masses (suppressed by Λ) for the neutrinos after
electroweak symmetry breaking (EWSB). At tree level,
there are only three ways to generate the Weinberg
operator, namely, the type-I [2–5], the type-II [6–14] and
the type-III [15–17] seesaw mechanisms. In the framework
of tree-level seesaw models, the smallness of neutrino
masses (mν) is explained via new physics at a very high
scale of Λ. Though the seesaw models are naturally
motivated to have very high scale masses to explain the
tinyness of the neutrino masses, if balanced with appro-
priate Yukawa couplings, nothing precludes them from
having mass at the TeV scale and hence testable at the
collider experiments. Note that the simplest TeV scale
seesaw models are tightly constrained from the stringent
cosmological upper bound of ≲0.09 eV on the total mass
(
P

mν) of light neutrinos [18], charged lepton flavor
violating (CLFV) observables, electroweak (EW) precision
observables, vacuum stability and perturbativity of the
scalar potential (in the context of type-II seesaw only)
[19–21], and collider experiments. However, one can
construct an alternative class of models in which O5 is
forbidden at the tree level, and neutrino masses are
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generated radiatively [22–34] or from a tree-level effective
operator [35–40] with mass dimension d > 5. The addi-
tional suppression1 to the neutrino masses arises from the
loop integrals (in the case of the former) or higher powers
of Λ in the denominator (in the case of the latter), brings
down the new physics scale Λ to TeV scale and, hence,
makes these models testable at the LHC.
Apart from neutrino mass generation, the anomalous

magnetic moment of muon is another long-standing puzzle
in particle physics. The combined result fromFermiNational
Accelerator Laboratory [41] and Brookhaven National
Laboratory [42] suggests a 4.2σ deviation in the measure-
ment of aμð≡ gμ

2
− 1Þ from its theoretical estimate under

SM2 [43–52]: Δaμ ¼ aExμ − aSMμ ¼ ð2.51� 0.59Þ × 10−9.
Similar anomaly exists for electron (g − 2) also. But, while
the experiment with cesium shows ΔaCse ¼ aExe ðCsÞ −
aSMe ¼ ð−8.8� 3.6Þ × 10−13 [53], the same with rubidium
suggestsΔaRbe ¼ aExe ðRbÞ−aSMe ¼ð4.8�3.0Þ×10−13 [54].
Though the expectationvalues ofΔae in the two experiments
are large and opposite in sign, the significances of the
measurements are reduced due to large experimental
error bars.
It is important to note that the current experimental data

(from neutrino oscillation as well as scattering experiments)
is inconclusive in determining the actual mechanism of
neutrino mass generation. However, it is clear that the
massive neutrinos and anomalous magnetic moment of the
charged leptons are both experimentally facts, and hence,
should be incorporated into the extensions of the SM. It
would be particularly exciting if a single mechanism
resolves two of these important outstanding puzzles in
particle physics. It has been shown in the literature [55,56]
that the minimal tree-level seesaw models are not very
efficient in incorporating these (g − 2) anomalies. This
necessitates searching for some other mechanism to pro-
vide a combined explanation for neutrino mass generation
as well as muon (g − 2). The SM particle spectrum
extended by TeV scale leptoquarks could be a possible
answer to this puzzle. However, attempts to construct a
unified theory that explains nonzero neutrino masses/
mixings and anomalous magnetic moments of the SM
charged leptons suffer, typically, from roadblocks in the
form of unacceptable phenomenological consequences
such as large contributions to the SM charged lepton flavor
violating processes. In particular, any ultraviolet complete

theory designed to explain the anomalous magnetic
moments would necessarily contain additional fields. If
we want these fields to play a role in generating neutrino
masses and mixings, there is always the danger of enhanc-
ing the SM charged lepton flavor-violating processes such
as μ → eγ, μ → 3e, μ-e conversion in nuclei, etc. which are
tightly constrained from different charged lepton flavor
violation experiments. In other words, the introduction of
new fields and their interactions cannot be arbitrary, for not
only must low-energy observables remain consistent with
measurements, but the failure of collider experiments to
observe such particles must be explained. Note that models
comprising doublet-singlet or doublet-triplet leptoquarks
[57–65] with Yukawa interactions involving the SM lepton,
quark multiplets, and the leptoquarks are known to generate
Majorana masses for the neutrinos at the one-loop level and
also contribute to the g − 2 of the SM charged leptons. A
comprehensive study of such a framework in the context of
neutrino oscillation data, g − 2 anomalies, bounds on the
CLFV observables, and collider experiments is missing in
the literature. This article intends to fill this gap.
Leptoquark models where the SM field content is

enlarged by introducing colored scalars (spin-0) or vector
(spin-1) fields have been there in literature for quite a few
decades [66,67]. They emerge naturally in higher gauge
theories unifying matters [66–77]. Being charged under the
SUð3ÞC, the Yukawa interactions of the scalar leptoquarks
simultaneously involve a quark and a lepton and hence
provide an elegant explanation for the recent observation of
the lepton flavor nonuniversality in the B-meson decays. The
prospect of leptoquark models in resolving various flavor
anomalies along with neutrino mass generation and muon
(g − 2) makes them discussable in recent times [78–103].
The phenomenology of leptoquark models has been studied
in literature [104–139], especially in the context of the Large
Hadron Collider (LHC) experiment. For example, lepto-
quarks have been searched experimentally at various col-
liders including the LHC over the past three decades [140–
153]; however, their existence is yet to be confirmed.
Discerning features of different scalar and vector leptoquarks
at electron-photon [154], electron-proton [155] and proton-
proton [134,156,157] colliders have been investigated rely-
ing dominantly on the angular distribution. Constraints from
Planck scale stability and perturbativity on different scalar
leptoquarks have also been studied [158,159].
In this work, the field content of the SM is extended

to include the following pair of scalar leptoquarks [57]
nontrivially charged under the SM gauge symmetry
[SUð3ÞC;SUð2ÞL;Uð1ÞY]: S1 ð3̄; 1; 1=3Þ and R̃2 ð3; 2; 1=6Þ
[59,60,63,65,160–163].3 The most general scalar potential
and Yukawa interactions involving the SM fields and the

1Note that the typical scale of a new physics, where neutrino
mass is generated via a d-dimensional operator at n-loop level,
can be estimated from the following neutrino mass formula:
mν ∝ ð 1

16π2
Þn × VEVd−3

Λd−4 .
2It is worth mentioning that the combined experimental result

is compared against the data-driven SM prediction from [43]
which leads to the 4.2σ deviation, not taking into account the
lattice QCD prediction from [44], which is in fact closer to the
experimental average.

3We also restrict ourselves to one generation of leptoquarks
with off-diagonal Yukawa coupling, to avoid the constraints from
perturbative unitarity [159].
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leptoquarks, S1 and R̃2, violate the lepton number con-
servation and result in nonzero Majorana masses for the
neutrinos at the one-loop level. In other words, one needs to
consider both S1 and R̃2 simultaneously in the model to
successfully generate the d ¼ 5 Weinberg operator for
neutrino mass at one loop [22]. Both the singlet and
doublet leptoquark in this model contributes to the charged
lepton g − 2 and CLFV processes. We studied the pos-
sibility of simultaneously explaining neutrino oscillation
data and muon anomalous magnetic moment in the
framework of this model subjected to the experimental
constraints from the CLFV experiments. We obtain bench-
mark points that are consistent with all the observational
constraints, such as neutrino oscillation data, muon (g − 2)
and lepton flavor violating decays, etc. The second part of
the article is dedicated to the collider signatures of those
benchmark points at the LHC experiment. The particle
spectrum of this model includes two exotic colored scalars
(denoted as mixed states) with electric charge 1

3
resulting

from the mixing of 1
3
components of the singlet and doublet

leptoquarks. Another exotic colored scalar (denoted as the
pure state) with electric charge 2

3
results from the doublet

leptoquark. While this particular leptoquark combination
has been extensively studied in literature in the context of
various bounds and anomalies, to our knowledge, a detailed
study of final states resulting from different choices of the
Yukawa couplings, at the current and future iterations of the
LHC, has not been explored for this model. We provide a
thorough study of the production, decay, and resulting
collider signatures of these exotic scalars for a carefully
chosen set of benchmark points at the current LHC, as well
as the future high energy (HE)/high luminosity (HL)-LHC
[164,165], and the future circular collider (FCC) [166].
Along with the discovery prospect of the model at the LHC/
FCC, our analysis on multiple final states that can help in
distinguishing between the physical mass eigenstates of
the leptoquarks in this model is presented, for a near-
degenerate mass spectrum. Additionally, we suggest a
method of probing the leptoquark mixing angle at a future
high-energy and high-precision hadron collider, via asym-
metric pair production with t-channelW�-boson exchange.
This article is organized as follows: in the next section

(Sec. II), we introduced the model with a discussion on
neutrino mass generation, anomalous magnetic moments of
charged leptons and leptoquark contributions to the CLFV
processes. In Sec. III, the choice of our benchmark points
from neutrino oscillation data, (g − 2) and CLFV processes
is motivated. The subsequent section (Sec. IV) deals with a
collider probe of the model at the LHC/FCC through pair
production for the chosen benchmark points. In Sec. V, we
discuss the distinguishing signatures of the pure and mixed

leptoquark states from pair production. The next section
(Sec. VI) is dedicated to the challenges in differentiating
between the two mixed leptoquark states in the context of
our benchmark points, complemented with a discussion on
probing the leptoquark mixing angle. Finally, we summa-
rize our results in Sec. VII.

II. THE MODEL

In addition to all the SM particles, the model includes
a scalar SUð2ÞL doublet leptoquark R̃2ð3; 2; 1=6Þ ¼
ðR̃2=3

2 ; R̃−1=3
2 ÞT and a singlet leptoquark S1ð3̄; 1; 1=3Þ

[65]. The relevant part of the Lagrangian involving the
leptoquarks is given as

−L ⊃ ½YL
1 Q̄

c
LS1ðiσ2ÞLL þ YR

1 ū
c
RS1lR þ Y2d̄RR̃T

2 ðiσ2ÞLL

þ κH†R̃2S1 þ H:c:� þm2
1ðS†1S1Þ þm2

2ðR̃†
2R̃2Þ

þ α1ðH†HÞðS†1S1Þ þ α2ðH†HÞðR̃†
2R̃2Þ

þ α02ðH†R̃2ÞðR̃†
2HÞ; ð2:1Þ

where, QLð3; 2; 1=6Þ and LLð1; 2;−1=2Þ represent the left-
handed quark and lepton doublets with three generations,
dRð3; 1;−1=3Þ indicates the right-handed singlet for down-
type quark with all the three generations andHð1; 2; 1=2Þ is
the SM Higgs doublet. Here, σ2 denotes the second Pauli
matrix, the superscripts “c” and “T” signify charge con-
jugation and transpose in SUð2ÞL space, respectively. YL;R

1

and Y2 are 3 × 3 complex matrices describing the Yukawa
interactions of the leptoquarks S1 and R̃2, respectively with
different quarks and leptons. The termsm1 andm2 are mass
terms for the singlet and the doublet leptoquarks, respec-
tively. α1, α2 and α02 are real dimensionless couplings
describing the strength of quartic interaction between the
leptoquarks and the SMHiggs doublet, whereas the trilinear
coupling κ is in general complex with mass dimension one
and plays a crucial role in the phenomenology of this model.
Note that in Eq. (2.1) simultaneous presence of the Yukawa
couplings YL

1 and Y2 in association with the trilinear scalar
coupling κ violates lepton number in the model. However,
we keep only those terms in the Lagrangian that preserve
baryon number (B), which leads to the absence of the
diquark coupling terms with S1, as well as the quartic term
of the form S21R̃

†
2H. The presence of such terms can lead to

fast proton decay [167], and naturally we wish to avoid that.
AssigningB ¼ −1=3 to S1 andB ¼ þ1=3 to R̃2 ensures the
absence of these terms in the Lagrangian. Moreover, the
trilinear coupling results into mixing among the singlet (S1)
and electromagnetic charge 1

3
component of the doublet

(R̃2
1=3) leptoquark after the EWSB. The mass matrix

involving S1 and R̃2
1=3 is given by
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M2
LQ ¼

0
B@m2ðS1Þ κvffiffi

2
p

κvffiffi
2

p m2ðR̃1=3
2 Þ

1
CA; ð2:2Þ

where v is the vacuum expectation value (VEV) of the SM
Higgs doublet, m2ðS1Þ ¼ m2

1 þ 1
2
α1v2 and m2ðR̃1=3

2 Þ ¼
m2

2 þ 1
2
ðα2 þ α02Þv2. The physical electromagnetic (EM)

charge 1
3
scalars (X1=3

1 and X1=3
2 ) are obtained by diagonal-

izing the mass matrix in Eq. (2.2) and given by

X1=3
1 ¼ cos θLQS

1=3
1 þ sin θLQR̃

1=3
2 ;

X1=3
2 ¼ − sin θLQS

1=3
1 þ cos θLQR̃

1=3
2 ; ð2:3Þ

where θLQ is the mixing angle given by

tan 2θLQ ¼ −
ffiffiffi
2

p
κv

m2ðS1Þ −m2ðR̃1=3
2 Þ

; ð2:4Þ

and the mass eigenvalues of the mixed leptoquark eigen-
states are obtained as

M2
1;2 ¼

1

2

h
m2ðS1Þ þm2ðR̃1=3

2 Þ

∓
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fm2ðS1Þ −m2ðR̃1=3

2 Þg2 þ 2v2κ2
q i

; ð2:5Þ

whereas the mass of the pure doublet leptoquark with EM
charge 2

3
is given by

m2ðR̃2
2=3Þ ¼ m2

2 þ
1

2
α2v2: ð2:6Þ

A. Loop induced neutrino masses, CLFV, and (g− 2)
In the framework of this model, Majorana mass of the

light neutrinos is generated at the one-loop level via the
Feynman diagram depicted in Fig. 1, where the simulta-
neous presence of the Yukawa couplings, YL

1 , Y2, and
scalar trilinear coupling κ leads to the lepton number
violation. In the absence of any of the aforementioned
couplings, this mass term vanishes. The light neutrino mass
matrix from this diagram is obtained as [60]4

Mν≃
3sin2θLQ
32π2

ln
�
M2

1

M2
2

�
½YL

1mdYT
2 þY2mdðYL

1 ÞT �; ð2:7Þ

where, md is the diagonal mass matrix for down-type
quarks. In the above equation, it has been assumed that the
leptoquarks are very heavy compared to the mass of all the
down-type quarks.

In this model, leptoquarks also contribute to CLFV
processes like li → ljγ at one-loop order, as shown in
Fig. 2. In this work, we have implemented the model in
SARAH [168] to generate model files for SPheno [169,170]
and MadGraph5 [171] to numerically compute the mass
spectrum, decays, different low energy observables includ-
ing the CLFV processes, charged lepton anomalous mag-
netic moments, and collider signatures, respectively.
However, for the sake of completeness and understanding
about the dependence of CLFV processes and charged
lepton anomalous magnetic moments on the Yukawa
couplings, approximate analytical expressions for the
Bðli → ljγÞ and Δal are summarized in the following.
In the framework of this model, the branching fraction

for the ith charged lepton flavor violating decay into jth
lepton and a photon, Bðli → ljγÞ can be expressed as [65]

Bðli → ljγÞ ¼
e2ðm2

i −m2
jÞ3

4096π5m3
iΓi

½jAX1

L þAX2

L þA
R̃2=3
2

L j2

þ jAX1

R þAX2

R þA
R̃2=3
2

R j2�; ð2:8Þ

wheremi;j are the masses of the charged leptons with flavor
ði; jÞ and Γi the total decay width of ith lepton. Now, the
loop functions A are given by

AX1;2
L ¼ C21;2

4M2
1

�
2ðỸL

1 Þkiðmkk
u ÞðYR

1 ÞkjF
�ðmkk

u Þ2
M2

1;2

�

−
n
mjðỸL

1 ÞkiðỸL
1 Þkj þmiðYR

1 ÞkiðYR
1 Þkj

o

× G
�ðmkk

u Þ2
M2

1;2

��
; ð2:9Þ

AX1;2
R ¼ C21;2

4M2
1

�
2ðYR

1 Þkiðmkk
u ÞðỸL

1 ÞkjF
�ðmkk

u Þ2
M2

1;2

�

− fmiðỸL
1 ÞkiðỸL

1 Þkj þmjðYR
1 ÞkiðYR

1 Þkjg

× G
�ðmkk

u Þ2
M2

1;2

��
; ð2:10Þ

FIG. 1. One-loop diagrams for generation of neutrino mass
matrix through leptoquarks with ði; j; kÞ being generation indices.

4Here, Yukawa couplings of leptoquarks are considered to be
real.
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A
R̃2=3
2

L ¼−
mj

4m2ðR̃2=3
2 Þ

ðY2ÞkiðY2ÞkjI
� ðmkk

d Þ2
m2ðR̃2=3

2 Þ

�
;

A
R̃2=3
2

L ¼−
mi

4m2ðR̃2=3
2 Þ

ðY2ÞkiðY2ÞkjI
� ðmkk

d Þ2
m2ðR̃2=3

2 Þ

�
; ð2:11Þ

where ỸL
1 ¼ VYL

1 (V being the usual Cabibbo-Kobayashi-
Maskawa (CKM) matrix), C1 ¼ cos θLQ, C2 ¼ sin θLQ
along with

F ðxÞ ¼ 7 − 8xþ x2 þ 2ð2þ xÞ ln x
ð1 − xÞ3 ;

GðxÞ ¼ 1þ 4x − 5x2 þ 2xð2þ xÞ ln x
ð1 − xÞ4 ; ð2:12Þ

IðxÞ ¼ x½5 − 4x − x2 þ 2ð1þ 2xÞ ln x�
ð1 − xÞ4 : ð2:13Þ

It is important to mention here that we use the convention of
rotating the flavor eigenstates of up-type quarks by the
CKM matrix to obtain their mass eigenstates.5 Therefore,
the left-handed Yukawa coupling YL

1 changes to ỸL
1 in the

square of amplitude while considering the interaction of an
up-type quark with a charged lepton through leptoquark S1
(i.e. in the mass basis through the singlet component of
X−1=3
1;2 ), while the rest of the couplings between quarks and

leptons through leptoquarks remain unaltered.
The additional contribution, resulting from the lepto-

quarks in the loop, to the jth charged lepton magnetic
moment can be expressed in the following way:

Δaj ¼ ΔaX1

j þ ΔaX2

j þ ΔaR̃
2=3
2

j ; ð2:14Þ

ΔaX1;2
j ¼−

C21;2mj

32π2M2
1

½2ðmkk
u ÞðỸL

1 ÞkjðYR
1 ÞkjF

�ðmkk
u Þ2

M2
1;2

�

−mjfjðỸL
1 Þkjj2þjðYR

1 Þkjj2gG
�ðmkk

u Þ2
M2

1;2

��
; ð2:15Þ

ΔaR̃
2=3
2

j ¼ m2
j jðY2Þkjj2

32π2m2ðR̃2=3
2 Þ

I
� ðmkk

d Þ2
m2ðR̃2=3

2 Þ

�
; ð2:16Þ

with all the relevant functions defined above. One can argue
from the above expressions that for TeV-scale leptoquark
masses, the contribution from R̃þ2=3

2 in explaining the
experimental excess of muon (g − 2) is negligible com-
pared to X−1=3

1;2 , and assuming no mixing, S1 alone can
explain the excess. However, we inevitably require both of
these leptoquarks in the model to generate the Majorana
neutrino mass as discussed, and hence we consider the
muon (g − 2) contribution from both R̃þ2=3

2 and X−1=3
1;2 , for

the sake of completeness. The muon-electron conversion
rate with the presence different nuclei for generic lepto-
quark model has been discussed using the effective field
theory approach in Ref. [136].

III. BENCHMARK POINTS

The primary goal of this work is to probe the model at the
LHC/FCC for the particular set of model parameters, which
are not only consistent with the neutrino mass and
oscillation data, but also satisfy the current experimental
values of electron and muon g − 2, while respecting the
upper bounds on CLFV decays of charged leptons.
Following the brief introduction of the model including
radiative neutrino mass generation, CLFV processes and
g − 2, we are now equipped enough to search for bench-
mark points on which we will perform the collider study.
We diagonalize the neutrino mass matrix of Eq. (2.7) to

obtain the Yukawa couplings YL
1 and Y2 which are

consistent with the neutrino mass sum and mass-squared
difference limits. Then, we utilize SPheno [169,170]
version 4.0.4 to find out which set of such couplings
can satisfy the g − 2 data simultaneously with the neutrino
mass data, with adequate choices of entries in YR

1 . Then,
with the help of SPheno, the CLFVobservables are obtained
for such couplings, while keeping them consistent with the
neutrino oscillation parameters as well. In the following,
we list three benchmark points (BPs), each with different
phenomenological aspect. The parameters of the scalar
potential are kept fixed across the three BPs as noted in

FIG. 2. One-loop diagrams contributing to li → ljγ. The same diagrams will contribute to g − 2 of muon and electron for i ¼ j.

TABLE I. Parameters except Yukawa couplings for all the BPs
(at 5 GeV renormalization scale of SPheno).

Parameters m1 m2 α1 α2 α02 κ

Values 1.5 TeV 1.5 TeV 0.2 0.2 0.2 50 GeV
5For the choice of our benchmark points, we have used SPheno

which uses the same convention.
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Table I. The masses of the leptoquarks m1 and m2 are
considered in accordance with the LHC data at the 2σ level
[172–174]. For this set of parameters in Table I, we obtain
θLQ ¼ −0.618 radians. This leads to X1 containing

∼66.5% of S1 and ∼33.5% of R̃1=3
2 while for X2 these

proportions get reversed.
It is worth mentioning here that generic studies of the

parameter space of this model exist in contemporary
literature [65,160], taking into account different sets of
bounds alongside the neutrino mass generation.
Reference [160], for example, presents a parameter scan
for the R̃2 þ S1 combination considering not only the
muon g − 2 and CLFV bounds, but also the various B-
decay anomalies and the latest CDF-II measurement of the
W�-mass [175], with complex Yukawa couplings. In our
work however, the collider searches for these leptoquarks
are given prime importance, which requires adherence to a
set of benchmark scenarios. We wish to perform a detailed
and comparative study of multiple final states at the LHC/
FCC, and hence we have strategically chosen our BPs in
such a way that the Yukawa couplings follow three
different regimes of relative strength, in an attempt to
draw a more comprehensive picture of the parameter space
and their respective phenomenology. For our first BP, the
entries of the Y2 are taken to be very tiny in comparison to
those of YL

1 , as prescribed in [60]. In the second regime, i.e.
BP2, two entries of Y2 are chosen in the same order of
magnitude as those of YL

1 . Lastly, in the third benchmark
scenario, Y2 contains an element that is larger than any of
those in YL

1 , leading to more impact of the leptoquark
mixing in the decay branching ratios. All these BPs are
fine-tuned to respect the indirect bounds from neutrino
oscillation data and CLFV decays, and if one wishes to
perform a generic collider study over a large parameter
space, one can certainly extrapolate these three regimes by
varying the Yukawa couplings around the chosen BPs,
which may lead to changes in the values corresponding to
the indirect bounds.
In the subsections that follow, we will discuss the choice

of our benchmark points from the perspective of each of the
sets of bounds that we prioritize. The extremely sensitive

nature of the bounds from neutrino mass and oscillation,
anomalous magnetic moment, and other CLFVobservables
means we require very high precision on the Yukawa
couplings to satisfy all of them simultaneously. However,
from a collider perspective, it is not possible to probe
Yukawa couplings up to such accuracy. Therefore, we start
off with the neutrino masses as our first priority, and choose
the couplings up to the least decimal point with which these
sub-eV masses are satisfied within the mass sum and mass
squared difference limits. The next immediate priority is
given to the muon and electron g − 2 measurements. After
that, the required fine-tuning to satisfy the neutrino
oscillation data and the CLFV bounds will be discussed.

A. Choice of Yukawa couplings

As discussed previously, the couplings stated here are
kept up to the lowest possible precision that are in agree-
ment with the resultant neutrino mass eigenvalues. The
LHC/FCC is insensitive towards the higher orders of
precision, which allows us the freedom to fine-tune the
entries.
BP1.—The choice of Yukawa couplings for BP1 are as

follows:

YL
1 ¼

0
B@
0.220 0.001 −0.030
0.150 −0.005 0.140

0.005 0.120 0.006

1
CA;

YR
1 ¼

0
B@
1.000 0.000 0.000

0.150 0.000 0.200

0.000 0.120 0.009

1
CA;

Y2¼ 10−3

0
B@
0.00000 −0.03900 −0.00082
0.28200 0.00000 0.00000

0.35900 0.01810 0.00000

1
CA: ð3:1Þ

In this scenario, the tiny values of Y2 makes R̃2 almost
inert and therefore the total decay width of R̃þ2=3

2 becomes
very small, i.e. 6.27 × 10−6 GeV, but large enough to
create prompt decays. Due to this fact the dynamics of

TABLE II. Dominant decay modes and branching ratios of the three leptoquark eigenstates for BP1.

Dominant decay modes of leptoquarks for BP1

R̃þ2=3
2

mðR̃2=3
2 Þ ¼ 1.502 TeV

X−1=3
1

M1 ¼ 1.499 TeV
X−1=3
2

M2 ¼ 1.506 TeV

ΓðR̃2=3
2 Þ ¼ 6.27 × 10−6 GeV ΓðX1Þ ¼ 25.6 GeV ΓðX2Þ ¼ 13.0 GeV

Mode Dominant Yukawa BR (%) Mode Dominant Yukawa BR (%) Mode Dominant Yukawa BR (%)

beþ ðY2Þ31 61.6 ue− ðYR
1 Þ11 þ ðỸL

1 Þ11 82.4 ue− ðYR
1 Þ11 þ ðỸL

1 Þ11 82.4

seþ ðY2Þ21 37.5 cτ− ðYR
1 Þ23 þ ðỸL

1 Þ23 4.6 cτ− ðYR
1 Þ23 þ ðỸL

1 Þ23 4.6

dνe ðYL
1 Þ11 3.8 dνe ðYL

1 Þ11 3.8
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X−1=3
1 and X−1=3

2 are mostly dominated by the singlet
component S1. The mass eigenstates of the leptoquarks
with charge 1=3, i.e. X−1=3

1;2 , are almost degenerate with a
mass difference of ∼7 GeV; however, the total decay width
of X1 is approximately twice that of X2. The branching
fractions of the leptoquarks in their mass basis, for different
modes are presented in Table II. Among all the components
of YL

1 and YR
1 , the large ðYR

1 Þ11 ¼ 1.0 makes ue the

dominant decay channel of X−1=3
1;2 with 82.4% of the

branching fraction. The doublet Yukawa Y2 has a negli-
gible effect on their branching, and only governs the decay
modes of R̃þ2=3

2 .
BP2.—For this benchmark point, the YL

1 and Y
R
1 Yukawa

couplings are chosen in such a way that, for X−1=3
1 and

X−1=3
2 leptoquarks, we can obtain more than one dominant

decay mode with comparable branching fractions, unlike in
BP1. The structures of these couplings are given below:

YL
1 ¼

0
B@

0.0000 0.3740 −0.0100
−0.0008 0.5990 0.0420

0.0200 0.0223 0.0418

1
CA;

YR
1 ¼

0
B@
0.00 0.50 0.00

0.00 0.50 0.05

0.02 0.00 0.03

1
CA;

Y2¼ 10−3

0
B@

5.0000 −1.1893 −1.3230
−144.0400 5.0000 −2.1195
−108.8400 5.0363 0.0000

1
CA: ð3:2Þ

The total decay widths and branching fractions of all the
leptoquarks under this BP are listed in Table III. In this case,
the total decay width of R̃þ2=3

2 gets enhanced to ∼1 GeV,
due to larger values of ðY2Þ21 and ðY2Þ31, i.e. Oð10−1Þ,
compared to the BP1 scenario, where the total decay width
is Oð10−6Þ GeV. Owing to the larger values of ðY2Þ21 and
ðY2Þ31, R̃þ2=3

2 decays dominantly to seþ (63.5%) and beþ

(36.3%). The mass splitting and the ratio of the total decay

widths betweenX1 andX2 remain similar as BP1. However,
for this particular choice of YR;L

1 , X−1=3
1 and X−1=3

2 both
dominantly decay to uμ and cμ, with equal branching
fractions of 32.7% in the case of X−1=3

1 , and 31.7% in the

case of X−1=3
2 , respectively. This is attributed to the fact that,

while we already have ðYR
1 Þ12 ¼ ðYR

1 Þ22 ¼ 0.5, after the
CKM rotation of YL

1 we also get ðỸL
1 Þ12 ¼ ðỸL

1 Þ22 ≈ 0.5.

Additionally, two other significant decay modes of X−1=3
1;2

open up, namely sν (∼23%) and dν (∼9%).
BP3.—For the third benchmark points, we wish to have

significantly different branching ratios for X−1=3
1 and X−1=3

2 ,
contrary to the two previous scenarios. Hence, the Yukawa
couplings for this BP are chosen as follows:

YL
1 ¼

0
B@
−0.0070 0.0490 0.4870

0.0290 0.0092 0.1124

0.0012 0.0500 0.0017

1
CA;

YR
1 ¼

0
B@
0.0 0.5 0.5

0.5 0.0 0.0

0.0 0.3 0.0

1
CA;

Y2¼10−3

0
B@

0.00000 878.31000 −2.62350
−2.03300 200.00000 −0.48457
89.30000 3.00000 −2.67500

1
CA: ð3:3Þ

The branching fractions for the leptoquark mass eigen-
states are depicted in Table IV. As a result of the large
ðY2Þ12 and ðY2Þ22, the total decay width of R̃þ2=3

2 in this
scenario, i.e. 24.4 GeV, becomes comparable to that of
X−1=3
1;2 . Because of the same fact, the branching fractions of

X−1=3
1 and X−1=3

2 look quite different, since X−1=3
1 and X−1=3

2

contain different proportions of S1 and R̃
1=3
2 . Here, the total

decay widths of X−1=3
1 and X−1=3

2 are also quite close unlike
the previous two cases, as a result of both YR

1 and Y2

containing entries of Oð10−1Þ. The element ðY2Þ12 ¼
0.876269 results in R̃þ2=3

2 decaying dominantly to dμþ

TABLE III. Dominant decay modes and branching ratios of the three leptoquark eigenstates for BP2.

Dominant decay modes of leptoquarks for BP2

R̃þ2=3
2

mðR̃2=3
2 Þ ¼ 1.502 TeV

X−1=3
1

M1 ¼ 1.499 TeV
X−1=3
2

M2 ¼ 1.506 TeV

ΓðR̃2=3
2 Þ ¼ 9.76 × 10−1 GeV ΓðX1Þ ¼ 30.3 GeV ΓðX2Þ ¼ 15.9 GeV

Mode Dominant Yukawa BR (%) Mode Dominant Yukawa BR (%) Mode Dominant Yukawa BR (%)

seþ ðY2Þ21 63.5 uμ− ðYR
1 Þ12 þ ðỸL

1 Þ12 32.7 uμ− ðYR
1 Þ12 þ ðỸL

1 Þ12 31.7

beþ ðY2Þ31 36.3 cμ− ðYR
1 Þ22 þ ðỸL

1 Þ22 32.7 cμ− ðYR
1 Þ22 þ ðỸL

1 Þ22 31.7

sνμ ðYL
1 Þ22 23.5 sνμ ðYL

1 Þ22 22.8
dνμ ðYL

1 Þ12 9.2 dνμ ðYL
1 Þ12 8.9
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with a branching fraction of 94.1%. As the X2 leptoquark
contains 66% of R̃−1=3

2 , so this same large coupling

enhances the decay of X−1=3
2 → dνμ, with a 51.4% branch-

ing fraction. The other decay modes of X−1=3
2 are dominated

by YL;R
1 , the larger of them being uτ (16.9%). On the other

hand, as X−1=3
1 contains 66% of S1, the largest branching

fraction is observed in the uτ decay channel (28.4%).
However, the larger value of ðY2Þ12 still affects its decay,
owing to the 33.5% of R̃−1=3

2 remaining in it. This results in

the 22.2% branching fraction of X−1=3
1 decaying to dνμ.

However, significant difference between the BRs of
X−1=3
1;2 → dνμ is observed, which is the purpose of choosing

the Yukawa couplings as described in Eq. (3.3).

B. Neutrino mass from the chosen BPs

Following the discussion on our choice of Yukawa
couplings and their effect on the leptoquark decay chan-
nels, we will now look into the experimental bounds on
various low-energy observables and their corresponding
values under these benchmark scenarios. The first moti-
vation of choosing this model containing a doublet and a
singlet leptoquark was to generate neutrino masses at one
loop. It turns out that, up to the stated accuracy of the
Yukawa coupling entries, the neutrino mass eigenvalues
shape up as depicted in Table V. though there is no bound
on individual masses of active neutrinos, their total mass

should be less than 0.09 eV [18]. We observe that, in all
three benchmark points, the neutrino mass sum stays within
a value of 0.075 eV.
The next immediate bounds comes from the neutrino

mass-squared differences. It is important to note that, for the
purpose of this work, the normal hierarchy of neutrino mass
is considered, where mν3 > mν2 > mν1 [176]. However,
one can choose to work with the inverted hierarchy as well,
tweaking the parameter space as required. In consideration
of the normal hierarchy, the respective mass-squared
differences and the experimental 3σ range are provided
in Table VI. Up to the quoted order of precision, the entries
of the Yukawa coupling matrices results into values within
the allowed 3σ range.
However, further fine-tuning at least at the third decimal

point of the chosenYukawa couplings is unavoidable to fully
satisfy the neutrino oscillation parameters within the 3σ
range, which wewill discuss towards the end of this section.

C. Muon and electron g− 2 from the chosen BPs

With the help of SPheno, it is observed that the bench-
mark points up to the stated accuracy also satisfy the muon
and electron g − 2 data [41,53,54]. The experimental results
for these observables and their values under our choice of
benchmark points are listed in Table VII. It should be
noticed that the values of the electron g − 2 for our BPs are
more in accordance with the experimental values for
rubidium, which is the more recent measurement.

TABLE V. Masses of neutrinos under different benchmark
points and experimental bound.

Parameter Experimental bound BP1 BP2 BP3

mν1 (eV) � � � 0.009 0.010 0.009
mν2 (eV) � � � 0.012 0.013 0.013
mν3 (eV) � � � 0.051 0.052 0.052P

mν (eV) < 0.09 [18] 0.072 0.075 0.074

TABLE IV. Dominant decay modes and branching ratios of the three leptoquark eigenstates for BP3.

Dominant decay modes of leptoquarks for BP3

R̃þ2=3
2

mðR̃2=3
2 Þ ¼ 1.502 TeV

X−1=3
1

M1 ¼ 1.499 TeV
X−1=3
2

M2 ¼ 1.506 TeV

ΓðR̃þ2=3
2 Þ ¼ 24.4 GeV ΓðX1Þ ¼ 34.9 GeV ΓðX2Þ ¼ 29.8 GeV

Mode Dominant Yukawa BR (%) Mode Dominant Yukawa BR (%) Mode Dominant Yukawa BR (%)

dμþ ðY2Þ12 94.1 uτ− ðYR
1 Þ13 þ ðỸL

1 Þ13 28.4 dν̄μ ðY2Þ12 51.4

sμþ ðY2Þ22 4.9 dν̄μ ðY2Þ12 22.2 uτ− ðYR
1 Þ13 þ ðỸL

1 Þ13 16.9

uμ− ðYR
1 Þ12 þ ðỸL

1 Þ12 14.3 uμ− ðYR
1 Þ12 þ ðỸL

1 Þ12 8.5

ce− ðYR
1 Þ21 þ ðỸL

1 Þ21 14.2 ce− ðYR
1 Þ21 þ ðỸL

1 Þ21 8.4

dν̄τ ðYL
1 Þ13 13.5 dν̄τ ðYL

1 Þ13 8.0

TABLE VI. Neutrino mass-squared differences for the three
benchmark points, along with the experimental 3σ values (normal
hierarchy).

Parameter Experimental 3σ range BP1 BP2 BP3

Δm2
21ð×10−5 eV2Þ 6.94–8.14 7.03 7.84 8.12

Δm2
31ð×10−3 eV2Þ 2.47–2.63 2.47 2.63 2.63
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D. Fine-tuning of the BPs

Having discussed the bounds that are satisfied with the
lowest possible precision of the Yukawa couplings, we
now move towards the fine-tuning of the same, through
which the neutrino oscillation data and the CLFV observ-
ables can also be addressed. The fine-tunings are required
mainly for YL

1 and Y2, at least at the third decimal place, as
these two Yukawa couplings contribute towards the neu-
trino mass and mixing. For our purpose, YR

1 does not
require any such fine-tuning. It is important to note that,
from the perspective of analysis at the LHC/FCC, such

fine-tuned precise values of the couplings do not affect the
observations of the final states. As we have seen from the
discussion on the decay branching ratios in Sec. III A, only
the entries ofOð100–10−1Þ lead to significantly observable
decay channels. Therefore, fine-tuning at Oð10−3Þ or less
does not affect the collider study. Nonetheless, such
minute adjustments at Oð≤10−3Þ are inevitable for us to
be consistent with the neutrino oscillation and CLFV
bounds. Below, we list the high-precision values of the
Yukawa couplings in the three aforementioned benchmark
points.

BP1.—

YL
1 ¼

0
B@

0.221039 0.000714 −0.031542
0.153678 −0.004908 0.136279

0.004975 0.119897 0.005766

1
CA; YR

1 ¼

0
B@

1.000 0.000 0.000

0.150 0.000 0.200

0.000 0.120 0.009

1
CA;

Y2 ¼ 10−3

0
B@

0.000000000 −0.038621100 −0.000825144
0.280505000 0.000000000 0.0000224450

0.359512000 0.018091600 0.000000000

1
CA: ð3:4Þ

BP2.—

YL
1 ¼

0
B@

0.000119 0.374489 −0.009901
−0.000818 0.599381 0.042168

0.019983 0.022305 0.041819

1
CA; YR

1 ¼

0
B@

0.00 0.50 0.00

0.00 0.50 0.05

0.02 0.00 0.03

1
CA;

Y2 ¼ 10−3

0
B@

5.00000 −1.17252 −1.31907
−144.02600 5.00000 −2.11232
−108.86400 5.01788 0.00000

1
CA: ð3:5Þ

BP3.—

YL
1 ¼

0
B@

−0.00675900 0.04901100 0.48713800

0.02920300 0.00922200 0.11267200

0.00123556 0.05012900 0.00171300

1
CA; YR

1 ¼

0
B@

0.0 0.5 0.5

0.5 0.0 0.0

0.0 0.3 0.0

1
CA;

Y2 ¼ 10−3

0
B@

0.0000000 876.2690000 −2.6172423
−1.9016000 200.0000000 −0.4845686
87.8210000 3.0095000 −2.6750000

1
CA: ð3:6Þ

TABLE VII. Experimental estimates of muon and electron (g − 2) and their values for the three benchmark points,
given by SPHENO.

Observable Experimental value BP1 BP2 BP3

Δaμ ð2.51� 0.59Þ × 10−9 [41] 2.97 × 10−9 2.44 × 10−9 3.10 × 10−9

ΔaCse ð−8.8� 3.6Þ × 10−13 [53] 7.71 × 10−13 4.00 × 10−13 7.02 × 10−13

ΔaRbe ð4.8� 3.0Þ × 10−13 [54]
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With the values of the Yukawa couplings modified to
higher orders of precision, we obtain the neutrino oscillation
parameters as depicted in Table VIII for the three fine-tuned
BPs, along with the experimental 3σ ranges. As we are
working with real Yukawa couplings, the CP-violating
phase δCP is chosen to be 180°, for convenience, so that the
PMNS mixing matrix also becomes real. The 3σ range of
the absolute value for each component of the 3 × 3 PMNS
matrix, denoted as Uij, are also presented in Table VIII.
Finally, we consider the constraints from various CLFV

processes, for which the experimental bounds, along with
their values under three benchmark points of this model, are
presented in Table IX. The tightest constraint comes from
the μ → eγ by the MEG collaboration [177] providing
the branching fraction to be smaller than 4.2 × 10−13.

Experiment Sindrum II dealing with μ-e conversion by
gold atom puts another stringent bound stating that the
branching ratio of this process with respect to the nuclear
capture probability should be less than 7 × 10−13 [178].
The other bounds are not very strong relative to these two
and are automatically satisfied. For our simulation we
generated all these results through SPheno.

IV. COLLIDER PHENOMENOLOGY

After setting up the model and the benchmark scenarios
in the previous sections, we now perform a series of
simulations to probe this model at the current 14 TeV
LHC, as well as the future HL/HE-LHC and the FCC. In
this section, we will be studying the pair production of the

TABLE VIII. Neutrino oscillation data (normal ordering) [176] and values of oscillation parameters under different benchmark points.

Parameter Experimental 3σ range BP1 BP2 BP3

sin2 θ12 0.27–0.37 0.27 0.30 0.31
sin2 θ13 0.020–0.024 0.023 0.023 0.023
sin2 θ23 0.43–0.61 0.50 0.59 0.59
δCP 120°–369° 180° 180° 180°
U11 0.801 < jU11j < 0.845 −0.844 0.830 −0.823
U12 0.513 < jU12j < 0.579 −0.514 0.537 −0.547
U13 0.143 < jU13j < 0.155 0.152 0.150 0.153
U21 0.234 < jU21j < 0.500 0.276 −0.252 0.256
U22 0.471 < jU22j < 0.689 −0.661 0.601 −0.598
U23 0.637 < jU23j < 0.776 −0.698 −0.758 −0.759
U31 0.271 < jU31j < 0.525 −0.459 0.498 −0.507
U32 0.477 < jU32j < 0.694 0.547 −0.591 0.586
U33 0.613 < jU33j < 0.756 −0.700 0.634 −0.632

TABLE IX. Bounds on various LFV processes and their SPheno generated values for different benchmark points.

No. CLFV mode Experimental branching BP1 BP2 BP3

1 μ → eγ <4.2 × 10−13 9.19 × 10−14 3.36 × 10−15 5.09 × 10−15

2 τ → eγ <3.3 × 10−8 3.04 × 10−8 3.18 × 10−8 6.36 × 10−17

3 τ → μγ <4.4 × 10−8 3.71 × 10−8 4.10 × 10−8 4.53 × 10−10

4 μ → 3e <1.0 × 10−12 6.46 × 10−16 8.57 × 10−15 3.93 × 10−16

5 τ → 3e <2.7 × 10−8 4.08 × 10−10 3.83 × 10−10 2.47 × 10−17

6 τ → 3μ <2.1 × 10−8 9.56 × 10−11 1.49 × 10−10 8.55 × 10−10

7 μ − e, Ti <4.3 × 10−12 2.19 × 10−13 6.34 × 10−13 5.66 × 10−13

8 μ − e, Au <7 × 10−13 2.38 × 10−13 6.31 × 10−13 6.29 × 10−13

9 μ − e, Pb <4.6 × 10−11 2.30 × 10−13 6.04 × 10−13 6.08 × 10−13

10 τ− → e−μþμ− <2.7 × 10−8 8.78 × 10−11 7.53 × 10−11 7.02 × 10−17

11 τ− → μ−eþe− <1.8 × 10−8 4.39 × 10−10 5.04 × 10−10 5.30 × 10−10

12 τ− → eþμ−μ− <1.7 × 10−8 2.71 × 10−30 1.84 × 10−25 1.12 × 10−22

13 τ− → μþe−e− <1.5 × 10−8 2.92 × 10−27 2.08 × 10−22 1.07 × 10−24

14 Z → eμ <7.5 × 10−7 7.81 × 10−23 4.91 × 10−17 5.23 × 10−19

15 Z → eτ <9.8 × 10−6 3.12 × 10−13 4.87 × 10−14 1.56 × 10−18

16 Z → μτ <1.2 × 10−5 5.87 × 10−14 5.36 × 10−13 1.05 × 10−11

17 h → eμ <6.1 × 10−5 3.16 × 10−18 1.13 × 10−19 1.12 × 10−20

18 h → eτ <4.7 × 10−3 3.11 × 10−12 1.75 × 10−9 6.70 × 10−21

19 h → μτ <2.5 × 10−3 2.02 × 10−9 4.14 × 10−12 6.01 × 10−16
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three leptoquark (LQ) eigenstates of R̃þ2=3
2 and X−1=3

1;2 from
proton-proton collisions at three different center-of-mass
energies (ECM) of 14, 27 and 100 TeV, respectively.

A. Simulation at the LHC/FCC: Setup

For the simulations at the LHC/FCC, the hard scattering
event files are generated in the .lhe format from CalcHEP

[179] version 3.8.7.SPheno version 4.0.4 is utilized to obtain
spectrum files (.spc format) to be read by CalcHEP as
parameter cards. The parton shower, hadronization and jet
clustering are done with PYTHIA 8.2.45 [180]. To form the
jets, FASTJET-3.3.3 [181] is used with the Cambridge-Aachen
jet clustering algorithm [182] with a jet radius of 0.5. the
same softwares and parameters are utilized to simulate the
five dominant SM backgrounds (BGs) at the LHC, namely
tt̄, VV, VVV, tt̄V, and tVV (where V represents the
electroweak vector bosons W=Z), so that we can compare
the signal events with the background to obtain the
significance of discovery. The next-to-leading order
(NLO) K factors for the backgrounds are calculated with
MadGraph5_aMC@NLO version 3.1.0 [171]. Addition-
ally, the following cuts are imposed:

(i) Calorimeter coverage, jηj < 4.5.
(ii) Transverse momentum cut for jets and leptons,

pjet;lep
T;min ¼ 20.0 GeV.

(iii) Leptons are hadronically cleaned, with minimized
hadronic activity within a cone of radius ΔRhl ¼ 0.3
with the relation

P
phad
T ¼ 0.15plep

T .
(iv) Leptons are isolated from jets, with a cone radius cut

of ΔRlj > 0.4.
(v) Pertaining to the high mass of the leptoquarks,

i.e. 1.5 TeV in the benchmark points, a cut on
the total hardness of the event, defined as pH

T ¼Pðplep
T þ pjet

T þ =pTÞ ≥ 1.2 TeV, is applied to both
the signal and background events, at the analysis
level. Additionally, for convergence of the events
at the high-momentum tail, the SM background

events are generated with a phase space cut offfiffiffî
s

p
≥ 1.2 TeV.

(vi) For further filtering of the backgrounds, the following
dijet and dilepton invariant mass vetoes are imposed:
jMjj −MZj ≥ 10 GeV, jMjj −MW j ≥ 10 GeV, and
jMll −MZj ≥ 10 GeV.

Moreover, for ease of analysis and clarity of signal, we
perform flavor tagging of heavy jets. For b tagging, we take
the efficiency to be ∼70% following a secondary vertex
reconstruction algorithm [183]. For c tagging we consider a
conservative efficiency of ∼56% with a misidentification
rate of ∼0.12 [184]. Again, while tagging the τ jets using
one- or three-prong π� tracks, we take the hadronic τ-jet
identification efficiency of∼75% for amisidentification rate
of ∼10−2, as reported in [185]. With this setup, we are now
ready to move ahead with our simulations of leptoquark pair
production.

B. Leptoquark pair production

For the pair production of LQs in pp collisions, we are
considering the QCD processes, along with the contribu-
tion from t-channel lepton exchange diagrams as shown in
Fig. 3. The QCD dominated leading-order partonic cross
section for the pair production of scalar leptoquarks
through gluon and quark fusion channels can be expressed
as [125,156]

σ̂gg ¼
πα2s
96ŝ

�
βð41 − 31β2Þ − ð17 − 18β2 þ β4Þ log

				 1þ β

1 − β

				
�

and σ̂qq̄ ¼
2πα2s
27ŝ

β3; ð4:1Þ

where β ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4M2

LQ=ŝ
q

with MLQ being the mass of the

leptoquark, ŝ the partonic center-of-mass energy and αs the
strong coupling constant. As shown in Ref. [156], the effect
of the t-channel lepton exchange diagram becomes

FIG. 3. Feynman diagrams for pair production of leptoquarks from pp collisions at the LHC.
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significant only when the scattering angle is very small.
However, to obtain the total cross section for the pair
production of leptoquarks at the hadronic collider, one has
to wrap each of the partonic cross sections with a parton
distribution function (PDF) and sum over all the different
contributions.
The leptoquark model is implemented in SARAH [168],

and model files for CalcHEP [179] are generated from there.
Reading the parameter cards from SPheno, CalcHEP eval-
uates the pair production cross sections at leading order
(LO) QCD, taking the cteq6l1 parton distribution
function (PDF) [186]. However, we wish to perform our
pair production analysis at the next-to-leading order (NLO)
QCD. For that, we first neglect the lepton exchange
diagrams to match the cross sections with the published
results from [130,187] and make a judicial choice of NLO
QCD K-factor ¼ 1.84 for MLQ ¼ 1.5 TeV. Next we
include the t-channel lepton exchange diagrams along with
the QCD processes, where the BPs with Oð1Þ Yukawa
couplings can have some significant effect on the total cross
section. Referring to the results published in [91,188], it is
observed that, for 1.5 TeV leptoquark mass, the ratio of
cross sections at NLO QCD with both QCD-mediated þ
t-channel lepton processes, compared to only QCD proc-
esses without t channel, come out to be about 1.1. Therefore,
our effective K factor now becomes 1.84 × 1.1 ≈ 2.02.
Moreover, the cross sections are evaluated at the renorm-
alization scale μR ¼ MLQ ¼ 1.5 TeV, at which the value of
strong coupling αS for cteq6l1 PDF is 0.0899.
With this setup of parameters, we evaluate the cross

sections at three different center-of-mass energies (ECM) of
14, 27 and 100 TeV, corresponding to present and future
iterations of the LHC/FCC. These cross sections for the
three benchmark points are presented in Table X. From this
table we note that, in the case of BP1, the X1 pair
production cross section is large due to ðYR

1 Þ11 ¼ 1.0,
while in BP3, R̃2 pair production is enhanced by the
dominance of ðY2Þ12 ¼ 0.876. In BP2, the slight difference
in cross sections of X1;2 pair production is resulting from
the small mass gap of MX1

−MX2
≈ 7 GeV. The effect of

this mass gap is overcome by the ðY2Þ12 ¼ 0.876 in BP3,
which enhances the cross section for X−1=3

2 slightly higher

than X−1=3
1 , despite being heavier.

In Table XI, we illustrate the effective branching frac-
tions of different observable final states at the LHC/FCC, in
accordance with the Yukawa couplings and decay channels
discussed in Sec. III. Here, =pT refers to the missing
transverse momentum that is carried by particles such as
neutrinos which are not observable at the LHC, and OS
means “oppositely signed.” The light jets, i.e. non-flavor-
tagged jets, are represented as j. The final states and
probabilities for R̃þ2=3

2 pair production look very different

than those of X−1=3
1;2 , due to the difference in charge, as well

as for R̃þ2=3
2 being purely doublet. In BP1 and BP2, the

mixed states X−1=3
1;2 have almost the same probabilities for

their final states, which are governed mostly by YL;R
1 . In the

case of BP3, the effect of Y2 comes into play, leading to
different probabilities for the same final states. We will be
extensively using Table XI in the collider analysis that
follows, in order to decide upon which final states to look
for. The first objective for us is to probe the model at the
LHC/FCC, and obtain a model signature with ≥5σ sig-
nificance from the pair production events of all three
leptoquark mass eigenstates. This study is discussed in
detail in the following subsections.

C. Model signatures

To explore the feasibility of probing the model at the
LHC/FCC, we first identify final states that are observable
across all the three benchmark points. These final states
also need to be direct consequences of the chosen Yukawa
couplings, rather than emerging only due to initial- or final-
state radiation (ISR, FSR) effects. To observe a significant
excess of events over the SM backgrounds, we study the
differential distributions of the kinematic variables pertain-
ing to the emergent leptons and jets, so that some advanced
cuts can be applied in our analysis.

1. Kinematics and final state topologies

In Fig. 4 the multiplicity distribution of isolated
charged leptons emerging from the leptoquark pair pro-
duction processes is presented, with panels (a)–(c) corre-
sponding to BP1–BP3 respectively. The event numbers
have been calculated with an integrated luminosity of
1000 fb−1. Although the distributions are plotted for

TABLE X. Production cross sections of leptoquark pairs from pp collisions at the LHC at ECM ¼ 14, 27 and 100 TeV, with cteq6l1
as PDF, and the NLO K factor ¼ 2.02.

pp → LQLQ at different ECMs
σR̃2=3

2
R̃−2=3
2 (fb) σX1=3

1
X−1=3
1 (fb) σX1=3

2
X−1=3
2 (fb)

BPs 14 TeV 27 TeV 100 TeV 14 TeV 27 TeV 100 TeV 14 TeV 27 TeV 100 TeV

BP1 0.39 10.91 779.3 0.61 15.21 890.8 0.35 10.53 772.8
BP2 0.39 10.91 779.6 0.32 10.13 778.5 0.32 9.90 755.5
BP3 0.54 14.70 886.5 0.30 9.80 770.0 0.33 10.48 780.9
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27 TeV center-of-mass energy owing to a larger number of
events than for 14 TeV, the pattern of distributions do not
alter much at 14 or 100 TeV energies. In each case, the

green, yellow and pink bars correspond to X−1=3
1 , X−1=3

2 ,

and R̃þ2=3
2 pair productions, respectively. For each BP, the

distributions for R̃þ2=3
2 preserve the same shape and they

peak at nlep ¼ 2, which is obvious from the decay of the
pair produced leptoquarks and also predicted by the
effective branching fractions noted in Table XI.
Depending on the dominant branching fractions of

X−1=3
1;2 , the lepton multiplicity distribution varies for the

three BPs. However, in all three cases this multiplicity
becomes negligible for nlep > 2, as there is no other
possible source of leptons apart from the leptoquarks in
the hard process. In BP1, the majority of events carry two

leptons for both X−1=3
1;2 , due to a 68% probability of

obtaining a 2jþ OSe final state. In BP2 the multiplicity
peaks at one lepton for both of these leptoquarks, with the
numbers remaining almost the same for each. However, in
BP3, even though pair production of both X−1=3

1 and X−1=3
2

leads to a majority of zero-lepton events, the ratios are not
uniform unlike the other two BPs. The zero-lepton events
are accounted for by the large branching ratios of X−1=3

1;2 into
neutrinos and τ jets. Such events are more dominant for
X−1=3
2 , as a result of the greater probabilities of decaying

into neutrinos and τ jets compared to X−1=3
1 , shown in

Table XI.
Figure 5 depicts a similar comparative distribution of jet

multiplicities for pair productions of X−1=3
1 (green), X−1=3

2

(yellow), and R̃þ2=3
2 (pink) leptoquarks, at ECM ¼ 27 TeV.

(a) (b) (c)

FIG. 4. Distribution of lepton multiplicity coming from pair production of R̃þ2=3
2 (pink) and X−1=3

1;2 (green, yellow) for (a) BP1, (b) BP2,
and (c) BP3, at the 27 TeV LHC.

TABLE XI. List of possible final states for pair production of leptoquarks at the LHC. Here, light jets are represented by j, OS refers to
“opposite signed.”

Observable final states for different leptoquark pairs with effective branching ratios

R̃2=3
2 R̃−2=3

2 X1=3
1 X−1=3

1 X1=3
2 X−1=3

2

BPs Final state BReff Final state BReff Final state BReff

BP1 2b-jetsþ 2OSe 0.38 2jþ 2OSe 0.68 2jþ 2OSe 0.68
1b-jetþ 1jþ 2OSe 0.46

2jþ 2OSe 0.14
BP2 2jþ 2OSe 0.40 2jþ 2OSμ 0.11 2jþ 2OSμ 0.10

1b-jetþ 1jþ 2OSe 0.46 1c-jetþ 1jþ 2OSμ 0.21 1c-jetþ 1jþ 2OSμ 0.20
2b-jetsþ 2OSe 0.13 2c-jetsþ 2OSμ 0.11 2c-jetsþ 2OSμ 0.10

2jþ =pT 0.11 2jþ =pT 0.10
1c-jetþ 1jþ 1μþ =pT 0.21 1c-jetþ 1jþ 1μþ =pT 0.20

2jþ 1μþ =pT 0.21 2jþ 1μþ =pT 0.20
BP3 2jþ 2OSμ 1.0 2jþ 2τ-jets 0.08 2jþ 2τ-jets 0.03

2jþ 1τ-jetþ =pT 0.20 2jþ 1τ-jetþ =pT 0.20
2jþ =pT 0.13 2jþ =pT 0.35

2jþ 1τ-jetþ 1μ=e 0.16 2jþ 1τ-jetþ 1μ=e 0.06
2jþ 2OSμe 0.04 2jþ 2OSμe 0.014
2jþ 2OSμ 0.02 2jþ 2OSμ 0.007

2c-jets þ 2OSe 0.02 2c-jets þ 2OSe 0.007
1jþ 1c-jetþ 1τ-jetþ 1e 0.08 1jþ 1c-jetþ 1τ-jetþ 1e 0.03

2jþ 1e=μþ =pT 0.20 2jþ 1e=μþ =pT 0.20
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Here, irrespective of the benchmark point, we see very
similar trends for all three leptoquarks. Although two
hadronic jets are always expected from decays of a
leptoquark and antileptoquark pair, the multiplicities
actually peak at njet ¼ 5, owing to the ISR and FSR jets.
In Fig. 6, we portray the transverse momentum distri-

butions of the hardest lepton emanating from each of the
pair-produced leptoquarks X−1=3

1 (green), X−1=3
2 (yellow),

and R̃þ2=3
2 (pink), at ECM ¼ 27 TeV for BP1 as well as

from the SM background of tt̄ (blue). Due to their nearly
degenerate masses of ≈1.5 TeV, the pT distributions for
the leptons follow the same pattern for each leptoquark.
Wide peaks are observed at around half the mass of the
leptoquarks, signifying that the hardest leptons and jets are
indeed arising from the decay of R̃þ2=3

2 , X−1=3
1 or X−1=3

2 . In
the case of tt̄, the lepton pT peaks at roughly half of theW�
boson mass, because the primary source of leptons in this
case is theW� bosons resulting from the t → bW� decays.
Now we look for the suitable final state topologies that

can act as signatures for this doublet-singlet leptoquark
extension of the SM. From Table XI we notice that, in each
benchmark scenario, a final state of two light jets along
with a pair of oppositely signed dileptons (OSD) is
common between all three leptoquark mass eigenstates.

However, for R̃þ2=3
2 in BP1 and BP2, a final state with two

b-tagged jets and OSD is also highly probable. A similar
observation is made for X−1=3

1 and X−1=3
2 with a topology of

two c jets along with OSD. Therefore, after carefully
observing the expected final states and probabilities from
Table XI, we choose the two following topologies for our
model signature:

FS1∶ njet ≥ 2 and nlþ ¼ nl− ¼ 1 and

nb=τ-jets ¼ 0 and plþ;l−
T ≥ 300.0 GeV; ð4:2Þ

and

FS2∶ njet ≥ 2 and nlþ ¼ nl− ¼ 1 and

nc=τ-jets ¼ 0 and plþ;l−
T ≥ 300.0 GeV: ð4:3Þ

Here, to obtain a cleaner signal by eliminating some
background events, a 300 GeV cut on both the oppositely
signed leptons’ pT has been implemented which is moti-
vated by Fig. 6. The reason we demand the number of jets
≥ 2 rather than exactly equal to 2 is the fact that, as ISR and
FSR increase the jet multiplicity, we do not wish to lose
events by just looking at exactly two jets in the final state.
In the next subsections, we will discuss the event numbers
of these final states in detail.

2. 2 jets+ 0 b=τ-jets+OSD

In Table XII we present the number of events obtained in
the final state FS1 given by Eq. (4.2), for our three
leptoquark pair production processes and the dominant
SM backgrounds, at three different center-of-mass energies
of 14, 27 and 100 TeV, at the LHC/FCC. In each of three
benchmark points, all three leptoquark mass eigenstates
lead to two light jets and two oppositely signed leptons,
albeit with different probabilities. Additionally, in BP2 and
BP3, the X−1=3

1;2 leptoquarks decay to c jets, with proba-
bilities of ∼10% in BP2 and ∼2% in BP2, for
2 c jetsþ OSD. We also veto out the events with any
b- or τ-tagged jets for this final state. These observations
are reflected in the observed number of events for the three
benchmark scenarios. Contributing to availability of OSD

FIG. 6. The pT distribution of the hardest lepton from the
leptoquark pair productions, compared with that from the tt̄ SM
background.

(a) (b) (c)

FIG. 5. Distribution of jet multiplicity coming from pair production of R̃þ2=3
2 (pink) and X−1=3

1;2 (green, yellow) for (a) BP1, (b) BP2,
and (c) BP3, at the 27 TeV LHC.
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and light jets, tt̄ and diboson act as dominant SM back-
ground. As for the signal, BP1 receives the most contribu-
tion from X−1=3

1;2 , BP2 has R̃þ2=3
2 ; X−1=3

1;2 contributing
equivalently, and BP3 sees the majority of events from
R̃þ2=3
2 . At 14 TeV, the highest number of events in BP1 is

observed forX−1=3
1 , owing to a larger cross section (Table X)

and a ∼68% probability of leading to two light jets and
OSD, as seen in Table XI. On the other hand, X−1=3

2 , having
the same probability but less cross section, gives us the
second largest number of events. Due to the absence of c jets
as well as a less probability (∼14%) of 2jþ OSD, the R̃þ2=3

2

pair production events in this final state are the lowest, but
they still contribute ∼18% to the total number of events. A
significance of 23.27σ is achieved at an integrated lumi-
nosity of 3000 fb−1 for BP1. In BP2, the R̃þ2=3

2 pair
production leads to the largest number of events, as a result
of the ∼40% probability of 2jþ OSD. A lesser number of
events are observed in the case of X−1=3

1;2 individually, while
showing a combined ∼55% probability of achieving the
FS1 in this BP2. The signal significance for the total number
of events is found to be 16.21σ at 3000 fb−1 of integrated
luminosity. In BP3, as a consequence of ∼100% probability
of 2jþ OSD, the numbers for R̃þ2=3

2 dominate this final

state. The tiny probabilities of ∼8% for X−1=3
1 and ∼3% for

X−1=3
2 leads to very small event numbers in this final state,

constituting ∼7% of the total number. However, the signal
significance of 19.34σ is promising for this BP3 as well,
with an integrated luminosity of 3000 fb−1. Moving to a
higher ECM of 27 TeV, similar patterns are observed for the
event numbers in the case of each pair-produced leptoquark
as those at 14 TeV. Here, at an integrated luminosity of
1000 fb−1, ≥ 59σ significances are achieved for all three
BPs. Finally, at the highestECM of 100 TeV,∼158σ or larger
significances are obtained at 100 fb−1 of integrated lumi-
nosity. From Table XII, it is also clear that in this final state
the model can be probed with 5σ significance at< 300 fb−1

luminosities for 14 TeV, with the lowest being ∼138 fb−1

for BP1.With this observation, one can predict a 5σ probe of
the BP1 scenario in this FS1 at the end of the current LHC
run 3 of 13.6 TeV center-of-mass energy, with the projected
integrated luminosity of ∼400 fb−1 [189]. For 27 and
100 TeV, the 5σ probe of this model can be achieved with
very early stage data.

3. 2 jets+ 0 c=τ jets+OSD

While in FS1 we considered a final state with c jets to
facilitate higher numbers for X−1=3

1;2 , in this final state (FS2)
given by Eq. (4.3), we veto out events with c jets instead of b
jets, keeping in mind that 2b jetsþ OSD can be obtained

TABLE XII. The number of signal and background events for the topology FS1 in Eq. (4.2) for the pair production of the three
leptoquarks at the LHC/FCC, across the three benchmark points. The numbers are presented for center-of-mass energies of 14, 27, and
100 TeV, with integrated luminosities of 3000, 1000 and 100 fb−1 for each ECM , respectively. The signal significances and the required
luminosities for a 5σ signal strength L5σ are also presented.

≥ 2 jetsþ 0 b=τ-jets þ OSDþ plþ;l−

T ≥ 300.0 GeV

Pair produced
leptoquark

Signal Backgrounds

ECM (TeV) BP1 BP2 BP3 tt̄ VV VVV tt̄V tVV

14 R̃þ2=3
2

155.98 226.12 606.62

X−1=3
1

445.53 143.65 28.30 246.63 202.17 17.80 2.53 0.0

X−1=3
2

241.62 136.48 11.10

Total 843.13 506.25 646.02 469.13
Significance 23.27σ 16.21σ 19.34σ
L5σðfb−1Þ 138.45 285.43 200.40
27 R̃þ2=3

2
1235.47 1807.68 4944.14

X−1=3
1

3279.64 1330.15 264.12 526.31 458.52 50.42 3.44 2.70

X−1=3
2

2085.87 1200.95 100.66

Total 6600.98 4338.78 5308.92 1041.39
Significance 75.51σ 59.15σ 66.62σ
L5σðfb−1Þ 4.97 7.14 5.63
100 R̃þ2=3

2
7405.74 10931.30 24369.30

X−1=3
1

15897.10 8695.07 1832.78 1172.99 731.67 111.14 8.39 4.43

X−1=3
2

12929.40 7802.14 680.35

Total 36232.24 27428.51 26882.43 2028.62
Significance 185.23σ 159.81σ 158.10σ
L5σðfb−1Þ 0.07 0.10 0.10
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from R̃þ2=3
2 for BP1 and BP2. The number of signal and

background events are tabulated in Table XIII, for the three
leptoquarks across the benchmark scenarios, at the center-
of-mass energies of 14, 27, and 100 TeV at the LHC/FCC.
The SM decay chain of tt̄ → 2bþ 2W → 2 b jetsþ OSD
ensures a very dominant background contribution from tt̄.
Concerning the signal, we see near-equivalent contributions
from R̃þ2=3

2 ; X−1=3
1;2 in BP1, while in both BP2 and BP3,

R̃þ2=3
2 dominates. At 14 TeV for BP1, we observe an

enhancement of events for R̃þ2=3
2 compared to FS1, as a

result of bringing the b jets into the picture, as suggested by
Table XI. However, X−1=3

1;2 shows similar numbers as FS1,
indifferent to the consideration of b or c jets alike, owing to
no decay mode of X−1=3

1;2 directly leading to a b=c jet and a
charged lepton (Table II). In BP2 and BP3, the numbers are
dominated by R̃þ2=3

2 , both due to the consideration of b jets
and the rejection of c jets, similarly predicted by Table XI.
The number of events for X−1=3

1 and X−1=3
2 together

contribute∼23% for BP2, and∼3% for BP3. The combined
number of events for the three leptoquarks lead to the
feasibility of probing the model with 22.02σ, 11.81σ, and
15.25σ, respectively for BP1, BP2 and BP3, at the 14 TeV
LHCwith an integrated luminosity of 3000 fb−1. Moving to
a higher center-of-mass energy of 27 TeV, the signal

significances are evenmore improved, with 75.73σ; 46.91σ,
and 57.67σ, for BP1–BP3 respectively, considering an
integrated luminosity of 1000 fb−1. The simulation at
100 TeV FCC improves these numbers even more drasti-
cally, where at 100 fb−1 luminosity, the model can be
probed with significances of 189.77σ; 132.17σ, and
139.59σ, respectively for the three BPs. Similar to FS1, a
5σ probe of the model can be achieved at the 14 TeV LHC
with < 550 fb−1 luminosity for each benchmark point.
Similar to the case of FS1, the numbers predict a possible
5σ probe of BP1 at the end of LHC run 3 of ECM ¼
13.6 TeV, with ∼400 fb−1 of projected integrated lumi-
nosity. In the higher energies of 27 and 100 TeV, this 5σ
probe is predicted to be obtained with much earlier data.
Thus, the final state topologies described by Eqs. (4.2)

and (4.3) contain the potential of achieving 5σ signatures
for the R̃2 and S1 extension of the SM, with rich phenom-
enology encompassing the three chosen benchmark scenar-
ios. These final states are considered in such a way that, for
each benchmark point, some entries of the Yukawa cou-
plings contribute towards obtaining them for each pair of
R̃þ2=3
2 and X−1=3

1;2 that are produced at the LHC/FCC. While
FS1 and FS2 here are probes of this Beyond the Standard
Model (BSM) extension as a whole, we also intend to study
the possibilities of distinguishing between the pure doublet

TABLE XIII. The number of signal and background events for the topology FS2 in Eq. (4.3) for the pair production of the three
leptoquarks at the LHC/FCC, across the three benchmark points. The numbers are presented for center-of-mass energies of 14, 27, and
100 TeV, with integrated luminosities of 3000, 1000 and 100 fb−1 for each ECM , respectively. The signal significances and the required
luminosities for a 5σ signal strength L5σ are also presented.

≥2 jetsþ 0 c=τ-jets þ OSDþ plþ;l−
T ≥300.0 GeV

Pair produced
leptoquark

Signal Backgrounds

ECM (TeV) BP1 BP2 BP3 tt̄ VV VVV tt̄V tVV

14 R̃þ2=3
2

329.61 329.86 567.93

X−1=3
1

396.86 49.73 12.04 662.83 195.65 20.77 5.06 2.29

X−1=3
2

215.19 48.47 5.00

Total 941.66 428.06 584.97 886.60
Significance 22.02σ 11.81σ 15.25σ
L5σðfb−1Þ 154.63 538.10 322.53
27 R̃þ2=3

2
2634.68 2625.18 4599.96

X−1=3
1

2874.61 459.54 109.77 1498.83 456.20 70.59 14.64 4.97

X−1=3
2

1826.10 405.47 46.81

Total 7335.39 3490.19 4756.54 2045.24
Significance 75.73σ 46.91σ 57.67σ
L5σðfb−1Þ 4.36 11.36 7.51
100 R̃þ2=3

2
15089.50 15384.40 21893.60

X−1=3
1

13632.90 2871.55 759.10 3113.17 769.85 138.90 33.61 11.84

X−1=3
2

10979.60 2616.28 288.68

Total 39702.00 20872.20 22941.38 4067.37
Significance 189.77σ 132.17σ 139.59σ
L5σðfb−1Þ 0.07 0.14 0.13
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R̃þ2=3
2 and the mixed states X−1=3

1;2 , as well as between the

mixed states X−1=3
1 and X−1=3

2 themselves. In the next
sections, we will discuss these possibilities one by one.

V. DISTINGUISHING BETWEEN R̃+ 2=3
2 AND X − 1=3

1;2

For the three chosen benchmark scenarios in this work,
the three leptoquarks R̃þ2=3

2 , X−1=3
1 and X−1=3

2 are nearly
degenerate, with masses≈1.5 TeV. However, R̃þ2=3

2 being a

pure doublet and X−1=3
1;2 being mixed states have different

combinations of the Yukawa couplings dictating their
dominant decay modes. In particular, R̃þ2=3

2 only couples
to a down-type quark and a charged lepton via Y2, which
can be seen by expanding themodel Lagrangian in Eq. (2.1).
On the other hand,X−1=3

1;2 can couple to an up-type quark and
a charged lepton, or a down-type quark and a neutrino, via
different combinations of YL;R

1 and Y2. Nonetheless, both
the pure doublet and the mixed states can lead to final states
with nontagged light jets and a pair of oppositely signed
leptons that are not identified as electrons or muons. Now, a
distinction can be made between R̃þ2=3

2 and X−1=3
1;2 by virtue

of their charge difference, by studying the charge distribu-
tion of the jets emanating from them, similar to the work
done in Refs. [155,156,190–192]. However, in this article,
we wish to look at a few final state topologies that will give
us event numbers that are heavily dominated by either R̃þ2=3

2

or X−1=3
1;2 . While we witnessed such a dominance for R̃þ2=3

2

pair-production events in the case of BP3 for the FS2 as
discussed in Sec. IV C, it is important to note that the FS2
events still contained direct consequences of the Yukawa
couplings for X−1=3

1;2 . In this section, we will look at
topologies facilitated by the Yukawa couplings for either
the pure doublet or the mixed states, so that any small
contamination from either is a resultant of the ISR/FSR
activities. For example, a final state of two b-jetsþ 2OSe is
only allowed for R̃þ2=3

2 by the coupling Y2 in BP1 and BP2,

but there can be slight contaminations from X−1=3
1;2 due to b

jets arising from ISR/FSR effects. With this discussion in
mind, as well as the information provided by Table XI, we
can now look for four such final states with which we will
try to discern R̃þ2=3

2 and X−1=3
1;2 .

A. 2 b-jets+ 2OSe

In both BP1 and BP2, the pure doublet leptoquark R̃þ2=3
2 ,

when pair produced, can lead to a final state of two
b-tagged jets and two oppositely signed electrons
(Table XI), from the R̃þ2=3

2 → beþ decay happening via
the ðY2Þ31 element. Similar to Sec. IV C, we can put a cut
of peþ;e−

T ≥ 300.0 GeV, to remove a large portion of the
SM background for a cleaner signal. The complete final
state is given as follows:

FS3∶ nb-jet ≥ 2 and neþ ¼ ne− ¼ 1 and

nlight=c=τ-jets ¼ 0 and peþ;e−
T ≥ 300.0 GeV: ð5:1Þ

Table XIV displays the signal and background event
numbers for this final state, simulated from pair produc-
tions of each leptoquark under consideration at the LHC/
FCC with three center-of-mass energies of 14, 27 and
100 TeV. The SM background is very small in this case and
it mainly comes from tt̄, contributing to the b-jet pair. The
first thing we notice here is that, for BP3, we get a
negligible number of events due to the absence of this
final state there, as shown in Table XI. However, BP1 and
BP2 give us very interesting results. At 14 TeV in BP1, a
large majority of the events pertain to R̃þ2=3

2 , with a ∼3%
contamination from X−1=3

1;2 combined. For BP2, only R̃þ2=3
2

contributes to this final state, and zero contamination is
observed from the mixed states. This is due to the absence
of dielectron final states for X−1=3

1;2 pair production in the
BP2 scenario. The FS3 in these benchmark points are
shown to be probed with significances of 7.16σ and 5.46σ,
respectively, for BP1 and BP2, with 3000 fb−1 of integrated
luminosity. This distinction of R̃þ2=3

2 from X−1=3
1;2 can be

observed with 5σ significance, at integrated luminosities of
1464.17 and 2516.68 fb−1, which are within the limits of
the HL-LHC. The observed SM background here is very
minimal due to the stringent cuts on the jet and lepton
identities, with most of it being contributed by tt̄. The same
R̃þ2=3
2 dominance is observed at ECM ¼ 27 TeV, with the

signal significance now increasing to 22.52σ in BP1, and
17.76σ in BP2, with an integrated luminosity of 1000 fb−1.
At 100 TeV center-of-mass energy, this distinction can be
observed with a significance of 54.48σ in BP1, and 44.31σ
in BP2, with 100 fb−1 luminosity. The required 5σ sig-
nificance can be obtained with < 80 fb−1 luminosity at
27 TeV, while at 100 TeV it comes down to < 2 fb−1,
for both BP1 and BP2. The FS3 topology can thus act as a
probe of the Yukawa coupling ðY2Þ31 itself, while being
able to distinguish the R̃þ2=3

2 pair production signal

from X−1=3
1;2 .

B. 1 light jet+ 1 c jet+ 2 OSμ

In the case of BP2, Table XI predicts a significant
probability of dimuons in the final states for X−1=3

1;2 pair
production, while for R̃þ2=3

2 this probability is seen to be
zero. On the other hand, BP3 sees a 100% probability of
having oppositely signed muon pairs in the final states from
R̃þ2=3
2 pair production, with a negligibly small probability

in the case of X−1=3
1;2 . Considering the ∼20% effective

branching for a final state involving one light and one
c-tagged jet alongside a pair of oppositely signed muons
(OSμ) from X−1=3

1;2 at BP2, we decide to study the events of
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the following final state as a means of distinguishing
between the pure doublet and the mixed states:

FS4∶ nlight jet ≥ 1 and nc-jet ≥ 1 and

nμþ ¼ nμ− ¼ 1 and nb=τ-jets ¼ 0 and

pμþ;μ−
T ≥ 300.0 GeV: ð5:2Þ

In Table XV, the signal and background event numbers
are presented for the pair production of the three lepto-
quarks at 14, 27 and 100 TeV LHC/FCC energies,
pertaining to the final state FS4 described in Eq. (5.2).
The applied cuts and vetoes keep the SM background
contribution minimal. This time, the insignificant event
numbers are seen for BP1 owing to the unavailability of
OSμs in any final state, as seen from Table XI. As a
consequence of the ∼32% branching ratios of both X−1=3

1;2 in
cμ and uμ decay modes, as well as the zero probability of
OSμ pairs from R̃þ2=3

2 , the event numbers for BP2 are very

similar for X−1=3
1 and X−1=3

2 , while zero events are observed

from R̃þ2=3
2 pair production. The situation gets reversed in

BP3, where the total number of events is dominated by
R̃þ2=3
2 , with ∼4% contamination from X−1=3

1;2 pair produc-
tions combined. Here, even though the exact final state of

FS4 is not predicted for R̃þ2=3
2 in Table XI, the 100%

probability of obtaining OSμ pairs lead to a significant
number of events here, with the additional required c jet
provided by ISR/FSR effects. Thus, in the BP2 scenario,
events in this FS4 topology pertain only to the mixed
leptoquark states X−1=3

1;2 , governed by the Yukawa cou-

pling combinations ðYR
1 Þ12 þ ðỸL

1 Þ12 and ðYR
1 Þ23 þ ðỸL

1 Þ23
(Table III). However, in the BP3 scenario, FS3 is a probe of
the pure doublet state R̃þ2=3

2 , where the required jet and
dimuon final state is provided by the Yukawa couplings
ðY2Þ12 and ðY2Þ22 (Table IV). These distinctions are
achieved with significances of 13.22σ for BP2 and 6.57σ
for BP3, at the 14 TeV LHC with an integrated luminosity
of 3000 fb−1. A 5σ probe can be achieved with HL-LHC
luminosities of 429.06 and 1733.16 fb−1, respectively for
BP2 ad BP3. At the higher center-of-mass energy of
27 TeV, the same discerning signatures are obtained with
40.18σ and 20.87σ significances, respectively for BP2 and
BP3, with 1000 fb−1 luminosity. At 100 TeV center-of-
mass energy and 100 fb−1 luminosity, these significances
increase to 104.8σ for BP2, and 55.63σ for BP3. In both of
these higher center-of-mass energies, early data can provide
the required 5σ significance (<60 fb−1 for 27 TeV, <1 fb−1

for 100 TeV). Thus, unlike FS3, this topology can point

TABLE XIV. The number of signal and background events for the topology FS3 in Eq. (5.1) for the pair production of the three
leptoquarks at the LHC/FCC, across the three benchmark points. The numbers are presented for center-of-mass energies of 14, 27, and
100 TeV, with integrated luminosities of 3000, 1000 and 100 fb−1 for each ECM , respectively. The signal significances and the required
luminosities for a 5σ signal strength L5σ are also presented.

≥2 b-jetsþ 0 light=c=τ-jetsþ 2OSeþ peþ;e−
T ≥300.0 GeV

Pair produced
leptoquark

Signal Backgrounds

ECM (TeV) BP1 BP2 BP3 tt̄ VV VVV tt̄V tVV

14 R̃þ2=3
2

72.11 49.79 0.03

X−1=3
1

1.44 0.0 0.0 33.39 0.0 0.0 0.0 0.0

X−1=3
2

0.71 0.0 0.0

Total 74.26 49.79 0.03
Significance 7.16σ 5.46σ 0.005σ
L5σðfb−1Þ 1464.17 2516.68 ≫3000

27 R̃þ2=3
2

578.60 400.79 0.15

X−1=3
1

13.08 0.0 0.0 106.78 0.0 0.0 1.71 0.0

X−1=3
2

7.37 0.0 0.0

Total 599.05 400.79 0.15 108.49
Significance 22.52σ 17.76σ 0.01σ
L5σðfb−1Þ 49.29 79.26 ≫1000

100 R̃þ2=3
2

3123.94 2274.82 0.88

X−1=3
1

88.35 0.0 0.0 355.07 2.12 0.0 3.36 0.0

X−1=3
2

81.14 0.0 0.0

Total 3293.43 2274.82 0.88 360.55
Significance 54.48σ 44.31σ 0.05σ
L5σðfb−1Þ 0.84 1.27 ≫100
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towards either the mixed states or the pure doublet state,
considering the benchmark scenario.

C. 1 light jet+ 1 b jet+ 2OSe

In the case of both BP1 and BP2, Table XI shows us the
strong presence of a final state containing one light jet, one
b jet and a pair of oppositely signed electrons (OSe), which
come from the R̃þ2=3

2 pair production, but are absent in the

case of X−1=3
1;2 . This presents us with another opportunity of

distinguishing R̃þ2=3
2 from X−1=3

1;2 from pair production
events. The complete final state topology is given as
follows:

FS5∶ nlight jet ≥ 1 and nb-jet ≥ 1 and

neþ ¼ ne− ¼ 1 and nc=τ-jets ¼ 0 and

peþ;e−
T ≥ 300.0 GeV: ð5:3Þ

Table XVI depicts the number of signal and background
events for FS5, coming from the pair production of all three
leptoquarks at 14, 27 and 100 TeV center-of-mass energies
at the LHC/FCC. As expected, for BP3 the signal event
numbers are insignificant. BP1 shows a heavy dominance
of R̃þ2=3

2 events, while a tiny ∼4% combined contamination

from X−1=3
1;2 pair production is observed, due to the high

probability of dielectron events (Table XI). In BP2 how-
ever, R̃þ2=3

2 pair production is responsible for all the events
in this topology, as no dielectron final states are facilitated
by the YL;R

1 for X−1=3
1;2 in this scenario. The pattern remains

consistent through all three center-of-mass energies, with
small backgrounds mostly arising from tt̄, owing to more b-
jet-tagged events. Similar to all the previous final states,
very promising signal significances are obtained at each
center-of-mass energy for both BP1 and BP2. At 14 TeV,
the pure doublet R̃þ2=3

2 stands apart from the mixed states
with a significance of 9.77σ for BP1, and 6.97σ for BP2,
with a luminosity of 3000 fb−1. The required 5σ signifi-
cance is achieved at < 1600 fb−1 luminosity for both BP1
and BP2 in this case. At 27 TeV energy with 1000 fb−1

luminosity, these signals are enhanced to 33.82σ for BP1
and 25.11σ for BP2, requiring < 40 fb−1 luminosities to
probe them up to 5σ significance. Finally, the 100 TeV FCC
simulation at 100 fb−1 luminosity gives us 89.87σ signifi-
cance for BP1 and 70.61σ in the case of BP2. Here,
<1 fb−1 luminosity is enough to probe this discerning
signature with a 5σ significance. In both BP1 and BP2, the
FS5 topology mainly arises from the combination of
doublet Yukawa couplings ðY2Þ21 þ ðY2Þ31 (Table IV).

TABLE XV. The number of signal and background events for the topology FS4 in Eq. (5.2) for the pair production of the three
leptoquarks at the LHC/FCC, across the three benchmark points. The numbers are presented for center-of-mass energies of 14, 27, and
100 TeV, with integrated luminosities of 3000, 1000 and 100 fb−1 for each ECM , respectively. The signal significances and the required
luminosities for a 5σ signal strength L5σ are also presented.

≥1 light jetsþ ≥1c-jetsþ 0b=τ-jets þ 2OSμþ pμþ;μ−
T ≥300.0 GeV

Pair produced
leptoquark

Signal Backgrounds

ECM (TeV) BP1 BP2 BP3 tt̄ VV VVV tt̄V tVV

14 R̃þ2=3
2

0.0 0.0 48.76

X−1=3
1

0.0 94.35 1.26 5.13 3.25 0.0 0.0 0.0

X−1=3
2

0.01 88.46 0.44

Total 0.01 182.81 50.46 8.38
Significance 0.003σ 13.22σ 6.57σ
L5σðfb−1Þ ≫3000 429.06 1733.16
27 R̃þ2=3

2
0.0 0.0 473.73

X−1=3
1

0.06 875.87 13.53 38.13 13.89 9.43 0.0 1.63

X−1=3
2

0.11 800.11 4.41

Total 0.17 1675.98 491.67 63.08
Significance 0.02σ 40.18σ 20.87σ
L5σðfb−1Þ ≫1000 15.48 57.37
100 R̃þ2=3

2
0.77 0.0 3069.96

X−1=3
1

0.89 5883.05 109.21 63.40 46.65 22.21 0.0 4.44

X−1=3
2

1.54 5235.57 47.59

Total 3.2 11118.62 3226.76 136.70
Significance 0.27σ 104.80σ 55.63σ
L5σðfb−1Þ ≫100 0.23 0.81
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D. 2 light jets+ =pT
The neutrinos that emerge from any SM or BSM particle

decay, remain “invisible” at the LHC detectors. Due to the
conservation of total pT , these invisible neutrinos account
for some missing transverse momentum =pT . From our
model Lagrangian it is observed that the component of R̃2

with electric charge −1=3, as well as S−1=31 , can couple to a
down-type quark and a neutrino via Y2 and YL

1 couplings,

respectively. Especially for BP2 and BP3, Table XI shows
us the probabilities of obtaining a pair of light jets along
with some =pT that is carried by the neutrinos directly

emanating from X−1=3
1;2 leptoquarks. Having a heavy

(∼1.5 TeV) particle as the mother, the pT of these neutrinos
are expected to be large, similar to the case with the leptons
as seen in Fig. 6.
In Fig. 7, we show the missing transverse momentum

distributions in a final state with two light jets and =pT , for

TABLE XVI. The number of signal and background events for the topology FS5 in Eq. (5.3) for the pair production of the three
leptoquarks at the LHC/FCC, across the three benchmark points. The numbers are presented for center-of-mass energies of 14, 27, and
100 TeV, with integrated luminosities of 3000, 1000 and 100 fb−1 for each ECM , respectively. The signal significances and the required
luminosities for a 5σ signal strength L5σ are also presented.

≥1 light jetsþ ≥1 b-jets þ 0 c=τ-jetsþ 2OSeþ peþ;e−
T ≥300.0 GeV

Pair produced
leptoquark

Signal Backgrounds

ECM (TeV) BP1 BP2 BP3 tt̄ VV VVV tt̄V tVV

14 R̃þ2=3
2

184.31 122.80 0.06

X−1=3
1

3.44 0.0 0.0 184.98 0.0 1.97 0.0 0.45

X−1=3
2

2.05 0.0 0.0

Total 189.80 122.80 0.06 187.40
Significance 9.77σ 6.97σ 0.005σ
L5σðfb−1Þ 785.32 1542.82 ≫3000

27 R̃þ2=3
2

1515.37 1001.96 0.3

X−1=3
1

34.54 0.0 0.0 556.82 16.20 5.03 3.60 3.61

X−1=3
2

23.48 0.0 0.0

Total 1573.39 1001.96 0.3 585.26
Significance 33.82σ 25.11σ 0.01σ
L5σðfb−1Þ 21.85 39.65 ≫1000

100 R̃þ2=3
2

8600.97 5913.14 0.88

X−1=3
1

239.17 0.0 0.0 1014.47 42.40 20.37 15.12 7.39

X−1=3
2

217.16 0.0 0.78

Total 9057.30 5913.14 1.66 1099.75
Significance 89.87σ 70.61σ 0.05σ
L5σðfb−1Þ 0.31 0.50 ≫100

FIG. 7. Distributions of =pT in a 2jþ =pT final state, from pair production of the three leptoquarks at 14 TeV LHC, for BP1. The same
distribution is also shown for the tt̄ SM background.
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the pair productions of R̃þ2=3
2 (pink), X−1=3

1 (green), and

X−1=3
2 (yellow), for BP3 at the 14 TeV LHC. The same

distribution arising from the SM background of tt̄ (dom-
inant) is also shown (dark blue). As expected, a wide peak
is observed around ∼600 GeV for both X−1=3

1;2 leptoquark
cases, accounting for the neutrinos that they decay into.
However, owing to the lesser probability of this state for
X−1=3
2 (Table XI), another sharp peak is seen at around

∼50 GeV. This peak signifies the neutrinos that come from
other SM processes, such as decays of the τ from X−1=3

1;2 →

uτ− modes. In the case of X−1=3
1 , this earlier peak is

negligible due to higher probability of obtaining
2jþ =pT . The distributions for R̃þ2=3

2 almost mimic that
of tt̄, but with a longer tail, with the only significant peak
occurring at around ∼50 GeV. This allows us to put an
advanced cut of =pT ≥ 500 GeV in order to eliminate more
of the SM background contribution, leading us to the final
state:

FS6∶ nlight jet ≥ 2 and nlep ¼ 0 and

nb=c=τ-jets ¼ 0 and =pT ≥ 500.0 GeV: ð5:4Þ

In Table XVII we present the number of events in the FS6
topology for the leptoquark pair production signals as well

as the SM backgrounds, at 14, 27 and 100 TeV center-of-
mass energies of the LHC/FCC. While in each benchmark
scenario the majority of events are seen to be coming from
X−1=3
1;2 , the R̃þ2=3

2 pair production events account for about
11% in BP1, and 10% in BP2, which are not very negligible.
This happens due to the lesser or no probability of obtaining
a 2jþ =pT final state from X−1=3

1;2 in BP1 and BP2, as seen in
Table XI. However, the situation is interesting in the case of
BP3. Owing to the higher probabilities of 2jþ =pT forX

−1=3
1;2 ,

the events pertaining to R̃þ2=3
2 contribute < 5% to the FS6 for

BP3. Again, dominated by the comparatively large doublet
Yukawa coupling of ðY2Þ12 ≈ 0.876, the numbers for X−1=3

2

(containing∼66% doublet) are almost twice those forX−1=3
1 .

This approximate 1∶2 ratio is maintained by X−1=3
1 and

X−1=3
2 , irrespective of the center-of-mass energy.

Considering the tiny contamination from R̃þ2=3
2 pair pro-

duction events, for BP3 this final state topology can act as a
distinguisher in favor of the mixed leptoquarks X−1=3

1;2 ,
against the pure doublet. At the 14 TeV LHC, this probe
is achieved with a significance of 7.82σ, for 3000 fb−1

luminosity. The 5σ signal strength is achievable at
1224.22 fb−1 luminosity. Moving to the higher center-of-
mass energy of 27 TeV with a luminosity of 1000 fb−1,
the signal significance increases to 27.52σ, while at

TABLE XVII. The number of signal and background events for the topology FS6 in Eq. (5.4) for the pair production of the three
leptoquarks at the LHC/FCC, across the three benchmark points. The numbers are presented for center-of-mass energies of 14, 27, and
100 TeV, with integrated luminosities of 3000, 1000 and 100 fb−1 for each ECM , respectively. The signal significances and the required
luminosities for a 5σ signal strength L5σ are also presented.

≥2 light jetsþ 0 leptonsþ 0b=c=τ-jetsþ =pT≥500.0 GeV

Pair produced
leptoquark

Signal Backgrounds

ECM (TeV) BP1 BP2 BP3 tt̄ VV VVV tt̄V tVV

14 R̃þ2=3
2

3.04 5.31 8.16

X−1=3
1

20.05 28.89 51.70 236.35 45.65 5.93 7.63 0.23

X−1=3
2

11.91 31.53 108.83

Total 35.00 65.73 168.69 295.80
Significance 1.92σ 3.46σ 7.82σ
L5σðfb−1Þ ≫3000 ≫3000 1224.22
27 R̃þ2=3

2
26.85 47.78 67.63

X−1=3
1

158.23 303.62 519.61 1666.64 272.10 57.14 31.00 3.61

X−1=3
2

116.03 302.95 1088.45

Total 301.11 654.35 1675.69 2030.49
Significance 6.23σ 12.62σ 27.52σ
L5σðfb−1Þ 642.90 156.76 32.99
100 R̃þ2=3

2
209.45 329.19 399.46

X−1=3
1

900.47 2011.79 3688.64 5202.36 816.50 142.61 157.95 59.20

X−1=3
2

770.51 2114.71 7315.32

Total 1880.43 4455.69 11403.42 6378.63
Significance 20.69σ 42.81σ 85.51σ
L5σðfb−1Þ 5.83 1.36 0.34
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100 TeV FCC with 100 fb−1 of luminosity, the FS6 shows a
85.51σ strength of signal. In both of these higher-energy
LHC/FCC, the 5σ probe is shown to be obtained with very
early data.
The study of these four final state event numbers can thus

provide a way to discern the singlet and doublet lepto-
quarks in different benchmark scenarios of the Yukawa
coupling structures. The difference in decay modes
between singlet and doublet states as shown in Table XI
can also help us reconstruct the invariant mass of these
leptoquarks, which we will discuss in detail in the next
subsection.

E. Invariant mass distributions

One peculiar characteristic of a leptoquark, by definition,
is that it can decay to a quark and a lepton, after production.
The quark eventually leads to a hadronic jet at the LHC, and
the invariant mass of the jet-lepton pair can be used to
reconstruct the leptoquark resonance. However, the reso-
lutions of high-momentum jets and leptons are reported to
be low, hampering a high-precision reconstruction of the
leptoquark mass peaks for the time being. The CMS
detector currently reports ∼5% resolution for pjet

T ≥
200.0 GeV [193]. While a resolution of 3 GeV is achieved
for muons at the Z-boson peak, the resolutions for muons in
general with pμ

T ≥ 200.0 GeV may vary from ∼3% to ∼5%
[194]. This leads to the current reports of CMS searches for
leptoquarks using 100 GeV invariant mass bins for a jet-
lepton pair [172,173]. Nevertheless, in this work we are
using a more optimistic scenario where the bin widths for
such distributions are taken as 10 GeV.
Across our three benchmark scenarios, the leptoquark

masses remain the same, with the values of 1.502, 1.499,
and 1.506 TeV, respectively for R̃þ2=3

2 , X−1=3
1 and X−1=3

2 .
Such nearly degenerate mass resonances are very chal-
lenging to distinguish in the same final state, due to the high
resolution that is required. However, each of the BPs
provide us with a final state that is different for the pure
state R̃þ2=3

2 with respect to the mixed states X−1=3
1;2 as seen in

Table XI, and we will be focusing on these final states in
this subsection. For BP1, we can look for the invariant mass
distribution of one b jet and one electron, in a final state
of two b jets and a pair of OSe, without any light, c- or τ-
tagged jets, in which we expect to obtain a clean peak for
R̃þ2=3
2 , considering the SM backgrounds as well as the

combined events from R̃þ2=3
2 and X−1=3

1;2 pair production. For

BP2, a distinct peak for R̃þ2=3
2 is expected from two light

jets and two OSe in the final state, whereas for BP3 we will
be looking at a final state of two light jets and two OSμ. It is
important to note that, for each of these cases, different
combinations of jet-lepton are possible, and only the
correct combination will lead to the mass peak.
Additionally, tagging the exact charge of the lepton can
help us obtain the peak specific to R̃þ2=3

2 or R̃−2=3
2 . In each

case, a cut of pl
T ≥ 300.0 GeV is imposed, in order to filter

out the majority of backgrounds.
In Fig. 8 we display the invariant mass distributions from

the channels discussed above, simulated at the 27 TeV LHC
with 1000 fb−1 of integrated luminosity. In each panel, the
dark red distributions show the combined events for R̃þ2=3

2

and X−1=3
1;2 pair production, summed with the total SM

background events in that final state. The dotted distribu-
tions show the events for each individual pair production
of leptoquarks R̃þ2=3

2 (pink), X−1=3
1 (green), and X−1=3

2

(yellow), along with the SM background (dark blue).
Figure 8(a) shows the invariant mass distribution of one
e− and one b-tagged jet (Me−b) in a 2b jet þ2 OSe final
state, obtained from BP1. The absence of b-jet events in the
final states of X−1=3

1;2 in this scenario, as well as the demand
of high-pT electrons, almost nullify the contributions from
X−1=3
1;2 and the SM backgrounds, and the peak obtained at

∼1500 GeV can be pinpointed to the pure doublet R̃−2=3
2 .

Similarly, in Fig. 8(b), the invariant mass of one eþ and one
b jet (Meþb) gives the peak for R̃þ2=3

2 . In Fig. 8(c) we
observe the invariant mass distribution of one light jet and
one e− (Me−j), for BP2. Here, the lack of dielectron final

states in X−1=3
1;2 pair production leads to almost zero

contamination from the mixed states, and the peak at
∼1500 GeV again consists almost entirely of events
pointing to R̃−2=3

2 . One again, demanding eþ instead of

e− in Fig. 8(d) leads to a clean peak for R̃þ2=3
2 . A similar

story is observed in Fig. 8(e), where the invariant mass
distribution of one μ− and one light jet (Mμ−j) for BP3 leads

to a clean peak at ∼1500 GeV for R̃−2=3
2 , with next to zero

contribution from X−1=3
1;2 and the SM backgrounds, while

the Mμþj peak consists almost entirely of events from

R̃þ2=3
2 , as seen in Fig. 8(f).
To summarize, the benchmark point-specific invariant

mass distribution of one lepton and one jet can lead to a
distinct resonance peak of R̃þ2=3

2 and its antiparticle,
untainted by the SM backgrounds as well as events from
X−1=3
1;2 pair production. This provides us with another way

of distinguishing the pure doublet leptoquark from the
mixed states. However, the conversation changes when it
comes to distinguishing between the mixed states them-
selves, which will be detailed in the following section.

VI. DISTINGUISHING BETWEEN X − 1=3
1 AND X − 1=3

2

In Sec. V, we performed an analysis of final states
observed in the pair production events of R̃þ2=3

2 , X−1=3
1 , and

X−1=3
2 , through which we can distinguish the pure state

R̃þ2=3
2 from the mixed states X−1=3

1;2 . We also successfully

obtained R̃þ2=3
2 resonance peaks from different jet-lepton

invariant mass distributions, for each of the three
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benchmark points in consideration. The difference in their
electromagnetic charge makes it relatively easier to obtain
discerning signatures that favor either R̃þ2=3

2 or X−1=3
1;2 ,

even though they are nearly degenerate in the mass
spectrum. However, when it comes to distinguishing
between the mixed states X−1=3

1 and X−1=3
2 , in the context

of our benchmark points, it becomes more challenging.
Especially in BP1 and BP2, where both X−1=3

1 and X−1=3
2

have almost the same branching ratios and probable final
states from their pair production (Table XI), it becomes
increasingly difficult to obtain a signature where either one
of them has a negligible contribution compared to the other.

In BP3, due to the difference in branching ratios, we
observed an event ratio of ≈1∶2 in the final state FS6,
described in Table XVII. Regardless, for the purpose of
distinguishing, the number differences need to be even
larger. The large mixing angle θLQ ¼ −0.618 radians leads
to ∼66.5% singlet and ∼33.5% doublet content in X−1=3

1 ,

with the ratios reversed for X−1=3
2 , as discussed in Sec. III.

Therefore, even with comparably large entries in Y2 and
YL;R

1 , there is no significant dominance observed for any
one of them in BP3, for either of the two mixed lepto-
quarks. In the following subsections, we will be discussing
some approaches that are viable in this regard.

(a) (b)

(c) (d)

(e) (f)

FIG. 8. Invariant mass distributions of (a) e−b and (b) eþb in BP1, (c) e−j and (d) eþj in BP2, (e) μ−j and (f) μþj in BP3, from the pair
production of leptoquarks at the 27 TeV LHC.
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A. The leptoquark mixing angle

The mixing between the Q ¼ 1=3 component of the
doublet leptoquark R̃2 and the singlet leptoquark S1
influences the discernability of X−1=3

1 and X−1=3
2 signifi-

cantly. As seen from Eq. (2.4), for fixed values of m1, m2,
α1, α2 and α3, the value of θLQ depends only upon the value
of the trilinear coupling κ. Again, Eq. (2.5) shows how κ

affects the masses of X−1=3
1;2 . Therefore, with the change in κ,

the mass splitting ΔM21 ¼ M2 −M1 also changes, which
again affects the distinguishability further.
Figure 9 illustrates how changes in κ affects the mixing

angle and the mass splitting, as discussed above. The value
of θLQ has a fast increase up to κ ¼ 100 GeV, and then it
slows down, becoming almost constant over a wide range
of κ, as portrayed by Fig. 9(a). The mass splitting however
follows a linear trend, shown in Fig. 9(b). In both of these
plots, our benchmark value of κ ¼ 50 GeV is shown with
the green stars. For this value of κ, we have jθLQj ≈ 0.618,
and ΔM21 ≈ 7 GeV. If we can determine the mixing angle
from a production process at the LHC/FCC, then we are at
an advantage when it comes to distinguishing between
X−1=3
1;2 . Theoretically, the difference in doublet content of

these two mixed states allows one such production process,
which we will discuss in the next subsection.

B. Distinguishing X − 1=3
1;2 from asymmetric production

While our previous discussion dealt with the phenom-
enology of leptoquark pair production, in this subsection
we present a possibility of distinguishing between the
mixed leptoquark states with the help of the asymmetric
production process of qq0 → R̃þ2=3

2 X̄þ1=3
1;2 . This production

is facilitated by the s-channel exchange of a W� gauge
boson, as shown in Fig. 10. As only the doublet compo-
nents of X−1=3

1;2 couple to theW� boson, the parameter κ and
subsequently the mixing angle θLQ plays a role in these
production cross sections.
Figures 11(a)–11(c) show the κ dependence of the cross

sections at energies of 14, 27 and 100 TeV, respectively,
where the red line corresponds to R̃þ2=3

2 X̄þ1=3
1 and the blue

line to R̃þ2=3
2 X̄þ1=3

2 production processes. We see that, when

κ ¼ 0 GeV, the cross section involving X−1=3
1 remains zero,

as there is zero doublet component in this. With the increase
in κ, the X−1=3

1 cross section increases while the X−1=3
2 cross

section comes down. Figures 11(d)–11(f) show the same
variation of the two production cross sections, with respect
to the leptoquark mixing angle θLQ. From both of these
plots, we observe that even though M2 > M1, the produc-
tion cross section of R̃þ2=3

2 X̄þ1=3
2 stays higher than that of

R̃þ2=3
2 X̄þ1=3

1 up to a certain value of κ or θLQ. The point at
which these two cross sections overlap is different for
different center-of-mass energies. Before reaching the
intersection point, the difference in cross section is domi-
nated by the amount of doublet/singlet percentage in the
leptoquark. At the intersection point, the effect of the mass
gap cancels out that of θLQ. As the mass splitting increases,
the availability of phase space becomes the dominant
factor, and so after that point the production process
involving the lighter of the two mixed leptoquarks has
higher cross section than that of the heavier leptoquark. An
important observation here is that the point of intersection
corresponds to a smaller κ (or θLQ) for a lesser ECM.

(a) (b)

FIG. 9. Variation of (a) leptoquark mixing angle and (b) X1;2 mass splitting with respect to κ. The green star corresponds to the
benchmark of κ ¼ 50 GeV.

FIG. 10. Associated production of R̃þ2=3
2 with X̄þ1=3

1;2 via an
s-channel Wþ boson at the LHC.
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The crossover happens at κ (θLQ) values of ∼400 GeV
(0.7636 rad), ∼420 GeV (0.7647 rad) and ∼500 GeV
(0.7680 rad), for center-of-mass energies of 14, 27 and
100 TeV, respectively. These threshold values increase with
ECM due to the enhancement in availability of the phase
space with ECM. Therefore, at higher energies, the effect of
mixing angle can be observed for a longer range compared
to lower energies. Within this range, the measured values of
cross sections at the same final state can point towards the
leptoquark with either more singlet content, or more
doublet.
In Table XVIII the LO cross sections for the production

of R̃þ2=3
2 X̄þ1=3

1 and R̃þ2=3
2 X̄þ1=3

2 are presented for three
center-of-mass energies of 14, 27, and 100 TeV, at the
LHC/FCC. These cross sections are independent of the
choice of Yukawa couplings, and so they remain the same
in each case for all three BPs. Naturally, as X−1=3

2 contain

twice as much doublet percentage as X−1=3
1 (∼66.5% and

∼33.5%), the value of σR̃þ2=3
2

X̄þ1=3
2

is almost 2 times that of

σR̃þ2=3
2

X̄þ1=3
1

, in each center-of-mass energy. This difference in

cross sections between X−1=3
1 and X−1=3

2 can act as a probe
of the mixing angle θLQ itself. The cross sections are,
however, very low as the masses of the leptoquarks are high
and a massive gauge boson mediates the process. Such
cross sections will not lead us to a number of observed
events that is large enough to draw conclusive remarks from
it, from an experimental perspective. At the HL-LHC limit
of 3000 fb−1 luminosity, the production processes at
14 TeV will lead to a total of less than fifteen observed
events, for both X−1=3

1 and X−1=3
2 . At 27 TeV, with

1000 fb−1 luminosity, the observed events still remain
low, with less than 80 events for both leptoquarks. At
the 100 TeV FCC, the cross sections predict the observation
of less than 110 events for X−1=3

1 and X−1=3
2 , with 100 fb−1

of integrated luminosity. These observed event numbers are
too small for a proper analysis, and with advanced
kinematic and phase space cuts, they will decrease even

TABLE XVIII. Associated production cross sections of R̃þ2=3
2 X̄þ1=3

1;2 at LO via s-channel Wþ-boson exchange for
all three BPs, and three different ECMs of 14, 27 and 100 TeV at the LHC.

pp → W� → LQ1LQ2 at different ECMs
σR̃þ2=3

2
X̄þ1=3
1 (fb) σR̃þ2=3

2
X̄þ1=3
2 (fb)

BPs 14 TeV 27 TeV 100 TeV 14 TeV 27 TeV 100 TeV

BP 1–3 0.002 0.039 0.71 0.004 0.078 1.40

(a) (b) (c)

(d) (e) (f)

FIG. 11. The variation of σR̃þ2=3
2

X̄þ1=3
1;2

with respect to κ [Figs. 11(a)–11(c)], and with respect to θLQ [Figs. 11(d)–11(f)] for three different
ECMs of 14, 27 and 100 TeV. In each plot, the red line corresponds to X1 and the blue line to X2. The green star shows our choice of
κ ¼ 50 GeV and θLQ ¼ 0.617998 for the BPs.
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further. Thus, while being theoretically sound, this pro-
duction mode is not experimentally viable, in probing the
leptoquark mixing angle, as well as in distinguishing
between X−1=3

1 and X−1=3
2 , and one needs to wait for higher

energy and higher integrated luminosity.

C. Distinguishing X − 1=3
1;2 from pair production

The experimental impracticality of the asymmetric pair
production process in discerning between the mixed lep-
toquarks leads us back to the discussion of the pair
production processes. In the preceding analysis we have
observed that, for the chosen set of mass, mixing and

Yukawa couplings, obtaining a clear signature that pin-
points towards either X−1=3

1 or X−1=3
2 is extremely challeng-

ing from the pair production processes. In the following
subsections, a few possible approaches for resolving such a
near-degenerate pair of mixed leptoquarks are presented.

1. Invariant mass distribution

In Sec. V E, we have already discussed the challenges
when it comes to resolving reconstructed invariant mass
peaks of leptoquark resonances. As our benchmark points
allow different final states for R̃þ2=3

2 and X−1=3
1;2 , we could

perform reconstructions of the R̃þ2=3
2 leptoquark from

(a) (b)

(c) (d)

(e) (f)

FIG. 12. Invariant mass distributions of (a) e−j and (b) eþj in BP1, (c) μ−j and (d) μþj in BP2, (e) l−j and (f) lþj in BP3, from the
pair production of leptoquarks at the 27 TeV LHC.
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different final states involving two jets and two leptons,
with negligible contaminations from the SM backgrounds
as well as from X−1=3

1;2 , as shown in Fig. 8. The situation

becomes tricky when we want to do the same for X−1=3
1 and

X−1=3
2 individually. In our BPs, the mass splitting between

these two states is just 7 GeV, which requires high-
precision resolution of the reconstructed peaks. However,
as mentioned in Sec. V E, this precision cannot be obtained
with the current LHC resolutions of high-momentum jets
and leptons that need to be used for the reconstruction. To
properly resolve between two states separated by a mass of
7 GeV, we would require ∼2 GeV of bin width, which is far
too optimistic in the current context. Nevertheless, just like
for R̃þ2=3

2 , we present some invariant mass distributions at
the 27 TeV LHC with 10 GeV bin widths, to explain the
situation better.
Figure 12 shows a few invariant mass distributions of jet-

lepton pairs that can reconstruct the mixed leptoquark mass
peaks. In each case, the dark red distribution signifies the
total signal events of the three leptoquark pair production
processes, combined with the SM background. The dotted
lines represent the individual contributions from R̃þ2=3

2

(pink), X−1=3
1 (green), and X−1=3

2 (yellow), and the SM
background (dark blue). In Fig. 12(a) we show the invariant
mass distribution of one light jet and one e− (Me−j),
obtained in a 2jþ 2 OSe final state in the case of BP1.
Here, as expected, events from both X−1=3

1 and X−1=3
2

contribute to the total observed peak at ∼1.5 TeV, with
a small contribution also coming from R̃−2=3

2 . This obtained

peak cannot pinpoint to either X−1=3
1 or X−1=3

2 . Figure 12(b)
shows the distribution ofMeþj, with dominant contribution

to the peaks from Xþ1=3
1;2 . Again, Fig. 12(c) displays the

invariant mass distribution of one light jet and one μ−

(Mμ−j) in a 2jþ 2 OSμ final state, pertaining to the
leptoquark pair productions in BP2. Here, the contribution
of R̃−2=3

2 is nullified due to the absence of muons in its
decays. However, similar to BP1, the peak has dominant
contributions from both X−1=3

1 and X−1=3
2 , which cannot be

resolved. The same outcome is seen from the Mμþj
distribution in Fig. 12(d), the peak of which has contribu-
tions from both Xþ1=3

1;2 . For BP3, the probabilities of
obtaining a final state with two jets and two leptons is
very rare for X−1=3

1;2 pair production. We evaluate the
invariant mass of one light jet and one electron or muon
(denoted as l�) from the 2jþ 1e� þ 1μ∓ final state as
described in Table XI. The distributions of Ml−j and Mlþj
are presented in Figs. 12(e) and 12(f), respectively. Here,
the number of events are very low for each leptoquark, and
owing to the high abundance of events with two light jets
and at least one muon, the R̃þ2=3

2 contribution is even more

than that of X−1=3
2 .

If one wishes to utilize this invariant mass peak in
distinguishing X−1=3

1 and X−1=3
2 , one possible way is to

have an increase in the mass splitting. This can be done
by setting the bare mass termsm1 andm2 in the Lagrangian
in Eq. (2.1) to be unequal, unlike in our consideration
where m1 ¼ m2 ¼ 1500 GeV. A difference in m1 and m2

can also lead to a much smaller value of θLQ, thus increasing

the singlet and doublet percentages in X−1=3
1 and X−1=3

2 ,
respectively. The phenomenology will then change for
such a parameter set, and it will also affect the neutrino
data and the LFV branching fractions under consideration.
In this work we are not considering such a nondegenerate
scenario.
Nevertheless, with the rapid enhancement in machine

learning algorithms, the resolution of jets and leptons are
becoming more precise at the LHC. The top quark mass, for
example, is now measured with a precision of < 1 GeV
[195], while the resolution for muons at the Z-mass peak is
< 3 GeV [194]. The SM Higgs boson mass has also been
measured with a< 1 GeV resolution [196,197]. We need to
wait for such dedicated high-resolution analysis being
available for high-mass leptoquark studies, so that the
invariant mass peaks of X−1=3

1;2 are distinguishable.

2. Final state modes

Considering for the time being that the value of κ is
negligibly small or zero, the mixing between the lepto-
quarks also vanishes, as seen in Fig. 9. Then, the decays of
R̃þ2=3
2 and R̃−1=3

2 are purely governed by Y2, while the S
−1=3
1

leptoquark decays only via YL;R
1 , as seen from Eq. (2.1).

This allows S−1=31 to decay into an up-type quark and a

charged lepton, while R̃−1=3
2 can decay into a down-type

quark and a neutrino. Meanwhile, R̃þ2=3
2 can decay only to a

down-type quark and a charged lepton. Hints of such a case
are already found in Table II, where, due to the inertness of
the small Y2, the decays of X−1=3

1 and X−1=3
2 happen into

ue− and cτ− for a combined 87% of the time, while R̃þ2=3
2

decays 100% into beþ and seþ.
Assuming all three leptoquark states to be pure, irre-

spective of the Yukawa coupling structures, the generic
final states that can be obtained from their pair production
are as follows:

R̃þ2=3
2 R̃−2=3

2 →2-jetsþOSD; R̃−1=3
2 R̃þ1=3

2 →2-jetsþ=pT ;

ð6:1Þ

S−1=31 Sþ1=3
1 → 2-jetsþ OSD and 2-jetsþ =pT: ð6:2Þ

We can expect an abundance of dijet and dilepton events in
the case of the singlet pair production, while theQ ¼ −1=3
doublet component will lead to dijet events with some large
missing transverse momenta. For smaller values of θLQ, an
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analysis of events in either of these final states can lead to
the heavy domination of X−1=3

1 or X−1=3
2 pair production.

Even with cases like BP3 where the entries of YL;R
1 and Y2

are of comparable order, distinct signatures can be achieved
if the points are chosen with a tiny mixing angle. Again,
each one of R̃−1=3

2 and S1=31 emanates differently charged
quarks for a fixed lepton charge. This can also be crucial for
differentiating between X−1=3

1 and X−1=3
2 , which we will

discuss in the next subsection.

3. Jet charge

In our analysis of segregating between R̃þ2=3
2 andX−1=3

1;2 in
Sec. V, the utility of jet charge reconstruction was men-
tioned. Continuing our assumption of negligible mixing
where X−1=3

1 and X−1=3
2 are essentially S−1=31 and R̃−1=3

2 , we
can tag a lepton with its identity and charge specified, and
then identify the jet that is produced with it from the same
leg of the pair production diagram [155,156,190–192]. The
correct jet can be identified by demanding the jet-lepton
invariant mass to be within a �5 GeV window of the
leptoquark resonance, with the help of the discussion in
Secs. VI C 1 and V E. After identifying the jet, we can study
the charge distribution of it, to determine whether it
originates from an up-type quark (coming from R̃þ2=3

2 ) or

a down-type quark (coming from S−1=31 ), which can even-
tually lead us to correctly identifying the responsible
leptoquark, as shown in Fig. 13. For example, in the case
of BP1, the Fig. 13 shows the 2-jetþ 2OSe final states
obtainable from R̃þ2=3

2 and S−1=31 pair production. Table II

shows how from the pair production of R̃þ2=3
2 , tagging an e−

automatically ensures the jet coming from leg 2 to be of s̄ or
b̄ flavor, in the correct invariant mass pairing. Whereas, in
the case of S−1=31 , the tagged e− from the invariant mass pair
will point to a u-flavored jet from leg 2. Considering a
scenario of negligible θLQ, R̃

−1=3
2 will not even have that

required electron at the first place. Hence, from the
combined analysis of pair production of the three

leptoquarks, we can observe two different Gaussian dis-
tributions, which may overlap for some part. Now, if R̃2 did
not exist in the model, we would be seeing only one
distribution pertaining to the u-flavored jets. Similarly,
absence of S1 will show us the s̄- or b̄-flavored distribution.
As the mixing angle increases, the number of events in the
X−1=3
1 jet charge distribution decreases, due to the enhance-

ment of R̃−1=3
2 percentage in it. This deviation from the ideal

case can be utilized to estimate the mixing angle itself.

VII. CONCLUSION

In this work we generate Majorana neutrino masses via a
one-loop Weinberg operator involving R̃2 and S1 lepto-
quarks, which are in SUð2Þ doublet and singlet represen-
tations, respectively. We further investigate the model
parameter space which can satisfy the neutrino mixing
angles, anomalous magnetic moment of the muon and
electron, as well as various experimental bounds coming
from lepton flavor violating processes. Once setting up
with these we study various final state topologies in probing
different mass eigenstates involving R̃2 and S1 at the
LHC/FCC.
Due to the presence of a trilinear coupling κ, the

component of R̃2 with charge 1=3 mixes with S1 through
an angle θLQ to give us two mass eigenstates X−1=3

1;2 , while

the R̃þ2=3
2 mass eigenstate remains a pure doublet. Thus, we

have three physically observable leptoquark states from this
model, on which we perform a study at the LHC/FCC. For
the purpose of the collider simulations, we choose three sets
of Yukawa couplings in three benchmark points with
different phenomenological implications. The entries of
these couplings are chosen in such a way that they agree to
the neutrino mass and oscillation data, the g − 2 of muon
and electron, as well as the experimental bounds on various
LFV processes, simultaneously. In each benchmark point,
a nearly degenerate mass spectrum is considered for the
leptoquarks, with MR̃þ2=3

2

¼1.502TeV, MX−1=3
1

¼1.499TeV,

and MX−1=3
2

¼ 1.506 TeV.

FIG. 13. Cartoon diagrams in the context of jet charge analysis, for pair production of R̃þ2=3
2 (left) and S−1=31 (right) in case of BP1.
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We begin our study with the pair production of each of
the three physical leptoquark states. The pair production is
mostly dominated by the QCD processes of gluon-gluon
fusion and s-channel gluon exchange from quark fusions.
However, based on the choice of Yukawa couplings, the
t-channel lepton exchange diagrams can also contribute to
the pair production cross section. The three sets of Yukawa
couplings in the three benchmark points show us different
phenomenology in each case. The analysis is performed at
center-of-mass energies of 14, 27 and 100 TeV to simulate
the present and future LHC/FCC environments.
The first step of the collider analysis (Sec. IV C) involves

obtaining signatures to probe the model at the LHC/FCC
with two different final state topologies: 2 light=c-jetsþ
OSD (FS1), and 2 light=b-jetsþ OSD (FS2). In both final
states, 5σ probes of the model are achieved across the three
benchmark points at the 14 TeV LHC, with < 540 fb−1

integrated luminosity in each case (Tables XII and XIII).
With higher energies of 27 and 100 TeV, the 5σ significance
is shown to be obtained with much earlier data.
Next, in Sec. V, signatures to distinguish between the pure

doublet R̃þ2=3
2 and the mixed states X−1=3

1;2 are explored from
the pair production processes. Four different final state
topologies are identified (FS3-FS6), with which we can
perform such a distinction. Depending on the benchmark
points, the obtained signal events in these states are
dominated by either R̃þ2=3

2 or X−1=3
1;2 . In each final state,

discerning signatures are obtained for at least one BP,
with 5σ probes being possible within ∼2500 fb−1 lumi-
nosity limit at the 14 TeV LHC. Once again, at higher
center-of-mass energies, these signatures are obtained at
much less luminosities of < 80 fb−1 at 27 TeV, and
<1.5 fb−1 at 100 TeV. The R̃þ2=3

2 leptoquark is also shown
to be distinctly reconstructed from the invariant mass
distributions of one jet and one lepton, with the identities
varying for different BPs, with negligible contamination
from X−1=3

1;2 and SM background events.

Lastly, in Sec. VI, we discuss the challenges and
possibilities of discerning X−1=3

1 from X−1=3
2 . Their small

mass splitting of ∼7 GeV, same electric charge, and large
mixing angle of jθLQj ¼ 0.618 radians lead to complica-
tions in obtaining final states that are dominated heavily by
either one of them. The mixing angle plays a part in the
asymmetric production mode of qq̄0 → R̃þ2=3

2 X̄þ1=3
1;2 via s-

channel W�-boson exchange, which can, in theory, allow
us to probe θLQ and act as a way of distinguishing.
However, small values of cross sections make this probe
impractical from the current experimental perspective.
Moving back to pair production, the tiny mass gap
remains unresolved, even with an optimistic bin width of
10 GeV, and we need to wait for the advancement in the
precision of high-momentum jet and lepton resolution.
For a smaller mixing angle, the stark difference in the
singlet and doublet decay modes can help us obtain
distinguishing signatures. A jet charge analysis of these
modes can also reflect the effect of the mixing, and act as a
probe of X−1=3

1 or X−1=3
2 .
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