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The scalar-leptoquark (sLQ) parameter space is well explored experimentally. The direct pair production
searches at the LHC have excluded light sLQs almost model agnostically, and the high-pT dilepton tail data
have put strong bounds on the leptoquark-quark-lepton Yukawa couplings for a wide range of sLQ masses.
However, these do not show the complete picture. Previously, Mandal et al. [Single productions of colored
particles at the LHC: An example with scalar leptoquarks, J. High Energy Phys. 07 (2015) 028] showed
how the dilepton-dijet data from the pair production searches could give strong limits on these couplings.
This was possible by including the single-production contribution to the dilepton-dijet signal. In this paper,
we take a fresh look at the LHC limits on all sLQs by following the same principle and combine all
significant contributions—from pair and single productions, t-channel sLQ exchange and its interference
with the Standard Model background—to the μμjj final state and recast the limits. We notice that the sLQ
exchange and its interference with the background processes play significant roles in the limits. The μμjj-
recast limits are comparable to or, in some cases, significantly better than the currently known limits (from
high-pT dilepton data and direct searches), i.e., the LHC data rules out more parameter space than what is
considered in the current literature. For the first time, we also show how including the QED processes can
noticeably improve the sLQ mass exclusion limits from the QCD-only limits.
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I. INTRODUCTION

Hypothetical bosons called leptoquarks (LQs) have found
significant importance in theoretical and experimental
particle physics. These scalar/vector color-triplet particles
carry fractional electric charges and connect the Standard
Model (SM) quark and lepton sectors. Many beyond-the-
SM (BSM) theories predict their existence at the TeV scale
[1–7]. Their current popularity in the literature mainly stems
from their roles in resolving the flavor and other persistent
anomalies (for example, muon g − 2 [8–10]). This has
motivated phenomenologists to speculate on new top-
down/bottom-up models [11,12] and propose novel collider

signatures and search strategies for LQs [13–26]. The strong
theoretical motivation for the low-mass LQ states within the
reach of the Large Hadron Collider (LHC) makes their
search an active and popular pursuit among experimental
particle physicists. In recent years, research in these direc-
tions has become progressively comprehensive. The
ATLAS and CMS collaborations have conducted extensive
searches for the pair and single productions of LQs (see the
ATLAS and CMS summary plots for LQ searches and the
references therein). In the absence of any discovery, these
searches have put strong limits on LQ parameters.
Most commonly, these searches focus on LQ pair

production (PP), where the LQs decay into lepton-jet pairs
forming dilepton-dijet (lljj, where l ¼ e, μ) final states.
From these, model-independent limits on the LQ mass are
drawn assuming the LQ-quark-lepton Yukawa couplings
(y) responsible for LQ decays are small and the PP process
is essentially strong-interaction mediated in this limit.
The current upper limit on the PP cross section in the
lljj channel is about 0.1 fb for scalar LQ (sLQ) masses
around 1.5 TeV [27]. The cross sections of single pro-
duction (SP) processes depend on the new coupling(s), and
hence direct SP searches in the llj final states provide LQ
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mass-dependent upper limits on y (which can also be
interpreted as y-dependent lower bounds on LQ masses).
Apart from the direct searches, there are also some less

obvious sources of LHC bounds. For example, the high-pT
tail of the dilepton or the lepton + ET resonance (like Z0 or
W0) search data can limit the LQparameter space [28–37]. In
the quark fusion processes, a t-channel LQ exchange can
produce two high-pT leptons (or a lepton and a neutrino)
affecting the tails of the distributions. The t-channel LQ
exchange [we refer to it as the indirect production (IP)] is
highly sensitive to the new couplings as the amplitude is
proportional to the second power in the Yukawa couplings.
Hence, one can use the high-pT dilepton or leptonþ ET data
to constrain y for a range of masses of the LQ involved
(wider than themass range accessible to the direct searches).
Interestingly, the IP amplitude interferes with the gauge
bosons-mediated dilepton or monoleptonþ ET produc-
tions; the interference terms play major roles in determining
the limits on the couplings [38].
In principle, we can combine all the latest ATLAS and

CMS bounds to obtain the allowed regions in the LQ
parameter space. That, however, will only show a partial
picture for a couple of reasons. Just as we recast the
dilepton data to draw limits on the LQ parameters, we can
recast the direct-search data by including the contribution
of all processes in the signal to draw stronger limits. If some
of the new Yukawa couplings are Oð1Þ (as needed by the
anomalies), the lljj signal can receive significant con-
tributions from the SP and IP (and its interference)
processes and lead to stronger (albeit model-dependent)
bounds than the model-independent PP bounds. This is not
entirely a new observation—we illustrated how systematic
inclusion of SP events in the PP-search (lljj) signal and
PP events in the SP-search (llj) signal lead to stronger
limits in Ref. [39] (also see Refs. [40–45]). However, this
point—not specific to LQs but applicable to many other
BSM searches as well [46,47]—has largely been over-
looked in the literature. Second, these limits ignore the
contributions of a class of diagrams. Since LQs have both

electric and color charges, they can couple to both photons
and gluons. Interestingly, the gauge symmetries allow for a
gluon-photon-sLQ-sLQ interaction [48]. So far, the con-
tributions from the photon-initiated diagrams (or those
involving this particular interaction term) are not accounted
for in the collider analyses in general.
Given the important roles the TeV-scale LQs play in a

wide range of BSM scenarios addressing various open
problems, it is crucial to scrutinise the LHC limits on them
in detail. These limits are independent of (and competitive
to) other low-energy bounds (like those from various flavor
observables)—they exclude various LQ scenarios which
are allowed by the low-energy limits (see, e.g., Ref. [42]).
In this paper, we reexamine the LHC limits on the scalar
LQs from the latest (∼140 fb−1) data in light of the above
points. Since, at the LHC, muons are the easiest leptons to
identify, we consider the μμjj [27] and μμ [49] data for
our purpose (there is no μμj data at this luminosity).
In addition, we also consider the latest μbμb [27] and
μtμt [50] data in recasting the exclusion limits.
The plan for the rest of the paper is as follows. We review

the interactions and different production mechanisms
for the sLQs that can couple with the muon in Sec. II;
explain the recast methodologies in Sec. III; present the
recast limits in Sec. IV; and finally, we conclude in Sec. V.

II. PRODUCING SCALAR LEPTOQUARKS
AT THE LHC

In the notation of Ref. [51], all sLQ species except S̄1
(which exclusively couples to right-handed neutrinos),
namely, S1, S̃1, R2, R̃2, and S3 can directly produce
lljj final states at the LHC. We display the possible
Yukawa interactions of these sLQs with quarks and leptons
in Table I. Depending on whether the mass eigenstates
of the sLQs are aligned with the mass eigenstates of the
up-type quarks or the down-type ones, we consider two
scenarios—up-aligned and down-aligned. For simplicity,
we do not consider the more general setup where these

TABLE I. The Yukawa interactions in up and down-aligned scalar-LQ scenarios (in the notation of Ref. [51], except for the R2

couplings where the roles of i and j are interchanged). We ignore the diquark interactions as those are not relevant to our analysis. Here,
V ≡ VCKM denotes the Cabibbo-Kobayashi-Maskawa matrix. In the rest of the paper, we use a slightly different but more explicit
notation for the Yukawa couplings—see the Appendix for details.

Model Down-aligned Yukawa interactions Up-aligned Yukawa interactions

S1 −yLL1ijdCL
iνjLS1 þ ðV�yLL1 ÞijuCLiejLS1 þ yRR1iju

C
R
iejRS1 −ðVTyLL1 ÞijdCLiνjLS1 þ yLL1iju

C
L
iejLS1 þ yRR1iju

C
R
iejRS1

S̃1 ỹRR1ijd
C
R
iejRS̃1

R2 −yRL2ijðuiRejLR5=3
2 − ūiRν

j
LR

2=3
2 Þ −yRL2ijðūiRejLR5=3

2 − ūiRν
j
LR

2=3
2 Þ

þðVyLR2 ÞijūiLejRR5=3
2 þ yLR2ij d̄

i
Le

j
RR

2=3
2 þyLR2ij ū

i
Le

j
RR

5=3
2 þ ðV†yLR2 Þijd̄iLejRR2=3

2

R̃2 −ỹRL2ijðd̄iRejLR̃2=3
2 − d̄iRν

j
LR̃

−1=3
2 Þ

S3 −yLL3ijdCL
iνjLS

1=3
3 − ðV�yLL3 ÞijuCLiejLS

1=3
3 −ðVTyLL3 ÞijdCLiνjLS

1=3
3 − yLL3iju

C
L
iejLS

1=3
3

−
ffiffiffi
2

p
yLL3ijd

C
L
iejLS

4=3
3 þ ffiffiffi

2
p ðV�yLL3 ÞijuCLiνjLS

−2=3
3 −

ffiffiffi
2

p ðVTyLL3 ÞijdCLiejLS
4=3
3 þ ffiffiffi

2
p

yLL3iju
C
L
iνjLS

−2=3
3
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sLQs are neither up or down-aligned. We also ignore the
effect of neutrino mixing and take UPMNS ¼ 1 as all
neutrinos produce missing energy, and the neutrino oscil-
lation length is irrelevant to our analysis.
LQs can be produced at the LHC in two ways—reso-

nantly or nonresonantly. In the resonant modes, the pair and
single production (PP and SP) processes produce on-shell
LQs, whereas, in the nonresonant production (indirect
production—IP), a LQ is exchanged in the t-channel. The
IP process can interfere (constructively or destructively,
depending on the sLQ species) with SM processes. Since all
these production topologies can lead to lljj final states, we
briefly review them.
Pair production: Two sLQs (of the same or different

species) can be produced resonantly. These decay to produce
the lljj final states. The leading tree-level contributions to
the PP cross section are
(1) Oðα2sα0eα0yÞ:1 The diagrams contributing to this order

are purely QCD-mediated; see, e.g., Fig. 1(a).
Hence, the contribution is model-independent.

(2) Oðα0sα2eα0yÞ: There are qq and γγ-initiated processes
that depend only on the electric charge of the sLQ
[Figs. 1(b) and 1(c)].

(3) Oðα0sα0eα2yÞ: A lepton exchange in the t-channel can
lead to sLQ pair production—see Fig. 1(d). This
purely new-physics (NP) contribution is highly
sensitive to the LQ Yukawa couplings and the parton
distribution functions (PDFs) of the initial quarks.

(4) Oðα1sα0eα1yÞ: The contribution to the total PP cross
section at this order comes from the interference
between the diagrams that separately produce
Oðα2sα0eα0yÞ andOðα0sα0eα2yÞ contributions to the cross
section. This interference is destructive in nature for
all sLQ species.

(5) Oðα0sα1eα1yÞ: This contribution comes from the in-
terference of the diagrams that separately produce
Oðα0sα2eα0yÞ andOðα0sα0eα2yÞ contributions to the cross
section. Generally, this interference is a minor
contribution to the PP cross section.

(6) Oðα1sα1eα0yÞ: Finally, there is also a QCD-QEDmixed
order contribution to the PP [see Fig. 1(e)], which,
unlike the above two cases, does not come from
any interference term (color conservation stops the
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FIG. 1. Representative Feynman diagrams for pair, single, and indirect productions of sLQs. A generic sLQ is denoted by Φ.

1We use αy ¼ y2=4π where y denotes a sLQ-quark-lepton
Yukawa coupling.
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qq → g → lqlq and qq → γ=Z → lqlq processes
from interfering) but the gluon-photon-sLQ-sLQ
term in the kinetic Lagrangian [48].

Putting these together, we can make the parameter depend-
ence of the PP cross section explicit as

σPPðMlq ;yÞ¼σ200PP ðMlqÞþσ110PP ðMlqÞþσ020PP ðMlqÞ
þy2σ101PP ðMlqÞþy2σ011PP ðMlqÞþy4σ002PP ðMlq

Þ;
ð1Þ

where σijkP denotes the contribution of order αisα
j
eαky to the

process “P” and the overlines indicate the functions under

are evaluated at y ¼ 1, i.e., σijkP ðMlq
Þ ¼ σijkP ðMlq

; y ¼ 1Þ.
Single production: The new Yukawa couplings allow a

single sLQ to be produced resonantly in association with a
lepton and jets (pp → lql or pp → lqlj). From there,
decays of the sLQ can give the desired final states. There are
two-body single productions (2BSPs) and three-body single
productions (3BSPs). As we discuss below, the lljj signal
will essentially come from the 3BSP processes at the LHC.
2BSP: There are two leading-order (LO) contributions to

this process:
(1) Oðα1sα0eα1yÞ: There are qg-initiated contributions to

pp → lql [shown in Fig. 1(f)].
(2) Oðα0sα1eα1yÞ: Similarly, a qγ-initiated diagram is

shown in Fig. 1(g).
3BSP: There are two types of diagrams that contribute to

the 3BSP process. First, when a (hard, i.e., separable) jet
radiates off a 2BSP process [i.e., an initial/final state
radiation (ISR/FSR) jet], we count it as a 3BSP process:
(1) Oðα1þð1Þ

s α0eα
1
yÞ:2 A (hard) jet is emitted from the

Oðα1sα0eα1yÞ contribution to the 2BSP process; see,
e.g., Fig. 1(h) where the jet is emitted from the LQ;
the jet can also come off the initial partons.

(2) Oðαð1Þs α1eα
1
yÞ: An (hard) ISR or FSR from the

Oðα0sα1eα1yÞ contribution to the 2SBP can contribute
to this order. See, e.g., Fig. 1(i).

(3) Oðα0sα1þð1Þ
e α1yÞ: Similarly, when an initial state quark

splits into a hard quark (producing a hard ISR) and
an electroweak boson, which further interacts with
another quark to produce a LQ and a lepton [as in
Fig. 1(g)], we count it as a separate 3BSP diagram;
see Fig. 1(j).

Second, as shown in Ref. [39] (also see [46]), pp → lqlj
contain some genuine NP contributions where the jet is
neither an ISR nor a FSR off the pp → lql processes:
(4) Oðα0sα0eα3yÞ: This contribution comes from another

set of qq-initiated diagrams that depend only on the
LQ Yukawa coupling(s)—a representative Feynman
diagram is shown in Fig. 1(k).

(5) There is another possibilitywhere the lepton and the jet
come from an off-shell sLQ, i.e., pp → lql�

q →
lqlj. Hence, the process contributes at one higher
power of αy than the PP subprocess—Oðα2sα0eα1yÞ,
Oðα0sα2eα1yÞ,Oðα0sα0eα3yÞ,Oðα1sα0eα2yÞ,Oðα0sα1eα2yÞ, and
Oðα1sα1eα1yÞ. If the sLQ is far off-shell, it will have
different kinematics than that of the PP processes.

Estimating the SP contribution to lljj states system-
atically requires some care [39]. Even though the final state
of the 2BSP processes is llj (pp → lql → lql) at the
Born level, not lljj, these processes can emit an extra jet
while showering and contribute to the lljj signals.
However, if the radiation is soft/collinear, it will be hard
to distinguish it experimentally from the Born-level proc-
ess. Hence, to avoid confusion, we club such processes
where the extra jet is hard with 3BSP. This also agrees with
the experimental schemes where jets are identified with
reasonably hard pT cuts. Following Ref. [39], we can
mathematically express the SP contribution to lljj final
states with the following equation,

σSP ¼ ðσLO
2BBðlqlÞ þ σvirtualðlqlÞ þ σsoftþcollinear

2BRðlqljÞ
zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{Divergent terms

þ σsoft
3BNSðlqljÞÞ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

Negligible contribution

þ ðσhard
2BRðlqljÞ þ σhard

3BNSðlqljÞÞ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Main contribution ð≈3BSPÞ

þ � � � ; ð2Þ

where the suffix 2BB indicates two-body Born-level proc-
esses (2BSP), 2BR denotes 2BSPþ jet processes and 3BNS
indicates the NP contribution in 3BSP. In other words, the
main contribution to lljj signals from the single produc-
tions comes from the 3BSP processes. Hence, the parametric
dependence of the SP can be made explicit as,

σSPðMlq ; yÞ ¼ y2
n
σ021SP ðMlqÞ þ σ201SP ðMlqÞ þ σ111SP ðMlqÞ

o

þ y6σ003SP ðMlqÞ: ð3Þ

There is a chance of double counting in generating SP
Monte Carlo (MC) events separately as lqlj events can
also come from PP diagrams as pp → lqlq → lqðljÞ.
One needs to make sure the lepton and jet in the final state
are not coming from an on-shell LQ [39].
Indirect production: The main contribution from this

topology to lljj final states comes from a single order:
(1) Oðαð2Þs α0eα

2
yÞ: We show an illustrative diagram of the

qqð0Þ → ll process via a t-channel sLQ exchange in
Fig. 1(k). This process can contribute to the lljj
signal in the presence of two additional hard
radiation jets.

Indirect interference (II): The IP process (qq → ll)
interferes with the SM s-channel Z=γ-mediated processes

2The parentheses in the exponents count the number of hard
radiations.
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with the same initial and final states. We count this
contribution separately from the IP as the kinematics of
these two are very different.
(1) Oðαð2Þs α1eα

1
yÞ: Because of the large cross sections of

the SM processes, the interference contribution
usually plays a major (sometimes, the determining)
role in the exclusion limits, especially, in the high-
mass and large-coupling(s) region. Its sign depends
on the sLQ involved in the diagram; e.g., it is negative
for theS1; it is overall positive for theR2; it is negative
for the S3 if the initial quarks are up-type but posi-
tive if they are down-type; etc. [28,30].

The total indirect contribution can be expressed as:

σindðMlq ; yÞ ¼ y2σ011II ðMlqÞ þ y4σ002IP ðMlq
Þ: ð4Þ

For an illustration, we plot the cross sections of different
orders and topologies for a down-aligned S1 with the

coupling yLL10;12 ¼ 1 (see the Appendix for the notation)
with respect to its mass at the 13 TeV LHC in Fig. 2. There,
we see that as MS1 increases, the photon-initiated contri-
bution to the 3BSP process becomes more important than
the gluon-initiated ones due to the lighter t-channel
exchange (see the corresponding Feynman diagrams in
Fig. 1). The II contributions for various sLQs are shown
in Fig. 3.

III. RECASTING LHC SEARCHES

A. Direct-search data

We recast the current ATLAS (observed) limits on sLQ
pair production in the μμjj channel [27] by recalculating
the signal. We make the signal inclusive by including all
the contributions to the μμjj final state discussed in the
previous section. To recast, we rely on the following
relation between the number of observed events at a
particular Mlq and the signal cross sections:

(a) (b)

(c) (d)

FIG. 2. The PP, SP, IP, and II contributions for S1 (subjected to aMμþμ− ≥ 120 GeV cut) as functions ofMS1 for y
LL
10;12 ¼ 1 at different

orders of αs, αe, and αλ. The constructive/destructive interference contributions are indicated with (�) signs in front.
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N obsðMlqÞ
L exp

¼σobsðMlqÞ×εexpðMlqÞ

¼
X

i∈ topologies

σiðMlq ; y⃗Þ×βiðy⃗Þ×εiðMlqÞ; ð5Þ

where ε’s denote the final selection efficiencies (including
the acceptance), β the branching ratios (BRs), andL exp the
integrated luminosity. In the second line, the sum goes over
different topologies: PP, SP, IP, and II. Here, we have
assumed the efficiencies to be largely independent of the
couplings (y⃗), which is a reasonable assumption since the
selection cuts are kinematic in nature.
To estimate the new efficiencies, we implement

all the sLQ Lagrangians in FeynRules [52] to get the UFO

model files [53,54] for MadGraph5 [55]. We use the NNPDF

PDFs [56] with dynamical renormalization and factoriza-
tion scales to generate LO events; which are passed through
PYTHIA8 [57] for showering and hadronization, and
DELPHES [58] for detector effects. Jets are formed using
the anti-kT [59] clustering algorithm in FastJet [60]. In our
analysis, we use LO cross sections for all signal processes
except the PP, for which the NLO corrections are known
[61–66]. We include a constant K factor of 1.6 for this
process.

We pass the simulated events through ATLAS selection
criteria to estimate the efficiencies for different topo-
logies as

εi ¼
N i

N gen
i

with i ¼ fPP; SP; IP; IIg; ð6Þ

where N i is the number of events surviving the cuts and
N gen

i is the total number of generated Monte Carlo events
for the ith topology. For validation, we reproduced the PP
limits in Refs. [27,67] on λ −MLQ and β −MLQ planes for
all LQs.We have validated the model-independent limits on
all sLQ masses from Ref. [67] within a few GeVs. For an
illustration, we list the cross sections, the numbers of events
surviving the μμjj-channel cuts, and the cut efficiencies for
three benchmark masses of S1 in Table II.
Before we move on, we note that in Ref. [27], the

observed limits go up to Mlq ¼ 2 TeV. For our purpose,
we have extrapolated the limits beyond 2 TeVassuming the
experimental selection cuts remain the same in this range,
i.e., N obsðMlq > 2 TeVÞ ¼ N obsðMlq ¼ 2 TeVÞ.

B. Dilepton-search data

We also consider the latest dimuon search data from
CMS [49] to put bounds on the new Yukawa couplings as
functions of sLQ masses. Since the leptons coming from
TeV-scale LQ decays or those produced in association with
LQs are expected to have high pT, they will affect the high-
pT tail of the dilepton (in our case, dimuon) distribution in
general. Following the method illustrated in Refs. [38,42]
(also see [40,44]), we perform χ2 estimations to obtain the
2σ exclusion limits on y’s by fitting the dimuon-pT
distribution for any fixed-Mlq

hypothesis. We compute
the binwise signal efficiencies by passing the events from
all the production processes mentioned above through the
cuts used in the dimuon-search analysis and then combin-
ing them. We note that since there is no restriction on the
number of hard jets in this case, a priori, more processes
will contribute to the μμ signal than the μμjj one. For
example, the 2BSP processes or the qq → μμ process via
t-channel LQ exchange (without the hard radiations),
which essentially did not contribute earlier, will contribute

TABLE II. The cross sections (σ), the numbers of events (N ) surviving the μμjj-selection cuts [27] forL exp ¼ 139 fb−1 of integrated
luminosity, and the cut efficiencies [ε, defined in Eq. (6)] for three benchmark masses of S1. As in Fig. 2, we have set yLL10;12 ¼ 1 to obtain
the numbers. We see that the importance of the indirect modes increases with the mass of the LQ.

Pair production Single production Indirect production Indirect interference

Mass (S1) (TeV) σPP (fb) εPP N PP σSP (fb) εSP N SP σIP (fb) εIP N IP σII (fb) εII N II

1.5 1.4 × 10−1 0.42 8.2 8.4 0.17 198.5 32.0 0.018 111.2 −275.0 0.007 −267.6
2.5 6.9 × 10−4 0.32 3.1 × 10−2 5.4 × 10−1 0.13 9.8 5.4 0.018 13.4 −102.0 0.007 −99.2
4.0 4.6 × 10−7 0.30 2.0 × 10−5 3.4 × 10−2 0.20 0.7 1.0 0.028 3.7 −40.2 0.010 −55.9

FIG. 3. Indirect interference contributions for different sLQs.

BHASKAR, DAS, MANDAL, MITRA, and SHARMA PHYS. REV. D 109, 055018 (2024)

055018-6



to the dilepton signal. We include all contributions
systematically.

IV. EXCLUSION LIMITS

We summarize the coupling-independent exclusion lim-
its on the sLQs obtained from the μμjj data in Table III.
The differences between the limits come from the
differences in the BRs.

A. The singlets (S1 and S̃1)

The S1 LQ has four Yukawa couplings through which it
can decay to μj final states: yLL10;12, y

RR
10;12, y

LL
10;22, and yRR10;22.

We show the recast (95% CL) exclusion limits on these
couplings separately in Figs. 4(a)–4(d). In these plots, we
show how the limits change if we consider only the PP or
PPþ SP or PPþ SPþ IPþ II processes. We also show the
2σ limits from the high-pT dimuon tail. We see that for S1,
the dimuon limits are the hardest. There are some essential
points to note here. First, the indirect interference is
destructive in the case of the S1, making the PPþ SPþ
IPþ II limits weaker than the PPþ SP ones but, at the
same time, making the dimuon limits stronger. Second,
bigger regions are excluded when S1 mainly couples to
the first-generation quarks as compared to the second-
generation quarks because of the difference between the
PDFs of valence and sea quarks. Third, for the left-handed
couplings, BRðS1 → μjÞ ¼ 50% but it is 100% for the right-
handed couplings. As a result, for the same quark generation,
the resonant (PP and PPþ SP) limits are stronger for the
right-handed couplings than for the left-handed ones.
Finally, as indicated earlier, the direct limits on the left-
handed couplings vary depending on whether the S1 is up-
aligned or down-aligned. However, the difference is visible
only in the case of the yLL10;22 coupling [see Fig. 4(c)], i.e.,
when S1 couples mainly to the second-generation quarks.
Because of the smaller second-generation quark PDFs, the
relative difference is only marginal for yLL10;12.

Limits on these couplings taken two at a time are shown
in Figs. 5(a)–5(d) for different MS1 values. Like the one-
coupling plots, regions excluded by the μμjj data are
shown with colors.
For S̃1, we plot the exclusion limits on yRR11;12 and yRR11;22

on the mass-coupling planes in Figs. 5(e) and 5(f),
respectively. In this case, the interference is positive,
making the combined direct limits (PPþ SPþ IPþ II)
the strongest and the dimuon limits relatively weaker. The
simultaneous limits on these two couplings are shown in
Fig. 5(g).

B. The doublets (R2 and R̃2)

For R2, we show the separate limits on yLR20;12, y
LR
20;22,

yRL20;12, and y
RL
20;22 on mass-coupling planes in Figs. 4(g)–4(j),

respectively. The interference is positive in the case
of R2 and, with the yLR20;ij couplings, both its components

(R5=3
2 and R2=3

2 ) can significantly contribute to the μμðjjÞ
data, making the recast limits stronger than the singlet cases
in general. The two-coupling bounds on R2 are shown in
Figs. 5(h)–5(m).
For R̃2, the limits on yRL21;12 and yRL21;22 are shown in

Figs. 4(k) and 4(l), respectively. The simultaneous limits
on these two couplings for different MR2e are shown in
Fig. 5(n).
One can also make similar observations for the doublets

as we did in the case of S1 (e.g., the difference coming
from first and second-generation PDFs, etc.). However,
there is a difference—if only one (muon) coupling is
nonzero, BRðRn

2=R̃
5=3
2 → μjÞ ¼ 100% (where n ¼ 5=3 or

2=3), irrespective of the chiralities of the quark and the
lepton.

C. The triplet S3
There are only two couplings for S3 to contribute to

μμðjjÞ final states: yLL30;12 and yLL30;22. We show the limits on
the couplings separately in Figs. 4(m) and 4(n), and
simultaneously in Fig. 5(o).

D. Heavy jets: The third-generation quarks

So far, we have implicitly assumed that the jets in the
direct searches are light. However, the ATLAS μμjj
search allows the jets to be b jets and puts bound on
the μbμb final state. We recast the μbμb mass limits to
draw bounds on the sLQ couplings with the bottom quark
and the muon (y32). For completeness, we also recast the
μtμt bounds obtained by CMS [50]. We show the limits on
these couplings for various sLQs in Fig. 6. In these cases,
we do not show the relatively minor indirect or interfer-
ence contributions to the limits. These contributions are
small because the third-generation quarks have small/
vanishing PDFs and they are less likely to appear as
radiation.

TABLE III. Pure QCD [Oðα2sα0eα0yÞ] vs pure QCDþ QED
[Oðα2sα0eα0yÞ þ Oðα0sα2eα0yÞ þOðα1sα1eα0yÞ] mass exclusion limits:
Model-independent limits on various sLQ masses (in GeV) with
and without the QED contributions. We assume sLQ decays
through only one small coupling (shown in parentheses). The
limits remain the same for second-generation quarks.

Model QCD QCDþ QED

S1ðyLL10;12Þ 1418 1423
S1ðyRR10;12Þ 1733 1741

S̃1ðyRR11;12Þ 1733 1854

R2ðyLR20;12Þ 1852 2012
R2ðyRL20;12Þ 1733 1917

R̃2ðyRL21;12Þ 1733 1767

S3ðyLL30;12Þ 1772 1882
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FIG. 4. Exclusion limits on all sLQs when only one Yukawa coupling is nonzero (see the Appendix for the notation). The
contributions from the PP, PPþ SP, and PPþ SPþ IPþ II processes are separately marked; UA and DA indicate up and down-aligned
scenarios, respectively (see Table I).

BHASKAR, DAS, MANDAL, MITRA, and SHARMA PHYS. REV. D 109, 055018 (2024)

055018-8



FIG. 5. Same as Fig. 4, except here, two Yukawa couplings are nonzero.
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FIG. 6. Single-coupling exclusion limits when the quark involved is a third-generation quark.

FIG. 7. The LHC data excludes parts of the parameter space (blue) where 2.5-TeV sLQs can explain the muon g − 2 anomaly.
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E. Illustration: The muon g − 2 anomaly
and the LHC limits

As mentioned in the introduction, one of the major
reasons for the recent popularity of sLQs in the literature is
their ability to explain experimental anomalies like the one
seen in muon g − 2. In Fig. 7, we draw the LHC bounds on
two sLQs (S1 and R2) known to address the muon g − 2
anomaly to illustrate how the current LHC μμjj data
impinge on the relevant parameter space. We have used
the expressions available in Refs. [51,68] to obtain the
g − 2 parameter regions in these plots. One can draw
similar comparisons with sLQ-parameter spaces relevant
to other anomalies as well.

F. Extrapolating the limits

From the one-coupling plots in Figs. 4 and 6, we see that
the mass exclusion bound strengthens as a coupling
increases. Naturally, one can ask about the maximum mass
bound for a perturbative new coupling. Table IV shows the
maximum (extrapolated) limits for all possible perturbative
couplings, assuming only one nonzero coupling (see
Ref. [69] for perturbative unitarity bounds on Yukawa
couplings). Of course, the limits weaken if more than one
coupling is nonzero and BR(LQ → lj) is reduced.

V. SUMMARY AND DISCUSSIONS

Since LQs play essential roles in a wide range of BSM
scenarios, it is crucial to interpret the experimental limits on
them properly. In this paper, we revisited the exclusion
limits on sLQs from the latest LHC μμjj data. The pair-
production searches at the LHC usually obtain largely
model-agnostic exclusion bounds on sLQ masses. On
the other hand, the high-pT-tails of the dilepton (or
monoleptonþ ET) resonance search data provide bounds
on the sLQ-quark-lepton Yukawa couplings. Our study
showed that, in some cases, the LHC data exclude more
parameter space than what we get by putting the above
limits together.
Our study essentially expanded the scope of Ref. [39],

which argued for a systematic combination of events from

the signal processes that could produce the same (or
experimentally indistinguishable) final states. There, it
was shown how one could include single-production
events in the pair production signal (and vice versa) to
obtain bounds on the Yukawa couplings from the pair
production (dilepton-dijet) data. In our analysis, we
extended the scope of the signal and included events
from pair and single productions, t-channel sLQ exchange
and its interference with the SM background processes.
Our study is comprehensive as we considered
all sLQs that can couple with a muon and a quark. Our
results point to some interesting observations. First, the
μμjj-recast limits are very restrictive and, in some cases,
are the strongest. Second, when calculating the model-
independent limits (i.e., assuming the y → 0 limit),
one ignores the QED-mediated contributions. However,
Table III showed that the QED effects were not
negligible in all cases, especially when sLQs carry higher
electric charges. Moreover, the model-independent
limits on the doublet and triplet sLQs are stronger than
that on the singlet S1 that decays to the μj final state with
100% BR. This happens because there are multiple
components of the doublet and triplet sLQs which
contribute to the same final state and hence contribute
to the limits.
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APPENDIX: NOTATION FOR THE YUKAWA
COUPLINGS

We use an intuitive notation for the LQ Yukawa
couplings in our paper and the FeynRules model files,
publicly available at GitHub. In this notation, the
sLQ-quark-lepton Yukawa couplings are generically
denoted as yABpq;ij, where the subscript p indicates the
SUð2Þ representation of the sLQ; q is 1 or 2 depending

TABLE IV. Extrapolated maximum mass exclusion limit (TeV) for perturbative y ≈
ffiffiffiffiffi
4π

p
for different sLQs. To obtain these, we have

assumed only one coupling is nonzero at a time.

sLQ y Limit y Limit y Limit (μbμb) Limit (μtμt)

S1 yLL10;12 3.5 yLL10;22 2.5 yLL10;32 � � � 1.6
yRR10;12 4.4 yRR10;22 2.8 yRR10;32 � � � 1.9

S̃1 yRR11;12 27.0 yRR11;22 12.0 yRR11;32 2.7 � � �
R2 yLR20;12 28.0 yLR20;22 12.0 yLR20;32 2.6 2.3

yRL20;12 27.0 yRL20;22 9.0 yRL20;32 � � � 2.1

R̃2 yRL21;12 8.2 yRL21;22 5.6 yRL21;32 2.6 � � �
S3 yLL30;12 33.0 yLL30;22 18.0 yLL30;32 3.1 1.6
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on whether there is a tilde (∼) or a bar (−) over the LQ, it is
zero otherwise; i and j denote the quark and the lepton
generations, respectively. The superscripts A and B show
the quark and lepton chiralities, respectively. For example,
yRR11;22 indicates the coupling of S̃1 with a right-handed

second-generation quark and a right-handed second-
generation lepton. Similarly, yRL21;12 is the coupling of the
SUð2Þ-doublet R̃2 with a right-handed first-generation
quark and left-handed second-generation lepton.
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