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A final state consisting of one charged lepton, at least one jet, and little missing transverse energy can be
a very promising signature of new physics at the LHC across a wide range of models. However, it has
received only limited attention so far. In this work we discuss the potential sensitivity of this channel to
various new physics scenarios. To demonstrate our point, we consider its application to lepton parton
distribution functions (PDFs) at the LHC in the context of supersymmetry. These lepton PDFs can lead
to resonant squark production (similar to leptoquarks) via lepton number violating couplings present in
R-parity violating supersymmetry (RPV-SUSY). Unlike leptoquarks, in RPV-SUSY there are many
possible decay modes leading to a wide range of signatures. We propose two generic search regions:
(a) a single first or second generation charged lepton, exactly 1 jet and low missing transverse energy, and
(b) a single first or second generation charged lepton, at least 3 jets, and low missing transverse energy. We
demonstrate that together these cover a large range of RPV-SUSY signatures, and have the potential to
perform better than existing low-energy bounds, while being general enough to extend to a wide range of
possible models hitherto not explored at the LHC.
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I. INTRODUCTION

With the high-luminosity (HL) era almost upon us, the
Large Hadron Collider (LHC) is gearing up for a paradigm
shift: a transition from energy upgrades to a focus on
increased luminosity. The LHC has already accumulated
close to 200 fb−1 of data [1]. This will be surpassed in just a
single year of HL-LHC runtime, which by its conclusion
will increase the total integrated luminosity by a factor 15
overall [2].
Given the breadth of possible observables, such a drastic

increase in integrated luminosity places a renewed impor-
tance in exploring the question, “Where should we look
for new physics?” In contrast to an increase in energy,
increases in luminosity do not typically yield dramatic

improvements in reach when considering resonantly pro-
duced new physics. On the other hand, rare processes,
indirect searches, and new trigger techniques—to which
the experiments are currently insensitive with the data on
tape—can offer promising avenues to explore; current
examples include Refs. [3–8]. Such strategies can be more
powerful than one may expect. In this work we demonstrate
this point explicitly by making the case for a specific
example of an unusual signal at the LHC: one light charged
lepton, one light jet, and no missing energy—what we will
call the single-lepton channel.
We mention that an interesting aspect of the kind of

lepton-number violating searches we discuss is the fact that
they could also be relevant to current topics of interest such
as the B-anomalies [9,10], and the muon (g − 2) [11–14];
the variety of models that produce signals of interest to us
may also explain these anomalies (see for example
Refs. [15–19]).
The outline of this paper is as follows. In Sec. II, we

discuss the single-lepton channel in detail, and argue that it
can be applied to a wide range of models with lepton
number violating interactions. Section III discusses its
application to the specific context of RPV-SUSY. In
Sec. IV, we demonstrate how such a search for RPV-
SUSY may be implemented at the LHC. In Sec. V, we
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present and discuss our numerical results. We conclude
in Sec. VI.

II. THE SINGLE-LEPTON CHANNEL

The final state we are interested in has exactly one
energetic1 first or second generation charged lepton ðlÞ, at
least one energetic light jet (j), and little or no missing
transverse energy (Emiss

T ). In what follows we refer to this as
the single-lepton channel for short.
At first glance this channel is forbidden at hadron

colliders in the limit Emiss
T → 0 as the final state is odd

in lepton number (discounting the possibility of additional
untagged soft leptons). Such a channel could still be
populated if at least one of the following ingredients is
present:
(1) Sizeable lepton number violating interactions.
(2) A hard process that is initiated by the leptonic

content of the proton.
However, the first is bounded by strict low-energy con-
straints; see, for instance, Refs. [20,21]. For the second, the
leptonic parton distribution functions (PDFs) are sup-
pressed compared to quark or gluon initiated processes
as they rely on the splitting function of the photon. The
photon density in the proton is low and the splitting adds
one more power of the fine-structure constant, αEM. Early
work on lepton PDFs can be found in Refs. [22,23]. A
higher order calculation has recently been performed
in Ref. [24].
Before turning to the details of the proposed search, we

first discuss existing single-lepton searches in the literature.
Among early experimental work, the only potentially
sensitive searches are those by CMS and ATLAS for
quantum black holes, such as Refs. [25,26]. However,
these searches require very high multiplicity final states
producing a large overall scalar sum

P
pT ≳ 2 TeV, have

no upper limit on Emiss
T , and allow for more than 1 charged

lepton. In Refs. [27,28], attempts were made at model-
independent searches by considering several hundreds of
signal topologies including the ones we are studying here.
However, since the datasets considered correspond to small
integrated luminosities, and the analyses are not designed
to optimally target the single-lepton final state, we expect
low sensitivity to our rare signals.
Another related channel was proposed in Ref. [29] (and

searched for at the LHC in Refs. [30–33]) involving a
single lepton with high jet multiplicity (1lþ nj, n large)
but no Emiss

T cut. This was constructed to be sensitive to
several new physics scenarios which may escape high Emiss

T
searches. These include lepton number conserving models,
in which case the possibly present Emiss

T from neutrinos is
diluted due the large number of final state objects. In later

work, Ref. [34] demonstrated how such a channel can play
a pivotal role in closing the last remaining gaps in natural
supersymmetric theories. But the channel is sensitive to
more generic models of new physics as well, e.g.,
composite Higgs models, models producing top-rich final
states, or even more exotic phenomena involving high-scale
nonperturbative effects.
We propose to go beyond this earlier work by focusing

on the related but orthogonal final state: 1lþ nj, n small.
The main difference is that we allow for a significantly
lower multiplicity in the final state. The low Emiss

T in such
scenarios is not due to dilution as above, but due to lepton
number violating processes and/or lepton PDFs. Thus,
unlike above, we require a strict upper limit on Emiss

T . In
Sec. IV, we define two separate search regions to cover
what we think are the most relevant scenarios missed so far.
Very recently, Ref. [35] demonstrated that a specific

example of the above—a final state with one energetic
charged lepton, low Emiss

T , and exactly one energetic jet—
may probe large unexplored regions of the leptoquark
parameter space at the LHC.2 The s-channel leptoquark
resonance is produced via the leptonic PDFs of the proton,
mimicking the production at HERA [37–39]. While the
result may seem surprising at first due to the suppressed
lepton PDFs, the point is that the s-channel resonance has
double the kinematic reach compared to leptoquark pair
production, and smaller suppression from the leptoquark
coupling compared to the Drell-Yan mode. Thus, it can
complement these modes [40] by probing regimes where
the leptoquark mass is beyond the pair production thresh-
old, while the leptoquark coupling is not large enough for
Drell-Yan to be effective. Further, it has a far cleaner
signature and a dynamic boost compared to other single
production modes. This idea forms the basis for the work
that follows: how can these single-lepton searches be
generalized to exploit a wide range of new physics
appearing in s-channel resonances.
Searches for 1lþ nj with n small are yet to be

performed. These would not only target leptoquarks but
more generally theories that contain lepton number viola-
tion, or even some new interaction between leptons and
quarks, such as a heavy partially leptophilic Z0 [41]. As an
example of the former we will consider R-parity violating
SUSY in what follows.

III. AN APPLICATION TO R-PARITY
VIOLATING SUPERSYMMETRY

RPV is the most general realization of the minimal
supersymmetric Standard Model (MSSM) where, with the
minimal field content, all renormalizable operators allowed
under the Standard Model (SM) gauge symmetries are

1There can be additional soft objects from the showering but
they will not affect the analysis.

2Also see Ref. [36] for a generalization to the case of third-
generation leptons and jets.

DREINER, LOZANO, NANGIA, and OPFERKUCH PHYS. REV. D 107, 035011 (2023)

035011-2



permitted [42]. This has immediate phenomenological con-
sequences, allowing for lepton- and baryon number violating
operators. However, a subset must be prohibited (for exam-
ple, through a discrete symmetry) to ensure the stability of the
proton [20,43–48]. In the MSSM, the imposed discrete
symmetries [49,50]—e.g., R-parity—prohibit the entire set
of lepton- and baryon number violating operators.
Allowing some of the RPV terms changes the phenom-

enology compared to the MSSM in two drastic ways:
(a) the lightest supersymmetric particle (LSP) is unstable,
and (b) Single production of supersymmetric particles is
possible. The latter not only improves our kinematic reach
but also provides a mechanism for overcoming the sup-
pression from the lepton PDFs.
The complete superpotential for the RPV-MSSM is

given by,

W ¼ WMSSM þWLNV þWBNV; ð1Þ
where WMSSM is the usual MSSM superpotential—for
details see Ref. [44]—and

WLNV ¼ 1

2
λijkLiLjĒk þ λ0ijkLiQjD̄k þ κiHuLi; ð2Þ

WBNV ¼ 1

2
λ00ijkŪiD̄jD̄k; ð3Þ

are the new interactions that explicitly violate R-parity. In
the above, LðQÞ and ĒðŪ; D̄Þ refer to the lepton (quark)
SUð2ÞL doublet and singlet chiral superfields from the
MSSM, respectively, while Hu, Hd label the SUð2ÞL
doublet Higgs chiral superfields. The λ’s, are dimensionless
coupling constants; the κ’s are dimension-one mass param-
eters. All gauge indices are suppressed but we explicitly
write the generational ones: i, j, k ¼ 1, 2, 3, with a
summation implied over repeated labels.
Consider just a single LQD operator in the superpoten-

tial, e.g., λ0111L1Q1D̄1. The simplest possibility leading to a
single-lepton signal via this operator requires a spectrum
with only a light squark, d̃R or ũL. Given no other
supersymmetric particles lighter than the squark, and taking
into account the lepton PDFs, the dominant process is an
s-channel squark resonance, illustrated in the top diagram
of Fig. 1. Here the squark decays back to the initial state,
as it is the LSP. This is analogous to the scalar leptoquark
scenarios considered in Ref. [35], leading to a final state
comprised of a single lepton plus one jet. In contrast to
leptoquark models, supersymmetry typically predicts new
states lying below the squark masses [51,52], such that the
squark would cascade via gauge couplings, typically all the
way down to the LSP. In Table I we list possible final state
signatures for d̃R as a function of the particular state lying
below the squark mass. The branching ratios into these final
states is determined via the relative size of the RPV
coupling versus the gauge couplings, as well as details
of the mass spectrum, see Refs. [53–55]. A canonical

FIG. 1. Resonant squark produced via the λ0ijkLiQjD̄k operator
at the LHC followed by its direct decay mode (top) and decay via
an example of a gauge-cascade mode (bottom). Here χ̃ denotes a
chargino or neutralino, lighter than the squark.

TABLE I. Decay chains and final state signatures resulting from a resonantly produced down-type squark (d̃R) in
the case of λ0 ≠ 0. The first column indicates the supersymmetric particle involved in the final step of the decay
chain, which is typically the LSP. We give a representative decay chain for each case that populates the single-lepton
channel, as well as the total signature in the final column. ð�Þ indicates possibly off-shell.

Cascade end Example decay chain Final state signature

Bino (B̃) d̃R → B̃þ 1j 1lþ 3j
Wino (W̃) d̃R → g̃ð�Þ þ 1j → q̃ð�ÞL þ 2j → W̃0=W̃� þ 3j 1lþ 5j

Gluino (g̃) d̃R → g̃þ 1j 1lþ 3j
Doublet squark (q̃L) d̃R → g̃ð�Þ þ 1j → q̃L þ 2j 1lþ 3j
Up-type singlet squark (ũR) d̃R → g̃ð�Þ þ 1j → ũR þ 2j 1lþ 5j
Doublet charged slepton (ẽL) d̃R → g̃ð�Þ þ 1j → q̃ð�ÞL þ 2j → W̃0ð�Þ þ 3j → ẽL þ 1lþ 3j 1lþ 5j

Sneutrino (ν̃L) d̃R → g̃ð�Þ þ 1j → q̃ð�ÞL þ 2j → W̃�ð�Þ þ 3j → ν̃L þ 1lþ 3j 1lþ 5j

Singlet charged slepton (ẽR) d̃R → B̃ð�Þ þ 1j → ẽR þ 1lþ 1j 3lþ 3j
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example is an LSP bino-like neutralino [56] giving rise to
the extended decay chain depicted in the bottom diagram of
Fig. 1. Upon its production from the squark, the bino-like
neutralino decays via the RPVoperator resulting in a final
signature with three jets plus the desired single lepton.
Surveying the final states in the last column of Table I,

we observe that the single-lepton channel can be populated
irrespective of the supersymmetric particle involved in the
final step of the decay cascade. The only exception is a
decay chain featuring a light charged slepton ẽR, where
two additional charged leptons result.3 There are however
limitations to this analysis. As stated above the cascade
details depend sensitively on the mass spectrum, as well as
the size of the RPV coupling, λ0, relative to the gauge
couplings [54]. Fortunately, the latter does not modify the
above conclusions. The large value of the strong coupling
means that additional steps in the decay chains typically
only increase jet multiplicity. Therefore, the single-lepton
channel provides a sensitive probe irrespective of the
model details, allowing us to implement a largely model-
independent search strategy. We now turn to the details of
how such a strategy can be implemented at the LHC.

IV. IMPLEMENTATION

We first organize the framework of our analysis in a way
that allows us to be model independent. We then discuss
our analysis strategy in detail, describing the signal regions
and the main backgrounds involved.

A. Framework

In order to probe the RPV model, and other new
physics scenarios that populate the single-lepton channel,
it is useful to separate it into two distinct signatures:
(a) 1lþ 1j (SR_ej), and 1lþ ð≥ 3jÞ (SR_e3j). The
branching ratios satisfy:

BRð1lþ 1jÞ þ BRð1lþ ≥ 3jÞ þ BRðotherÞ ¼ 1: ð4Þ

Here, BRðXÞ refers to the branching ratio for the resonantly
produced squark to decay into the final state X. l ¼ e or μ,
and j is any (light) SM jet. Direct decays of the squark via
an LQD coupling contribute to BRð1lþ 1jÞ, just like a
leptoquark. From Table I, we see that the BRð1lþ ≥ 3jÞ
channel gives us almost complete coverage of the possible
cascade modes. BR (other) takes into account the squark
decays not covered by the single-lepton channel, e.g., as in
the last line of Table I.4 The separation as in Eq. (4) allows

us to experimentally distinguish between pure scalar
leptoquark theory and a more complicated spectrum and
decay pattern as for example in RPV superymmetry.
Analytic expressions exist for the RPV-SUSY 2- or

3-body final states contributing to the branching ratios
appearing in Eq. (4) [60]. For the more complicated
decay chains, numerical methods are necessary, see for
example the tools HERWIG [61,62], SPheno [63] and
MadGraph5_aMC@NLO [64]. The analytic branching ratios
even for the simpler decay chains are complicated expres-
sions of the relevant supersymmetric parameters. Thus, we
take the branching ratios in Eq. (4) as our free parameters.
This also underlines our model-independent approach, as
these branching ratios could easily be computed in any
other model leading to the cascade decay of a resonance.
We now discuss the specifics of the search strategy,

targeting the two signal regions 1lþ 1j (SR_ej) and
1lþ ð≥ 3jÞ (SR_e3j).

B. Signal region: SR_ej

The 1lþ 1j mode for a squark corresponds exactly
to a decaying single leptoquark, as investigated in
Ref. [35]. We briefly review this, and implement it
analogously. We require one negatively charged electron
or muon,5 and one light jet and label the signature as
SR_ej. Since we expect the mass of the squark decaying
into the lepton and jet to be Oð1 TeVÞ, we impose rather
strict requirements on the transverse momentum of both
objects:

pTðlÞ; pjet
T > 500 GeV; ð5Þ

with a pseudorapidity cut, jηj < 2.5. Z-boson, top quark,
and QCD backgrounds are reduced by imposing a veto
on events with an extra lepton with pT > 7 GeV (and
jηj < 2.5), or an extra jet with pT > 30 GeV (and
jηj < 2.5). W-boson backgrounds are reduced by requir-
ing Emiss

T < 50 GeV.
With the above basic cuts, two non-negligible back-

grounds remain: single W− production in association with
jets (with theW− decaying leptonically), and QCD multijet
production, where one of the jets is misidentified as a
lepton. In Ref. [35] the other backgrounds are plotted; they
constitute less than Oð5%Þ of the total background in the
major part of the phase space. We thus neglect them here.
See also the cutflow table corresponding to the benchmark
point of Eq. (8) in Table II.
The strategy for this signal region is to look at the

invariant mass distribution formed by the leading lepton3The case of additional leptons is more constrained by existing
searches, see Ref. [34].

4An extended RPV sector with multiple nonzero couplings
could lead to further squark decays, possibly contributing to BR
(other). However, note the strict bounds on products of couplings
from flavor changing neutral currents [21,57] and from proton
decay [58,59].

5The positively charged lepton mode is slightly PDF sup-
pressed, by the different luminosities of u- and d-quarks in the
proton. Of course, at high energies, one must also consider how
well charge identification can perform but we consider 100%
efficiency here.
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and jet. The signal is expected to peak in a narrow region
around the squark mass, while the background falls
monotonically. We present numerical results for our bench-
mark scenario in Sec. V.

C. Signal region: SR_e3j

In this signal region we require one charged electron or
muon (or their antiparticles), and at least three jets; we label
it as SR_e3j. Here, we do not restrict ourselves to only the
negatively charged leptons as the cascades in Table I
involve Majorana fermions, e.g., the neutralinos or the
gluino, which decay into a final state or its charge conjugate
with equal probability.
We implement the following basic cuts for the leading

lepton and the three leading jets:

pTðlÞ > 200 GeV; ð6Þ

pjet1
T ; pjet2

T ; pjet3
T > 50 GeV; ð7Þ

with all objects required to have jηj < 2.5. As before, to
reduce Z-boson backgrounds, we veto events with an extra
lepton (satisfying pT > 7 GeV and jηj < 2.5). Top back-
grounds are reduced by a b-jet veto. However, unlike the
SR_ej case, we do not veto events with extra light jets.
A useful category of cuts is provided by scalar sums of

energies of the final state objects. These mostly depend on
the energy scales involved and not on the cascade details.
We employ two: the sum of jpTj of all reconstructed jets,
HT; and the total scalar sum of the jpTj of all reconstructed
objects and the missing transverse energy, ST. We require
HT > 900 GeV, and ST > 1500 GeV. We reduce the W-
boson background by requiring Emiss

T < 50 GeV.
With the above cuts, to a good approximation, the main

backgrounds are associated single W, associated tt̄, and
QCD multijet production. One can find the relevant

backgrounds plotted as a function of HT in Ref. [65],
where the analysis has some overlap with the cuts we make.
There, one can see that the other backgrounds make up less
than Oð5%Þ of the total background. Actually, in our case,
the tt̄ background is also expected to be much smaller than
the associated W one. In general, the former only becomes
significant relative to the latter, when one requires a large
number of jets in the final state, or if the jets have lower
energies.6 Since our final state of interest only has a few jets
and these are energetic, we will focus on the Wþ jets and
the QCD multijet backgrounds. See also the cutflow table
corresponding to the benchmark point of Eq. (8) in
Table III; we show the tt̄ numbers too for comparison,
but we do not include them in our numerical studies.
We note that in designing the above cuts, we have chosen

generality over optimality. The kinematical configuration
of the final state objects is decided by the details of the
gauge cascade, which in turn depend on the SUSY mass
spectrum, to which we choose to remain blind in our
approach. Finally, our strategy is to look at invariant mass
distributions for the squark and the particle at the end of the
cascade (typically the LSP).

D. Other signatures

So far we have only focused on resonant squark
production at the LHC via the lepton PDFs. Here we
briefly mention that a nonzero λ0, as we have been
considering, can also lead to resonant slepton production
via quark PDFs.7 The direct decay gives a resonance bump

TABLE II. Cutflow corresponding to the basic cuts for SR_ej
for 100 fb−1 of integrated luminosity. For the signal, the gen-
erator level cuts are the default MadGraph5_aMC@NLO values. For
the associated W− background, an additional cut of pT >
400 GeV on the lepton has been applied. This is why it appears
as if the lepton pT cut affects the signal more than the back-
ground, degrading the signal to background ratio; this is a
superficial effect. Lastly, the final veto step actually dilutes the
signal ratio against the W−þ jets BG. However, as explained in
the main body, it is crucial in reducing the Z-boson, top and QCD
backgrounds, which would otherwise dominate over the signal.

Cuts Signal W− þ jets

Generator Level 91 11050
Leading lepton pT > 500 GeV 37 3274
Leading jet pT > 500 GeV 34 2183
Emiss
T < 50 GeV 21 750

Veto 10 278

TABLE III. Cutflow corresponding to the basic cuts for
SR_e3j for 100 fb−1 of integrated luminosity. For the signal,
the generator level cuts are the default MadGraph5_aMC@NLO

values. For the associated W (tt̄) background, extra cuts are used
on top of the default ones: lepton pT > 150 GeV, iHT >
800 GeV (500 GeV), and Emiss

T < 50 GeV. Consequently, the
detector level cuts appear to suppress the signal more strongly
that the background.

Cuts Signal W þ jets tt̄

Generator Level 130 9565 2615
b veto 118 8389 539

Leading lepton pT > 200 GeV,
Extra lepton veto 32 3787 114
pjet 1;2;3
T > 50 GeV 29 2562 72

iHT > 900 GeV 25 1892 26
ST > 1500 GeV 21 935 10
Emiss
T < 50 GeV 12 417 3

6For instance, see the relative contributions of the two back-
grounds (in the zero b-jet tag bin) as a function of the number of
jets and the energies required in Refs. [30,32].

7Note that the bound on λ0111 from neutrinoless double beta
decay [57,66] is strongly model dependent and is not relevant for
a heavy neutralino and gluino as we discuss here.
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in the 2-jet cross section. The cascade decay via a
neutralino LSP leads to the promising signature of like-
sign dileptons [67–69]. More relevant to the search pre-
sented here is the decay of the neutralino to a neutrino and
2 jets, giving an overall signature of 1 lepton þ2jets and
Emiss
T from a neutrino. However, with 2 jets and possibly a

large amount of Emiss
T , this is orthogonal to the search at

hand, and we do not further consider it. We now present
some numerical results.

V. RESULTS AND DISCUSSION

A. Numerical setup

For the results presented here, we have generated event
samples corresponding to center-of-mass energy

ffiffiffi
s

p ¼
13 TeV, using the program MadGraph5_aMC@NLO [64] linked
to PYTHIA 8.2 [70] for showering and/or decays. Once
showered, the event samples are passed through our analysis
which has been implemented in CheckMATE 2 [71–75];
detector effects are accounted for by the linked DELPHES 3

[76] component. For all electrons in our analysis, we have
used theATLAS “Tight” criterion implemented in CheckMATE

2 while for jets we use the anti-kT algorithm implemented in
FastJet, which is the CheckMATE 2 default. We choose the cone
size ΔR ¼ 0.4.
We have generated the signal samples using the UFO

RPV-SUSY model file available at Ref. [77]. We use the
lepton PDFs calculated in Ref. [24], which have been
implemented in the LHAPDF [78] setup. One subtle
point is the handling of initial state leptons during shower-
ing; here we have followed the prescription described in
Ref. [35]. Note that we have only generated the signal
sample at leading order (LO). Both NLO (next-to-leading
order) QCD and NLO QED corrections [79,80] relying on
the photon PDF can be significant, but they contribute with
opposite signs and comparable magnitudes, leading to a
milder-than-expected net correction of Oð10%Þ to the LO
cross section [81]. This would be important to consider in
precision studies; this is not the focus of the present work.
We define the following benchmark scenario that we use

to present most of our results in this section:

λ0111 ¼ 0.4; MũL ¼ Md̃R
¼ 2 TeV; MLSP ¼ 1 TeV:

ð8Þ
The above choice is motivated by current LHC squark
limits, while the LSP can be drastically lighter [82]. The
value of λ0111 is chosen to lie near current constraints from
low-energy experiments [57,83]. We stress that in the above
we do not specify the nature of the LSP, or the details of the
SUSY parameters. Instead, as mentioned earlier, we treat
the branching ratios as the free variables that capture all
the relevant information. We do however assume that no
RPV coupling other than λ0111 contributes to our two signal
regions.

For theW− þ jets background corresponding to SR_ej,
we use MadGraph5_aMC@NLO to generate one electron, one
anti-neutrino plus one jet at LO in QCD. We have not
included the electroweak contribution. We deal with the
issue of low statistics in the high-pT region by implement-
ing a generator level cut on the lepton: pT > 400 GeV, and
through phase-space splicing. We split the phase space
into several regions based on the pT of the electron, and
then glue them together at the end to get a continuous
distribution. We account for NLO QCD corrections by
employing a k-factor. In general, k-factors are phase-space
dependent; to ensure we get a value that is appropriate
for our region of interest, we use MadGraph5_aMC@NLO to
calculate the total cross sections for the above process
at LO and NLO in the phase-space region where the
electron has pT > 400 GeV. Taking the ratio, this gives
us a k-factor of 1.61. We have validated our obtained
background against Ref. [35] and find good agreement. We
depict the cutflow corresponding to the cuts of SR_ej for
the background and the benchmark signal point in Table II.
For the QCD multijet background, ATLAS and CMS

usually use data-driven studies over simulation. We use the
numbers provided in Ref. [35]; these have been read off
from a data-driven study by ATLAS in Ref. [84].
For the Wþ jets background in the case of SR_e3j, we

use MadGraph5_aMC@NLO linked to PYTHIA 8.2 to generate
one electron, one anti-neutrino plus up to 3 jets (and the
charge conjugated process) at LO accuracy in QCD using
the MLM prescription [85–87], with the xqcut scale set to
70 GeV; we have checked that this gives smooth differential
jet rate (DJR) distributions for our process and energy scale
[88]. We have not included the electroweak contribution.
To obtain sufficient statistics in the tail of the distribution,
we again use generator level cuts: lepton pT > 150 GeV,
iHT > 800 GeV, and Emiss

T < 50 GeV, and phase-space
splicing and gluing—this time relying on splits based on
the iHT (inclusive scalar sum of jet energies) variable
available in MadGraph5_aMC@NLO.
We account again for NLO effects by employing a

k-factor. Here we take the ratio of the total cross sections
for associated W production at NLO and LO with the
default MadGraph5_aMC@NLO cuts which gives us a k-factor
of 1.286. We expect this to be an overestimate since the
k-factor decreases both in the relevant region of phase
space [89,90], as well as when requiring a larger number of
associated jets. This avoids the computationally intensive
task of calculating the full NLO cross section with 3 extra
partons; similar approaches have been employed by
ATLAS and CMS in Refs. [91,92], and we emphasize that
this produces conservative results. We depict the cutflow
corresponding to the cuts of SR_e3j for the background
and the benchmark signal point in Table III.
We do not calculate the QCD multijet background but

rather include it as an extra 30% contribution to the final
number of background events after our cuts. This is a very
rough estimate using the background distributions plotted
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in Ref. [65], and accounting for the fact that the extra
missing energy cut we make in our analysis targets the
W-boson more effectively than it will target multijets. We
will study the importance of this assumption in Fig. 2.
For SR_ej, after passing the samples through the basic

cuts, we look at the invariant mass distribution of the
leading lepton and leading jet to reconstruct the squark
mass. The width of the bins, for a narrow resonance, is
determined by the experimental resolution. Here, we
choose it to be approximately 10% of the invariant mass.
For SR_e3j, we first reconstruct the invariant mass

distribution for the particle at the end of the cascade,
choosing a rather broad binning size of 400 GeV.8 For
events in each bin, we then reconstruct the squark mass by
looking at the invariant mass distribution formed by all
reconstructed objects, selecting the binning width to be
approximately 10% of the invariant mass.
Finally, we calculate the potential exclusion significance

[94] for both SR_ej and SR_e3j by reading off the signal
and background numbers in each squark bin and select the
highest value as the resulting significance.

B. Search sensitivity

We present the projected 95% confidence level (CL)
exclusion limits corresponding to the benchmark scenario,

Eq. (8), for the current data on tape (150 fb−1), as well as
projections for the HL-LHC using 300 fb−1 and 3 ab−1 of
integrated luminosity in Fig. 2.9 The projections are
shown in a model-independent manner as a function of
the branching ratios of Eq. (4). We depict on the figure
where a supersymmetric model with a 1 TeV gluino-,
wino-, or bino-like LSP, respectively, would lie, assuming
the resonantly produced squark is the NLSP. Here we have
assumed that λ0111 is the only nonzero RPV coupling, and no
other decays are open. Therefore, they all lie on the line,

BRðX þ 1jÞ þ BRðXþ ≥ 3jÞ ¼ 1: ð9Þ

We have combined the decay modes corresponding to a
charged lepton and a neutrino into a single branching
ratio, namely X ≡ l or ν. This is convenient for the
normalization since in the RPV-MSSM, neglecting lepton
masses, the two modes are symmetric to a very good
approximation. Our analysis still targets only the charged
lepton, e.g., BRð1lþ 1jÞ ¼ 0.5 × BRðX þ 1jÞ.
We emphasize that Fig. 2 can be used to reinterpret

the results for any model. For example, for an additional
significant nonzero λ121, we would obtain decays with more
than 1 charged lepton in the final state, resulting in a
nonzero BR(other),

BRðX þ 1jÞ þ BRðXþ ≥ 3jÞ < 1: ð10Þ

Such a model would lie in the lower left triangle.
Figure 2 shows that, even with current data, the single-

lepton channel can probe large regions of the RPV model
space (for instance, the Bino LSP scenario) corresponding
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FIG. 2. Projected constraints based on integrated luminosities of ð150; 300; 3000Þ fb−1 shown as blue-(solid, dashed, dot-dashed)
contours. These constraints are shown as a function of the branching ratios into the two channels: (i) 1 jetþ X, and (ii) ≥ 3 jets þ X
where X denotes either an electron or a neutrino. As reference points, we show the expected branching ratios for an RPVmodel featuring
a 1 TeV gluino, bino or wino-LSP, see Sec. IVA for more details. Left: we vary the systematic uncertainty on the background predictions
in both channels (1%, 10%, and 30%) showing how the exclusion limits change. Right: we study how varying the QCD background rate
for the three jet channel from the assumed 30% affects our results.

8In a spectrum-blind approach, one does not know which final
state objects originate from the decay of the cascade-end particle.
Experimentally this requires looking at multiple distributions
formed by combinations of the reconstructed electron and jets;
see, for instance, Ref. [93]. Here we work with simulations where
the cascade-end is fixed which means we do not go through this
procedure. However, our chosen broad binning size compensates
to account for possible inefficient matching between the recon-
structed objects and the true parton level decay products.

9This is assuming no discovery is imminent at the projected
reach.
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to the benchmark point, allowing us to go beyond existing
bounds. By the end of HL-LHC runs, nearly the whole
space of models corresponding to the benchmark can be
probed.
The figure also studies how systematic uncertainties, and

our assumption about the QCD background in SR_e3j
affect our results.
In a next step, we study how the exclusion limits depend

on the mass of the squarks and the RPV coupling. We
assume ũL and d̃R are mass-degenerate, and consider two
simplified setups, corresponding to a 1500 GeV gluino, and
a 1500 GeV bino, respectively, with the rest of the SUSY
spectrum decoupled. As before, we also require λ0111 to be
the only nonzero RPV coupling. The results for the light
gluino (left) and light bino (right) scenarios are shown in
Fig. 3, neglecting systematic uncertainties. We summarize
the results of Fig. 3 in Table IV, depicting the most stringent
current bound on λ0111 and comparing it with the bound
implied by the single-lepton search.
The turquoise line corresponds to the signal region

SR_ej while the purple line shows the combination of
both signal regions SR ejþ SR e3j. The thick lines
show the search sensitivity for an integrated luminosity
of L ¼ 200 fb−1 while the thinner lines correspond to
L ¼ 3 ab−1. The figure also depicts other current relevant
bounds as shaded gray regions. Currently the most stringent
constraints at large squark masses come from charged
current universality measurements at LEP [96]. We have
also recast limits from existing pair production [97] and
Drell-Yan searches [95], as well as a projection of their
reach at HL-LHC determined by assuming L ¼ 3 ab−1.
For the light gluino case, the most constraining current

exclusion limits are from charged current universality,
reaching values of λ0111 > 0.3 for mq̃ ∼ 1500 GeV and

λ0111 > 0.8 for mq̃ ∼ 4000 GeV, and from squark pair
production that is powerful for low masses, reaching λ0111 >
0.16 for masses of the squarks between 1600–1700 GeV.
The pair-production exclusion region below about
2000 GeV has a slope because the search relies on the
direct decay mode of the squark; higher mass squarks need
a higher RPV coupling to have a sufficient branching ratio
for this mode. For squark masses between 1500–1600 GeV,
the exclusion deteriorates slightly. The experimentally
observed data in this regime are above the expected ones
while for higher masses, both observed and expected
match; see Ref. [97]. The search only excludes squark
masses up to 2000 GeV. Thus, the shaded area extends
vertically at this point.
We see that the single-lepton channel probes phase-space

regions complementary to those probed by pair production
and Drell-Yan, as explained in Sec. II. Further, it has the
potential to compete with/outdo the existing charged
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FIG. 3. The search sensitivities of the single-lepton channel for the light gluino (left) and light bino (right) scenarios corresponding to
two different integrated luminosities: 200 fb−1 (thick lines) and 3 ab−1 (thin lines). For the gluino case, the reach of the SR_ej search is
shown in turquoise and the combined reach of SR ejþ SR e3j is shown in purple. For the bino case we just show the reach of SR_ej.
In both plots we show in gray the area excluded by existing experiments: Drell-Yan [95], charged current universality [96] and squark
pair production [97–99], with each region labeled by its corresponding cause of exclusion. Finally, we show the projected limits
assuming L ¼ 3 ab−1 for both Drell-Yan, and squark pair production as dashed gray lines.

TABLE IV. Summary of Fig. 3. The table compares the best
existing bounds (from pair production, Drell-Yan, and LEP) on
λ0111 and compares it to the bounds implied by the single-lepton
search from Fig. 3 for various squark masses, for the light gluino
(bino) scenarios. For values marked with an asterisk, the
perturbativity constraint is stronger.

λ0111 Current
bound

λ0111 Single lepton channel

MũL ¼ Md̃R
(TeV) 200 fb−1 3 ab−1

1.5 0.17 (0.315) 0.21 (0.21) 0.11 (0.11)
2 0.28 (0.42) 0.41 (0.3) 0.21 (0.15)
2.5 0.525 0.65 (0.48) 0.35 (0.24)
3 0.63 1.0 (0.83) 0.58 (0.39)
3.5 0.735 1.49* (1.37*) 0.8 (0.59)
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current universality constraints, with the added advantage
of being a direct search.
For a light gluino, the squarks can have a significant

branching ratio into the cascade mode since it proceeds via
the strong coupling. To see this, we depict the sensitivity
contour corresponding to SR_ej alone (turquoise), and to
SR ejþ SR e3j combined (purple). For low squark
masses, SR_e3j is relatively unimportant since the
squarks have no phase space to decay into the gluino;
the direct decay dominates. As the mass increases, the
relative importance of SR_e3j grows. At very high
masses, it becomes less important again because the large
λ0111 coupling—required to have a sufficiently high signal
rate—leads to the direct decay rate increasing as well.
The light bino case is shown in the right plot of

Fig. 3. Current searches such as Drell-Yan and charged
current universality behave as in the gluino LSP case and so
they cover almost the same parameter space. However, the
squark pair production only reaches values up to 1400 GeV.
As the gluino is now decoupled, the contribution due to
t-channel gluino exchange is missing leading to a smaller
cross section. Further, there is no dependence on the
coupling since, with the bino kinematically inaccessible
in this region, the squark dominantly decays directly with
branching ratio nearly 1.
As before, the single-lepton channel is complementary to

the existing searches, extending the potential reach.
However, the only mode with power of exclusion here is
SR_ej. The branching ratio of the cascade mode via the
bino is small leading to a low sensitivity of SR_e3j.
Correspondingly, we have not included the SR_e3j
curves. In comparing with the gluino LSP case on the
left, we see that the single-lepton channel excludes
more parameter space here. This is because of the higher
branching ratio of the direct decay, contributing to SR_ej;
this mode has a cleaner signature and hence higher
exclusion potential than SR_e3j.
We note that our proposed search outperforms high-

luminosity projections of the searches based on Drell-Yan
and squark pair production (see dashed gray lines in Fig. 3).
The Drell-Yan constraints begin to be competitive at very
high masses; although they are still surpassed by con-
straints from LEP measurements. On the other hand, for
pair production, the reach improves for low squark masses,
reaching mq̃ ¼ 2 TeV in the light gluino case, and mq̃ ¼
1.8 TeV in the light bino case. These projections are based
on current searches, which place a strict cut of 2 TeVon the
squark masses. This limits the sensitivity of our projections.
Nevertheless, this last search is powerful for low masses
exhibiting strong complementarity with the search pro-
posed in this work.
An interesting observation is that SR_ej is quite power-

ful even in cases where the squark has low BR into the
direct mode, e.g., the light gluino scenario, left plot in
Fig. 3. This shows that a simple resonance 1lþ 1j search

is also a powerful probe of the entire RPV space, even with
a more complicated spectrum; not just the leptoquark-like
scenario. On the other hand, SR_e3j apart from extending
the reach of the searches (particularly at high-luminosities),
will be crucial to distinguish between leptoquarks and
squarks in case of a discovery.
It is also important to emphasize that even though we

have considered simplified setups, with most of the SUSY
spectrum decoupled, our results are more general. For
instance, we would realistically expect the sleptons and
electroweakinos to also be light in the light gluino case. In
such a scenario, new gauge-cascade chains can open up for
the resonant squark, thus diluting the direct and gluino
decay modes. However, the signals from these distinct
chains will simply add up with those from the gluino mode
in the SR_e3j bin, as long as the end point of all the
cascades is the same. This is exactly what happens, for
instance, for small RPV couplings, where all gauge-
cascade chains end in the LSP.
Finally, we note that one can perform completely

analogous studies for LQD operators involving second
generation fermions. For a coupling with a second gen-
eration lepton, e.g., λ0211 we expect the limits to weaken
only slightly as the muon PDFs are only mildly suppressed
relative to the electron ones [24]. The case of second
generation quarks is slightly more involved. For λ0111 the
dominant production mode is eu → d̃ versus ed → ũ,
roughly in the ratio 2∶1. Thus, we would expect the case
λ0112 to be only mildly suppressed compared to our present
analysis, whereas the case λ0121 to be more suppressed. But
both should still be feasible; see Ref. [35] for quantitative
estimates.

VI. CONCLUSIONS

In this paper we have shown that the single-lepton
channel is a promising signature in the search for new
physics beyond the Standard Model. We have considered
two specific versions of this channel: (a) a single first or
second generation charged lepton, exactly 1 jet and low
missing transverse energy, which we denoted SR_ej, and
(b) a single first or second generation charged lepton, at
least 3 jets, and low missing transverse energy, SR_e3j.
Utilizing the lepton parton distribution functions (PDF) of
the proton, we showed that the channel SR_ej is prom-
ising not only in the search for a single leptoquark or a
directly decaying squark, but remains sensitive even when
more complicated supersymmetric cascade decays are
accessible. Further, the channel SR_e3j plays an impor-
tant role in increasing both the reach and coverage in such
scenarios. More importantly, it also acts as a discriminant
between a bare scalar leptoquark theory versus one with a
more extensive supersymmetric sector featuring kinemat-
ically accessible particles beyond just a light squark.
Although ATLAS and CMS have performed single-

lepton searches associated with large jet multiplicity, see
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Refs. [30–33], our proposed search covers a variety of
scenarios which would not produce a sufficiently large
number of jets. Beyond the question of coverage, the
resonant s-channel production mechanism invoked in our
analysis benefits tremendously from the forthcoming
increase of luminosity at the LHC. We therefore strongly
advocate that this type of search be pursued at forthcoming
LHC runs, as well as emphasize the necessity of more
exhaustive theoretical work surveying the opportunities
that will arise in the era of High-Luminosity LHC.
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