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Abstract: We perform a classification of all potential supersymmetric R-parity violating
signatures at the LHC to address the question: are existing bounds on supersymmetric
models robust, or are there still signatures not covered by existing searches, allowing LHC-
scale supersymmetry to be hiding? We analyze all possible scenarios with one dominant
RPV trilinear coupling at a time, allowing for arbitrary LSPs and mass spectra. We
consider direct production of the LSP, as well as production via gauge-cascades, and find
6 different experimental signatures for the LLĒ-case, 6 for the LQD̄-case, and 5 for the
ŪD̄D̄-case; together these provide complete coverage of the RPV-MSSM landscape. This
set of signatures is confronted with the existing searches by ATLAS and CMS. We find all
signatures have been covered at the LHC, although not at the sensitivity level needed to
probe the direct production of all LSP types. For the case of a dominant LLĒ-operator,
we use CheckMATE to quantify the current lower bounds on the supersymmetric masses
and find the limits to be comparable to or better than the R-parity conserving case. Our
treatment can be easily extended to scenarios with more than one non-zero RPV coupling.
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1 Introduction

Supersymmetry (SUSY) [1–4] is a well-motivated extension of the Standard Model (SM).
It uniquely extends the SM algebra [5, 6], addresses the ‘naturalness problem’ of the Higgs
boson [7, 8], and has many further appealing features, as reviewed in refs. [9–11]. Extensive
experimental effort has been devoted in its search, particularly at the Large Hadron Collider
(LHC) by the ATLAS and CMS Collaborations. However, no evidence for SUSY has been
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found so far with lower mass bounds reaching O (1 − 2) TeV for the colored sector [12–
35], and O (100 − 1000) GeV for the electroweak sector [12, 25, 27, 28, 36–51], with some
dependence on the model details.

As we prepare for more data through Run 3 at the LHC, and especially in the high-
luminosity era, it is an excellent opportunity to assess the current status of supersymmetric
searches and gain insight into how we should proceed. An interesting question is: Are the
above bounds robust, or are there gaps/loopholes that could still allow LHC-scale SUSY to
be hiding? Typically, ATLAS and CMS derive these limits within the framework of various
simplified models or a limited number of complete models such as the Constrained Minimal
Supersymmetric Standard Model (CMSSM); it is not clear whether these results can be
used to conclude that low-scale SUSY has been definitively excluded.

The above question was first addressed in ref. [52], and — after LHC Run 1 — in
ref. [53], in more detail. In the latter, it was argued that any ‘natural’ SUSY model1 with
kinematically accessible gluinos — independent of model details — results in final states
containing at least one of the following ingredients: large missing transverse momentum(
Emiss

T
)
, high multiplicity of objects (≥ 8), or a significant number of top quarks. Using this,

the authors showed that combining just five existing ATLAS and CMS searches, and one newly
proposed search [54] excludes almost any ‘natural’ SUSY model containing gluinos lighter
than 1 TeV. Of course, using current data and a similar strategy should yield a higher
mass bound. Nevertheless, the demonstration that a minimal set of searches can target
almost any SUSY setup, independent of details concerning the model, mass spectrum, UV-
completion, etc., is noteworthy. Such an approach is desirable, especially since it informs
us about potential gaps that may exist in our SUSY coverage. For instance, the search
proposed by ref. [54] represented a real gap that has since been filled by ATLAS and CMS in
refs. [55, 56].

In this work, we wish to consider the same question but with two important differences.
First, beyond assuming the MSSM particle content, we remain completely blind to the
particle-spectrum details. In particular, we do not require that the gluinos are kinematically
accessible. With the LHC transitioning from an era of energy upgrades to one of increasing
luminosity, we should seriously entertain the possibility that the colored sector may be
heavy, while a focus on rarer production channels may yield fruit. We also do not make
any ‘naturalness’ requirements in the sense of ref. [53].

Second, our focus will be on the R-parity Violating MSSM (RPV-MSSM). The most
general, renormalizable superpotential with the MSSM particle content includes lepton-
and baryon-number violating operators, together referred to as RPV terms [10, 57–59].
These are usually set to zero by imposing a discrete Z2-symmetry called R-parity as they
can lead to proton decay [60, 61] at rates in excess of the strict experimental bound [62].
However, the proton-decay problem can be averted without removing all RPV terms [63–
65]; in general, there is no theoretical or phenomenological reason to consider the MSSM
without RPV terms [58]. On the other hand, as we demonstrate in section 2, the dif-
ferent configurations of couplings and types of the lightest SUSY particle (LSP) in the

1The ‘naturalness’ criterion in ref. [53] requires the Higgsinos and stops to be light.
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RPV-MSSM lead to a bewildering number of possible signatures. In particular, with the
requirements on gluino and higgsino masses absent, a large number of these signatures do
not possess any of the characteristics listed in ref. [53]. In comparison, the ‘vanilla’ MSSM
is less interesting as it tends to retain its characteristic significant Emiss

T signal, irrespective
of spectrum details.2 This makes a systematic treatment and classification particularly
crucial in the case of the RPV-MSSM.

To summarize, we study the coverage of the most general RPV-MSSM setup at the
LHC, without making any assumptions about the particle-spectrum details. We seek a
minimal set of searches that would provide complete coverage; this will allow us to identify
any potential gaps in our current searches. We will restrict ourselves to the case of small
RPV couplings in this work, leaving the large-coupling case for a dedicated study in the
future. Thus, the production of sparticles is unchanged from the MSSM case and we
only need to consider pair-production channels. The final state signatures will be altered,
however, due to the RPV couplings affecting decays.

The paper is organized as follows. In section 2, we set notation and state the assump-
tions of our framework. Further, we explicitly describe the vast phenomenology of the
RPV-MSSM, in order to demonstrate our point about the need for a systematic method of
classification. In section 3, we provide such a systematic classification by grouping signa-
tures in a meaningful way, according to the coupling and nature of the LSP. Our approach
allows us to identify a minimal set of searches that would provide complete RPV-MSSM
coverage at the LHC, and discuss the current status of such a program. Then, in sec-
tion 4, we demonstrate applications of our framework — as a first study — for the case
of a dominant LLĒ RPV-operator. We consider several benchmark scenarios with such
lepton-number violating operators, involving the full range of LSP types, and derive exclu-
sion limits. Our results demonstrate that, irrespective of model details, the minimal set of
searches proposed in this work can be used to derive strong limits. Finally, we conclude and
discuss the implications and limitations of our work, and provide an outlook in section 5.
Additionally, we provide a set of appendices containing supplementary details about our
simulation procedure (section A), information that can be used to optimize future searches
(section B), and an introduction to abc-rpv (section C), an accompanying RPV Python
library3 that can be used to generate all the signature tables in this paper.

2 Framework

2.1 Conventions and assumptions

With the MSSM particle content and the N = 1 supersymmetry algebra, the most general
SU(3)C × SU(2)L × U(1)Y -invariant, renormalizable superpotential is,

W = WMSSM + WLNV + WBNV , (2.1)
2We note that the Emiss

T signature can be diluted even in the case of the MSSM through scenarios
with a compressed spectrum or a ‘Hidden Valley’; see, for instance, refs. [53, 66] for details. Despite the
varied phenomenology offered by these models, we believe that it is more efficient to thoroughly explore
the minimal setup provided by the RPV-MSSM before adding further complexities.

3Available at: https://github.com/kys-sheng/abc-rpv.git.
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where WMSSM is the usual MSSM superpotential — see, for instance, ref. [67] — while,

WLNV = 1
2λijkLiLjĒk + λ′ijkLiQjD̄k + κiHuLi , WBNV = 1

2λ′′ijkŪiD̄jD̄k , (2.2)

violate lepton- and baryon-number, respectively. Together, WRPV ≡ WLNV + WBNV, are
called the RPV superpotential terms. In our notation, L (Ē) and Q (Ū , D̄) are the MSSM
lepton- and quark-doublet (-singlet) chiral superfields, respectively, while Hu labels the
(up-type) SU(2)L-doublet Higgs chiral superfield. We do not write gauge indices explicitly
but retain the generational ones: i, j, k ∈ {1, 2, 3} with a summation implied over repeated
indices. The λ’s and the κ’s are the trilinear and bilinear couplings, respectively.

We shall employ the particle content of the MSSM and the superpotential of eq. (2.1) as
the basis for this study. As mentioned in the Introduction, some terms in the superpotential
can lead to rapid proton decay. In general, this requires combinations of certain LQD̄ and
ŪD̄D̄ operators.4 As long as these combinations are kept small, the proton’s lifetime
remains consistent with the bounds. Indeed, there are symmetries that can achieve this —
see, for instance, refs. [63–65]. In this study, we will not bother with the details of how this is
done; our focus will be on classifying all possible collider signatures coming from the various
couplings. We will, however, ignore the bilinear couplings. These are severely constrained
by neutrino mass data [67] and are expected to be relevant for colliders only in limited
contexts [59, 68]. Furthermore, at a fixed energy scale they can be rotated away [69, 70].

The optimal search strategy for RPV-MSSM scenarios at colliders depends on the mag-
nitude of the RPV couplings. We will restrict ourselves to the case where these couplings
are small enough such that the production of sparticles and their cascade decays down to
the LSP remain unchanged from the MSSM case, but large enough so that the LSP decays
promptly in the detector (we also require the cascade decays of the other sparticles to be
prompt). While the exact magnitudes depend on the spectrum details, we can estimate it
to roughly mean the range, √

(βγ) 10−12 GeV
mLSP

≲ λ ≪ g , (2.3)

where λ is the relevant RPV coupling, g is a gauge coupling, mLSP is the mass of some LSP
that has a two body-decay via the RPV coupling, and β and γ are its velocity and Lorentz
factor, respectively. The left condition is derived from the requirement that the LSP has a
decay length of about 1 cm in the lab frame.5 For an LSP mass of 1 TeV, eq. (2.3) implies
the range O

(
10−7) ≲ λ ≪ O

(
10−1). Considering λ values smaller or larger than the

above range leads to unique features that require separate studies. The former can lead
to new kinds of signals such as displaced vertices or long-lived particles, and both topics
have received some attention in recent times [71–82]. The latter also leads to interesting

4One exception is if the lightest neutralino is lighter than the proton in which case the decay can occur
via ŪD̄D̄ operators alone [61].

5We have considered a two-body decay here. For comparison, a similar estimate for an LSP with mass
500 GeV undergoing a three-body decay via a virtual sfermion of mass 1 TeV (this is how a neutralino
decays, for instance) gives the range O

(
10−5) ≲ λ ≪ O

(
10−1). We note that, in some cases, four-body

decays are also possible, e.g., a slepton LSP decaying via λ′′ couplings.
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Symbol Particles

ℓ e/µ

L ℓ/τ

jl u/d/c/s jets
j3 t/b jets
j jl/j3 jets
V W/Z/h

ℓ̃(ν̃) ẽL(ν̃e)/µ̃L(ν̃µ)
ẽ ẽR/µ̃R

q̃ ũL/d̃L/c̃L/s̃L

ũ ũR/c̃R

d̃ d̃R/s̃R

q̃3 t̃L/b̃L

t̃ t̃R

b̃ b̃R

B̃ Bino
W̃ Winos (charged/neutral)
H̃ Higgsinos (charged/neutral)

Table 1. Summary of notation for labeling the RPV-MSSM particle content used in this work.
For the particles not mentioned in the table, we use standard notation.

features; in particular, single production of sparticles [83–87], and RPV effects in cascade
chains can lead to phenomenological changes requiring a dedicated study that we shall
pursue in the future, as a continuation of this work.

One assumption, related to the above point, that we will need to make in this work
is that the LSP is not too light, i.e., mLSP > O (200 GeV). While current mass bounds on
most SUSY particles place them well above this limit, a bino-like neutralino is still allowed
to be massless [88, 89]. Requiring the above condition ensures that the decay of the LSP
can be prompt without requiring the RPV couplings to be too large. Further, it allows the
LSP to decay into all SM fermions (except for, perhaps, the top quark).6 Dedicated LHC
studies for a very light neutralino can be found in, for instance, refs. [90–92].

Finally, before concluding this subsection, we introduce our notation for labeling the
particle content in table 1. We will find the groupings we define useful in presenting
our results later. For simplicity, we will also assume all SUSY particles belonging to a
particular grouping are mass degenerate — i.e., we treat mass splittings between compo-
nents of the same doublet (for instance, H̃± and H̃0), as well as between first and second
generation sparticles as negligible. The former assumption holds true to a very good ap-
proximation [10]. The latter is not essential for our framework but allows us to be concise;
generalization is straightforward.

6Note that, throughout this work, we will neglect all SM Yukawas, except for that of the top quark.
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2.2 The RPV landscape

The presence of even small RPV couplings can drastically change collider phenomenology
compared to the MSSM. In the latter case, SUSY particles are pair-produced at colliders
and undergo gauge-cascade decays into the LSP — typically the neutralino7 — which then
escapes the detector unobserved, giving the characteristic Emiss

T signature. The presence
of RPV couplings changes this simple picture in two main ways. First, the LSP is no
longer constrained to be the neutralino but can be any SUSY particle [94, 95]. Second,
the RPV couplings make the LSP unstable; the Emiss

T signature is now replaced (diluted,
or even completely absent) by the objects arising in this decay, which are determined by
the dominant RPV coupling. The total number of possible signatures for the RPV-MSSM
at a hadron collider can be summarized as (adapted from ref. [95], see also ref. [96]):

RPV signature =



g̃g̃

g̃q̃, g̃ũ . . .

q̃q̃, q̃3q̃3, q̃ũ . . .

ℓ̃ℓ̃, τ̃Lτ̃L, ℓ̃ν̃ . . .

H̃H̃

W̃ W̃

B̃B̃


Production
Channels

⊗



B̃

H̃

W̃

ℓ̃(ν̃)
τ̃L(ν̃τ )

ẽ

τ̃R

q̃

ũ

d̃

q̃3
t̃

b̃

g̃


Possible

LSPs

⊗


L1L2Ē1

. . .

L1Q1D̄1
. . .

Ū3D̄2D̄3


LSP
Decay

(2.4)
There are 45 different RPV trilinear couplings to consider above. Further, the final

state will depend on the details of the cascade decays which, in turn, are determined by the
mass orderings in the SUSY spectrum: the total number of possibilities is immense! The
first systematic analysis of these signatures was performed in ref. [84], for the particular
case of a neutralino LSP. A more general classification, allowing for all possible LSPs, has
been presented in ref. [96] (see also ref. [97]). However, the study assumes that the lightest
colored particle is kinematically accessible at the collider. In this work, we extend this
by also including the possibility that the colored sector lies beyond LHC energies. More
importantly, the emphasis in ref. [96] was on finding signatures arising most frequently from
eq. (2.4), when one considers the space of all possible mass orderings of the SUSY spectrum.
Our approach here is different: we wish to create a minimal set of signatures that provides
complete coverage for the space of RPV-MSSM models, irrespective of how frequently an
individual signature may arise. Furthermore, we will concretely tie this to the LHC search

7The nature of the LSP in the MSSM follows from the strict constraints on charged or colored stable
particles [59, 93].
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program, discussing the current experimental coverage and identifying possible gaps; this
aspect is absent in ref. [96]. Ref. [95] has studied it for the case of the RPV-CMSSM, but
a more general model-independent treatment is missing in the literature.

3 Classification of signatures: the RPV dictionary

We now describe our approach for classifying the most general RPV-MSSM signatures.
Since we assume the RPV couplings are small, sparticles are pair-produced at the LHC via
gauge interactions, as in the MSSM. The production channels that we consider are listed
in eq. (2.4) on the left; the mass spectrum determines which of these are kinematically
accessible. The produced sparticles — if not the LSP — will then cascade-decay via gauge
interactions until the LSP is reached with the details of the cascade also depending on
the model (i.e., the spectrum). The LSP, once produced, decays promptly via the relevant
RPV coupling.

In our model-independent approach, we target the last step above: the LSP decay.
The essential features of the signatures can be characterized by specifying the nature of
the LSP and the RPV coupling, independent of any spectrum-specific details such as the
exact chain leading to the LSP production, the mass hierarchies, etc. This is obviously true
when the LSP couples directly to the relevant RPV decay operator, leading to a two-body
decay. However, it is also true more generally. To illustrate this point, we consider a
scenario with a q̃ LSP (first or second generation squark doublet, cf. table 1), with λ′′

312 the
only non-zero RPV coupling. In this case, there is no direct two-body decay available for
q̃. Instead, it must decay via a virtual t̃ or d̃; some of the paths it can take are depicted in
figure 1. Without specifying the model spectrum, it is impossible to state which path will
be favored. However, note that in each case we end up with the final state t + 3jl + X.8
This is a general feature, independent of the path it actually takes. Thus, any model with
a q̃ LSP and a dominant λ′′

312 operator has a characteristic t + 3jl signature, irrespective of
any other spectrum details. We can target all such scenarios with a single search — this
observation is the most crucial aspect of this work.

Using the above approach, we can compile the characteristic signatures arising from
each LSP and dominant RPV coupling combination, in order to arrive at a minimal set of
searches that would provide complete coverage for the RPV-MSSM, in a model-independent
way. We present this set in the form of tables below. We will also compare it to what has
been covered by the vast program of BSM searches by the ATLAS and CMS collaborations.
Although only a small subset of these searches provides an explicit interpretation in terms
of RPV-SUSY models, the wide range of final states considered covers the majority of
signatures expected from RPV decays. Thus, appropriately reinterpreted, they could be
used to restrict the RPV parameter space.

In order to facilitate a systematic exploration of the RPV-MSSM landscape with our
approach, we have developed an RPV Python library called abc-rpv. This library provides

8There is one subtlety here: the H̃ path in figure 1 leads to a b-jet instead of t if it proceeds via H̃±.
However, since we assume H̃± and H̃0 are mass-degenerate, the corresponding path via H̃0 is always
equally likely.
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q̃ g̃ + jl → t̃ + t + jl → t + 3jl

g̃ + jl → d̃ + 2jl → t + 3jl

B̃ + jl → d̃ + 2jl → t + 3jl

B̃ + jl → t̃ + t + jl → t + 3jl

B̃ + jl → H̃ + V + jl → t̃ + V + t + jl → V + t + 3jl

Figure 1. Some possible paths a q̃ LSP can take while decaying through λ′′
312. Since q̃ is the LSP

here, all the intermediate sparticles are virtual. See table 1 for the notation employed.

a powerful toolkit containing a range of features for analyzing the characteristic signatures
arising from various RPV scenarios. The main functionalities include identifying signatures
and decay chains for any LSP and RPV coupling combination, as well as going in the other
direction: identifying potential RPV scenarios leading to a user-given final state. Using this
library, one can reproduce all signature tables in this paper — for instance, (tables 2–11)
shown below, as well as table 17 in section B. The information in figure 1 (possible decay
chains for a given LSP) can also be generated easily up to a fixed number of vertices. An
introduction to the abc-rpv library, including a quick user manual is provided in section C.

We note that one downside of our approach is that only final state objects arising in
the LSP decay are targeted, and all objects arising in the cascade decays are neglected. In
specific models — for instance, one with squark pair-production and a neutralino LSP —
one could certainly optimize by targeting the additional jets arising in the cascade decays
of the parent squarks, thus improving the search sensitivity. However, in order to analyze
the status of complete coverage while being model-independent, our approach is necessary.
For completeness, we compile a list of additional objects that can arise in cascade decays for
various production channels in table 17 in section B. That table may be used to optimize
the searches compiled below for particular scenarios when the model details are known.
Further, it can help understand the loss in sensitivity for searches that veto additional
objects to help with background suppression.

3.1 LLE tables

We depict the signatures corresponding to the decay of a pair of LSPs for the LLĒ operators
of eq. (2.2) in tables 2 and 3. The tables have been written assuming that LSPs are gauge
eigenstates, and the pair decays via the same coupling. However, if one is interested in
scenarios where the mass eigenstates have significant mixing, or where several dominant
RPV couplings contribute, the results can be generalized by considering linear combinations
of the table entries.

The tables show the LSP in the first column. The second and third columns depict the
resulting signature depending on the generation structure of the LLĒ operator responsible

– 8 –
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LSP LLE LL3E

ℓ̃ (ν̃) 3ℓ + Emiss
T /4ℓ 2ℓ + τ + Emiss

T /2ℓ + 2τ

ẽ 2ℓ + Emiss
T 2ℓ + Emiss

T /ℓ + τ + Emiss
T

τ̃L (ν̃τ ) 4ℓ + 2τ + Emiss
T /4ℓ + τ + Emiss

T 3ℓ + Emiss
T /4ℓ

τ̃R 4ℓ + 2τ + Emiss
T 4ℓ + 2τ + Emiss

T /3ℓ + 3τ + Emiss
T

g̃ 4ℓ + 4j + Emiss
T 4ℓ + 4j + Emiss

T /3ℓ + τ + 4j + Emiss
T

q̃, ũ, d̃ 4ℓ + 2jl + Emiss
T 4ℓ + 2jl + Emiss

T /3ℓ + τ + 2jl + Emiss
T

t̃L(b̃L) 4ℓ + 2j3 + Emiss
T 4ℓ + 2j3 + Emiss

T /3ℓ + τ + 2j3 + Emiss
T

t̃R 4ℓ + 2t + Emiss
T 4ℓ + 2t + Emiss

T /3ℓ + τ + 2t + Emiss
T

b̃R 4ℓ + 2b + Emiss
T 4ℓ + 2b + Emiss

T /3ℓ + τ + 2b + Emiss
T

B̃, W̃ , H̃ 4ℓ + Emiss
T 4ℓ + Emiss

T /3ℓ + τ + Emiss
T

Table 2. Characteristic signatures arising from LSP decays for LiLjĒk operators. The first column
depicts the LSPs. The second and third columns represent the signatures from pair-production of
LSPs for the cases where the indices i, j, k ∈ {1, 2}, and where the indices i, k ∈ {1, 2} and j = 3,
respectively. For cases involving degenerate LSPs, e.g., ℓ̃ (ν̃), all pair combinations are considered.
Further, only the relevant signatures are retained and we have introduced color-coding to improve
the readability of the table; the details are in the main text.

LSP LLE3 LL3E3

ℓ̃ (ν̃) ℓ + 2τ + Emiss
T /2ℓ + 2τ 3τ + Emiss

T /4τ

ẽ 4ℓ + 2τ + Emiss
T 4ℓ + 2τ + Emiss

T /3ℓ + 3τ + Emiss
T

τ̃L (ν̃τ ) 2ℓ + 4τ + Emiss
T /2ℓ + 3τ + Emiss

T 2ℓ + 2τ/ℓ + 2τ + Emiss
T

τ̃R 2ℓ + Emiss
T 2ℓ + Emiss

T /ℓ + τ + Emiss
T

g̃ 2ℓ + 2τ + 4j + Emiss
T 2ℓ + 2τ + 4j + Emiss

T /ℓ + 3τ + 4j + Emiss
T

q̃, ũ, d̃ 2ℓ + 2τ + 2jl + Emiss
T 2ℓ + 2τ + 2jl + Emiss

T /ℓ + 3τ + 2jl + Emiss
T

t̃L(b̃L), 2ℓ + 2τ + 2j3 + Emiss
T 2ℓ + 2τ + 2j3 + Emiss

T /ℓ + 3τ + 2j3 + Emiss
T

t̃R 2ℓ + 2τ + 2t + Emiss
T 2ℓ + 2τ + 2t + Emiss

T /ℓ + 3τ + 2t + Emiss
T

b̃R 2ℓ + 2τ + 2b + Emiss
T 2ℓ + 2τ + 2b + Emiss

T /ℓ + 3τ + 2b + Emiss
T

B̃, W̃ , H̃ 2ℓ + 2τ + Emiss
T 2ℓ + 2τ + Emiss

T /ℓ + 3τ + Emiss
T

Table 3. Same as table 2 but for LiLjĒk operators with i, j ∈ {1, 2} and k = 3 (second column),
and j, k = 3 and i ∈ {1, 2} (third column).
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for decay; we employ the compact notation of table 1. Note that, to be concise, we assume
all RPV operators within a given category are non-zero, e.g., both L1L2Ē1 and L1L2Ē2 are
non-zero for the category LLĒ. Otherwise, more objects may arise, e.g., with a µ̃R LSP
and a non-zero L1L2Ē1 operator, the smuon would first need to transition into ℓ̃(ν̃) or ẽR

leading to two extra muons; the extension is straightforward. In some cases, there is more
than one signature possible. If two signatures are equally likely, we have listed the one that
contains more electrons or muons, since we expect it to be more readily observable. In cases
where a signature with fewer e/µ can have a higher cross-section, we have retained both
separated by a ‘/’. For instance, in the case of a ℓ̃(ν̃) LSP (we assume mass degeneracy of
SU(2)L-doublets, cf. table 1) decaying via λ121, the ℓ̃ decays into one charged lepton and
one neutrino, while the ν̃ decays into two charged leptons. Thus, the possible signatures
from pair production are: 4ℓ, 3ℓ + Emiss

T , 2ℓ + Emiss
T . In the table, we retain the first and

second signatures: the former because it has the highest number of charged leptons, and
the latter because it has the highest cross-section. 2ℓ + Emiss

T is not retained since it has
both a lower cross-section compared to the 3ℓ + Emiss

T signature, as well as fewer leptons
and, hence, will never be the most relevant final state for searches.

From the tables, we see that the LLĒ case can be completely covered through the
following six searches:

1. 2L + Emiss
T

2. 3L + Emiss
T

3. 4L

4. 4L + (0 − 4)j + Emiss
T

5. 5L + Emiss
T

6. 6L + Emiss
T

To improve the readability of the table, we have introduced a color scheme based on
the number of charged leptons in the search region: red (two), blue (three), yellow (four
without missing energy), green (four with missing energy), purple (five), and gray (six).

Thus, indeed — in spite of the large number of possibilities that RPV offers — it is
possible to organize experimental searches into a small, workable set. The identification of
these minimal signatures and the corresponding experimental coverage is one of the main
results of this paper. We stress that this is more than just a convenient notational scheme.
As will be shown, all signatures that we will classify in our tables — except for one —
are experimentally covered by ATLAS and CMS in one form or another, although in some
cases strong improvements in sensitivity are required to reach the electroweak production
cross-sections. In section 4, we will further apply these to see how the same small set of
searches provides exclusion limits across a broad class of RPV models.

One point to note is that, in the above, we have only classified the total number of lep-
tons in each search. However, often it may be useful to know the flavor/sign combinations
of these leptons. While we do not employ them in our numerical studies, we provide tables
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in section B that explicitly show these configurations. These may be useful in developing
more sensitive search regions, in case one wishes to target specific scenarios.

We now discuss the experimental coverage of the above signatures. The six final
states identified include multiple leptons, may include additional jets, and may come with
or without Emiss

T . Searches for R-parity Conserving SUSY (RPC-SUSY) typically have
good coverage for signatures with Emiss

T or with at least three leptons (or two with the
same charge), with several of these searches providing some interpretations in RPV-SUSY
models as well. Other searches sensitive to the LLĒ case include analyses targeting heavy
leptons or additional Higgs bosons. LHC searches relevant for the LLĒ coupling broadly
span the final states of (1.) 2ℓ + Emiss

T [27–29, 41, 46, 47, 51, 98, 99], (2.) 3ℓ + Emiss
T [27,

29, 38, 43, 100, 101], (3.) 4ℓ [43, 102–106], and (4., 5., 6.) ≥ 4ℓ + Emiss
T [29, 43, 101, 107].

Searches with four leptons are typically inclusive and include events with more than four
leptons, therefore covering also the 5L and 6L categories.

3.2 UDD tables

Next, we show analogous results for the ŪD̄D̄ case in tables 4 and 5. The comments from
before apply here too. These scenarios can be completely covered through the following
five searches:

1. 4j

2. 2jl + 4j

3. 2jl + 6j

4. 1L + 2jl + 4j + Emiss
T

5. 2L + 2jl + 4j

The color scheme is based on the number of jets and charged leptons: red (four jets),
blue (six jets, no leptons), yellow (eight jets), green (six jets, one lepton), and purple (six
jets, two leptons).

One interesting point worth noting is that we write j3 and not t in table 5 for the
non-colored LSPs (j3 indicates that the jet could be t/b, cf. table 1). This is to account
for the possibility that kinematic suppression may lead to the decay into a b (via a virtual
chargino) to be preferred over the decay into a t (via a neutralino). Generally, in all tables
to follow, we will take this consideration into account for all the non-colored LSPs.

Three of the five UD̄D̄ final states listed above contain only jets and correspond to the
largest fraction of the possible LSP decays. However, up to two of the jets listed could be top
quarks in certain configurations. This would result in additional final state jets or leptons
which can be used as experimental handles to improve sensitivity. The last two signatures
listed arise from slepton LSPs and always include leptons and/or Emiss

T in the final state.
ATLAS and CMS have covered the signatures of (1.) 4 jets [108–110], (2.) 6 jets [111, 112],
(3.) 8 jets [56, 106, 113–115], (4.) 1 lepton plus at least 6 jets [31, 55, 56, 116, 117], and
(5.) 2 leptons plus 6 jets [29, 117, 118].
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LSP UDD UD3D

ℓ̃ (ν̃) 2ℓ + 6jl/ℓ + 6jl + Emiss
T 2ℓ + 2b + 4jl/ℓ + 2b + 4jl + Emiss

T

ẽ 2ℓ + 6jl 2ℓ + 2b + 4jl

τ̃L (ν̃τ ) 2τ + 6jl/τ + 6jl + Emiss
T 2τ + 2b + 4jl/τ + 2b + 4jl + Emiss

T

τ̃R 2τ + 6jl 2τ + 2b + 4jl

g̃ 6jl 2b + 4jl

q̃ 8jl 2b + 6jl

ũ 4jl 2b + 2jl

d̃ 4jl 2b + 2jl

t̃L(b̃L) 6jl + 2j3 2b + 4jl + 2j3

t̃R 2t + 6jl 2t + 2b + 4jl

b̃R 2b + 6jl 4jl

B̃, W̃ , H̃ 6jl 2b + 4jl

Table 4. Characteristic signatures arising from LSP decays for ŪiD̄jD̄k operators. The first column
depicts the LSPs. The second and third columns represent the signatures from pair-production of
LSPs for the cases where the indices i, j, k ∈ {1, 2}, and where the indices i, k ∈ {1, 2} and j = 3,
respectively. For cases involving degenerate LSPs, e.g., ℓ̃ (ν̃), all pair combinations are considered.
Further, only the relevant signatures are retained and we have introduced color-coding to improve
the readability of the table; the details are in the main text.

Some of these searches explicitly require a minimum number of b-tagged jets, whereas
others are more inclusive. The searches considering leptons typically only consider electrons
or muons, which reduces the sensitivity to scenarios featuring tau leptons. The searches
for signatures (1.), (2.), and (3.) reduce the potentially overwhelming multijet background
by requiring the presence of two same-mass resonances in each event. Even so, while some
final states are nominally covered, the large difference in production cross-sections leads to
exclusion limits being available for some production modes (e.g., g̃ → 3jl) but still requiring
orders of magnitude of improvement to reach others (e.g., H̃ → 3jl).

3.3 LQD tables

Lastly, we show the results for the LQD̄ case in tables 6–11. The comments from before
apply here. Analyzing the tables, we see that the LQD̄ scenarios can be completely covered
through the following six searches:

1. 4j

2. 2b + 2j + Emiss
T
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LSP U3DD U3D3D

ℓ̃ (ν̃) 2ℓ + 4jl + 2j3/ℓ + 4jl + 2j3 + Emiss
T 2ℓ + 2b + 2jl + 2j3/ℓ + 2b + 2jl + 2j3 + Emiss

T

ẽ 2ℓ + 4jl + 2j3 2ℓ + 2b + 2jl + 2j3

τ̃L (ν̃τ ) 2τ + 4jl + 2j3/τ + 4jl + 2j3 + Emiss
T 2τ + 2b + 2jl + 2j3/τ + 2b + 2jl + 2j3 + Emiss

T

τ̃R 2τ + 4jl + 2j3 2τ + 2b + 2jl + 2j3

g̃ 2t + 4jl 2t + 2b + 2jl

q̃ 2t + 6jl 2t + 2b + 4jl

ũ 2t + 6jl 2t + 2b + 4jl

d̃ 2t + 2jl 2t + 2b

t̃L(b̃L) 4jl + 4j3 2b + 2jl + 4j3

t̃R 4jl 2b + 2jl

b̃R 2t + 2b + 4jl 2t + 2jl

B̃, W̃ , H̃ 4jl + 2j3 2b + 2jl + 2j3

Table 5. Same as table 4 but for ŪiD̄jD̄k operators with j, k ∈ {1, 2} and i = 3 (second column),
and i, j = 3 and k ∈ {1, 2} (third column).

3. 1L + (2 − 6)j + Emiss
T

4. 2L + (2 − 6)j + (Emiss
T )

5. 3L + 4j + Emiss
T

6. 4L + 4j

The color scheme is based on the number of charged leptons and jets: red (no charged
leptons, four jets, without missing energy), blue (no charged leptons, four jets, with missing
energy), yellow (one charged lepton), green (two charged leptons), purple (three charged
leptons), and gray (four charged leptons).

As can be seen from the tables, LQD̄ operators result in a wide range of possible final
states, typically including at least one lepton and several jets. Therefore, searches targeting
a wide range of BSM models beyond RPV-SUSY can be sensitive, e.g., searches for RPC-
SUSY, leptoquarks, etc. It is important to consider whether one of the generation indices
of the LiQjD̄k operator is 3 since this changes the experimental signature significantly.
For example, searches explicitly requiring b-tagged jets typically are the most sensitive for
j, k = 3. An operator with i = 3 requires searches exploiting final states with τ leptons.
The relevant existing searches for the LQD̄ coupling cover the final states of (1.) 4 jets [108–
110], (2.) ≥ 4 jets (including b-tags) plus Emiss

T [33, 34], (3.) 1ℓ plus 2 jets [119, 120] or
1ℓ plus 6 jets [26, 35, 55, 56, 116, 117], (4.) 2ℓ-same-sign plus 2 jets [121], or 2ℓ-same-sign
plus 6 jets [23, 29], or 2ℓ-opposite-sign plus 2 or more jets [17, 22, 28, 32, 117, 122–125],
(5.) 3ℓ plus 4 jets [29, 43, 126], and (6.) 4ℓ plus 4 jets [43, 107].

It is important to note that for signatures 1. (4j) and 2. (2b + 2j + Emiss
T ), the rele-

vant searches target strong production cross-sections. As seen from tables 7 to 11, these
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LSP LQD LQD3

ℓ̃ (ν̃) 4jl 2b + 2jl

ẽ 4ℓ + 4jl/3ℓ + 4jl + Emiss
T 4ℓ + 2b + 2jl/3ℓ + 2b + 2jl + Emiss

T

τ̃L (ν̃τ )
2ℓ + 2τ + 4jl/ℓ + 2τ + 4jl + Emiss

T / 2ℓ + 2τ + 2b + 2jl/ℓ + 2τ + 2b + 2jl + Emiss
T /

2ℓ + τ + 4jl + Emiss
T /ℓ + τ + 4jl + Emiss

T 2ℓ + τ + 2b + 2jl + Emiss
T /ℓ + τ + 2b + 2jl + Emiss

T

τ̃R 2ℓ + 2τ + 4jl/ℓ + 2τ + 4jl + Emiss
T 2ℓ + 2τ + 2b + 2jl/ℓ + 2τ + 2b + 2jl + Emiss

T

g̃ 2ℓ + 4jl/ℓ + 4jl + Emiss
T 2ℓ + 2b + 2jl/ℓ + 2b + 2jl + Emiss

T

q̃ 2ℓ + 2jl 2ℓ + 2b

ũ 2ℓ + 6jl/ℓ + 6jl + Emiss
T 2ℓ + 2b + 4jl/ℓ + 2b + 4jl + Emiss

T

d̃ 2ℓ + 2jl/ℓ + 2jl + Emiss
T 2ℓ + 2b + 4jl/ℓ + 2b + 4jl + Emiss

T

t̃L(b̃L) 2ℓ + 4jl + 2j3/ℓ + 4jl + 2j3 + Emiss
T 2ℓ + 2b + 2jl + 2j3/ℓ + 2b + 2jl + 2j3 + Emiss

T

t̃R 2ℓ + 2t + 4jl/ℓ + 2t + 4jl + Emiss
T 2ℓ + 2t + 2b + 2jl/ℓ + 2t + 2b + 2jl + Emiss

T

b̃R 2ℓ + 2b + 4jl/ℓ + 2b + 4jl + Emiss
T 2ℓ + 2jl/ℓ + 2jl + Emiss

T

B̃, W̃ , H̃ 2ℓ + 4jl/ℓ + 4jl + Emiss
T 2ℓ + 2b + 2jl/ℓ + 2b + 2jl + Emiss

T

Table 6. Characteristic signatures arising from LSP decays for LiQjD̄k operators. The first column
depicts the LSPs. The second and third columns represent the signatures from pair-production of
LSPs for the cases where the indices i, j, k ∈ {1, 2}, and where the indices i, j ∈ {1, 2} and k = 3,
respectively. For cases involving degenerate LSPs, e.g., ℓ̃ (ν̃), all pair combinations are considered.
Further, only the relevant signatures are retained and we have introduced color-coding to improve
the readability of the table; the details are in the main text.

signatures arise from the decays ℓ̃ → jj and χ̃0
1 → νjb respectively. While the latter is

experimentally less sensitive than the competing χ̃0
1 → ℓjt decay, phase-space effects due to

the top-quark mass can lead to a strong suppression of channels involving t. In both cases,
the existing analyses target strong production, via q̃ → jj and g̃ → bjχ̃0

1, respectively,9 and
have no sensitivity to low masses and electroweak cross sections. We do note the special
case of χ̃0

1 → νbb, leading to the 4b+Emiss
T final state which has already been explored for

Higgsino production [127, 128]. However, crucially, the searches require an intermediate
Higgs resonance which is not present in the RPV case.

9The scenario with an almost massless neutralino matches the LQD̄ signature of g̃ → bjν.
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LSP LQ3D

ℓ̃ (ν̃) 2jl + 2j3

ẽ 4ℓ + 2t + 2jl/3ℓ + t + b + 2jl + Emiss
T /2ℓ + 2b + 2jl + Emiss

T

τ̃L (ν̃τ )
2ℓ + 2τ + 2t + 2jl/ℓ + 2τ + t + b + 2jl + Emiss

T /2τ + 2b + 2jl + Emiss
T /2ℓ + τ + 2t + 2jl + Emiss

T /

ℓ + τ + t + b + 2jl + Emiss
T /τ + 2b + 2jl + Emiss

T

τ̃R 2ℓ + 2τ + 2t + 2jl/ℓ + 2τ + t + b + 2jl + Emiss
T /2τ + 2b + 2jl + Emiss

T

g̃ 2ℓ + 2t + 2jl/ℓ + t + b + 2jl + Emiss
T

q̃ 2ℓ + 2t + 4jl/ℓ + t + b + 4jl + Emiss
T

ũ 2ℓ + 2t + 4jl/ℓ + t + b + 4jl + Emiss
T

d̃ 2ℓ + 2t/ℓ + t + b + Emiss
T

t̃L(b̃L) 2ℓ + 2jl

t̃R 2ℓ + 4t + 2jl/ℓ + 3t + b + 2jl + Emiss
T

b̃R 2ℓ + 2t + 2b + 2jl/ℓ + t + 3b + 2jl + Emiss
T

B̃, W̃ , H̃ 2ℓ + 2jl + 2j3/ℓ + 2jl + 2j3 + Emiss
T /2b + 2jl + Emiss

T

Table 7. Same as table 6 but for LiQjD̄k operators with i, k ∈ {1, 2} and j = 3.

LSP LQ3D3

ℓ̃ (ν̃) 2b + 2j3

ẽ 4ℓ + 2t + 2b/3ℓ + t + 3b + Emiss
T /2ℓ + 4b + Emiss

T

τ̃L (ν̃τ )
2ℓ + 2τ + 2t + 2b/ℓ + 2τ + t + 3b + Emiss

T /2τ + 4b + Emiss
T /2ℓ + τ + 2t + 2b + Emiss

T /

ℓ + τ + t + 3b + Emiss
T /τ + 4b + Emiss

T

τ̃R 2ℓ + 2τ + 2t + 2b/ℓ + 2τ + t + 3b + Emiss
T /2τ + 4b + Emiss

T

g̃ 2ℓ + 2t + 2b/ℓ + t + 3b + Emiss
T

q̃ 2ℓ + 2t + 2b + 2jl/ℓ + t + 3b + 2jl + Emiss
T

ũ 2ℓ + 2t + 2b + 2jl/ℓ + t + 3b + 2jl + Emiss
T

d̃ 2ℓ + 2t + 2b + 2jl/ℓ + t + 3b + 2jl + Emiss
T

t̃L(b̃L) 2ℓ + 2b

t̃R 2ℓ + 4t + 2b/ℓ + 3t + 3b + Emiss
T

b̃R 2ℓ + 2t/ℓ + t + b + Emiss
T

B̃, W̃ , H̃ 2ℓ + 2b + 2j3/ℓ + 2b + 2j3 + Emiss
T /4b + Emiss

T

Table 8. Same as table 6 but for LiQjD̄k operators with j, k = 3 and i ∈ {1, 2}.
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LSP L3QD L3QD3

ℓ̃ (ν̃)
2ℓ + 2τ + 4jl/2ℓ + τ + 4jl + Emiss

T / 2ℓ + 2τ + 2b + 2jl/2ℓ + τ + 2b + 2jl + Emiss
T /

ℓ + 2τ + 4jl + Emiss
T /ℓ + τ + 4jl + Emiss

T ℓ + 2τ + 2b + 2jl + Emiss
T /ℓ + τ + 2b + 2jl + Emiss

T

ẽ 2ℓ + 2τ + 4jl/2ℓ + τ + 4jl + Emiss
T 2ℓ + 2τ + 2b + 2jl/2ℓ + τ + 2b + 2jl + Emiss

T

τ̃L (ν̃τ ) 4jl 2b + 2jl

τ̃R 4τ + 4jl/3τ + 4jl + Emiss
T 4τ + 2b + 2jl/3τ + 2b + 2jl + Emiss

T

g̃ 2τ + 4jl/τ + 4jl + Emiss
T 2τ + 2b + 2jl/τ + 2b + 2jl + Emiss

T

q̃ 2τ + 2jl 2τ + 2b

ũ 2τ + 6jl/τ + 6jl + Emiss
T 2τ + 2b + 4jl/τ + 2b + 4jl + Emiss

T

d̃ 2τ + 2jl/τ + 2jl + Emiss
T 2τ + 2b + 4jl/τ + 2b + 4jl + Emiss

T

t̃L(b̃L) 2τ + 4jl + 2j3/τ + 4jl + 2j3 + Emiss
T 2τ + 2b + 2jl + 2j3/τ + 2b + 2jl + 2j3 + Emiss

T

t̃R 2τ + 2t + 4jl/τ + 2t + 4jl + Emiss
T 2τ + 2t + 2b + 2jl/τ + 2t + 2b + 2jl + Emiss

T

b̃R 2τ + 2b + 4jl/τ + 2b + 4jl + Emiss
T 2τ + 2jl/τ + 2jl + Emiss

T

B̃, W̃ , H̃ 2τ + 4jl/τ + 4jl + Emiss
T 2τ + 2b + 2jl/τ + 2b + 2jl + Emiss

T

Table 9. Same as table 6 but for LiQjD̄k operators with j, k ∈ {1, 2} and i = 3 (second column),
and i, k = 3 and j ∈ {1, 2} (third column).

LSP L3Q3D

ℓ̃ (ν̃)
2ℓ + 2τ + 2t + 2jl/2ℓ + τ + t + b + 2jl + Emiss

T /2ℓ + 2b + 2jl + Emiss
T /ℓ + 2τ + 2t + 2jl + Emiss

T /

ℓ + τ + t + b + 2jl + Emiss
T /ℓ + 2b + 2jl + Emiss

T

ẽ 2ℓ + 2τ + 2t + 2jl/2ℓ + τ + t + b + 2jl + Emiss
T /2ℓ + 2b + 2jl + Emiss

T

τ̃L (ν̃τ ) 2jl + 2j3

τ̃R 4τ + 2t + 2jl/3τ + t + b + 2jl + Emiss
T /2τ + 2b + 2jl + Emiss

T

g̃ 2τ + 2t + 2jl/τ + t + b + 2jl + Emiss
T

q̃ 2τ + 2t + 4jl/τ + t + b + 4jl + Emiss
T

ũ 2τ + 2t + 4jl/τ + t + b + 4jl + Emiss
T

d̃ 2τ + 2t/τ + t + b + Emiss
T

t̃L(b̃L) 2τ + 2jl

t̃R 2τ + 4t + 2jl/τ + 3t + b + 2jl + Emiss
T

b̃R 2τ + 2t + 2b + 2jl/τ + t + 3b + 2jl + Emiss
T

B̃, W̃ , H̃ 2τ + 2jl + 2j3/τ + 2jl + 2j3 + Emiss
T /2b + 2jl + Emiss

T

Table 10. Same as table 6 but for LiQjD̄k operators with i, j = 3 and k ∈ {1, 2}.
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LSP L3Q3D3

ℓ̃ (ν̃)
2ℓ + 2τ + 2t + 2b/2ℓ + τ + t + 3b + Emiss

T /2ℓ + 4b + Emiss
T /ℓ + 2τ + 2t + 2b + Emiss

T /

ℓ + τ + t + 3b + Emiss
T /ℓ + 4b + Emiss

T

ẽ 2ℓ + 2τ + 2t + 2b/2ℓ + τ + t + 3b + Emiss
T /2ℓ + 4b + Emiss

T

τ̃L (ν̃τ ) 2b + 2j3

τ̃R 4τ + 2t + 2b/3τ + t + 3b + Emiss
T /2τ + 4b + Emiss

T

g̃ 2τ + 2t + 2b/τ + t + 3b + Emiss
T

q̃ 2τ + 2t + 2b + 2jl/τ + t + 3b + 2jl + Emiss
T

ũ 2τ + 2t + 2b + 2jl/τ + t + 3b + 2jl + Emiss
T

d̃ 2τ + 2t + 2b + 2jl/τ + t + 3b + 2jl + Emiss
T

t̃L(b̃L) 2τ + 2b

t̃R 2τ + 4t + 2b/τ + 3t + 3b + Emiss
T

b̃R 2τ + 2t/τ + t + b + Emiss
T

B̃, W̃ , H̃ 2τ + 2b + 2j3/τ + 2b + 2j3 + Emiss
T /4b + Emiss

T

Table 11. Same as table 6 but for LiQjD̄k operators with i, j, k = 3.

4 Sample application of the framework: LLE couplings

4.1 Benchmark scenarios

We now demonstrate the practical application of our framework by using it to calculate
mass bounds on SUSY particles in a wide range of RPV scenarios. Throughout this section,
for simplicity, we assume that the only non-zero RPV coupling corresponds to a single LLĒ

operator, although — as mentioned — generalization to several non-zero RPV couplings
is possible by combining the different rows of our signature tables. Further, we assume all
mass eigenstates are aligned with the gauge eigenstates, except for the neutral Higgsinos
which are assumed to be maximally mixed.

As discussed in section 3, the signatures in our ‘RPV Dictionary’ have significant cov-
erage through existing ATLAS and CMS searches, even if only indirectly. We can, therefore,
reinterpret these searches in the context of RPV scenarios to set limits on the latter. In the
LLĒ scenario, these can be comparable to or even more constraining than the MSSM limits.

In order to calculate the mass limits, we have simulated SUSY processes at leading
order using the program MadGraph5_aMC@NLO [129] linked to PYTHIA 8.2 [130]. We have
employed the UFO RPV-MSSM model file available at ref. [131]. The decays are computed
under the narrow-width approximation. The branching ratios for two-body decays are
computed by MadGraph5_aMC@NLO, while for higher-multiplicity decays — to save compu-
tational time — we set them by hand; the details of how we do this are given in section A.
The width is always set by hand to a small arbitrary value (smaller than the experimen-
tal resolution) such that the decay of the LSP remains prompt; under the narrow-width
approximation, the results are independent of the number. PYTHIA 8.2 then produces the
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LSP Production Coupling LSP Decay Label

g̃

Direct λ121 2e + 2jl + νµ e + µ + 2jl + νe Deµe
g̃

Direct λ121 2e + 2b + νµ e + µ + 2b + νe Deµe−b
g̃

Direct λ121 2e + 2t + νµ e + µ + 2t + νe Deµe−t
g̃

Direct λ122 2µ + 2jl + νe e + µ + 2jl + νµ Deµµ
g̃

Direct λ311 2e + 2jl + ντ e + τ + 2jl + νe Dτee
g̃

Direct λ313 2τ + 2jl + νe e + τ + 2jl + ντ Dτeτ
g̃

Table 12. Details of our benchmarks: the first two columns depict the LSP and the production
mode considered, respectively; the RPV coupling assumed to be non-zero is shown in the third
column; the fourth column represents the possible decays of the LSP (these are split into two
columns for better readability); the last column shows the notation we use for labeling the scenario.

final decayed and showered event samples. These are passed through CheckMATE 2 [132–
136] which uses a database of several existing ATLAS and CMS analyses in order to determine
whether the RPV-MSSM parameter point used to generate the event sample can be ex-
cluded or not.10 Detector effects have been accounted for through the DELPHES 3 [138]
detector simulation module linked with CheckMATE 2.

We now describe the various benchmark scenarios we study. These have been designed
to cover what, we believe, should be all relevant possibilities for the LLĒ case, subject to
our minimal assumptions.

Gluino LSP. The first set of scenarios we consider is with a gluino LSP. It is sufficient
to consider only direct gluino-pair production since the cross-section is higher than any
channel where the gluino LSP is produced in cascade decays (see discussion in section B).
Thus, in our simulation, we consider the rest of the spectrum to be decoupled; this gives
us the most conservative, model-independent exclusion limits. However, we assume that,
despite this decoupling, the gluino LSP still decays promptly; see section A for details on
the specific decay modes chosen in the simulation. In the first three scenarios, we consider
λ121 to be the only non-zero RPV operator. The characteristic signature for the gluino
decay is 2ℓ + 2j + Emiss

T , cf. table 2. Here j can be a light, top, or bottom jet depending on
the nature of the virtual squark involved in the decay; the three scenarios target the possible
dependence of the coverage on this choice. Next, to study how the results are affected if
the RPV operator leads to more muons or taus instead of electrons, we consider three more
scenarios corresponding to λ122, λ311, and λ313, respectively, being the sole non-zero RPV
couplings. The details of all gluino benchmarks have been summarized in table 12.

10We note that we limit ourselves to the analyses already implemented in CheckMATE 2 as of December
2022; the list of implemented analyses can be found at ref. [137]. Some analyses explicitly targeting LLĒ

models such as the most relevant SRs from ref. [107] are not implemented. Despite this, we observe excellent
coverage.
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LSP Production Coupling LSP Decay Label

q̃/ũ/d̃

Direct
λ121 2e + jl + νµ e + µ + jl + νe

Deµe
q̃

g̃ Ieµe
g̃�q̃

Direct
λ313 2τ + jl + νe e + τ + jl + ντ

Dτeτ
q̃

g̃ Iτeτ
g̃�q̃

q̃3/t̃/b̃

Direct
λ121 2e + j3 + νµ e + µ + j3 + νe

Deµe
q̃3

g̃ Ieµe
g̃�q̃3

Direct
λ313 2τ + j3 + νe e + τ + j3 + ντ

Dτeτ
q̃3

g̃ Iτeτ
g̃�q̃3

Table 13. As in table 12 but for the squark LSP benchmarks.

Squark LSPs. Similar to above, for squark LSP scenarios, we first consider only direct
pair production with the other sparticles decoupled. Thus, we have selected two scenarios
each for the light-flavor squarks (q̃, ũ, d̃), and the heavy-flavor ones (q̃3, t̃, b̃), correspond-
ing to the couplings λ121 and λ313.11 All squarks within a particular scenario are considered
mass-degenerate for simplicity.

For the squarks, cascade decays involving gluino production channels (pair as well
as associated) can also be relevant since these can have a higher cross-section than the
direct production channels, cf. the discussion in section B. Thus, we include four more
scenarios — covering the two couplings for each of the two squark groups — where the
gluino and squarks are both kinematically accessible, while the rest of the spectrum is
decoupled (again, in a way that the squarks still decay promptly according to branching
ratios described in section A). The corresponding results are presented as two-dimensional
plots in the gluino mass vs. squark mass plane. The details of all the squark benchmarks
have been summarized in table 13.

Electroweakino LSPs. For the electroweakinos, we study three sets of scenarios corre-
sponding to the winos (W̃ ), the Higgsinos (H̃), or the bino (B̃) being the LSP(s), respec-
tively.

For the winos and the higgsinos, as before, we look at scenarios focusing on the direct
modes, as well as the relevant indirect modes mentioned in section B. For winos, the latter
includes production of gluinos, light-flavor squarks, or heavy-flavor squarks. However, the
latter two scenarios have similar features, so we only focus on the light-flavor squarks. For
the higgsinos, we include only production of gluinos and the heavy-flavor squarks since
their coupling to the light-flavor squarks is suppressed.

11These couplings correspond to the two extreme cases: maximum and minimum number of light leptons
in the final state. For the remaining scenarios we will only consider these cases; the results for the other
coupling configurations can be interpolated from the gluino LSP results.
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For the bino, direct production is not relevant due to the small cross-section, and thus
we only study indirect modes. This time, we need to consider the possibility of each of
the other SUSY particles being the parent: this includes the colored sector, the winos, the
Higgsinos, and the sleptons.

As before, apart from the LSP(s) and the relevant parent sparticle(s), all other SUSY
fields are considered decoupled, in a way that the LSP decay remains prompt. We study
scenarios corresponding to both λ121 and λ313. The details for all benchmarks correspond-
ing to electroweakino LSPs have been summarized in table 14.

Slepton LSPs. Finally, we have the slepton LSP scenarios. For each case — light-flavor
sleptons (ℓ̃/ν̃/ẽ), and heavy-flavor sleptons (τ̃L/ν̃τ /τ̃R) — we study direct and indirect
production, once again for the couplings λ121 and λ313. The relevant indirect modes include
every sparticle except the Bino, cf. discussion in section B. We only study scenarios with
g̃ or W̃ parents; results for other colored sparticles or electroweakinos can be interpolated.

Unlike sparticles considered so far, sleptons can couple directly to the LLĒ operators,
depending on the flavor configuration. This can significantly affect the decay modes for a
given slepton. To study this effect, we also include scenarios with non-zero λ122 and λ311
for both slepton classes. The details of the slepton benchmarks are summarized in table 15.
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LSP Production Coupling LSP Decay Label

W̃

Direct

λ121 2e + νµ/2e + µ e + µ + νe/e + νe + νµ

Deµe

W̃

g̃ Ieµe

g̃�W̃

q̃/ũ/d̃ Ieµe

q̃�W̃

Direct

λ313 2τ + νe/e + 2τ e + τ + ντ /τ + νe + ντ

Dτeτ
W̃

g̃ Iτeτ
g̃�W̃

q̃/ũ/d̃ Iτeτ
q̃�W̃

H̃

Direct

λ121 2e + V + νµ e + µ + V + νe

Deµe

H̃

g̃ Ieµe

g̃�H̃

q̃3/t̃/b̃ Ieµe

q̃3�H̃

Direct

λ313 2τ + V + νe e + τ + V + ντ

Dτeτ
H̃

g̃ Iτeτ
g̃�H̃

q̃3/t̃/b̃ Iτeτ
q̃3�H̃

B̃

g̃

λ121 2e + νµ e + µ + νe

Ieµe

g̃�B̃

q̃/ũ/d̃ Ieµe

q̃�B̃

q̃3/t̃/b̃ Ieµe

q̃3�B̃

ℓ̃/ν̃/ẽ Ieµe

ℓ̃�B̃

τ̃L/ν̃τ /τ̃R Ieµe

τ̃�B̃

W̃ Ieµe

W̃�B̃

H̃ Ieµe

H̃�B̃

g̃

λ313 2τ + νe e + τ + ντ

Iτeτ
g̃�B̃

q̃/ũ/d̃ Iτeτ
q̃�B̃

q̃3/t̃/b̃ Iτeτ
q̃3�B̃

ℓ̃/ν̃/ẽ Iτeτ
ℓ̃�B̃

τ̃L/ν̃τ /τ̃R Iτeτ
τ̃�B̃

W̃ Iτeτ
W̃�B̃

H̃ Iτeτ
H̃�B̃

Table 14. As in table 12 but for the electroweakino LSP benchmarks.
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LSP Production Coupling LSP Decay Label

ℓ̃/ν̃/ẽ

Direct

λ121

Deµe

ℓ̃

2e/e + µ e + νe/e + νµ

g̃ Ieµe

g̃�ℓ̃

µ + νe ∗

W̃ Ieµe

W̃�ℓ̃

Direct

λ313 2τ/τ + ντ ∗

Dτeτ
ℓ̃

g̃ Iτeτ
g̃�ℓ̃

W̃ Iτeτ
W̃�ℓ̃

Direct λ122 2µ/e + µ/e + νµ µ + νe/µ + νµ/∗ Deµµ

ℓ̃

Direct λ311 e + τ/e + ντ τ + νe/∗ Dτee
ℓ̃

τ̃L/ν̃τ /τ̃R

Direct

λ121

Deµe
τ̃

2e + τ + νµ 2e + νµ + ντ

g̃ Ieµe
g̃�τ̃

e + µ + τ + νe e + µ + νe + ντ

W̃ Ieµe

W̃�τ̃

Direct

λ313 e + τ/e + ντ τ + νe

Dτeτ
τ̃

g̃ Iτeτ
g̃�τ̃

W̃ Iτeτ
W̃�τ̃

Direct λ122 2µ + τ + νe/e + µ + τ + νµ 2µ + νe + ντ /e + µ + νµ + ντ Deµµ
τ̃

Direct λ311 2e/e + νe 2e + τ + ντ /e + 2τ + νe Dτee
τ̃

Table 15. As in table 12 but for the slepton LSP benchmarks. For brevity, we skip showing decay
modes explicitly (indicated by ∗) for some sleptons that do not couple directly to the relevant RPV
operator (e.g., µ̃R LSP with λ121). However, the details of how we include these modes in our
simulations can be found in section A.
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Reference and search region Representative cuts Most sensitive for
CMS-ewk-4ℓ [44] SR G05 ≥ 4ℓ, 0b, Emiss

T Deµe
g̃ , Deµµ

g̃ , Deµe

q̃,W̃ ,H̃
, Dτee

ℓ̃
, Deµe

τ̃ , Deµµ
τ̃

ATLAS-gluino-SS/3ℓ [23] SR Rpv2L ≥ 2ℓ, ≥ 6j Deµe
g̃ , Deµµ

g̃ , Deµe−b
g̃ , Deµe−t

g̃ , Dτee
g̃ , Deµe

q̃3

ATLAS-RPV-1ℓ/SS [55] SR SS-6j100-0b ≥ 2ℓ, ≥ 6j, 0b Dτee
g̃ , Dτeτ

g̃ , Dτeτ
q̃

ATLAS-gluino-SS/3ℓ-1b [139] SR Rpc3L1bH ≥ 3ℓ, ≥ 4j, ≥ 1b, Emiss
T Deµe

q̃3 , Dτeτ
q̃3

CMS-ewk-2τ2ℓ [44] SR K03 2ℓ, 2τ , Emiss
T Dτeτ

W̃
, Dτeτ

H̃

CMS-ewk-3ℓ [44] SR A44 3ℓ, Emiss
T Deµe

ℓ̃
, Deµµ

ℓ̃
, Dτee

τ̃

CMS-ewk-1τ3ℓ [44] SR I04 3ℓ, 1τ , Emiss
T Dτeτ

ℓ̃

CMS-ewk-2τ1ℓ [44] SR F12 1ℓ, 2τ , Emiss
T Dτeτ

τ̃

Table 16. Summary of the most sensitive searches in our numerical simulations. The first column
lists existing ATLAS and CMS searches providing sensitivity and our shorthand notation for each;
the second column summarizes the relevant cuts; and the last column refers to the scenario labels
presented in tables 12–15. We have color-coded the labels according to the final state topologies of
section 3: 3L + Emiss

T , 4L + (0− 4)j + Emiss
T , and 5L + Emiss

T . The same searches also constrain the
Ix̃�p̃ scenarios (not shown here).

4.2 Results

Before presenting the numerical results of our simulations, we stress one important detail:
even though our benchmarks correspond to simple scenarios where all sparticles other than
the LSP (and NLSP) are decoupled, we expect our results to be more general. Since the
characteristic signature from the LSP decay — which provides the exclusion, as we show
below — is independent of the spectrum details, the sensitivity should only be slightly
modified for scenarios with arbitrary sparticle mass spectra, as long as the objects in the
characteristic topology do not become too soft.

We now discuss our results. All relevant details for the ATLAS and CMS searches im-
plemented in CheckMATE 2 that show sensitivity to our scenarios have been summarized in
table 16 for reference. This list is merely meant to illustrate the searches with the strongest
sensitivity and is not exhaustive. When there are multiple overlapping searches offering
comparable sensitivity, we have omitted some of them.

4.2.1 Direct production

Figure 2 shows a summary of the mass limits corresponding to 95% confidence level for the
direct-production scenarios, i.e., all the Dp̃ scenarios from tables 12–15, where p̃ stands for
the relevant LSP. The rest of the spectrum is assumed to be decoupled in these benchmarks,
while the LSP decays remain prompt. We see that the exclusion limits are comparable to
the current mass bounds corresponding to the regular MSSM (see, for instance, ref. [12]).
We now discuss the results in more detail in the following paragraphs.

The g̃-LSP scenarios can be ruled out up to about mg̃ ∼ 2.1−2.4 TeV, with the weaker
limits corresponding to cases where the λijk coupling involves third-generation indices. The
strongest limit is achieved for scenarios involving couplings to light leptons and decay via
off-shell top squarks. The signature from pair production for the gluino benchmarks is
4L + 4j + Emiss

T . In general, the strongest sensitivity comes, as expected, from multilepton
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mq̃

mq̃3

mW̃

mH̃

m˜̀/ν̃

mτ̃ /ν̃τ

Deµe
p̃

Deµµ
p̃

Deµe−b
p̃

Deµe−t
p̃

Dτee
p̃

Dτeτ
p̃

Figure 2. 95% confidence-level mass-exclusion limits for various LSPs corresponding to direct pair
production. In each scenario, all sparticles other than the LSP(s) (p̃) are assumed to be decoupled,
while the LSP decays are still prompt.

searches, especially CMS-ewk-4ℓ and ATLAS-gluino-SS/3ℓ.12 In scenarios with heavy-flavor
squarks, Deµe−b

g̃ and Deµe−t
g̃ , CMS-ewk-4ℓ shows a weaker sensitivity due to the veto of b-jets.

Finally, for couplings that involve τ leptons, Dτee
g̃ and Dτeτ

g̃ , the most relevant analyses are
ATLAS-gluino-SS/3ℓ and ATLAS-RPV-1ℓ/SS. Both searches offer sensitivity despite the fact
that they focus only on light leptons. This is due to the fraction of gluino decays into elec-
trons (cf. table 12), and the leptonic decay of taus. The hadronic decays of taus are recon-
structed as additional jets which satisfy the jet multiplicity requirement of both searches.
None of the searches are optimized for our signal but they still provide great sensitivity.

For the squarks and the electroweakinos, the final states are similar to the gluino
case, albeit with fewer jets: 4L + (0 − 2)j + Emiss

T . The most stringent limits for the
Deµe

p̃ scenarios are provided by CMS-ewk-4ℓ: mq̃ ≳ 1.85 TeV, mW̃ ≳ 1.35 TeV, mH̃ ≳
1.1 TeV. The reduced jet multiplicity limits the sensitivity of ATLAS-gluino-SS/3ℓ and
ATLAS-RPV-1ℓ/SS. The Dτeτ

W̃
and Dτeτ

H̃
scenarios are now instead covered by CMS-ewk-2τ2ℓ,

12See table 16 for the notation we employ for searches.
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a search explicitly targeting two hadronic taus, leading to the limits, mW̃ ≳ 1 TeV and
mH̃ ≳ 720 GeV. However, similar to the gluino case, ATLAS-RPV-1ℓ/SS is the most sensitive
for Dτeτ

q̃ and rules out this scenario up to mq̃ ≈ 1.6 TeV.
The production of stops and sbottoms is special due to the presence of additional b jets,

which are vetoed by CMS-ewk-4ℓ and ATLAS-RPV-1ℓ/SS. Thus, the best limits in this case
come from ATLAS-gluino-SS/3ℓ-1b and ATLAS-gluino-SS/3ℓ for Deµe

q̃3 (mq̃3 ≳ 1.55 TeV)
and Dτeτ

q̃3 (mq̃3 ≳ 1.3 TeV).
Finally, we have the slepton-LSP scenarios. For ℓ̃/ν̃/ẽ, the exclusion limits lie in the

broad range mℓ̃ ∼ 560 − 860 GeV. The most constraining search for scenarios Deµe

ℓ̃
and

Deµµ

ℓ̃
turns out to be CMS-ewk-3ℓ. This search matches the 3L + Emiss

T topology from ℓ̃ν̃

production, as listed in table 2. For scenarios Dτee
ℓ̃

and Dτeτ
ℓ̃

, the most relevant searches are
CMS-ewk-4ℓ and CMS-ewk-1τ3ℓ, respectively. The latter needs at least three light leptons
and at least one hadronic tau.

In the case of τ̃L/ν̃τ /τ̃R, a large gap in sensitivity is observed between scenarios Deµe
τ̃ ,

Deµµ
τ̃ , and Dτee

τ̃ which are excluded up to mτ̃ ∼ 780−790 GeV; and the Dτeτ
τ̃ scenario with

a reach of just mτ̃ ≳ 470 GeV. The former are covered by CMS-ewk-4ℓ and CMS-ewk-3ℓ,
while the latter is targeted by CMS-ewk-2τ1ℓ. The topologies targeted by all the above
search regions match those in tables 2–3.

4.2.2 Cascade decays

We next look at the results for the indirect-production/cascade-decay scenarios, i.e., all the
Ix̃�p̃ benchmarks from tables 12–15, where p̃ is the LSP and x̃ denotes the directly produced
parent particle decaying into the LSP. Cascade decays are especially important for scenarios
with a bino LSP, where direct production is irrelevant. For all other LSP types, the limits
from direct LSP production (corresponding to Dp̃) are also taken into account.

In general, exclusion limits are mostly independent of the LSP mass (with a few excep-
tions) as the signal regions have high acceptance and the limit is driven by the production
cross-section. A loss in sensitivity is observed in regions with small mass splittings only
for models where the most sensitive signal region requires additional jets. In the bino sce-
narios, a loss in sensitivity is also observed for low LSP masses as its decay products carry
energies that are too low to survive the search region cuts. This effect is not observed for
other scenarios as the direct production of LSP becomes dominant for lower masses.

Squark LSPs. In figure 3, we show the exclusion limits for q̃/ũ/d̃-LSPs (figure 3a) and
q̃3/t̃/b̃-LSPs (figure 3b) for a non-decoupled gluino. The relevant production processes
are gluino-gluino, squark-squark, and associated gluino-squark production, followed by the
decay of the gluino into the squark LSP(s) and a jet, and finally the LSP decay via the
RPV operator into 2L + j + Emiss

T .13 The phase-space region mg̃ < mq̃ (mg̃ < mq̃3 +
mt) is kinematically disallowed14 in the light-flavor (heavy-flavor) scenario, where we have

13See section A for a detailed discussion on the specific decay modes we pick for each simulation.
14Technically, for the heavy-flavor scenario, the region mq̃3 ≤ mg̃ < mq̃3 + mt lets the gluino decay into

a sbottom (ignoring the b-quark mass), and is allowed. However, for simplicity, we will ignore this here.
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(a) q̃/ũ/d̃-LSPs with non-decoupled g̃.
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(b) q̃3/t̃/b̃-LSPs with non-decoupled g̃.

Figure 3. Exclusion regions (in green) corresponding to 95% confidence level for the Ig̃�q̃ (left)
and Ig̃�q̃3 (right) scenarios. The bounds of figure 2 from direct squark production also apply to the
scenario and are shown in red. The gray region is kinematically disallowed in the scenario. The
dotted (dashed) contours correspond to coupling λ121 (λ313).

neglected the masses of all SM fermions except the top quark. These regions are depicted
in gray in the plot.

From figure 3a, we see that Ig̃�q̃ can be excluded roughly up to the kinematic limit as
long as we are below the threshold for g̃g̃ production, cf. figure 2. However, even above
this threshold, we can exclude large regions of the parameter space that lie beyond the
bounds from direct squark-pair production with a decoupled gluino. For instance, we see
that even with mg̃ ∼ 8 TeV, we get higher exclusion in the squark mass compared to the
limit coming from Dq̃ (shown in red in the figure). This is due to two reasons. First, the
associated-production channel (involving a single gluino) can stay kinematically accessible
for longer. More importantly, a non-decoupled gluino significantly boosts direct squark-pair
production cross-sections through its t-channel contributions [140]. For very high masses,
the gluino is essentially decoupled and the limits start converging, i.e., the scenarios reduce
to the Dq̃ cases.

For figure 3b, the exclusion limits behave differently. For both couplings, roughly all
kinematically viable regions can be excluded up to the corresponding mg̃ limits of figure 2.
However, the limits reduce sharply to the Dq̃3 bounds beyond this. For third-generation
squarks, associated production as well as the boost in squark-squark cross-sections due to
non-decoupled gluinos are suppressed by the small parton distribution functions (PDFs)
for the heavy quarks inside the proton. Thus, as soon as gluino-pair production becomes
kinematically inaccessible, the scenarios reduce to the Dq̃3 cases.

Electroweakino LSPs. We next show the results for wino-LSP production with a non-
decoupled gluino in figure 4a and non-decoupled light-flavor squarks in figure 4b.

For the gluino case, we see features similar to figure 3b. For both couplings, all phase-
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(a) W̃ LSP with non-decoupled g̃.
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(b) W̃ LSP with non-decoupled q̃/ũ/d̃.

Figure 4. As in figure 3 but for the Ig̃�W̃ (left) and Iq̃�W̃ (right) scenarios.
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(a) H̃ LSP with non-decoupled g̃.
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(b) H̃ LSP with non-decoupled q̃3/t̃/b̃.

Figure 5. As in figure 3 but for the Ig̃�H̃ (left) and Iq̃3�H̃ (right) scenarios.

space regions almost up to the gluino-pair production threshold can be ruled out. Beyond
this, the results from DW̃ apply. One interesting feature is the flattening of the exclusion
contour for λ313 at mW̃ ∼ 1.7 TeV for gluino masses, mg̃ ∼ 1.7 − 2 TeV. This reduction in
sensitivity occurs because the cuts in ATLAS-RPV-1ℓ/SS place a high demand on the trans-
verse momentum of the six required jets, pT > 100 GeV. If the wino and gluino are too close
in mass, the jets produced in the gauge decay of the latter may not pass these requirements.

Figure 4b is more interesting. We again see that the parameter space roughly up to
the squark-production thresholds can be ruled out and we observe the flattening effect
mentioned above. However, we also see a new effect. The exclusion limit slightly weakens
as we move lower in wino mass. This is clearly seen for the λ121 case but the reduction in
sensitivity occurs for both couplings throughout the phase space. This is because squark-
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(a) B̃ LSP with non-decoupled g̃.
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(c) B̃ LSP with non-decoupled
q̃3/t̃/b̃.

0.50 0.75 1.00 1.25 1.50 1.75
mW̃ [TeV]

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

m
B̃

[T
eV

]

m W̃

−m
H

λ121 λ313

(d) B̃ LSP with non-decoupled
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(e) B̃ LSP with non-decoupled H̃.
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(f) B̃ LSP with non-decoupled
ℓ̃/ν̃/ẽ.
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(g) B̃ LSP with non-decoupled
τ̃L/ν̃τ /τ̃R.

Figure 6. As in figure 3 but for the Ix̃�B̃ scenarios.

pair production can also occur via t-channel wino exchange which can interfere negatively
with the QCD contribution [141]; this interference term is bigger for lighter winos.

Next, we show the Higgsino-LSP results for non-decoupled gluinos and non-decoupled
third-generation squarks in figure 5a and figure 5b, respectively. The exclusion limits
show features similar to the earlier cases and are straightforward to interpret. Beyond the
pair-production thresholds for the parents, the benchmarks reduce to the respective DH̃

scenarios.
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The bino-LSP results are depicted in figure 6: these correspond to scenarios with
gluinos (figure 6a), light-flavor squarks (figure 6b), heavy-flavor squarks (figure 6c), winos
(figure 6d), Higgsinos (figure 6e), light-flavor sleptons (figure 6f), and third-generation
sleptons (figure 6g). Generally, the exclusion limits cover almost the whole phase-space
region up to the kinematic thresholds for the pair-production of the parents. However,
there are a couple of features worth mentioning. First, we see the flattening effect, that we
had described for figure 4, in scenarios Iτeτ

x̃�B̃
with x̃ = q̃, ℓ̃, τ̃ . The other interesting effect

is the slight increase in sensitivity as the B̃ mass increases from very low masses to higher
values. This effect can be most clearly seen in figure 6e but is a general feature in the other
B̃ plots too. This happens due to the reason mentioned at the beginning of this subsection:
for very low bino masses, the decay products are not energetic enough to pass the cuts of
the analyses. We did not encounter it in the case of the other LSPs since the mass scales
there were higher.

Slepton LSPs. Finally, we show the slepton-LSP results in figure 7. The exclusion
limits can extend significantly in the cascade decay due to the much higher production
cross-sections of other parent particles compared to direct slepton production.

LSP summary. To summarize, we collect, in figure 8, the minimum excluded mass for
each sparticle, p̃, undergoing a cascade decay (i.e., the minimum limits obtained for each
of the Ip̃�x̃ scenarios with x̃ the various LSPs), and compare it to the limit obtained from
direct production of the sparticle when it is the LSP (i.e., the corresponding Dp̃ scenarios).
It is interesting to note that, although cascade decays generally lead to final states with
more visible objects, the sensitivity can be both degraded or improved. The reduction in
Emiss

T and the distribution of energy across more decay products can reduce the sensitivity.
For example, the decay to a slepton or bino LSP yields in most cases the worst limits given
that intermediate particles in the decay chain can become soft for compressed spectra, e.g.,
g̃ → 2j + ℓ + ℓ̃(→ ℓν). However, changes in the decay modes due to the varying nature of
the LSP can also lead to a higher number of leptons or third-generation quarks which leads
to an improvement in the limits. It is worth highlighting that the degradation is around
20% at maximum, and the exclusion limits remain for all sparticles under all variations of
LSP hypotheses, LSP masses, and coupling choice.
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(b) ℓ̃/ν̃/ẽ LSPs with non-decoupled W̃ .
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(c) τ̃L/ν̃τ /τ̃R LSPs with non-decoupled g̃.
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(d) τ̃L/ν̃τ /τ̃R LSPs with non-decoupled W̃ .

Figure 7. As in figure 3 but for the Ix̃�ℓ̃/τ̃ scenarios.
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Figure 8. Summary of minimum mass bounds on sparticle p̃ across the various Ip̃�x̃ benchmarks
considered, where x̃ corresponds to the LSPs. The vertical red line represents the direct production
mass bound when p̃ is the LSP, i.e., the limit corresponding to Dp̃.
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5 Conclusions and outlook

In this paper, we have systematically analyzed the RPV-MSSM and classified the possible
signatures at the LHC with the goal of compiling a minimal set of experimental searches
that provides complete coverage. Our study provides, for the first time, a completely
general and model-independent treatment of the phenomenology, for the case of small
RPV couplings. We briefly summarize the central results of the paper:

• As demonstrated, the phenomenological space for the most general RPV-MSSM setup
is vast and complicated. Nevertheless, we have shown that just 17 final state topolo-
gies (six for LLĒ, five for ŪD̄D̄, and six for LQD̄) are sufficient to provide complete
coverage for the RPV-MSSM at the LHC; we call this the ‘RPV Dictionary’. Our sig-
nature tables can be generated by using the accompanying abc-rpv Python library,
described in section C.

• Using the ‘RPV Dictionary’, we have analyzed the current coverage of the RPV-
MSSM at the LHC. In general, we find that even though most RPV scenarios have
not been searched for directly, the vast landscape of searches implemented by ATLAS
and CMS provides full coverage of the possible RPV-MSSM signatures.

• However, we do point out the need for strong experimental improvements in some of
the final states in order to achieve sensitivity to electroweak production cross-sections.
Some examples are found for LQD̄ and UD̄D̄ decays, such as ℓ̃ → jj, χ̃0

1 → jbν, and
χ̃0

1 → jjj.

• As an application of our framework, and in order to demonstrate the second point
above, we have performed numerical simulations specifically for the case of a dominant
LLĒ operator (single non-zero coupling at a time), in order to quantitively assess
the coverage. We have derived mass bounds on SUSY particles within several RPV
benchmark models corresponding to all relevant LSPs. We find that strong exclusion
limits comparable to, or even better than, the RPC-MSSM are obtained, and these
are robust across the wide range of models. Apart from clarifying the current status
of several of these scenarios for which there are no explicit exclusion limits in the
literature, our numerical examples demonstrate that our approach of using just a few
characteristic topologies to cover the most general RPV-MSSM setting is not merely a
reductionist fantasy, but can indeed offer a viable, model-independent search strategy.
We have left the detailed analyses of the LQD̄ and ŪD̄D̄ cases for future work.

We stress that there are a couple of limitations of our framework. As mentioned in
the main body, we require that all decays in the cascade chain are prompt, including that
of the LSP. Furthermore, we require that the final state decay products of the LSP are
not too soft to be detected. This assumption is crucial and restricts us to scenarios with
mLSP > O (200 GeV). Further, while we require the RPV coupling to be large enough to
cause the LSP to decay promptly, it cannot be too large, as that would modify the pattern
of the cascade decays. Similarly, adding exotic particles to the MSSM spectrum that can
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modify the sparticle decay chains also affects our analysis. In such cases, our classification
may not apply anymore. The most important restriction is that our approach — in priori-
tizing model independence — compromises on search sensitivity for certain scenarios. For
example, if the colored sector is always kinematically accessible at the LHC, stricter bounds
can be obtained by including the cascade decay products in the search signature, whereas,
in our approach, we only target decay products from the LSP. The former approach is
usually adopted by ATLAS and CMS in their searches for specific RPV-SUSY scenarios.

On the other hand, we believe our unbiased approach is highly relevant, given that no
supersymmetry has yet been discovered at the LHC, and with the HL-LHC era just around
the corner. Nevertheless, we have compiled auxiliary tables in section B that can help in
designing optimized search strategies in exchange for some model-independence.

As a continuation of this work, we shall pursue a detailed numerical treatment of the
LQD̄ and ŪD̄D̄ scenarios analogous to the LLĒ case considered in this paper. In those
cases, present coverage is less comprehensive and it is important to identify potential gaps.
Furthermore, we would like to extend the present work to a systematic study of the large
RPV coupling case, affecting both production and decay.
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A Decay modes for numerical simulations

We discuss the details of the decay modes used in the numerical simulations here. As
mentioned in section 4, all two-body decays are computed using MadGraph5_aMC@NLO; we
only discuss the higher-body decays that we set by hand here.

Gluino LSP benchmarks. For a given coupling, λiki with i, k ∈ {1, 2, 3}, we assume
the chain: g̃ → (q̃/q̃3)∗ + j → B̃∗ + 2j → 2L + Emiss

T + 2j, where 2L = {L+
i + L−

i } , {L+
i +

L−
k } , {L+

k + L−
i }, and we set the corresponding branching ratios (BRs) to be 0.5, 0.25, and

0.25, respectively. In the above, the asterisk denotes off-shell particles, and the nature of
the (s)quark is fixed by the scenario considered. We stress that the chosen decay chain and
BRs represent a non-trivial choice to facilitate numerical computation; alternate choices
are possible — e.g., the bino can be replaced by a wino or one flavor of slepton can be
decoupled, thus, affecting the BRs. That is, we take the perspective where the branching
ratios are taken to be the free variables, rather than the sparticle masses. Apart from
being a simpler approach, this also saves computational time since we no longer need to
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calculate complicated high-multiplicity decays. Even with alternate BR choices, we expect
the general implications of our results to hold.

Squark LSP benchmarks. This is very similar to the above. For a coupling λiki, we
assume the decay chain for the squarks to be: (q̃/q̃3)∗ → B̃∗ + j → 2L + Emiss

T + j, where
2L = {L+

i + L−
i } , {L+

i + L−
k } , {L+

k + L−
i }, and the BRs are set to 0.5, 0.25, and 0.25,

respectively.

Electroweakino LSP benchmarks.

• DW̃ : the neutral wino decays as: W̃ 0 → 2L + Emiss
T , for a coupling λiki, where

2L = {L+
i + L−

i } , {L+
i + L−

k } , {L+
k + L−

i }. We set the corresponding BRs to 0.5,
0.25, and 0.25, respectively. For the charged wino, we have the decay modes: W̃ + →
{L+

i + L−
i + L+

k } , {L+
i + L+

i + L−
k } , {L+

i + Emiss
T } , {L+

k + Emiss
T } (analogous for W̃−).

We set the BR to 0.25 for each mode.

• Ig̃�W̃ : the gluino decays as: g̃ → q̃∗ + jl → W̃ + 2jl.

• Iq̃�W̃ : the (singlet) squarks decay as: ũ/d̃ → g̃∗ + jl → q̃∗ + 2jl → W̃ + 3jl.

• DH̃ : the neutral Higgsinos decay as: H̃0
1(2) → B̃∗ + Z(h) → 2L + Emiss

T + Z(h), for a
coupling λiki, where 2L = {L+

i + L−
i } , {L+

i + L−
k } , {L+

k + L−
i }, with the BRs fixed to

0.5, 0.25, and 0.25, respectively. The case for H̃± is analogous, with Z(h) replaced
by W±.

• Ig̃�H̃ : here, the gluino is assumed to decay as: g̃ → q̃3
∗ + j3 → H̃ + 2j3.

• In all B̃ LSP scenarios, the bino decays as: B̃ → 2L + Emiss
T , for a coupling λiki,

where 2L = {L+
i + L−

i } , {L+
i + L−

k } , {L+
k + L−

i }, with the BRs set to 0.5, 0.25, and
0.25, respectively.

• Ig̃�B̃: the gluino is assumed to decay as: g̃ → q̃3
∗ + j3 → B̃ + 2j3.

Slepton LSP benchmarks.

• For all DL̃ scenarios, if a particular lepton does not couple directly to the considered
operator, the decay is assumed to proceed via an off-shell bino, e.g., µ̃R → B̃∗ + µ →
2L + µ + Emiss

T , where 2L = {L+
i + L−

i } , {L+
i + L−

k } , {L+
k + L−

i } (for a coupling λiki).
The corresponding BRs are set to 0.5, 0.25, and 0.25, respectively; and so on.

• Ig̃�L̃: the gluino is assumed to decay as: g̃ → q̃∗ + jl → B̃∗ + 2jl → L̃ + 2jl + L. Here,
L̃ refers to all the sleptons.

• IW̃�L̃: we assume that the only contributing decays are the two-body decay modes
of the wino into the left-handed sleptons; we set the decay widths of the modes into
the right-handed sleptons to be zero. This can occur if, for instance, any virtual
mediators that can lead to such a decay are completely decoupled.
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B Auxiliary tables

B.1 Production table

While compiling the ‘RPV Dictionary’ in section 3, we have taken a model-independent
approach. In order to completely cover the RPV-MSSM landscape (within our framework
assumptions), it is necessary to perform the searches compiled in tables 2–11. Often,
however, one is not interested in being completely general but may have a bias for certain
classes of models. For instance, it is usual in the literature to focus on scenarios where a
given LSP is produced at the LHC in cascade decays of the colored sparticles; scenarios
where all sparticles other than the LSP are completely decoupled are less common. Given
such a bias, one can optimize the ‘RPV Dictionary’ by adding the objects that would arise
from such cascades.

In order to facilitate the inclusion of the above, table 17 provides a list of the objects
that arise in cascade-decays for each relevant production mode for each LSP. For instance,
with a gluino LSP, the only relevant mode is gluino-pair production since every other chan-
nel will have a lower cross-section. For squark LSP(s), however, squark-pair, gluino-pair,
and associated production are all relevant since the latter two contribute with high cross-
sections when a gluino is not decoupled. Table 17 shows that the cascade to the LSP from
gluino-pair (associated-pair) production leads to 2 extra jets (1 extra jet). These can then
be used to optimize searches for models with squark LSPs and non-decoupled gluinos by
adding the extra jet(s) to the relevant squark LSP signatures in tables 2–11. We note that
each value in the table represents the maximal set of objects that is guaranteed to arise in
the cascade without knowing the details of the spectrum; however, more objects can always
be present in specific scenarios. Further, to be economical, we have grouped left-handed
and right-handed sparticles into one category but it is straightforward to expand them out.

B.2 Flavor, sign configurations of leptons

Here, we compile tables that show the possible flavor and sign combinations of the leptons
in the signatures of tables 2–11. In all the tables below, the indices i, j, k ∈ {1, 2, 3}, while
the indices a, b ∈ {1, 2}; ℓ̃3 denotes a τ . For each listed configuration, the charge conjugated
state (if different) is also possible but we omit listing it explicitly.

LLE signatures. The flavor and sign combinations of the leptons corresponding to the
various LLĒ topologies are shown in table 18 (2L + Emiss

T ); table 19 (3L + Emiss
T ); table 20

(4L); table 21 (4L+(0−4)j +Emiss
T ); table 22 (5L+Emiss

T ); and table 23 (6L+Emiss
T ). The

combinations corresponding to B̃ also apply to the Higgsino and all colored-sector LSPs.

UDD tables. For the ŪD̄D̄ topologies, the possible combinations are shown in table 24
(1L + 2jl + 4j + Emiss

T ); and table 25 (2L + 2jl + 4j).

LQD tables. Finally, for the LQD̄ topologies, the possible configurations are shown in
table 26 (1L+(2−6)j +Emiss

T ); table 27 (2L+(2−6)j +(Emiss
T )); table 28 (3L+4j +Emiss

T );
and table 29 (4L + 4j). The B̃ configurations apply to the other electroweakinos, and the
colored LSPs.
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ẽẽ
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Table 17. Objects arising in the cascade decays of various pairs of parent sparticles (columns) down
to the LSP(s) (rows). These can be added to the corresponding LSP signatures given in tables 2–
11 to optimize searches. +− indicates an empty set while × indicates that the corresponding
production channel is not relevant for the given LSP because the cross-section is either lower than
or comparable to the cross-section for direct pair production of the LSP.
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LSP Coupling Signature
ẽa λaba a ̸= b ℓ+

a ℓ−a /ℓ+
b ℓ−b /ℓ+

a ℓ−b
ẽb λa3b ℓ+

a ℓ−a /ℓ+
a τ−

τ̃R λab3 a ̸= b ℓ+
a ℓ−a /ℓ+

b ℓ−b /ℓ+
a ℓ−b

τ̃R λa33 ℓ+
a ℓ−a /ℓ+

a τ−

Table 18. 2L + Emiss
T .

LSP Coupling Signature
ℓ̃a (ν̃a) λabc a ̸= b ℓ+

b ℓ+
c ℓ−c /ℓ−b ℓ+

c ℓ+
c

ℓ̃a (ν̃a) λa3b ℓ+
b ℓ+

b τ−/ℓ+
b ℓ−b τ+

ℓ̃a (ν̃a) λab3 a ̸= b ℓ+
b τ+τ−/ℓ−b τ+τ+

ℓ̃a (ν̃a) λa33 τ+τ+τ−

τ̃L (ν̃τ ) λa3b ℓ−a ℓ+
b ℓ+

b /ℓ+
a ℓ+

b ℓ−b
τ̃L (ν̃τ ) λa33 ℓ+

a τ+τ−/ℓ−a τ+τ+

Table 19. 3L + Emiss
T .

LSP Coupling Signature
ℓ̃a (ν̃a) λabc a ̸= b ℓ+

b ℓ+
b ℓ−c ℓ−c /ℓ+

b ℓ−b ℓ+
c ℓ−c

ℓ̃a (ν̃a) λa3b ℓ−b ℓ−b τ+τ+/ℓ+
b ℓ−b τ+τ−

ℓ̃a (ν̃a) λab3 a ̸= b ℓ−b ℓ−b τ+τ+/ℓ+
b ℓ−b τ+τ−

ℓ̃a (ν̃a) λa33 τ+τ+τ−τ−

τ̃L (ν̃τ ) λa3b ℓ+
a ℓ+

a ℓ−b ℓ−b /ℓ+
a ℓ−a ℓ+

b ℓ−b
τ̃L (ν̃τ ) λa33 ℓ−a ℓ−a τ+τ+/ℓ+

a ℓ−a τ+τ−

Table 20. 4L.

LSP Coupling Signature
B̃ λijk i ̸= j ℓ+

i ℓ+
i ℓ−k ℓ−k /ℓ+

i ℓ−i ℓ+
k ℓ−k /ℓ+

j ℓ+
j ℓ−k ℓ−k /ℓ+

j ℓ−j ℓ+
k ℓ−k /ℓ+

i ℓ+
j ℓ−k ℓ−k /ℓ+

i ℓ−j ℓ+
k ℓ−k

W̃ λijk i ̸= j ℓ+
i ℓ+

j ℓ−k ℓ−k /ℓ+
i ℓ−j ℓ+

k ℓ−k

Table 21. 4L + (0 − 4)j + Emiss
T .

LSP Coupling Signature
τ̃L (ν̃) λaba a ̸= b ℓ+

a ℓ+
a ℓ−a ℓ−a τ+/ℓ+

a ℓ−a ℓ+
b ℓ−b τ+/ℓ+

a ℓ+
a ℓ−b ℓ−b τ+/ℓ+

a ℓ+
a ℓ−a ℓ+

b τ+

τ̃L (ν̃) λab3 a ̸= b ℓ−a ℓ−a τ+τ+τ+/ℓ−b ℓ−b τ+τ+τ+/ℓ+
a ℓ−a τ+τ+τ−/ℓ+

b ℓ−b τ+τ+τ−/ℓ−a ℓ−b τ+τ+τ+/ℓ+
a ℓ−b τ+τ+τ−

Table 22. 5L + Emiss
T .

LSP Coupling Signature

ẽa λab3 a ̸= b ℓ+
a ℓ−a ℓ−a ℓ−a τ+τ+/ℓ+

a ℓ−a ℓ−b ℓ−b τ+τ+/ℓ+
a ℓ+

a ℓ−a ℓ−a τ+τ−/ℓ+
a ℓ−a ℓ+

b ℓ−b τ+τ−/ℓ+
a ℓ−a ℓ−a ℓ−b τ+τ+/ℓ+

a ℓ+
a ℓ−a ℓ−b τ+τ−

ẽb λa33 ℓ+
a ℓ−a ℓ−a τ+τ+τ−/ℓ+

a ℓ−a ℓ−a ℓ−a τ+τ+/ℓ+
a ℓ+

a ℓ−a ℓ−a τ+τ−

τ̃L (ν̃) λaba a ̸= b ℓ+
a ℓ+

a ℓ−a ℓ−a τ+τ−/ℓ+
a ℓ−a ℓ+

b ℓ−b τ+τ−/ℓ+
a ℓ+

a ℓ−b ℓ−b τ+τ−/ℓ+
a ℓ+

a ℓ−a ℓ+
b τ+τ−

τ̃L (ν̃) λab3 a ̸= b ℓ−a ℓ−a τ+τ+τ+τ−/ℓ−b ℓ−b τ+τ+τ+τ−/ℓ+
a ℓ−a τ+τ+τ−τ−/ℓ+

b ℓ−b τ+τ+τ−τ−/ℓ−a ℓ−b τ+τ+τ+τ−/ℓ+
a ℓ−b τ+τ+τ−τ−

τ̃R λaba a ̸= b ℓ+
a ℓ+

a ℓ−a ℓ−a τ+τ−/ℓ+
a ℓ−a ℓ+

b ℓ−b τ+τ−/ℓ+
a ℓ+

a ℓ−b ℓ−b τ+τ−/ℓ+
a ℓ−a ℓ−a ℓ+

b τ+τ−

τ̃R λa3b ℓ+
a ℓ+

a ℓ−b ℓ−b τ+τ−/ℓ+
a ℓ−a ℓ+

b ℓ−b τ+τ−/ℓ+
a ℓ−b ℓ−b τ+τ+τ−/ℓ−a ℓ+

b ℓ−b τ+τ+τ−

Table 23. 6L + Emiss
T .

LSP Coupling Signature
ℓ̃a (ν̃a) λ′′

ijk ℓ+
a

τ̃L (ν̃) λ′′
ijk τ+

Table 24. 1L + 2jl + 4j + Emiss
T .

LSP Coupling Signature
ℓ̃a (ν̃a) λ′′

ijk ℓ+
a ℓ−a

ẽa λ′′
ijk ℓ+

a ℓ−a
τ̃L (ν̃) λ′′

ijk τ+τ−

τ̃R λ′′
ijk τ+τ−

Table 25. 2L + 2jl + 4j.
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LSP Coupling Signature
B̃ λ′

ijk ℓ+
i

ℓ̃a(ν̃a) λ′
33k ℓ+

a
τ̃L (ν̃τ ) λ′

a3k τ+

Table 26. 1L + (2 − 6)j + Emiss
T .

LSP Coupling Signature
B̃ λ′

ijk ℓ+
i ℓ−i /ℓ+

i ℓ+
i

ℓ̃a(ν̃a) λ′
3ak ℓ+

a τ+/ℓ+
a τ−

ℓ̃a(ν̃a) λ′
33k ℓ+

a ℓ−a /ℓ+
a τ+/ℓ+

a τ−

τ̃L (ν̃τ ) λ′
abk ℓ+

a τ+/ℓ+
a τ−

τ̃L (ν̃τ ) λ′
a3k ℓ+

a τ+/ℓ+
a τ−/τ+τ−

ẽa λ′
i3k ℓ+

a ℓ−a
τ̃ λ′

i3k τ+τ−

Table 27. 2L + (2 − 6)j + (Emiss
T ).

LSP Coupling Signature
ℓ̃a(ν̃a) λ′

3jk ℓ+
a ℓ−a τ+/ℓ+

a τ+τ−/ℓ+
a τ+τ+/ℓ+

a τ−τ−

τ̃L (ν̃τ ) λ′
ajk ℓ+

a ℓ−a τ+/ℓ+
a ℓ+

a τ+/ℓ−a ℓ−a τ+/ℓ+
a τ+τ−

ẽa λ′
ijk ℓ+

a ℓ−a ℓ+
i

τ̃ λ′
i3k ℓ+

i τ+τ−

Table 28. 3L + 4j + Emiss
T .

LSP Coupling Signature
ℓ̃a(ν̃a) λ′

3jk ℓ+
a ℓ−a τ+τ−/ℓ+

a ℓ−a τ+τ+

τ̃L (ν̃τ ) λ′
ajk ℓ+

a ℓ−a τ+τ−/ℓ+
a ℓ+

a τ+τ−

ẽa λ′
ijk ℓ+

a ℓ−a ℓ+
i ℓ−i /ℓ+

a ℓ−a ℓ+
i ℓ+

i

τ̃ λ′
i3k ℓ+

i ℓ−i τ+τ−/ℓ+
i ℓ+

i τ+τ−

Table 29. 4L + 4j.

C abc-rpv, the RPV Python library

abc-rpv15 is a Python library that provides a framework for analyzing the collider sig-
natures of the RPV-MSSM. Users are provided with various functionalities to explore the
landscape of RPV-MSSM physics within the context of small RPV couplings. In this sec-
tion, we provide a short introduction to the library. A complete manual will be provided
as a separate document/paper in the future.

C.1 Introduction

The code starts by generating all possible transitions from one sparticle to another, based on
the vertices provided in the input table (table_notsup.csv) stored in the input directory.
Using this, it can obtain the resulting signature for a decay chain from any LSP to a
sparticle directly coupled to an RPV operator; the latter, then, simply decays into purely
Standard Model objects. Going through all combinations of LSP type, and RPV couplings
(in terms of categories defined in tables 2–11), all possible decay chains and signatures are
compiled into tables. These tables are the output available to the user that can then be
analyzed using the functions described below. By default, all output tables are already

15abc-rpv Python library is available at: https://github.com/kys-sheng/abc-rpv.git.
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generated using the default input table, and are readily available in the data directory.
The user does not need to generate the tables unless the input table is modified.

C.2 Assumptions and caveats

In the implementation of our code, there are a few assumptions and caveats worth noting:

• All possible transitions are constructed from vertices provided in table_notsup.csv
in the input directory. The vertices provided in this table need not be a 3-point vertex.

• The input table (table_notsup.csv) contains vertices that allow transitions from
one sparticle to another while producing standard model particles. By default, only
non-suppressed transitions based on the MSSM interactions are included; we use
modified versions of the tables compiled in ref. [96] for classifying vertices as sup-
pressed or non-suppressed. Note that the input table can be modified by the user,
as needed. This allows one to regenerate the output tables with custom vertices.

• While generating the decay chains for the LSPs, only the shortest chain is constructed
by default. Users also have the option to generate all possible chains up to 3 transi-
tions.

• The decay chains do not contain repeating sparticles.

C.3 Usage

Please refer to Tutorial.ipynb available at https://github.com/kys-sheng/abc-rpv.git for
a complete tutorial of the Python library. We only discuss basic functionality here.

Syntax. Tables 30 and 31 show the syntax used in the code. One can also refer to
rpv_definitions.py for more information.

Dictionaries. In the library, there are a few built-in dictionaries that contain the output
tables generated from the code.

• ONE_LSP_RPV_DECAY_DICT: contains details for all possible RPV decays of one LSP.
Information regarding RPV coupling category, signature, decay chains, number of
vertices is included.

• TWO_LSP_RPV_DECAY_DICT: contains details for all possible RPV decays of a pair16

of LSPs (decay via same category of RPV coupling). Information regarding RPV
coupling category, signature, decay chains, number of vertices is included.

• TWO_LSP_MIXED_RPV_DECAY_DICT: contains details for all possible RPV decays of a
pair of LSPs (decay via different categories of RPV couplings). Information regarding
RPV coupling categories, signature, decay chains, number of vertices is included.

• ONE_LSP_SIG_CAT_DICT: contains final state signatures arising from decay of one
LSP, categorized by RPV coupling; similar to tables 2–11.

16We restrict to the case where both LSPs are the same, or belong to the same SU(2)L doublet.
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Code Syntax Sparticles

B Bino, B
W^+ Charged Wino
W^0 Neutral Wino
G Gluino

H^+ Charged Higgsino
H^0 Neutral Higgsino
q ũL, d̃L, c̃L, s̃L

d d̃R, s̃R

u ũR, c̃R

l ẽL, µ̃L

nu ν̃e, ν̃µ

e ẽR, µ̃R

t_L t̃L

b_L b̃L

t t̃R

b b̃R

tau_L τ̃L

tau τ̃R

nu_tau ν̃τ

Table 30. Syntax for sparticles used in the code.

Symbol Particles (Final State Objects)

l e/µ

T τ

L e/µ/τ

j u/d/c/s jets
b b jets
t t jets
3 t/b jets
J u/d/c/s/t/b jets
v W/Z/h

X MET

Table 31. One-character syntax for final state objects used in the code.
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• TWO_LSP_SIG_CAT_DICT: contains final state signatures arising from decay of pair of
LSPs, categorized by RPV coupling; similar to tables 2–11.

Note that the above dictionaries are regenerated upon using different input transition
tables, as well as different table generation choices (e.g., decay chain length).

Main functions. Although the dictionaries by themselves contain all relevant informa-
tion, it is more efficient and powerful to use the functions provided in the library to analyze
the data. We describe the basic usage here; refer to Tutorial.ipynb for more details.

One LSP decay.

• find_one_lsp_from_signature
Using the signature as input, this function finds all LSPs with decay chains leading
to the given final state. Alongside with the LSP, the relevant RPV couplings and
decay chains are also returned.

• find_one_lsp_from_signature_inclusive
Similar to find_one_lsp_from_signature, but in the inclusive mode (e.g., one can
choose njets > 3 instead of njets = 3).

• find_signatures_from_one_lsp
Using the LSP as input, this function finds all possible signatures that can arise in
the LSP decay. Alongside with the signatures, the relevant RPV couplings and decay
chains are also returned.

LSP pair decay; same coupling category.

• find_two_lsp_from_signature:
Similar to find_one_lsp_from_signature but returns all pairs of LSPs leading to
the input signature.

• find_two_lsp_from_signature_inclusive:
Inclusive mode of find_two_lsp_from_signature.

• find_signatures_from_two_lsp:
Similar to find_signatures_from_one_lsp but for a pair of input LSPs.

In all of the above, the pair is assumed to decay via the same (category of) RPV coupling.

LSP pair decay; different coupling categories.

• find_two_lsp_from_signature_mixed_couplings

• find_two_lsp_from_signature_mixed_couplings_inclusive

• find_signatures_from_two_lsp_mixed_couplings

Analogous to the above but for LSP pair decaying via different (categories of) RPV cou-
plings.
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Advanced usage. By default, all dictionaries and tables are regenerated automatically
from the input table if all the csv files in the data directory are deleted. Thus, users can
generate all the tables based on their custom input table (table_notsup.csv) by deleting
the csv files in the data directory and reimporting the library. A step-by-step example
demonstrating this will be provided in the complete manual.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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