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1. Introduction

Supersymmetry (SUSY) [1 – 4] is an extension of the Standard Model (SM) which assigns
to each SM field a superpartner field with a spin differing by a half unit. SUSY provides elegant
solutions to several open issues in the SM, such as the hierarchy problem, the identity of dark
matter, and grand unification.

SUSY searches in collider experiments typically focus on events with high transverse miss-
ing energy (Emiss

T ) which can arise from the (weakly interacting) lightest supersymmetric particle
(LSP), in the case of R-parity conserving (RPC) SUSY, or from neutrinos produced in LSP decays,
when R-parity is violated (RPV). Hence, the event selection criteria of inclusive channels are based
on large Emiss

T , no or few light leptons (e, µ), many jets and/or b-jets, τ-leptons and photons. The
exact sets of cuts (signal regions, SRs) are a compromise between the necessity to suppress events
coming from known SM processes while maintaining a statistically sufficient number of surviving
SUSY events. Typical SM backgrounds are top-quark production — including single-top —, W /Z
in association with jets, dibosons and QCD multi-jet events. These are estimated using semi- or
fully data-driven techniques in so-called control regions (CRs). Before unblinding the SRs, the
background estimation is validated in validation regions (VRs), which lie between the defined SRs
and CRs. Less dominant backgrounds are estimated by Monte Carlo (MC) simulation. Although
the various analyses are motivated and optimised for a specific SUSY scenario or topology, the
interpretation of the results may be extended to various SUSY models, hence both collaborations
are investing huge effort to facilitate the reinterpretation of their search results [5].

A summary of recent results (as of September 2019) on searches for SUSY with and with-
out R-parity conservation is presented. The majority of the reported results are based on up to
∼ 140 fb−1 of data from pp collisions at a centre-of-mass energy of

√
s = 13 TeV recorded by AT-

LAS [6] and CMS [7] during Run 2 (2015–2018) at the Large Hadron Collider (LHC) [8]. Analyses
exploring R-parity conserving SUSY models are currently divided into inclusive searches for: (a)
squarks and gluinos, (b) third-generation fermions, and (c) electroweak production (χ̃0, χ̃±, ˜̀).
Recent results from each category of ATLAS searches are presented in Sections 2, 3 and 4, respec-
tively. Searches designed to look for models with broken R-parity are discussed in Section 5, while
in Section 6 recent developments on the long-lived-sparticle front are presented. Lastly, Section 7
summarises the results presented here.

2. Squarks and gluinos

The production of the supersymmetric partners of quarks and gluons (squarks and gluinos) is
characterised by large cross-sections at the LHC. Strong SUSY production is searched in events
with large jet multiplicities and high missing transverse momentum, with and without leptons.
Various channels fall into this class of searches; here two cases are showcased: the fully hadronic
channel and the final state with two-same sign or three leptons.

2.1 Fully hadronic channel

In the 0-lepton analyses, selection strategies to search for squarks and gluinos in final states
containing several jets, missing transverse momentum but no electrons or muons are presented.
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Both collaborations have developed and utilised new techniques and novel observables with respect
to earlier searches [9, 10].

In the first search reported here [11], CMS used a sample of pp collisions corresponding to
an integrated luminosity of 137 fb−1, representing essentially the full LHC Run 2 data sample.
The analysis was performed in 174 nonoverlapping search bins in a four-dimensional search region
defined in terms of the number of jets, the number of b-tagged jets, the scalar sum of jet transverse
momenta, HT, and the magnitude of the vector sum of jet transverse momenta, Hmiss

T . The events
were required to satisfy Hmiss

T > 300 GeV, HT > 300 GeV, and to have at least two jets with
transverse momentum pT > 30 GeV. Events with isolated high-pT leptons or photons were vetoed.

The principal backgrounds arise from events with neutrino production or jet mismeasurement.
The SM background was evaluated using control regions in data supplemented by information from
MC event simulation [11]. The Hmiss

T distributions of Figure 1 depict a comparison between the
background predictions, the data and two example signal scenarios, one with ∆m� 0 and the other
with ∆m' 0, where ∆m is the difference between the g̃ or q̃ mass and the sum of the masses of the
particles into which it decays.

Figure 1: One-dimensional projection of the data
and pre-fit SM predictions in Hmiss

T . The hatched
regions indicate the total uncertainties in the back-
ground predictions. The distributions for two exam-
ple signal scenarios are also shown. From [11].

Figure 2: 95% CL exclusion limits for light-flavour
q̃q̃ production using MT2. The thick (thin) black
curves show the observed limits (uncertainties),
while the dashed red lines indicate the expected lim-
its with ±1σ and ±2σ ranges. From [12].

No significant excess in the event yield was observed relative to the expected background con-
tributions from SM processes. Limits on the pair production of gluinos and squarks were obtained
in the framework of simplified models for sparticle production and decay processes. Assuming the
LSP to be the χ̃0

1 , lower limits on the g̃ mass as large as 2000 to 2310 GeV were obtained at 95%
confidence level (CL), while lower limits on the q̃ mass as large as 1190 to 1630 GeV were set,
depending on the production scenario [11].

Another inclusive search has been performed by CMS targeting SUSY and other beyond-the-
SM (BSM) scenarios, based on signal regions defined by the hadronic energy in the event, the jet
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multiplicity, the number of b-jets, and the value of the kinematic variable MT2 [13] for events with
at least two jets [12]. For events with exactly one jet, the jet pT is used instead. The MT2 variable
quantifies the transverse momentum imbalance of the event.

No excess event yield was observed above the predicted SM background. A range of BSM
models have been constrained, with the pair production of gluinos and squarks in the context of
SUSY conserving R-parity being among them. As an example, the exclusion limits for light-flavour
squark pair production are shown in Figure 2 for two assumptions: one light q̃ or the sum from all
light q̃L and q̃R. This search probed g̃ masses up to 2250 GeV and χ̃0

1 masses up to 1525 GeV, as
well as light-flavour, bottom, and top squark masses up to 1710, 1240, and 1200 GeV, respectively,
and χ̃0

1 masses up to 870, 700, and 580 GeV in each respective scenario [12].
ATLAS released results from a fully hadronic search [14] based on 139 fb−1, representing the

full Run 2 dataset. Two approaches were followed. The first was based on a multiple-bin analysis in
the effective mass, meff, defined as the scalar sum of Emiss

T and the pT of all jets with pT > 50 GeV,
extending the previous ATLAS search [9]. Among other preselection cuts, events were required to
have Emiss

T > 300 GeV and meff > 800 GeV. The second approach, referred to as the BDT search,
was a complementary search which used boosted decision trees (BDTs) implemented in the TMVA
framework [15] for the event selection. The BDT search improved the sensitivity to models where
gluinos decay via an intermediate chargino because of its highly optimised design and ability to
exploit the correlations between variables.

Figure 3: Exclusion limits for the combined q̃q̃,
g̃g̃ and q̃g̃ production, assuming a massless purely
bino χ̃0

1 . Expected limits from the multi-bin (MB)
and BDT searches are also shown, with the yellow
bands indicating the ±1σ range of the expected
fluctuations due to experimental and background-
only theoretical uncertainties. Observed limits are
indicated by maroon curves where the solid (dot-
ted) contour represents the nominal limit (signal
cross-section theoretical uncertainties). From [14].

No significant deviation from the background expectation was found. Results were interpreted
in terms of simplified models with only first- and second-generation squarks, or gluinos, together
with a χ̃0

1 LSP, with the masses of all other SUSY particles effectively decoupled. For a massless
χ̃0

1 , gluino masses below 2.35 TeV were excluded at 95% CL in a simplified model with only
gluinos and the lightest neutralino [14]. For a simplified model involving the strong production of
squarks of the first and second generations, with decays to a massless χ̃0

1 , q̃ masses below 1.94 TeV
were excluded, assuming mass-degenerate squarks of the first two generations. In models with q̃q̃
and g̃g̃, each decaying via an intermediate χ̃± to one quark or two quarks, a W boson and a χ̃0

1 , q̃
masses below 1.59 TeV and g̃ masses below 2.19 TeV were excluded for massless χ̃0

1 . As shown in
Figure 3, in models with combined production of squark pairs, gluino pairs, and of squark-gluino
pairs, a lower limit of 3000 GeV for equal q̃ and g̃ mass was found for the scenario with a massless
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χ̃0
1 . These results substantially extended the region of supersymmetric parameter space previously

excluded by similar ATLAS searches [9], also shown in Figure 3.

2.2 Two same-sign or three leptons

In the SM, the production of multiple jets in conjunction with two same-sign (SS) or three or
more charged leptons is a very rare process in proton-proton collisions. Therefore, these final states
provide a promising starting point in the search for BSM physics. In SUSY models, for instance,
the decay chain of pair-produced gluinos or squarks can contain multiple W or Z bosons, possibly
including one or several pairs of SS W bosons. Such a decay chain is realised, for example in
g̃ pair production, when a g̃ decays into a tt̄ and a χ̃0

1 , the T1tttt model. The results of such an
analysis [16] conducted by CMS with 137 fb−1 is shown in Figure 4 in the m

χ̃0
1

vs. mg̃ plane. The
lower mass limits are as large as 2.1 TeV for gluinos (when it decays via g̃→ tbs through an RPV
λ ′′ coupling) and 0.9 TeV for top and bottom squarks, depending on the details of the model. The
results extended the g̃ and q̃ mass observed and expected exclusions by up to 200 GeV compared
to the previous versions of this analysis [17, 18].

Figure 4: 95% CL exclusion region for the T1tttt
model. The colour scale shows the excluded cross-
section values. The solid black thick (thin) curve
shows the observed exclusion limit (its ±1σ vari-
ations). The dashed red curves show the expected
limits with ±1σ and ±2σ uncertainties. From [16].

Figure 5: 95% CL exclusion limits on g̃g̃ produc-
tion with a decay chain involving an RPV λ ′′313 cou-
pling. The yellow band displays the ±1σ range of
the expected fluctuations around the mean expected
limit. The signal process cross-section uncertainties
in are represented by the dashed lines around the
observed limits. The reach of the previous analy-
sis [19] is also shown. From [20].

In the ATLAS search [20], also using the full Run 2 dataset, five signal regions were defined
to cover a broad range of supersymmetric process signatures, assuming R-parity conservation or
violation. With no significant excess over the SM prediction, results were interpreted in the frame-
work of four simplified models featuring pair production of gluinos or third-generation squarks.
Lower limits on particle masses were derived at 95% CL for these models, reaching up to 1.6 TeV
for gluinos and 750 GeV for bottom and top squarks, significantly extending the previous exclusion
limits obtained with a similar search [19] for a smaller dataset. An example of limits for an RPV
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simplified model of g̃ pair production and g̃→ t̃t with t̃ → bd is shown in Figure 5, obtained with
the (RPV optimised) Rpv2L SR. Model-independent limits on the cross-section of possible BSM
signal contributions to the SRs were also reported [20].

3. Third-generation squarks

The mixing of left- and right-handed gauge states which provides the mass eigenstates of the
scalar quarks and leptons can lead to relatively light 3rd generation particles. Stop (t̃1) and sbottom
(b̃1) with a sub-TeV mass are favoured by the naturalness argument [21, 22], while the stau (τ̃1)
is the lightest ˜̀ in many models. Therefore, these sparticles could be abundantly produced either
directly or through g̃ production and subsequent decay. Such events are characterised by several
energetic jets (some of them b-jets), possibly accompanied by light leptons, as well as large Emiss

T .

3.1 Stop pair production

CMS searched for the t̃ in final states with one isolated electron or muon, jets and high Emiss
T

using 137 fb−1 of pp collision data at
√

s= 13 TeV [23]. One of the variables used in the analysis is
a modified version of the topness variable [24], tmod, defined in Ref. [25]. The tmod variable is a χ2-
like variable that discriminates signal from leptonically decaying tt̄ events: an event with a small
value of tmod is likely to be a dilepton tt̄ event, while signal events tend to have larger tmod values.
This is illustrated in Figure 6, where tmod distributions are shown after the preselection requirements
for SM background processes, obtained with MC simulation, and three signal scenarios.

Figure 6: tmod distributions after preselection re-
quirements for SM background and three signal hy-
potheses; the numbers in the legends refer to mt̃ and
m

χ̃0
1
, respectively. For models with bχ̃

±
1 decays,

m
χ̃
±
1
= (mt̃ + m

χ̃0
1
)/2. The green, dashed vertical

lines mark the locations of the binning or tagging
requirements. From [23].

Figure 7: 95% CL exclusion limits for t̃ ¯̃t→ tt̄ χ̃0
1 χ̃0

1 .
The coloured map shows the upper limits on the pro-
duction cross-section. The thick (thin) black curve
shows the observed exclusion region (its theoretical
uncertainties). The red curves show the expected
exclusion and its uncertainties. From [23].

The observed data were consistent with the predicted SM background processes. Exclusions
were set in the context of simplified top squark pair production models. For models with a t̃ mass
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of 1 TeV, χ̃0
1 masses up to 600 GeV were excluded [23]. Depending on the model, exclusion limits

at 95% CL for t̃ masses up to 1.2 TeV were set for a massless χ̃0
1 , as shown in Figure 7. The white

band excluded from the limits corresponds to the region |mt̃−mt−m
χ̃0

1
|< 25 GeV, mt̃ < 275 GeV,

where the selection acceptance for top squark pair production changes rapidly and is therefore very
sensitive to the details of the simulation.

3.2 Sbottom pair production

The ATLAS experiment has searched for the b̃1 pair production using 139 fb−1 of pp data
at 13 TeV [26]. In the SUSY scenarios considered both bottom squarks decay via b̃1 → bχ̃0

2 .
Each χ̃0

2 is assumed to subsequently decay with 100% branching ratio into a Higgs boson and
the χ̃0

1 LSP: χ̃0
2 → hχ̃0

1 . The first signal mass configuration targeted has a constant LSP mass of
60 GeV motivated by dark-matter relic density measurements and might be favoured in Higgs-pole
annihilation scenarios [27], where m

χ̃0
1
=mh/2. The second scenario has a constant mass difference

m
χ̃0

2
−m

χ̃0
1
= 130 GeV, sufficient to produce an on-shell Higgs boson.

Figure 8: Results of the background-only fit to the
CRs extrapolated to all SRs. The upper (lower)
panel shows data and background (significance)
in each SR. The label “Other” includes diboson,
W+jets and tt̄ +W/Z/h backgrounds . From [26].

Figure 9: Exclusion contour at the 95% CL in
the (b̃1, χ̃

0
2 ) mass parameter space for the m

χ̃0
1
=

60 GeV signal scenario. The theory uncertainty
band contains the systematic uncertainties on the
signal model under consideration and the uncer-
tainty in the signal cross-section. From [26].

The final states considered contain no charged leptons, three or more b-jets, and large Emiss
T .

Three sets of non-orthogonal SRs were defined to target different mass hierarchies of the SUSY
particles involved. These definitions exploited various discriminating observables and algorithms
developed to explicitly reconstruct Higgs boson candidates in the decay chain. As shown in Fig-
ure 8, no significant excess of events over the SM background expectation was observed in any of
the signal regions considered. Limits at the 95% CL were placed in the supersymmetric models
considered, and bottom-squarks with mass up to 1.5 TeV were excluded [26]. As illustrated in
Figure 9, the limits for the m

χ̃0
1
= 60 GeV scenario extend considerably further than those from an

earlier similar analysis [28].
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4. Electroweak gaugino and slepton production

Electroweak SUSY production is motivated by naturalness [21, 22] and it is complementary to
searches focusing on strongly produced sparticles. Natural models of SUSY favour light chargino
and neutralino masses, in a range well accessible at the LHC. In the event that the strong production
is sufficiently suppressed due to heavy squarks and gluinos, electroweak (EW) SUSY production
may be the dominant SUSY production mechanism at the LHC.

4.1 Electroweakinos with h→ γγ

Two analyses are presented here, one from each experiment, CMS and ATLAS, which target
weak gaugino or electroweakino (χ̃0 and χ̃±) production with at least one Higgs boson being
produced and decaying to two photons. The presence of charged leptons, additional Higgs boson
candidates, and various kinematic variables were used to categorise events into search regions
that are sensitive to different SUSY scenarios. The CMS results [29] were based on pp data at
13 TeV corresponding to 77.5 fb−1. Photon pairs in the central region of the detector were used
to reconstruct Higgs boson candidates in their invariant mass, mγγ , distribution, as depicted in
Figure 10. Charged leptons and b-jets were used to identify the decay products of an additional
boson.

Figure 10: The diphoton mass distribution for an
example search bin with the signal-plus-background
fit. From [29].

Figure 11: 95% CL observed (red solid line) and
expected (black dashed line) exclusion limits for the
χ̃
±
1 χ̃0

2 production. From [30].

No statistically significant excess of events was observed relative to the SM expectations,
hence CMS excluded wino-like χ̃

±
1 χ̃0

2 production for m
χ̃
±
1
= m

χ̃0
2
< 235 GeV with a mG̃ = 1 GeV

and higgsino-like χ̃
±
1 χ̃0

2 production in the case where the χ̃0
1 decays exclusively to a Higgs boson

and a gravitino G̃ for m
χ̃0

1
< 290 GeV [29].

The ATLAS study was based on the full Run 2 dataset of 139 fb−1 [30]. No significant excess
over the expected background was observed. Upper limits at 95% CL for a massless χ̃0

1 were set
on several electroweakino production cross-sections and on the visible cross-section for other BSM
physics processes. In the context of simplified SUSY models, 95% CL limits of up to 315 GeV in
m

χ̃
±
1 /χ̃0

2
, where m

χ̃0
1
= 0.5 GeV, were set. Limits at 95% CL were also set on the χ̃

±
1 χ̃0

2 cross-section

7
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in the mass plane of m
χ̃
±
1 /χ̃0

2
vs. m

χ̃0
1
, as shown in Figure 11, that extended significantly previous

results from the 36.1 fb−1 analysis [31].

4.2 Two leptons and large Emiss
T

ATLAS carried out a search [32] for the EW production of charginos and sleptons decaying
into final states with exactly two oppositely charged leptons and large Emiss

T with 139 fb−1 of
pp data. SRs vetoing or requiring exactly one energetic jet were defined. Three scenarios were
considered: the production of χ̃

±
1 χ̃
∓
1 , followed by their decays into final states with leptons and the

χ̃0
1 via either W bosons (cf. Figure 12, left) or ˜̀/ν̃ , and the direct production of ˜̀ pairs, where each

˜̀ decays directly into the χ̃0
1 and a lepton. No significant deviations from the SM expectations were

observed and limits at 95% CL were set on the masses of relevant supersymmetric particles in each
of these scenarios. For a massless χ̃0

1 , masses up to 420 GeV were excluded for the production of
the χ̃

±
1 pairs assuming W -boson-mediated decays, as shown in Figure 12 (right), greatly improving

limits obtained in an earlier search at 8 TeV [33]. For slepton-pair-mediated decays of χ̃
±
1 χ̃
∓
1

production, the exclusion reached m
χ̃
±
1
< 1 TeV, whereas for slepton-pair production masses up to

700 GeV were excluded assuming three generations of mass-degenerate sleptons.

Figure 12: SUSY simplified model for chargino-pair production with W -boson-mediated decays. Left:
Diagram of χ̃

±
1 χ̃
∓
1 with W mediation. Right: Observed and expected exclusion limits at 95% CL. The

yellow band corresponds to the ±1σ variations in the expected limit. The dotted lines around the observed
limit show the signal cross-section theoretical uncertainty. From [32].

4.3 Compressed spectra

Extensions of the SM that include new states with nearly degenerate masses can help to resolve
open issues in particle physics while evading constraints from experiments at high-energy colliders.
The mass spectra of such new states are referred to in the context of supersymmetric models as
compressed. If produced in high energy collisions, such events would be characterised by the
presence in the final state of low-momentum ‘soft’ leptons and/or jets. Therefore, triggering of
such events cannot rely on, e.g., isolated high-pT leptons and other strategies have been developed

8
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and applied by ATLAS and CMS to design the pertinent online and offline selections. Large-Emiss
T

triggers were mostly used to select such events.
The CMS search [34], based on 35.9 fb−1 collected in 2016, utilised events in four different

channels depending on the number and type of leptons: 0`jj, ejj, µjj, and τhjj, where τh denotes
a hadronically decaying τ lepton. This was the first search for SUSY in the vector-boson fusion
(VBF) topology with single soft-lepton, `, final states. The VBF topology required two well-
separated jets that appear in opposite hemispheres, with large invariant mass mjj. The observed mjj

and the mT(`, pmiss
T ) distributions did not reveal any evidence for new physics.

The results were used to exclude a range of χ̃
±
1 and χ̃0

2 gaugino masses. For a compressed
mass spectrum scenario, in which ∆m ≡ m(χ̃

±
1 )−m(χ̃

0
1 ) = 1(30) GeV and in which χ̃

±
1 and χ̃0

2

branching fractions to light sleptons are 100%, χ̃
±
1 and χ̃0

2 masses up to 112 (215) GeV were
excluded at 95% CL [34]. The four channels were combined and the results are presented in
Figure 13. For the scenario where the sleptons are too heavy and decays of the charginos and
neutralinos proceed via W and Z bosons, χ̃

±
1 and χ̃0

2 masses up to 112 (175) GeV were excluded at
95% CL for ∆m = 1(30) GeV.

Figure 13: Expected and observed 95% CL upper
limit on the signal cross-section as a function of m

χ̃
±
1

and ∆m, assuming the light slepton model with slep-
ton mass defined as the average of the χ̃0

2 and χ̃
±
1

masses. From [34].

Figure 14: Expected 95% CL sensitivity (dashed
lines) and its ±1σexp uncertainty (yellow band) for
direct slepton production. The observed limit (red
solid line) is shown with±1σtheory (dotted red line).
From [35].

The most recent ATLAS search of this kind [35] was performed on the full Run 2 dataset of
139 fb−1 by selecting events with Emiss

T , two same-flavour, opposite-charge, low-pT leptons, and
hadronic activity from initial-state radiation or characteristic of vector-boson fusion production.
The electrons or muons were required to have a minimum pT of 5 GeV, whilst the corresponding
requirement for the jet was pj

T > 100 GeV.
The data were found to be consistent with SM predictions. The results were interpreted using

simplified models of R-parity-conserving SUSY in which the LSP is the χ̃0
1 with a mass similar to

the χ̃
±
1 , the χ̃0

2 , or the ˜̀. Lower limits on the masses of charginos in different simplified models
ranged from 193 to 240 GeV for moderate mass splittings, and extended down to mass splittings
of 1.5 to 2.4 GeV at the LEP chargino bounds (92.4 GeV). Similar lower limits on degenerate
light-flavor sleptons extended up to masses of 251 GeV and down to mass splittings of 550 MeV,
as shown in Figure 14. Slepton ˜̀L ( ˜̀R) refers to ẽL and µ̃L (ẽR and µ̃R). The sleptons were

9



P
o
S
(
C
O
R
F
U
2
0
1
9
)
0
5
0

SUSY searches in ATLAS and CMS Vasiliki A. Mitsou

assumed to be fourfold mass degenerate with mẽL = mẽR = mµ̃L = mµ̃R . Previous limits from earlier
analyses [33, 36] are also shown. Constraints on vector-boson fusion production of electroweak
SUSY states were also set [35].

CMS has also carried out a search for compressed SUSY involving soft τ leptons [37]. It
is the first collider search with exactly one soft, hadronically decaying τ lepton and a large Emiss

T
resulting from the recoil effect of a high transverse momentum jet from initial state radiation. The
search utilised data corresponding to an integrated luminosity of 77.2 fb−1 collected in 2016 and
2017. This particular search targeted compressed mass spectra where the mass difference between
the χ̃

±
1 , or the χ̃0

2 , and the χ̃0
1 , ∆m, is 50 GeV. This choice was motivated by models considering

τ̃ – χ̃0
1 co-annihilation aiming to maintain consistency in the estimation of the relic dark matter

density between particle physics and cosmology. In the context of the MSSM, the search considered
purely electroweak production of τ̃ via cascading decays of χ̃

±
1 and χ̃0

2 as well as direct production
of τ̃ . The data did not reveal any evidence for new physics. The results were used to exclude a
range of χ̃

±
1 masses for a mass splitting ∆m(χ̃

±
1 , χ̃

0
1 ) of 50 GeV. For ∆m(χ̃

±
1 , χ̃

0
1 ) = 50 GeV and

B(χ̃
±
1 → τ̃ν→ τ χ̃0

1 ν) = 100%, χ̃
±
1 masses up to 290 GeV were excluded at 95% CL, as shown in

Figure 15. This sensitivity exceeded that of earlier τ̃ searches [36, 38 – 40]

Figure 15: The 95% CL observed (solid
black line) and expected (dashed black
line) upper limits on the SUSY produc-
tion cross-sections as a function of m(χ̃

±
1 ).

The solid (dashed) blue line is the theo-
retical cross-section (its uncertainty). The
green (yellow) band corresponds to the
±1σ (±2σ ) range about the central value
of the expected limit. From [37].

5. R-parity violating SUSY

R parity is defined as R = (−1)3(B−L)+2S, where B (L) is the baryon (lepton) number and S the
spin, respectively, granting R =+1 (R =−1) to all SM particles (SUSY partners) [41]. It is worth
emphasising that the conservation of R parity is merely an ad-hoc assumption with the only strict
limitation coming from the proton lifetime: non-conservation of both B and L leads to a rapid pro-
ton decay. R-parity conservation has serious consequences in SUSY phenomenology in colliders:
the SUSY particles are produced in pairs and, most importantly, the LSP is absolutely stable and
weakly interacting, thus providing the characteristic high Emiss

T in SUSY events at colliders. An in-
teresting feature of RPV SUSY is that it may be probed by looking for LSP resonances, something
not possible in RPC due to the invisible LSPs. Besides that, if the RPV coupling is sufficiently
small, the decay of the LSP into SM particles may be delayed, leading to distinctive signatures
discussed, among other cases of long-lived particles, in Section 6. In view of the null results in
conventional SUSY searches, it becomes necessary to fully explore non-standard SUSY scenarios
also involving RPV and/or quasi-stable particles.
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Several of the searches conducted by ATLAS and CMS include SRs optimised for RPV sce-
narios, such as the ones requiring two same-sign leptons, highlighted in Section 2.2 [16, 20]. The
results of an earlier ATLAS SS analysis [19], together with those of other dedicated RPV analyses
are projected onto the (mg̃, m

χ̃0
1
) plane in Figure 16 [42]. The signal models assume the decay

of the χ̃0
1 LSP into a charged lepton and two quarks, in the case of λ ′ coupling [19, 43], or three

quarks, when a λ ′′ coupling is considered [19, 43, 44].

Figure 16: Exclusion limits at 95% CL based on 13 TeV data in the (g̃, χ̃0
1 ) mass plane for different sim-

plified models featuring the decay of the g̃ to the χ̃0
1 LSP which in turn decays via RPV couplings to SM

particles. For each line, the g̃ decay mode is reported in the legend and it is assumed to proceed with 100%
branching ratio. Some limits depend on additional assumptions. From [42].

Even if an analysis does not target RPV SUSY, its results may be reinterpreted in terms of
suitable RPV models. Such reinterpretations have been carried out by ATLAS with 8 TeV [45] and
13 TeV searches [46]. The latter includes the reinterpretation of existing ATLAS analyses in models
with variable R-parity coupling strength. Three simplified models targeting RPV scenarios with
χ̃0

1 → qqq through a λ ′′ coupling, were analysed. The large variations in final state, and therefore
in sensitivity, as a function of the R-parity coupling strength motivate a thorough examination of
the full ATLAS SUSY coverage. Different degrees of sensitivity were observed as a function of λ ′′.
In the g̃ model with large branching fractions to top quarks, gluinos were excluded up to masses of
1.8 TeV, over the full range of lifetime and RPV coupling strengths. In the g̃ model with decays
to first and second generation quarks, the differences are even more striking: for low values of the
coupling, g̃ masses were excluded up to 2.0 TeV, but at high values of λ ′′ no limits were set [46].

The t̃ model is showcased in Figure 17, which exhibited large variations in the limits [46]. In
the RPC regime, and for low values of λ ′′323, the RPC stop 0L [47] and stop 1L [48] analyses set
the strongest limits. The reliance on high Emiss

T signatures quickly reduced the sensitivity at even
moderate values of λ ′′323 and χ̃0

1 lifetime. The RPV 1L analysis [43], in green, began setting limits
for slightly higher values of λ ′′323, setting its strongest limits around λ ′′ ' 10−2. The gap between

11
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the stop 0L/1L and RPV 1L analyses at λ ′′ ' 10−4, equivalent to χ̃0
1 lifetimes around 1 ns, can

potentially be closed by new searches utilising displaced vertices or displaced leptons. At very
high values of λ ′′323, the stop dijet pairs analysis [49], in black, placed limits for low values of the t̃
mass. The single stop resonant production, accessible via the dijet analysis [50] and Trigger-object
Level Analysis (TLA) [51], set extremely strong limits on t̃ mass of 2.4 TeV for high values of
λ ′′ ' 1.

Figure 17: Observed (solid lines) and expected (dashed lines) exclusion limits for the t̃ model as a function
of λ ′′323 and mt̃1 . The RPC-limit is shown on the leftmost part of the axes, while the region λ ′′323 > 1.07 is
forbidden by constraints from the renormalisation group equations. No expected limit is shown for the dijet
and TLA results. From [46].

6. Long-lived particles

In some supersymmetric theoretical scenarios, the existence of long-lived particles (LLPs)
is predicted [52], that may either decay within the typical volume of an LHC detector or may
traverse it entirely as (meta)stable. In the former case, it may give rise to displaced vertices [53 –
58], disappearing tracks [12, 59, 60] or other signatures. On the other hand, heavy stable charged
particles can be probed though the anomalous ionisation that they give rise to [61, 62]. The general-
purpose ATLAS and CMS experiments at the LHC are searching for and have set limits in LLP
scenarios [63, 64]. Besides them, dedicated detectors are being proposed to explore these less-
constrained manifestations of BSM physics [64].

6.1 Displaced vertices

A search for long-lived particles decaying into an oppositely charged lepton pair, µµ , ee, or
eµ , was carried out by ATLAS using 32.8 fb−1 of pp collision data at 13 TeV [57]. Candidate lep-
tons were required to form a vertex, within the inner tracking volume of ATLAS, displaced from
the primary pp interaction region. The standard tracking requirements on the impact parameters,
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calculated relative to the beamline and beam spot, limit the reconstruction efficiency for highly dis-
placed decays of LLPs. In order to improve the efficiency, an LLP-optimised track reconstruction
algorithm, large radius tracking [65], as well as a dedicated displaced-vertex reconstruction were
used.

No lepton pairs with an invariant mass greater than 12 GeV were observed, consistent with
the background expectations derived from data. The result was interpreted in the simplified model
shown in Figure 18 (left), where the χ̃0

1 LSP, produced via q̃ ¯̃q production, decays into `+`′−ν ,
where `+, `′− = e,µ with a finite lifetime due to the presence of λ -type RPV couplings. Cross-
section limits were obtained for specific q̃ and χ̃0

1 masses. For a 700 GeV q̃, neutralinos with
masses of 50 – 500 GeV and mean proper lifetimes corresponding to cτ values between 1 mm to
6 m are excluded [57]. For a 1.6 TeV q̃, cτ values between 3 mm to 1 m were excluded for 1.3 TeV
neutralinos, as shown in Figure 18 (right). Similar results for g̃ pair production are presented in
Ref. [53].

Figure 18: Diagram for the RPV SUSY model, where the decay of the χ̃0
1 is displaced from the pp collision.

Observed upper limits at 95% CL on the squark-antisquark production cross-section as a function of the
mean proper lifetime of the χ̃0

1 , in units of cτ , for the λ122 scenarios and a 1.6 TeV squark. The horizontal
lines indicate the theoretical cross-sections with the uncertainties shown as shaded bands. The shaded bands
around the observed limits indicate the ±1σ variations in the expected limit. From [57].

6.2 Delayed jets

The CMS experiment performed an inclusive search for LLPs decaying to displaced, non-
prompt jets and missing transverse momentum based on a data sample of 137 fb−1 at 13 TeV [58].
The search used the timing of energy deposits in the electromagnetic calorimeter to select delayed
jets from the decays of heavy long-lived particles. Residual backgrounds, originating from beam
halo and cosmic-ray muons and from core and satellite bunch collisions, were estimated using
measurements in control regions in the data. The timing at event level was defined by the jet in
the event with the largest tjet passing the relevant selection. No events were observed in data for
tjet > 3 ns, i.e. in the signal region, as evident from Figure 19.

13
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Figure 19: Timing distributions of the background
sources, compared to those for representative signal
models (dashed lines). The observed data is shown
by the black points. The vertical black line indicates
the SR definition. From [58].

Figure 20: 95% CL observed and expected (with
±1σ and ±2σ variations) upper limits on the g̃g̃
production cross-section for a g̃ GMSB model with
mg̃ = 2.4 TeV. The blue line is the limit from the
displaced jet search [55]. From [58].

The results were interpreted in the gluino gauge-mediated supersymmetry breaking (GMSB)
signal model and g̃ masses up to 2100, 2500, and 1900 GeV were excluded at 95% CL for proper
decay lengths of 0.3, 1, and 100 m, respectively [58]. The reach for models that predict significant
Emiss

T in the final state was significantly extended beyond all previous searches [53, 55, 56], for
proper decay lengths greater than 0.5 m, as demonstrated in Figure 20.

7. Summary

Supersymmetry signals have been extensively sought after by the ATLAS and CMS exper-
iments, motivated by various theoretical approaches, models and topologies: strong production,
3rd-generation fermions, electroweak production, R-parity violation, delayed decays among others.
They lead to a wide spectrum of signatures: Emiss

T + jets + leptons / photons / b-jets / τ-leptons,
displaced vertices, and it is not possible to cover all of them here. No significant deviation from
known SM processes has been observed up to now with the data collected during LHC Run 2 at√

s = 13 TeV. As both experimental techniques and search strategies keep evolving, ATLAS and
CMS will keep looking for supersymmetry with the new data that become available at the LHC.
Summary plots of most recent results are continuously updated in Refs. [66, 67].
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