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89.1 Introduction

Supersymmetry (SUSY), a transformation relating fermions to bosons and vice versa [1-9] is
one of the most compelling possible extensions of the Standard Model of particle physics (SM).

On theoretical grounds SUSY is motivated as a generalization of space-time symmetries. A low-
energy realization of SUSY, i.e., SUSY at the TeV scale, is, however, not a necessary consequence.
Instead, low-energy SUSY is motivated by the possible cancellation of quadratic divergences in
radiative corrections to the Higgs boson mass [10-15]. Furthermore, it is intriguing that a weakly
interacting, (meta)stable supersymmetric particle might make up some or all of the dark matter in
the Universe [16-18]. In addition, SUSY predicts that gauge couplings, as measured experimentally
at the electroweak scale, unify at an energy scale O(101¢) GeV (“GUT scale”) near the Planck
scale [19-25].

In the minimal supersymmetric extension to the Standard Model, the so called MSSM [11,26,27],
a supersymmetry transformation relates every chiral fermion and gauge boson in the SM to a
supersymmetric partner with half a unit of spin difference, but otherwise with the same properties
(such as mass) and quantum numbers. The MSSM Higgs sector contains two doublets, which give
mass to the up-type and down-type quarks, respectively. After electroweak symmetry breaking,
five Higgs bosons arise, of which two are charged. The supersymmetric partners of chiral fermions
are squarks (§) and sleptons (¢, 7), and the “gauginos” for gauge bosons. The supersymmetric
partners of the Higgs doublets are known as “higgsinos.” The weak gauginos and higgsinos mix,
giving rise to charged mass eigenstates called “charginos” ()~<i), and neutral mass eigenstates called
“neutralinos” ()NCO). These are often collectively referred to as electroweakinos (EWkinos). The
SUSY partners of the gluons are known as “gluinos” (§). The fact that such particles are not yet
observed leads to the conclusion that, if supersymmetry is realized, it is a broken symmetry. A
description of SUSY in the form of an effective Lagrangian with only “soft” SUSY breaking terms
and SUSY particle masses of the order of TeV maintains the cancellation of quadratic divergences
of soft SUSY breaking scalar mass squared parameters.

The phenomenology of SUSY is to a large extent defined by the SUSY breaking mechanism
and the SUSY breaking scale. These determine the SUSY particle masses, the mass hierarchy, the
field contents of physical particles, and their decay modes. In addition, phenomenology crucially
depends on whether the multiplicative quantum number of R-parity [27], R = (—1)3(B=L)+25 where
B and L are baryon and lepton numbers and S is the spin, is conserved or violated. If R-parity
is conserved, SUSY particles (sparticles), which have odd R-parity, are produced in pairs and the
decays of each SUSY particle must involve an odd number of lighter SUSY particles. The lightest
SUSY particle (LSP) is then stable and often assumed to be a weakly interacting massive particle
(WIMP). If R-parity is violated, new terms A;jx, Aj;;, and Aj}; appear in the superpotential, where
ijk are generation indices; A-type couplings appear between lepton superfields only, \’-type are
between quark superfields only, and N-type couplings connect the two. R-parity violation implies
lepton and/or baryon number violation. More details of the theoretical framework of SUSY are
discussed elsewhere in this volume [28].

The discovery of a Higgs boson with a mass around 125 GeV imposes constraints on SUSY
models, which are discussed elsewhere [28,29]. Low-energy data from flavor physics experiments,
high-precision electroweak observables as well as astrophysical data also impose strong constraints
on the allowed SUSY parameter space. Recent examples of such data include measurements of
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the rare B-meson decay Bs — putp~ [30-32], measurements of the anomalous magnetic moment
of the muon [33,34], and accurate determinations of the cosmological dark matter relic density
constraint [35,36].

Indirect constraints can be more sensitive to higher SUSY mass scales than experiments search-
ing for direct sparticle production at colliders, but the interpretation of these results is often
strongly model dependent. In contrast, direct searches for sparticle production at collider experi-
ments, which are the main topic of this review, are less subject to interpretation ambiguities and
therefore they play a crucial role in the search for SUSY. Further discussion on indirect constraints
can be found in 88.7.2.

89.2 Overview of the experimental search programme

The electron-positron collider LEP was operational at CERN between 1989 and 2000. In the
initial phase, center-of-mass energies around the Z-peak were probed, but after 1995 the LEP
experiments collected a significant amount of luminosity at higher center-of-mass energies, some
235 pb~! per experiment at /s > 204 GeV, with a maximum +/s of 209 GeV. Searches for
new physics at eTe™ colliders benefit from the clean experimental environment and the fact that
momentum balance can be measured not only in the plane transverse to the beam, but also in
the direction along the beam (up to the beam pipe holes), defined as the longitudinal direction.
Searches at LEP are dominated by the data samples taken at the highest center-of-mass energies.

The CDF and DO experiments at the Tevatron, a proton-antiproton collider at a center-of-mass
energy of up to 1.96 TeV, had an extensive search program for supersymmetric particles. CDF
and DO collected integrated luminosities between 10 and 11 fb™! each up to the end of collider
operations in 2011.

The electron-proton collider HERA provided collisions to the H1 and ZEUS experiments be-
tween 1992 and 2007, at a center-of-mass energy up to 318 GeV. A total integrated luminosity
of approximately 0.5 fb~! was collected by each experiment. Since at HERA baryons collide with
leptons, SUSY searches typically look for R-parity violating production of single SUSY particles.

The Large Hadron Collider (LHC) at CERN started proton-proton operation at a center-of-
mass energy of 7 TeV in 2010. By the end of 2011 the ATLAS and CMS experiments had collected
about 5 fb~! of integrated luminosity each, and the LHCb experiment had collected approximately
1 fb=1. In 2012, the LHC operated at a center-of-mass energy of 8 TeV, and ATLAS and CMS
collected approximately 20 fb~! each, whereas LHCb collected 2 fb~!. In 2015, the LHC started
Run 2, with a center-of-mass energy of 13 TeV. At the end of Run 2 in November 2018, ATLAS
and CMS had both collected approximately 140 fb~!, and LHCb had collected almost 6 fb~!. The
Run 3 of the LHC started in July 2022 with a center-of-mass energy of 13.6 TeV. Almost 70 fb!
of data have been collected by ATLAS and CMS at the time of writing (August 2023), and LHCb
collected around 1.3 fb~1.

At the LHC, cross sections of QCD-mediated processes are the largest achievable at colliders,
which is reflected in the higher sensitivity for SUSY particles carrying color charge, squarks and
gluinos, with respect to LEP, Tevatron and HERA. In particular, proton-proton collisions at the
LHC differ from proton-antiproton collisions at the Tevatron in the sense that there are no valence
anti-quarks in the proton, and that gluon-initiated processes play a more dominant role. The
increased center-of-mass energy of the LHC compared to the Tevatron significantly extends the
kinematic reach for SUSY searches. This is reflected foremost in the sensitivity for squarks and
gluinos, but also for SUSY particles produced via electroweak processes.

In this review we report results of direct searches for SUSY particles at colliders up to August
2023, mostly covering data analyses at the ATLAS and CMS experiments with reference to results
from LEP, HERA and the Tevatron. For more details on LEP and Tevatron constraints, see earlier
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PDG reviews [37]. Analyses on the Run 3 datasets are still in progress hence the results reported
for ATLAS and CMS are based on Run 1 and Run 2 data. Results are categorized depending on the
targeted SUSY particles, the nature of their production and decays, and the assumption on R-parity.
Brief summaries of search techniques and approaches adopted for interpretation of the results are
given in Section 89.3 and 89.4, respectively. Sections 89.5-89.8 focus on results for promptly-
decaying gluinos and first and second generation squarks, top and bottom squarks, electroweakinos
(charginos, neutralinos) and sleptons. Limits obtained for sparticle masses assuming R-parity
violating models are also reported. Results of dedicated searches for long-lived (LL) SUSY particles
are reported in Section 89.9. Finally, Section 89.10 provides examples of global reinterpretations of
SUSY searches.

89.3 Experimental search techniques

Large background contributions from Standard Model processes pose challenges to the trigger
and analysis. Such backgrounds are dominated by multijet production processes, including, par-
ticularly at the LHC, those of top quark production, as well as jet production in association with
vector bosons. The proton’s momentum is shared between its parton constituents, and in each
collision only a fraction of the total center-of-mass energy is available in the hard parton-parton
scattering. Since the parton momenta in the longitudinal direction are not known on an event-by-
event basis, use of momentum conservation constraints in an analysis is restricted to the transverse
plane, leading to the definition of transverse variables, such as the missing transverse momentum,
and the transverse mass.

Under the assumption of R-parity conservation (RPC), the typical SUSY search signature for
squarks and gluinos at hadron colliders contains high-pt jets, which are produced in the decay
chains of heavy squarks and gluinos, and significant missing transverse momentum originating
from the two LSPs produced at the end of the decay chains, which escape experimental detection.
Electroweakino decays are often characterised by the presence of leptons, for instance from W and
Z bosons in the decay chain, plus missing transverse momentum. Standard Model backgrounds
with missing transverse momentum include leptonic W/Z-boson decays, associated production of
jets and a Z-boson decaying into neutrinos, semi-leptonic heavy-flavor decays to neutrinos, top-
quark pair production with one or both W bosons decaying leptonically, and multijet events that
may be affected by instrumental effects such as jet mis-measurement.

Selection variables designed to separate the SUSY signal from the Standard Model backgrounds
include transverse variables such as Hr, ErTniSS, and meg. The quantities Hp and EITniss refer to the
measured transverse energy and the missing transverse momentum in the event, respectively. They
are usually defined as the scalar sum of the transverse jet momenta or of the transverse energies of
calorimeter clusters measured in the event (Hrt), or the magnitude (E) of the negative vector
sum of transverse momenta of reconstructed objects like jets and leptons in the event (p%). The
quantity meg is referred to as the effective mass of the event and is defined as meg = Hp + E%liss.
The peak of the meg distribution for SUSY signal events correlates with the SUSY mass scale, in
particular with the mass difference between the primary produced SUSY particle and the LSP [38],
whereas the Standard Model backgrounds dominate at low meg. An additional reduction of multijet
backgrounds can be achieved by demanding isolated leptons or photons in the final states; in
such events the lepton or photon transverse momentum may be added to Ht or meg for further
signal-background separation. Other kinematic variables and approaches developed to increase the
sensitivity to pair production of heavy sparticles with TeV-scale masses focusing on the kinematics
of their decays are the ar [39-43], razor [44], stransverse mass (mr2) [45], and contransverse mass
(mer) [46] variables. The super-razor [47] and recursive jigsaw reconstruction [48] techniques are

topological event reconstruction methods also used in searches for sparticles with masses in the
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TeV-range. In case massive, unstable SM particles such as top quarks, vector bosons or the Higgs
boson arise in the decay chain, dedicated procedures are employed for their reconstruction and
identification. If these are produced with a significant boost, their decay products will typically
overlap and become collimated (boosted) in the direction of the parent particle. Their hadronic
decay products can be reconstructed as a single large-radius jet (see studies from ATLAS [49]), and
jet-substructure [50] techniques can be adopted. Machine-learning (ML) approaches are also used
to identify and classify hadronic decays of highly Lorentz-boosted bosons and top quarks, see as
example recent studies from CMS [51].

Most analyses still use simple combinations of selections on kinematic variables (often referred to
as cut-and-count analyses) and exploit multiple signal regions defined by categorizing events on the
basis of several variables and their correlations. An example is provided in Fig. 89.1 from Ref. [52]:
39 signal regions are set to search for top squarks in events with one lepton, jets and missing
transverse momentum. Regions depend on jet multiplicities, reconstructed top-quark candidates
and thresholds applied to the most discriminant variables used for optimisation.
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Figure 89.1: Example of multiple signal regions set for a typical SUSY search at the LHC. For
definition of regions and acronyms specific for this search, see corresponding paper.

In recent years, shape analyses or analyses using more sophisticated techniques, e.g. machine
learning, have been also developed. ML techniques often allow analyses to better capture the
complexity of the events and achieve improved sensitivity with respect to counting experiments. For
example, Boosted Decision Trees (BDTs) allow analyses to exploit simultaneously the discriminating
power of multiple variables and that of correlations among objects in the events. Deep Neural
Networks (NN) are also employed for objects reconstruction and to use directly detector-recorded
energies and momenta of produced particles instead of first deriving a restricted set of physical
variables. Among others, currently in use are Convolutional NN for image classification techniques,
Recurrent NN, parametric NN and Generative Adversarial Networks.

Variables and approaches reported above are also used in searches for R-parity violating (RPV)
SUSY models where signal events are often characterised by the presence of multiple leptons and/or
jets, and little or no missing transverse momentum. However, if R-parity violating couplings are
small, sparticles might be long-lived and may travel macroscopic distances before decaying. Sim-
ilarly, long lifetimes may be due to small mass splittings, as in the case of pure higgsino/wino
scenarios, or to heavy mediators, as in Split SUSY models [53,54]. The identification of long-lived
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particles requires dedicated tools and their signatures can be very diverse. At the LHC, customized
techniques (also based on NN) have been developed, for example, to reconstruct significantly dis-
placed decay vertices or short track segments, and to identify tracks with atypical properties or
unusual ionization, small and localized deposits of energy inside of the calorimeters without as-
sociated tracks, or stopped particles that decay out of time with collisions. For an overview, see
Ref. [55].

89.4 Interpretation of search results

Since the mechanism by which SUSY is broken is unknown, a general approach to SUSY via
the most general soft SUSY breaking Lagrangian adds a significant number of new free parameters.
For the minimal supersymmetric standard model, MSSM, i.e., the model with the minimal particle
content, these comprise 105 new real degrees of freedom. A phenomenological analysis of SUSY
searches leaving all these parameters free is not feasible. For the practical interpretation of SUSY
searches at colliders several approaches are taken to reduce the number of free parameters.

One approach is to assume a SUSY breaking mechanism and lower the number of free parameters
through the assumption of additional constraints. Before the start of the LHC, interpretations of
experimental results were often performed in constrained models of gravity mediated [56,57], gauge-
mediated [58-60], and anomaly mediated [61,62] SUSY breaking. The most popular model was
the constrained MSSM (CMSSM) [56,63,64], which in the literature is also referred to as minimal
supergravity, or MSUGRA. These constrained SUSY models are theoretically well motivated and
provide a rich spectrum of experimental signatures. However, with universality relations imposed
on the soft SUSY breaking parameters, they do not cover all possible kinematic signatures and mass
relations of SUSY. Furthermore, the Higgs mass measurement from LHC Run 1, together with other
collider and non-collider measurements, limits substantially the allowed SUSY parameter space for
these models. This indicates that very constrained models like the CMSSM are no longer good
benchmark scenarios to solely characterize the results of SUSY searches at the LHC and efforts
have been made to complement them with more flexible approaches.

A broader and more comprehensive subset of the MSSM can be studied via the so-called
phenomenological-MSSM, or pMSSM [65-68]. It is derived from the MSSM, using experimen-
tal data to eliminate parameters that are free in principle but have already been highly constrained
by measurements of e.g., flavor mixing and C P-violation. This effective approach reduces the num-
ber of free parameters in the MSSM to typically 19 or even less, making it a practical compromise
between the full MSSM and highly constrained models such as the CMSSM.

Even less dependent on fundamental assumptions are interpretations in terms of so-called simpli-
fied models [69-72]. Such models assume a limited set of SUSY particle production and decay modes
and leave open the possibility to vary masses and other parameters freely. Therefore, simplified
models enable comprehensive studies of individual SUSY topologies, and are useful for optimiza-
tion of the experimental searches over a wide parameter space without limitations on fundamental
kinematic properties such as masses, production cross sections, and decay modes.

As a consequence, ATLAS and CMS have adopted simplified models as the primary framework
to provide interpretations of their searches. In addition to using simplified models that describe
prompt decays of SUSY particles, the experiments are now also focusing more on the use of simpli-
fied models that allow for decays of long-lived SUSY particles as they can arise in different SUSY
scenarios (see Section 89.9 for further discussion). Today, almost every individual search provides
interpretations of their results in one or several simplified models that are characteristic of SUSY
topologies probed by the analysis.

While simplified models are very convenient for the interpretation of individual SUSY produc-
tion and decay topologies, care must be taken when applying these limits to more complex SUSY
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spectra. In particular, the branching ratio of SUSY particles into a specific final state is often
assumed to be 100% and in many of the quoted limits the LSP is assumed to be massless. There-
fore, simplified model limits should be seen as an approximation of the constraints that can be
placed on sparticle masses in more complex SUSY spectra. Only on a case-by-case basis can it be
determined whether the limit of a given simplified model represents a good approximation of the
true underlying constraint that can be applied on a sparticle mass in a complex SUSY spectrum.
In the following, we will point out explicitly the assumptions that have entered the limits when
quoting interpretations from simplified models.

Since none of the searches performed so far have shown significant excess above the SM back-
ground prediction, the interpretation of the presented results are exclusion limits on SUSY param-
eter space. Unless stated differently, all quoted exclusion limits are at the 95% confidence level.
Finally, we note that many of the recent publications by ATLAS and CMS also present results
in terms of model-independent limits such that their discovery potential is statistically quantified
independently on a particular model.

89.5 Exclusion limits on gluino, first and second generation squark masses in
RPC scenarios

Colored SUSY particles such as squarks and gluinos are produced via the strong interaction and
have the highest cross sections at hadron colliders. Limits on squark masses of the order 100 GeV
have been set by the LEP experiments [73], in the decay to quark plus neutralino, and for a mass
difference between squark and quark plus neutralino of typically at least a few GeV. However,
hadron collider experiments are able to set much more stringent mass limits.

The main production mechanisms at hadron colliders are squark-squark, squark-gluino and
gluino-gluino production; when “squark” is used “antisquark” is also implied. Pair production
usually involves both the s-channel and ¢-channel parton-parton interactions. However, since there
is a negligible amount of bottom and top quark content in the proton, top and bottom squark
production proceeds through s-channel diagrams only. Experimental analyses of squark and/or
gluino production typically assume the first and second generation squarks to be approximately
degenerate in mass. Cross section calculations at the center-of-mass energy of 13 TeV shown in
Fig. 89.2 (from Ref. [74]) assume mass degeneracy of left- and right-handed u, d, s, ¢ squarks.
Other sparticle masses are considered decoupled, 7.e. their masses are assumed to have a very high
value (above 10 TeV). The LHC experiments also provide simplified model limits on individual first
or second generation squarks. Top and bottom squarks have the same production cross section,
identical to that of a single light squark.

In this section, we focus on results assuming R-parity conservation. Limits set by the Tevatron
experiments on the gluino mass assume the framework of the CMSSM, with tan 8 = 5 (CDF) or
tan § = 3 (D0). Furthermore, the common trilinear term Ay is set to 0 and the higgsino mass term
1 is assumed to be less than 0. The resulting lower mass limits are about 310 GeV for all squark
masses, or 390 GeV for the case mg = mg [75,76].

ATLAS and CMS limits on the gluino mass have been established in the framework of simplified
models. Assuming only gluino pair production, three main primary decay chains of the gluino have
been considered by the LHC experiments for interpretations of their search results. The first decay
chain, § — qqf(?, assumes gluino mediated production of first and second generation squarks (on-
shell or off-shell) which leads to four light flavor quarks in the final state. Therefore, inclusive
all-hadronic analyses searching for multijet plus ES final states are utilized to put limits on
this simplified model. These limits are derived as a function of the gluino and neutralino (LSP)
mass. As shown in Fig. 89.3 (left)the CMS collaboration [77] excludes in this simplified model
gluino masses below approximately 2.1 TeV for a light neutralino mass below about 600 GeV. In
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Figure 89.2: Cross sections for pair production of gluinos and squarks as a function of their
mass at the LHC for a center-of-mass energy of 13 TeV. They are calculated at approximately
next-to-next-to-leading-order (NNLO) including the resummation of soft gluon emission at the
next-to-next-to-leading logarithmic accuracy.

scenarios where neutralinos are not very light, the efficiency of the analyses is reduced by the fact
that jets are less energetic, and there is less missing transverse momentum in the event. This leads
to weaker limits when the mass difference Am = mgz — mgo is reduced. For example, for neutralino
masses above about 1.2 TeV no limit on the gluino mass can be set for this decay chain. Therefore,
limits on gluino masses are strongly affected by the assumption of the neutralino mass. Similar
results for this simplified model have been obtained by ATLAS [78]. A second simplified model
postulates a decay chain where § — q(jW)Z?, assuming that the intermediate (on-shell or off-shell)
squark is left-handed and decays to a chargino and a quark, with the chargino decaying to a W
boson and the LSP. This leads to two W bosons and four light flavor quarks plus ETS in the
final state. Both leptonic and hadronic decays of the W can be considered. In this scenario, the
ATLAS collaboration [79,80] excludes gluino masses below approximately 2.2 TeV for a sufficiently
light neutralino and assuming the chargino mass is halfway between the gluino and neutralino
mass, see Fig. 89.3 (right). Again, for neutralino masses above about 1.2 TeV, there exists no
limit on the gluino mass for this decay chain. A similar reach has been obtained by the CMS
collaboration [81,82], where the most recent results are obtained using novel algorithms based on
deep neutral networks that identify hadronically decaying W bosons.

Gluino decays are not limited to first and second generation squarks: another important decay
chain of the gluino considered for interpretation in simplified models is § — bbX1. In this case
the decay is mediated via bottom squarks and thus leads to four jets originating from b-quarks
and EITniss in the final state. For this topology as well, inclusive all-hadronic searches provide the
highest sensitivity. In this case, the use of secondary vertex reconstruction for the identification of
jets originating from the b-quarks in the event provides a powerful handle to reject SM background
contributions. Therefore, in addition to a multijet plus ES signature these searches also require
between 1 and 4 jets to be tagged as b-jets. As shown in Fig. 89.4 (left), for this simplified model
CMS [77] excludes gluino masses below =~ 2.3 TeV for a sufficiently light neutralino, while for

neutralino masses above ~ 1.5 TeV no limit on the gluino mass can be set. Comparable limits for
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Figure 89.3: Lower mass limits, at 95% C.L., on gluino pair production for various decay chains
in the framework of simplified models. Left: g — chX[l), result of the CMS collaboration. Right:
g — q@W)Z?, result of the ATLAS collaboration.

this simplified model are provided by searches from ATLAS [83,84], with the most recent results
pushing the boundary of gluino masses to 2.44 TeV in the case of a massless neutralino.

If kinematically allowed, decays of gluinos to top squarks via § — &t are also possible. This
defines the next important simplified model characterizing gluino pair production, § — tfi(f, which
leads to a “four tops” final state, tttXIX7. The topology of this decay is very rich in different
experimental signatures: as many as four isolated leptons, four b-jets, several light flavor quark
jets, and significant missing transverse momentum from the neutrinos in the W decay and from
the two neutralinos. As shown in Fig. 89.4 (right), the ATLAS search [83] rules out gluinos with
masses below ~ 2.4 TeV for light neutralinos in this model. For neutralino masses above ~ 1.4 TeV,
no limit can be placed on the gluino mass. The CMS multiple b-jet search [85] and the search in
full-hadronic events using identification techniques for boosted top-quarks in the final state [86]
result in gluino mass limits of ~ 2.3 TeV.

Assuming gluinos to be heavier than squarks, squarks will predominantly decay to a quark and
a neutralino or chargino, if kinematically allowed. The decay may involve the lightest neutralino
(typically the LSP) or chargino, but, depending on the masses and couplings of the gauginos and on
the handedness of the squarks, may involve heavier neutralinos or charginos. For pair production
of first and second generation squarks, the simplest decay modes involve two jets and missing
transverse momentum, with potential extra jets stemming from initial state or final state radiation
(ISR/FSR) or from decay modes with longer decay chains (cascades). In cascades, isolated photons
or leptons may appear from the decays of sparticles such as neutralinos or charginos.

Limits on first and second generation squark masses set by the Tevatron experiments assume
the CMSSM, and amount to lower limits of about 380 GeV for all gluino masses, or 390 GeV
for the case mg = mg [75,76]. At the LHC, limits on squark masses have been set using up to
approximately 140 fb~! of data at 13 TeV. Interpretations in simplified models typically characterize
squark pair production considering only one decay chain at the time for the squark, for instance
q— qf(?. It is usually assumed that the left and right-handed 4, d, § and @ squarks are degenerate
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Figure 89.4: Lower mass limits, at 95% C.L., on gluino pair production for various decay chains
in the framework of simplified models. Left: § — bbX). Right: § — #£X1. Results from the CMS
and ATLAS collaborations.

in mass. Furthermore, it is assumed that the mass of the gluino is very high (above 10 TeV) and
thus contributions of the corresponding t-channel diagrams to squark pair production are negligible.
Therefore, the total production cross section for this simplified model is eight times the production
cross section of an individual squark (e.g. @r). Under these assumptions, CMS obtains a lower
squark mass limit of ~ 1.75 TeV for light neutralinos [85], as shown in Fig. 89.5 (left). Only for
neutralino masses below ~ 800 GeV can any squark masses be excluded. Searches for new physics
in monojet channels are sensitive to very compressed scenarios, and masses up to 900 GeV are
excluded for Am =mg,mg ~5 GeV [87].

If the assumption of mass degenerate first and second generation squarks is dropped and only
the production of a single light squark is assumed, the limits weaken significantly. For example,
the CMS limit on degenerate squarks of 1750 GeV for light neutralinos drops to =~ 1300 GeV for
pair production of a single light squark, and for neutralinos heavier than ~ 600 GeV no squark
mass limit can be placed. It should be noted that this limit is not a result of a simple scaling of the
above mentioned mass limits assuming eight-fold mass degeneracy but it also takes into account
that for an eight times lower production cross section the analyses must probe kinematic regions
of phase space that are closer to the ones of SM background production.

A summary of results of the ATLAS searches also targeting more complicated decay chains,
where e.g. intermediate bosons are produced as well, can be seen in Fig. 89.5 (right). Depending
on the topology, the exclusion limit can reach up to ~ 2 TeV (this value is only reached in gaugino-
mediated simplified models [88]). Recent results include a search in two-opposite-sign, same=flavor
dilepton final state events [89] targeting squarks decaying through the next-to-lightest neutralino
via a slepton or a Z boson and exclude mass up to = 1550 GeV for a massless neutralino. Squarks
decaying via charginos and next-to-lightest neutralinos in long decay chains including W and Z
bosons are constrained with searches for same-sign dilepton or three-lepton final state events [90]:
in this case, masses up to ~ 1.7 TeV are excluded.

For single light squarks ATLAS also reports results of a dedicated search for pair production of
scalar partners of charm quarks [91]. Assuming that the scalar-charm state exclusively decays into
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Figure 89.5: Left: 95% C.L. exclusion contours in the framework of simplified models assuming
a single decay chain of § — q)~<(1), obtained by the CMS collaboration. Right: Assuming more
complicated decay chains including W or Z bosons, obtained by the ATLAS collaboration.

a charm quark and a neutralino, scalar-charm masses up to 800 GeV are excluded for neutralino
masses below 260 GeV.

Table 89.1: Summary of squark mass and gluino mass limits using dif-
ferent interpretation approaches assuming R-parity conservation. Masses
in this table are provided in GeV. Further details about the assumptions
and analyses from which these limits are obtained are discussed in the
corresponding sections of the text.

Model Assumption mg mg
Simplified models Gg
7 — qqx) mg =0 - |~ 2300
mgo >~ 1200 - no limit
g — bbXY Mg =0 - |~ 2440
mgo >~ 1600 - no limit
g — tixi Mg =0 - [ = 2400
mgo >~ 1400 - no limit
Simplified models §§
G — qx3 mge =0 [~ 1900 -
mgo >~ 800 |no limit -
iy — qXi myp =0 [~1300| -

mgo >~ 600 |no limit -

A summary of the most important squark and gluino mass limits for different interpretation
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approaches assuming R-parity conservation is shown in Table 89.1. For gluino masses rather similar
limits of about 2.3—2.4 TeV are obtained from different model assumptions, indicating that the LHC
is indeed probing direct gluino production at the TeV scale and beyond. However, for neutralino
masses above approximately 1.2 to 1.6 TeV, even in the best case scenarios, ATLAS and CMS
searches do not place any limits on the gluino mass. Limits on direct squark production, on the
other hand, depend strongly on the chosen model. For neutralino masses above ~ 600 GeV no
limits on any direct squark pair production scenario are placed by the LHC.

89.6 Exclusion limits on bottom and top squarks masses in RPC scenarios
Besides placing stringent limits on first and second generation squark masses, the LHC experi-
ments also search for the production of third generation squarks. SUSY at the TeV-scale is often
motivated by naturalness arguments, most notably as a solution to cancel quadratic divergences in
radiative corrections to the Higgs boson mass. In this context, the most relevant terms for SUSY
phenomenology arise from the interplay between the masses of the third generation squarks and
the Yukawa coupling of the top quark to the Higgs boson. This motivates a potential constraint
on the masses of the top squarks and the left-handed bottom squark. Due to the large top quark
mass, significant mixing between 7, and fg is expected, leading to a lighter mass state ¢; and a
heavier mass state t3. In the MSSM, the lightest top squark (1) can be the lightest squark.

Bottom squarks are expected to decay predominantly to 3% giving rise to the characteristic
multi b-jet and E%ﬂss signature. Direct production of bottom squark pairs has been searched for
at the Tevatron and at the LHC. Limits from the Tevatron are mj > 247 GeV for a massless
neutralino [92,93]. ATLAS has set a lower limit of mj > 1250 GeV for massless neutralinos in this
model [94] exploiting the two b-jets and missing transverse momentum analysis. For mgo = 800 GeV
or higher no limit can be placed on direct bottom squark pair production in this simplified model.
Limits from CMS are comparable [85]. Reinterpretations of the monojet analysis results can be
used to constrain very compressed scenarios, with exclusion of masses up to 550 GeV in case of
Am = mj — mgo A 5 GeV [87]. Further bottom squark decay modes have also been searched
for by ATLAS [95-97] and CMS [77,98,99], for instance targeting more complex decay chains that
include Higgs bosons in the cascade.

The top squark decay modes depend on the SUSY mass spectrum, and on the f1-fgr mixture
of the top squark mass eigenstate. If kinematically allowed, the two-body decays t — X3 (which
requires mj — mgo > my) and t — bX* (which requires mj —mg+ > my) are expected to dominate.
If not, the top squark decay may proceed either via the two-body decay ¢ — X} or through
t—=bff XY (where f and f" denote a fermion-antifermion pair with appropriate quantum numbers).
For my — mgo > my the latter decay chain represents a four-body decay with a W boson, charged
Higgs H*, slepton ?, or light flavor squark G, exchange. If the exchanged W boson and/or sleptons
are kinematically allowed to be on-shell, the three-body decays £ — WbX! and/or £ — bul(f) will
become dominant. For further discussion on top squark decays see for example Ref. [100].

Limits from LEP on the #; mass are m; > 96 GeV in the charm plus neutralino final state, and
> 93 GeV in the lepton, b-quark and sneutrino final state [73].

The Tevatron experiments have performed a number of searches for top squarks, often assuming

direct pair production. In the bfP decay channel, and assuming a 100% branching fraction, limits
are set as my > 210 GeV for my < 110 GeV and m; — mp > 30 GeV, or m; > 235 GeV for

my < 50 GeV [101,102]. In the £ — X? decay mode, a top squark with a mass below 180 GeV
is excluded for a neutralino lighter than 95 GeV [103,104]. In both analyses, no limits on the top

squark can be set for heavy sneutrinos or neutralinos. In the £ — bf(li decay channel, searches for
a relatively light top squark have been performed in the dilepton final state [105,106]. The CDF
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experiment sets limits in the £ — X7 mass plane for various branching fractions of the chargino decay
to leptons and for two values of My For Myt = 105.8 GeV and my Q= = 47.6 GeV, top squarks
between 128 and 135 GeV are excluded for W- hke leptonic branching fractlons of the chargino.
The LHC experiments have improved these limits substantially and developed dedicated searches
for all potential top-squark decay mode. This is well depicted in Fig. 89.6, where a summary of the
limits on the top squark mass are reported for the single decay chain of  — X7 as well as for the
three-body and four-body decay modes. Interpretations are carried out in simplified models hence
care must be taken when interpreting these limits in the context of more complete SUSY models.
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Figure 89.6: A summary of the 95% C.L. exclusion contours in the stop-neutralino mass plane for
various possible decay chains, including two-, three- and four-body decays, as obtained in dedicated
analyses by ATLAS.

The most important searches for the top squark decay topology are dedicated searches requiring
zero or one isolated lepton, modest B2 and four or more jets out of which at least one jet must be
reconstructed as a b-jet [52,77,85,86,107-109]. For example, using an all-hadronic analysis, CMS
excludes top squarks with masses below about 1300 GeV in this model for light neutralinos, while
for mgo > 700 GeV no limits can be provided [86]. Equivalent constraints are set by the ATLAS
all-hadronic search [107]. Analyses targeting final state events characterised by the presence of one
lepton (electron or muon) have similar albeit lower sensitivity in the £ — X1 decay mode, see for
instance the recent ATLAS result [109] using NN methods.

Single and di-lepton analyses are most sensitive to models where the top squark decay exclusively
proceeds via the chargino mediated decay chain ¢ — inE X%E — WX, In this case, top squark
mass exclusion limits vary strongly with the assumptions made on the ¢ — X1 — X1 mass hierarchy.
For example, for Mot = (mg + m;((l)) /2, a stop mass below ~ 1150 GeV for a light X is excluded
by CMS, while no limit can be placed for myo > 550 GeV [52]. These limits, however, can weaken
significantly when other assumptions about the mass hierarchy or the decay of the charginos are
imposed [52,110-112].

Other analyses with zero, one or two leptons target this kinematic region [113-119], also pro-
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viding sensitivity in the case of alternative decay modes of the top squark, i.e. including tau
sleptons [112,120-122] or Higgs and Z bosons in the decay chain [123].

If the decays t — X} and ¥ — b)ﬁ, ﬁ[ — WEXY are kinematically forbidden, the decay chains
f — Wix? and 7 — X} can become important. The one-lepton ATLAS search [108] provides for
the kinematic region m; — mg+ > mp, + my lower limits on the top squark mass of ~ 700 GeV
for a neutralino lighter than =~ 570 GeV, as also shown in Fig. 89.6. For the kinematic region
in which even the production of real W bosons is not allowed, ATLAS and CMS improve the
Tevatron limit on £ — cX} substantially. Based on a monojet analysis [87] ATLAS excludes top
squark masses below mgo = 550 GeV along the kinematic boundary for the £ — X decay. The
ATLAS monojet analysis also places similar boundaries for the other decay chain relevant in this
phase region, t — bf f’f((f. Other analyses, such as the search in events with one leptons and jets,
are also sensitive to this decay mode: the ATLAS one-lepton analysis excludes up to ~ 650 GeV for
Am =mgmgo ~ 50 GeV [108]. The CMS collaboration uses the hadronic searches [86,114,116] to
place constraints on stop decay into charm-quark and excludes m; ~ 630 GeV for Am = m;, mgo &
50 GeV [86]. Constraints are also set in case of £ — bf f’ )2?, with CMS excluding masses up to 480

and 700 GeV for Am = mjy, mgo ~ 10 and 80 GeV, respectively [124].

In general, the variety of top squark decay chains in the phase space region where ¢t — XY is
kinematically forbidden represents a challenge for the experimental search program but more data
and refined analyses in Run 2 have further improved the sensitivity in this difficult but important
region of SUSY parameter space, and more is expected for future Runs of the LHC. Precision
SM measurements can also provide important insights to such challenging regions. For instance,
analyses of tt spin correlations can be used to set constraints on top squark masses close to the
top-quark mass. ATLAS [125] excludes the mass region between 150 and 230 GeV for kinematically
allowed values of the neutralino mass. CMS [126] results cover a similar mass range.

Table 89.2: Summary of bottom and top squark mass limits using dif-
ferent interpretation approaches assuming R-parity conservation. Masses
in this table are provided in GeV. Further details about the assumptions
and analyses from which these limits are obtained are discussed in the
corresponding sections of the text.

Model Assumption mg
b — bXY mgo =0 |~ 1250
myo >~ 700 |no limit
- XY mgo =0 | ~ 1300
mgo >~ 600 |no limit
f— bXt mgo =0 |~ 1150
(mﬁ = (mg —mg0)/2) | mgo >~ 550 |no limit
— Woxt mge <~ 570 | ~ 700

(mw < mg—mgo < my)

f— Xt mg —mg ~ 50| ~ 630
mi R mgo ~ 550
f = bffXY mi —mg ~ 50| ~ 650
(mg —mgo < mw) mg & mgo ~ 550
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89.7 Exclusion limits on the masses of charginos, neutralinos and sleptons in
RPC scenarios

Charginos, neutralinos and sleptons are produced through electroweak interactions and their
cross sections depend on the assumptions made for mass and mixing parameters.

Charginos and neutralinos carry no color charge and the mixing of the charged wino and higgsino
states (for charginos), and the neutral bino, wino and higgsino states (for neutralinos), is determined
by a limited number of parameters. For charginos these are the wino mass parameter Ms, the
higgsino mass parameter u, and tan 3, and for neutralinos these are the same parameters plus
the bino mass parameter M. If one of the parameters M;, My or pu is substantially smaller than
the others, the chargino/neutralino composition would be dominated by specific states, which are
referred to as bino-like (M; < Ms, i), wino-like (My < M, p), or higgsino-like (pn < My, M>).
If gaugino mass unification at the GUT scale is assumed, a relation between M; and Ms at the
electroweak scale follows: M; = 5/3 tan? Oy My ~ 0.5M>, with Oy the weak mixing angle. The
largest production rates at hadron machines are obtained when the LSP is bino-like and the lightest
chargino and next-to-lightest neutralino are wino-like, forming an approximately mass degenerate
SU(2) triplet. If the higgsino mass is much smaller than the gaugino masses, the two lightest
neutralinos and the lightest chargino form an approximately mass degenerate Dirac SU(2) doublet,
production rates are lower and the mass spectrum is compressed.

In models with slepton and gaugino mass unification at the GUT scale, the superpartner of
the right-handed lepton, /g, is expected to be lighter than the left-handed one, 1. Cross sections
depend on the L-R mixing which in turn depends on the mass of the fermion and other parameters.
For tau sleptons there may be considerable mixing between the L. and R states, leading to a
significant mass difference between the lighter 7, and the heavier 7».

Fig. 89.7 [127,128] (see also Ref. [74] for further details) shows typical production cross sections
at hadron colliders for electroweakinos under various assumptions and considering a center-of-mass
energy of 13 TeV. For masses of several hundreds of GeV, they are at least two orders of magnitude
smaller than for colored SUSY particles. Thanks to the large data samples collected at the LHC,
the sensitivity of LEP and Tevatron searches for direct chargino/neutralino or slepton production
has been surpassed in several regions of SUSY parameter space.

89.7.1 Exclusion limits on chargino masses

The lightest chargino X{E is searched for either considering pair production, or through associated
production of X1 and the next-to-lightest neutralino, )2(2), if they are assumed to be degenerate in
mass. If kinematically allowed, two body decay modes such as Xt ff (including /7 and Zu) are
dominant. If not, three-body decays X = ff )2(1), mediated through virtual W bosons or sfermions,
become dominant. If sfermions are heavy, the W mediation dominates, and ff’ are distributed
with branching fractions similar to W decay products (barring phase space effects for small mass
gaps between X* and >~<0). If, on the other hand, sleptons are light enough to play a significant role
in the decay, leptonic final states will be enhanced.

At LEP, )fo(l_ is the dominant production process. Charginos have been searched for in fully-
hadronic, semi-leptonic and fully leptonic decay modes [129,130]. A general lower limit on the
lightest chargino mass of 103.5 GeV is derived, except in corners of phase space with low electron
sneutrino mass, where destructive interference in chargino production, or two-body decay modes,
play a role. The limit is also affected if the mass difference between X1 and XY is small; dedicated
searches for such scenarios set a lower limit of 92 GeV.

At the Tevatron, charginos have been searched for via associated production of XK [131,132].
Decay modes involving multilepton final states provide the best discrimination against the large
multijet background. Analyses have looked for at least three charged isolated leptons, for two
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Figure 89.7: Cross sections for pair production of charginos, neutralinos and sleptons calculated
for 13 TeV centre-of-mass energy at NLO plus next-to-leading-log (NLL) precision. Wino-like
ﬁcfc(z) and )NCIF)NQ_ productions are calculated in a limit of mass-degenerate )ﬁ: and )2(2), light bino >~<(1),
and with all the other sparticles assumed to be heavy and decoupled. Higgsino-like cross sections
assume mass-degenerate )ﬁc, X3 and X!. For slepton pair cross sections, left(right)-handed only or
50% mixed states are considered.

leptons with missing transverse momentum, or for two leptons with the same charge. Depending
on the (>~(1i - )2(1)) and/or (>28 - 5((1)) mass differences, leptons may have soft transverse momentum.

At the LHC, the search strategy is similar to that at the Tevatron but it also exploits the large
datasets collected to target missing momentum and fully-hadronic final states and consider X1 X1

. . . . ~+ =0
production only i.e. releasing the assumption of X7, X2 mass degeneracy. Furthermore, compressed
SUSY spectra are searched for considering low-momentum leptons recoiling against an ISR jet.

Chargino pair production is searched for in the dilepton plus missing momentum final state.
In a simplified model interpretation of the results where only the )2?7(1_ process is considered and
assuming mediation of the chargino decay by light sleptons (€ and fi), ATLAS [133] and CMS [134]
set limits on the chargino mass up to 1 TeV for massless LSPs, but no limits on the chargino mass
can be set for X1 heavier than 480 GeV. Limits are fairly robust against variation of the slepton
mass, unless the mass gap between sparticles becomes small enough that the charged lepton has a
too low-momentum to be reconstructed. For decays mediated through 7 or 7, limits of 630 GeV
are set by ATLAS [135] for LSPs not heavier than 200 GeV. The CMS experiment provides similar
limits [136].

In case slepton masses are higher than the mass of the chargino, searches are performed for
charginos decaying via a W boson. ATLAS sets limits on this kind of simplified models [133] for
pure-wino charginos: masses below 420 GeV are excluded for massless LSPs, but no limits are set
for LSPs heavier than 120 GeV. In the challenging case where the difference between chargino
and LSP masses is close to that of the W boson, dedicated searches have been carried out by
ATLAS [137], excluding chargino masses up to 140 GeV.

Further extension of the sensitivity in the high-mass region is achieved by ATLAS [138] and
CMS [139] exploiting the large branching ratio of fully-hadronic final states and the identification
of boosted W bosons through large-radius jets and jet substructure information. Considering only
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wino-like chargino pair production in case of a massless LSP, ATLAS excludes a region between
630 GeV and 760 GeV, while CMS excludes between 290 GeV and 670 GeV. No limits are set for
LSP masses above 200 GeV.

Several final states characterised by the presence of missing transverse momentum are studied
to set hmlts on the chargmo mass through X1 X5 associated production. Usually, wino-like Xic
and X5 and bino-like X! are assumed with Myt = Mg, leaving Mk and m 0 free. Again, the
branching fraction of leptonic final states is determlned by the slepton masses. If the decay is
predominantly mediated by a light #;,, i.e. fg is assumed to be heavy, the three charged-lepton
flavors will be produced in equal amounts, and a multi-lepton signature is favored. It is assumed
that /1, and sneutrino masses are equal, and diagrams with sneutrinos are included. In this scenario,
ATLAS [140] and CMS [141] exclude chargino masses below 1450 GeV for massless LSPs; no limits
are set for LSP masses above 1 TeV. If the decay is dominated by a light fg, the chargino
cannot be a pure wino but needs to have a large higgsino component, preferring the decays to
tau leptons. Limits are set in various scenarios. If, like for /1, a flavor-democratic scenario is
assumed (7-enriched scenario), CMS sets limits of 1150 GeV on the chargino mass for massless
LSPs, but under the assumption that both )ﬁc and X9 decay leads to tau leptons in the final state
(T-dominated scenario), the chargino mass limit deteriorates to 970 GeV for massless LSPs [141].
ATLAS assumes a simplified model in which staus are significantly lighter than the other sleptons
and search for a similar multi-tau final state, setting a lower limit on the chargino mass of 760 GeV
in this model [135].

If sleptons are heavy, the chargino is assumed to decay to a W boson plus LSP, and the X9 into
Z plus LSP (W Z searches) or H plus LSP (W H searches). Searches for the WZ channel exploit
events with either two same-sign leptons or three leptons, or with no leptons (all-hadronic). If X5
decays through a Higgs boson with mgy = 125 GeV, search strategies depend on the SM-like Higgs
decay modes and branching fractions. Higgs bosons in the final state are identified by either two
jets originating from bottom quarks (h — bb), two photons (h — v¥), or leptons from the W,
Z 7 or 7T decay modes. Interpretations are also provided in scenarios where the X5 does not decay
exclusively into a Z or H boson and the LSP.

ATLAS has searched for X?X% production in events with three leptons and missing momentum
and wino-like chargino masses below 640 GeV are excluded for massless LSPs [142]. Preliminary
results have been recently reported also for searches including same-sign lepton signal regions [143].
Limits are reduced in case of higgsino-like scenarios, with exclusion down to 210 GeV. CMS [141]
excludes chargino masses below 650 GeV for massless LSPs using events with two leptons of the
same sign, or with three or more leptons targeting final states with W and Z bosons. No constraints
are set for X! masses above 300 GeV.

Additional constraints on the chargino mass are placed exploiting all-hadronic analyses. A
wino-like (higgsino-like) chargino with mass up to 1060 (900) GeV is excluded by ATLAS [138]
when the LSP mass is below 400 (240) GeV and the mass splitting is larger than 400 (450) GeV.
CMS [139] excludes wino-like charginos with mass up to 970 GeV for massless LSP.

Searches exploiting the presence of b-jets are most sensitive in the high-mass chargino region if
X9 decays through a Higgs boson, while analyses targeting photon pair or leptonic decays provide
the best sensitivity in the region of low masses. CMS [144] sets lower limits on the chargino mass
up to 820 GeV for massless LSPs, but vanish for LSP masses above 350 GeV using events with at
least one lepton and missing transverse momentum in the final state. Similar sensitivity is achieved
by the ATLAS analyses [145-147].

In both the wino region (a characteristic of anomaly-mediated SUSY breaking models) and the
higgsino region of the MSSM, the mass splitting between )ﬁc and X! is small. The chargino decay
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products are very soft and may escape detection. These compressed spectra are hard to detect, and
have triggered dedicated search strategies. ATLAS [148] and CMS [149] have performed searches
for charginos and neutralinos in a compressed mass spectrum using initial state rad1at1on and two
or three low-momentum (soft) leptons. For wino-like chargmos assuming degenerate X1 and X2,
exclusion contours in the chargino-mass versus Am(Xl — X1) plane are derived. As an example,
such charginos are excluded by CMS (ATLAS) below 280 (240) GeV for Am()ﬁE — >~((1)) =10 GeV.
Considering the higgsino model, the masses probed by CMS reach up to 215 GeV for a mass
difference of 7.5 GeV and 150 GeV in the highly compressed region with a mass difference of
3 GeV. CMS has also searched for chargino-pair production through vector-boson-fusion [150],
also targeting compressed mass spectra. Assummg degenerate >~(1 and 922, charginos with a mass
below 112 GeV are excluded for Am(X X - X1) =1 GeV. CMS has published further searches for
such compressed spectra with a soft tau lepton [151].

89.7.2 Exclusion limits on neutralino masses

In a considerable part of the MSSM parameter space, and in particular when demanding that the
LSP carries no electric or color charge, the lightest neutralino X7 is the LSP. If R-parity is conserved,
such a X! is stable. Since it is weakly interacting, it will typically escape detectors unseen. Limits
on the invisible width of the Z boson apply to neutralinos with a mass below 45.5 GeV, but depend
on the Z-neutralino coupling. Such a coupling could be small or even absent; in such a scenario
there is no general lower limit on the mass of the lightest neutralino [152]. In models with gaugino
mass unification and sfermion mass unification at the GUT scale, a lower limit on the neutralino
mass is derived from limits from direct searches, notably for charginos and sleptons, and amounts
to 47 GeV [153]. Assuming a constrained model like the CMSSM, this limit increases to 50 GeV
at LEP; however the strong constraints now set by the LHC increase such CMSSM-derived XY
mass limits to well above a few hundred GeV (the latest reinterpretation only uses Run 1 data and
indicates 200 GeV [154-156]).

In gauge-mediated SUSY breaking models (GMSB), the LSP is typically a gravitino, and the
phenomenology is determined by the nature of the next-to-lightest supersymmetric particle (NLSP).
A NLSP neutralino will decay to a gravitino and a SM particle whose nature is determined by the
neutralino composition. Final states with two high pt photons and missing momentum are searched
for, and interpreted in gauge mediation models with bino-like neutralinos [157-163].

Assuming the production of at least two neutralinos per event, neutralinos with large non-bino
components can also be searched for by their decay in final states with missing momentum plus
any two bosons out of the collection v, 7, H. A number of searches at the LHC have tried to
cover the rich phenomenology predicted by the general gauge mediation model (GGM) where XY
might decay with various BR in the Z and H decay modes [98,146,160,164-174]. As an example,
strong constraints for decay modes involving Z and H bosons arise from full-hadronic searches
on higgsino-like scenarios: ATLAS [138] excludes higgsino production with decays into a massless
gravitino LSP in a mass range between 450 (500) GeV and 940 (850) GeV assuming BR =1 (0.5)
for the Z plus gravitino decay mode. Assuming only H plus gravitino decays, CMS [175] excludes
a higgsino mass range between 175 GeV and 1025 GeV. Assuming a mix of v, Z, H decays, a CMS
search [163] in the photonic final state excludes higgsinos up to 1.05 TeV.

Heavier neutralinos, in particular X2, have been searched for in their decays to the hghtest
neutralino plus a 7, a Z boson or a Higgs boson. Limits on electroweak production of X5 plus X1
from all-hadronic, same-sign dilepton and trilepton analyses have been discussed in the section on
charginos; the assumption of equal mass of X9 and ﬁc make the limits on chargino masses apply to
X9 as well. Multilepton analyses have also been used to set limits on X9X3 production; assuming
equal mass and decay through light sleptons, limits are set up to 680 GeV for massless LSPs [176].
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Again, compressed spectra with small mass differences between the heavier neutralinos and the
LSP form the most challenging region.

In X9 decays to X! and a lepton pair, the lepton pair invariant mass distribution may show a
structure that can be used to measure the X3 — Xi mass difference in case of a signal [38]. This
structure, however, can also be used in the search strategy itself, as demonstrated by ATLAS
[177,178] and CMS [98,179].

Fig. 89.8 summarizes some of the most recent results from ATLAS and CMS for chargino
pair or chargino and next-to-lightest neutralino pair productions comparing results obtained with
various assumptions. The limits on weak gauginos in simplified models are also summarized in
Table 89.3. Only results for promptly decaying charginos and neutralinos are included: limits from
searches focusing on long-lived particle scenarios are reported in Section 89.9. A combination of
several searches for the electroweak production of winos, binos, higgsinos, and sleptons has also
been recently been presented by CMS [180].

Interpretations of the search results outside simplified models, such as in the phenomenological
MSSM [181-186], show that the simplified model limits can translate into accurate constraints but
must also be interpreted with care. Electroweak gauginos in models that are compatible with the
relic density of dark matter in the Universe, for example, have particularly tuned mixing parameters
and mass spectra, which are not always captured by the simplified models used.
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Figure 89.8: LHC exclusion limits on chargino and neutralino masses in a number of simplified
models. Left: CMS limits on chargino and neutralino masses for pair production of charginos, pair
production of heavier neutralinos, or pair production of chargino and neutralino, under a variety
of assumptions including light sleptons mediating the decays. Right: ATLAS limits on chargino
and neutralino masses for pair production of chargino and neutralino, under the assumption of
decoupled sleptons, and chargino/neutralino decay through on- or off-shell W and Z or H.

89.7.3 Exclusion limits on slepton masses

The most model-independent searches for selectrons, smuons and staus originate from the LEP
experiments [187]. Smuon production only takes place via s-channel v*/Z exchange. Search results
are often quoted for fig, since it is typically lighter than fi;, and has a weaker coupling to the
Z boson; limits are therefore conservative. Decays are expected to be dominated by jir — ,u)NC?,
leading to two non-back-to-back muons and missing momentum. Slepton mass limits are calculated
in the MSSM under the assumption of gaugino mass unification at the GUT scale, and depend on
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Table 89.3: Summary of weak gaugino mass limits in simplified mod-
els, assuming R-parity conservation. Masses in the table are provided in
GeV. Further details about assumptions and corresponding analyses are
discussed in the text. Details on constraints for compressed scenarios from
soft-lepton searches are not represented in the table.

Assumption My
=F ~F <0
X1, all Am(Xi,X1) > 92
Xi Am > 5, my > 300 > 103.5

~x
XT, mg gy = (mﬁ +myo)/2
myo ~ 0 > 1000
Xi, mgo > 480 no LHC limit

—F

X1, mj > m921i

> 420 and 290 — 760
no LHC limit

im;((l) ~0
X1, mgo > 120
Mgt = Mgy, My = (mﬁ +myg0)/2

X1 X2
mgo & 0 > 1450
1

mgo > 1000 no LHC limit
Mgs =mgo, my, = (mili + mfc?)/2 flavor-democratic
mgo %0 > 1150
mgo > 700 no LHC limit
Mgk =My, Mz = (mﬁE +myo)/2 7-dominated
mgo %0 > 970
mgo > 450 no LHC limit
Mgt = Mge, My > M, BF(WZ)=1
mgo 20 > 960
mgo > 300 no LHC limit
Mg = Mg, My > My, BF(E/H) =1
mgo & 0, wino-like X1 > 1060
mgo =~ 0, higgsino-like )NCI_L > 900

myo > 400(240) no LHC limit wino(higgsino)-like

the mass difference between the smuon and X1. A pr with a mass below 94 GeV is excluded for
Mg — Mgo > 10 GeV. The selectron case is similar to the smuon case, except that an additional
production mechanism is provided by t-channel neutralino exchange. The égr lower mass limit is
100 GeV for mgo < 85 GeV. Due to the t-channel neutralino exchange, éréy, pair production
was possible at LEP, and a lower limit of 73 GeV was set on the selectron mass regardless of
the neutralino mass by scanning over MSSM parameter space [188]. The potentially large mixing
between 7f, and 7g not only makes the 77 light, but can also make its coupling to the Z boson
small. LEP lower limits on the 7 mass range between 87 and 93 GeV depending on the XY mass,
for mz —mgo > 7 GeV [187].

At the LHC, pair production of sleptons is not only heavily suppressed with respect to pair
production of colored SUSY particles but the cross section is also almost two orders of magnitude
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smaller than the one of pair production of charginos and neutralinos. With the full data sets of
Run 1 and Run 2, however, ATLAS and CMS have surpassed the sensitivity of the LEP analyses
under certain assumptions.

ATLAS and CMS have searched for direct production of selectron pairs and smuon pairs at
the LHC, with each slepton decaying to its corresponding SM partner lepton and the X! LSP. In
simplified models, ATLAS [133] and CMS [179] set lower mass limits on sleptons of 700 GeV for
degenerate ¢y, and ZR, for a massless X} and assuming equal selectron and smuon masses, as shown
in Fig. 89.9. The limits deteriorate with increasing X1 mass due to decreasing missing momentum
and lepton momentum. As a consequence, no limits are set for X! masses above 400 GeV. Limits
are also derived without the assumption of slepton mass degeneracy [133,189]. A dedicated search
for sleptons with small mass difference between ¢ and X1 is performed by ATLAS [148] demanding
the presence of ISR jets. Although no sensitivity is achieved for intermediate mass differences
between the slepton and the LSP, slepton masses up to 260 GeV are excluded for slepton-LSP
mass differences of 10-20 GeV. ATLAS [137] followed up with a dedicated search in the challenging
regime where the mass difference between the slepton and the LSP is close to the W mass. Sleptons
with masses up to 150 GeV are excluded for a mass-splitting between the sleptons and the LSP of
50 GeV.
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Figure 89.9: LHC exclusion limits on slepton (selecNtron, smuon and stau) masses, assuming

equal masses of selectrons and smuons, degeneracy of /1, and ¢r, and a 100% branching fraction
~ <0

for £ — £Xi.

ATLAS and CMS have also searched for 7-pair production. In simplified models, ATLAS
excludes 7 masses between 120 and 390 GeV assuming light >~<(1), combining the production of
degenerate left- and right-handed 7s [190]. The CMS analysis [191] covers lower masses and closes
the mass gap with LEP. In a search for hadronic final states, CMS [192] excludes purely left-handed
7s with masses between 115 and 340 GeV for massless LSP. A recent ATLAS search [193] for stau
pair production in the fully hadronic final state excludes, for a massless LSP, degenerate left- and
right-handed 7s with masses up to 480 GeV, purely left-handed 7s with masses up to 410 GeV and
purely right-handed 7s with masses up to 330 GeV.

In gauge-mediated SUSY breaking models, sleptons can be (co-)NLSPs, i.e., the next-to-lightest
SUSY particles and almost degenerate in mass, decaying to a lepton and a gravitino. This decay can
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either be prompt, or the slepton can have a non-zero lifetime. Combining several analyses, lower
mass limits on fig of 96.3 GeV and on ég of 66 GeV are set for all slepton lifetimes at LEP [194]. In
a considerable part of parameter space in these models, the 7 is the NLSP. The LEP experiments
have set lower limits on the mass of such a 7 between 87 and 97 GeV, depending on the 7 lifetime.
ATLAS and CMS have searched for final states with 7s, jets and missing transverse momentum,
and have interpreted the results in GMSB models setting limits on the model parameters [195,196].
CMS has interpreted a multilepton analysis in terms of limits on gauge mediation models with
slepton NLSP [197]. CDF has put limits on gauge mediation models at high tan $ and slepton
NLSP using an analysis searching for like-charge light leptons and taus [198].

The invisible width of the Z boson puts a lower limit on the sneutrino mass of about 45 GeV.
Tighter limits are derived from other searches, notably for gauginos and sleptons, under the assump-
tion of gaugino and sfermion mass universality at the GUT scale, and amount to approximately
94 GeV in the MSSM [199].

The limits on sleptons in simplified models are summarized in Table 89.4.

Table 89.4: Summary of slepton mass limits from LEP and I:HC, as-
suming R-parity conservation and 100% branching fraction for £ — x3.
Masses in this table are provided in GeV.

Assumption mjy
fir, Am(fir, X1) > 10 > 94
ér, Am(ég, X1) > 10 > 94
éRr, any Am > 73
Fr, Am(7, X3) > 7 > 87
Do, Am(ég, X1) > 10 > 94
Mey,p = Mg rs Mo =0 > 700
mgo >= 400 no LHC limit
Mz, = Mg, m>~<(1) ~0 > 480
mgo >~ 200 no LHC limit
M, Mg ~ 0 > 410
mgo >= 150 no LHC limit
My, Mo & 0 > 330
mgo >~ 100 no LHC limit

89.8 Exclusion limits on promptly decaying sparticle masses in RPV scenarios

The large variety of possible configurations for non-zero A\, X’ and A\’ couplings in RPV SUSY
scenarios leads to a huge number of potential signatures to be investigated in the strong and
electroweak sectors. The lightest supersymmetric particle can be any particle, although most of the
models considered at the LHC assume that to be the lightest neutralino, and can decay promptly or
displaced. Cascade decays of sparticles down to the LSP can also be prompt or displaced depending
on the strength of the couplings involved, although typically such cascades are dominated by gauge
couplings which are prompt. In this section, we review dedicated searches for scenarios with small
non-zero RPV couplings but still large enough to allow prompt decays of the sparticles involved
(see Section 89.9 for examples of dedicated signatures searches for non-prompt decays).

Prompt RPV gluino and squark decays are searched for in final states generally characterised
by the presence of multiple leptons or jets and moderate or no missing transverse momentum.
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Searches in multilepton final states [90, 165, 200-204] set lower gluino mass limits between 1
and 2.5 TeV for decays mediated by A and X couplings, with strong dependence on the couplings
involved, the neutralino mass and the lepton flavor. Multijet final states have been used to search
for fully hadronic gluino decays involving A\’ couplings, by CDF [205], ATLAS [96,206-209] and
CMS [210-212]. Lower gluino mass limits range between 600 and 2000 GeV depending on neutralino
mass and flavor content of the final state. ATLAS [213] also searched in events characterised by
high jet multiplicity, at least one isolated light lepton and either zero or at least three b-tagged
jets, reaching as high as 2.4 TeV in gluino mass. If gluinos decay via top squark into tbd final
states through a non-zero \j;5 coupling, a search for same-sign/three-lepton events can be effective.
ATLAS [90] sets a lower limit of 1.65 TeV for a top squark with a mass below 1.45 TeV.

RPV production of single squarks via a X-type coupling has been studied at HERA. In such
models, a lower limit on the squark mass of the order of 275 GeV has been set for electromagnetic-
strength-like couplings A" = 0.3 [214]. At the LHC, prompt [201,204,215] R-parity violating squark
decays have been searched for, with mass limits very model-dependent.

Dedicated searches for RPV top squarks (at production and/or in decays) have been carried out
in the past decades. Production of single top squarks has been searched for at LEP, HERA, and
the Tevatron. For example, an analysis from the ZEUS collaboration [216] makes an interpretation
of its search result assuming top squarks to be produced via a A’ coupling and decay either to b)ﬁc
or R-parity-violating to a lepton and a jet. Limits are set on A4, as a function of the top squark
mass in an MSSM framework with gaugino mass unification at the GUT scale. CMS and ATLAS
have performed several searches for top squarks using a variety of multilepton and/or multijet final
states and Run 2 data. The )-mediated top squark decay ¢ — bf has been studied by ATLAS for
prompt decays [217], and by ATLAS and CMS for non-prompt decays [218-220], setting limits up
to 1.4 — 1.6 TeV in simplified models for this mode. CMS also searched for the \'-mediated decay
t — blqq, setting lower stop mass limits of 890 GeV (e) or 1000 GeV (u) [221]. The fully hadronic
R-parity violating top squark decays t — bs, t — ds, and t — bd, involving A", have been searched
for by ATLAS [201,207,222-224], and CMS [225,226]. Other recent searches target top squarks
decaying through cascades into several b— and light-quarks, for example as in [227]. The most
recent results set lower top squark mass limits up to 1.35 TeV in top-squark mass [213] if decays
include top- and b-quarks [213] lower top squark mass limits are up to 1.35 TeV in top-squark
mass. Constraints on masses up to 670 GeV are found if the top squarks decays include top- and
light-quarks [228].

Various searches for multi-lepton and lepton plus jets events are interpreted in a model with RPV
decays of charginos and neutralinos (including the LSP) involving a non-zero A\ [165,200,204] or
A [201,209,229,230] coupling. Neutralino decays involving non-zero \” lead to fully hadronic final
states, and searches for multi-jet events and jet-pair resonances are used to set limits, typically
on the production of colored particles like top squarks or gluinos, which are assumed to be the
primary produced sparticles in these interpretations, as discussed earlier. For instance, the ATLAS
search [213] in events with one lepton and high jet multiplicity excludes up to 320 (365) GeV in
higgsino (wino) masses. If top quarks arise in the decay of the neutralino, lepton-enriched final
state events are also relevant, see for example preliminary results in [143]. The multilepton search
in [231] set limits on the production of charginos and neutralinos for a minimal SUSY model with
an approximate B — L symmetry. In this case, charginos and neutralinos with masses between
100 GeV and 1.1 TeV are excluded depending on the assumed decay BR into a lepton plus a
W, Z or H boson. Finally, recent preliminary results from ATLAS [143] set the first experimental
constraints on bilinear RPV models (bRPV) with degenerate higgsino masses exploiting same-
sign /three-lepton signatures, excluding masses smaller than 440 GeV.
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Limits also exist on sleptons in RPV models, both from LEP and the Tevatron experiments.
From LEP, lower limits on jir and ég masses in such models are 97 GeV, and the limits on the
stau mass are very close: 96 GeV [232]. CMS has searched for resonant smuon production in a
modified CMSSM scenario [233], putting limits on A1 as a function of mq,m; /5. Production of
pairs of sneutrinos in R-parity violating models has been searched for at LEP [232]. Assuming
fully leptonic decays via A-type couplings, lower mass limits between 85 and 100 GeV are set. At
the Tevatron [234,235] and at the LHC [233,236-238]|, searches have focused on scenarios with
resonant production of a sneutrino decaying to ey, ur and er final states. Limits have been set on
sneutrino masses as a function of the value of relevant RPV couplings. As an example, the LHC
experiments exclude a resonant tau sneutrino with a mass below 2.3 TeV for Agi0 = Azo1 > 0.07
and Mgp; > 0.11.

Formulating a general assessment of the existing bounds on RPV SUSY models is becom-
ing increasingly important in order to evaluate loopholes and potential new search directions. A
classification of all potential RPV signatures at the LHC for small couplings has been recently
published [239] to evaluate the coverage of the most general RPV-MSSM setup, without making
any assumptions about the sparticle spectrum details. Small RPV couplings imply that sparticles
are pair-produced at the LHC as in the RPC-MSSM case. Figure 89.10 shows a summary of the
95% C.L. limits on sparticle masses in RPV models for two types of A couplings, compared to the
direct production mass bound when the sparticle under consideration is the LSP. This is done to
quantify the impact of possible assumptions made on the nature, mass and coupling choices for the
LSP which in turn might lead to different leptons, jets and top-quark multiplicities. As underlined
in [239], changes in exclusion limits on sparticle masses are at most around 20%.
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Figure 89.10: Summary of 95% C.L. limits on sparticle masses in RPV models, for Aja; (left),
and for Agi3 (right). The vertical red line represents the direct production mass bound when the
sparticle under consideration is the LSP.

Finally, RPV signatures are often similar to signatures of Stealth SUSY [240-242]. In these
scenarios, squarks can decay to a quark and a chargino (neutralino), which can subsequently decay
to a singlino S and a W (photon), with the S decaying to two gluons and a soft gravitino G.
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Dedicated CMS searches [243,244] exclude squark masses up to 1.85 TeV in the photon channel
and up to 550 GeV in the charged lepton channel. Gluino masses up to 2.1 TeV are excluded in the
di-photon channel [244]. Limits have also been placed on top squarks in stealth SUSY scenarios,
where the top squark decays to a top quark, a gluon and a S, and the S subsequently decays to a
G and two gluons. In such a scenario, top squark masses up to 870 GeV have been excluded by
CMS [228].

89.9 Exclusion limits on long-lived sparticles

Long-lived sparticles arise in many different SUSY models. In particular in co-annihilation
scenarios, where the NLSP and LSP are nearly mass-degenerate, this is rather common in order
to obtain the correct Dark Matter relic density. Prominent examples are scenarios featuring stau
co-annihilation, or models of SUSY breaking, e.g. minimal anomaly-mediated SUSY breaking
(AMSB), in which the appropriate Dark Matter density is obtained by co-annihilation of the LSP
with an almost degenerate long-lived wino. R-parity violating SUSY models might also lead to non-
prompt decays. Searches for events with a displaced hadronic vertex, with or without a matched
lepton, are for instance interpreted in a model with RPV neutralino decays involving a non-zero
X\ coupling [230]. However, in general, other sparticles can also be long-lived and it is desirable to
establish a comprehensive search program for these special long-lived cases, which lead to distinct
experimental search signatures. Past experiments have performed dedicated searches for long-lived
SUSY signatures, but given the absence of any experimental evidence for SUSY so far, more effort
and focus has gone into such searches at the LHC recently. Signatures interpreted in terms of SUSY
models include disappearing tracks, identification of tracks with atypical properties or unusual
ionization, small and localized deposits of energy inside of the calorimeters without associated
tracks, or stopped particles that decay out of time with collisions. Some examples are reported
below with interpretations provided for gluinos, squarks and electroweak SUSY particles in a variety
of SUSY models.

If the decay of gluinos is suppressed, for example if squark masses are high, gluinos may live
longer than typical hadronization times. It is expected that such gluinos will hadronize to long-living
strongly interacting particles known as R-hadrons. In particular, if the suppression of the gluino
decay is strong, as in the case that the squark masses are much higher than the TeV scale, these R-
hadrons can be (semi-)stable in collider timescales. Searches for such R-hadrons exploit the typical
signature of stable charged massive particles in the detector. R-hadrons decaying in the detector
are searched for using dF/dx measurements and searches for displaced vertices. As shown in the left
plot of Fig. 89.11, the ATLAS experiment excludes semi-stable gluino R-hadrons with masses below
1.9 — 2.3 TeV for all lifetimes in a simplified model where such gluinos always form R-hadrons,
and decay into jets and a light neutralino, by combining a number of analyses [207,245-248].
A combination of CMS searches for long-lived particles, as shown in Fig. 89.12, reaches similar
limits [249-253].

Alternatively, since such R-hadrons are strongly interacting, they may be stopped in the
calorimeter or in other material, and decay later into energetic jets. These decays are searched
for by identifying the jets [254-256] or muons [256] outside the time window associated with bunch-
bunch collisions. As shown in Fig. 89.12, the CMS collaboration sets limits on such stopped
R-hadrons over 13 orders of magnitude in gluino lifetime, up to masses of 1390 GeV [256]. Recent
results from ATLAS [257] sets constraint on the mass of gluino R-hadrons using large out-of-time
energy deposits in the calorimeters. Also in this case, masses of up to 1.4 TeV are excluded for
gluino lifetimes of 1075 — 10? s.

Top squarks can also be long-lived and hadronize to a R-hadron, for example in the scenario
where the top squark is the next-to-lightest SUSY particle, with a small mass difference to the
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LSP. Searches for massive stable charged particles are sensitive to such top squarks. Tevatron
limits are approximately m; > 300 GeV [258,259]. ATLAS sets a limit of 1340 GeV on such top
squarks [247], the CMS limits are comparable [251]. Intermediate lifetimes of top squarks decaying
through RPV coupling into a quark and a lepton are also targeted by ATLAS and CMS. Limits
on top squarks decaying into a quark and a muon are set by ATLAS [260] using events that pass a
muon or missing-transverse-momentum trigger and contain a displaced muon track and a displaced
vertex. Masses up to 1.7 TeV are excluded for a lifetime of 0.1 ns, and masses below 1.3 TeV are
excluded for lifetimes between 0.01 ns and 30 ns. CMS [261] utilizes events with two leptons with
transverse impact parameter values between 0.01 and 10 cm not required to form a common vertex
to exclude top squarks with masses between 100 and at least 460 GeV for 0.01 < 7y < 1000 cm,
where c7, is the proper decay length.

In addition to colored sparticles, sparticles like charginos may also be long-lived, especially in
scenarios with compressed mass spectra. Charginos decaying in the detectors away from the primary
vertex could lead to signatures such as kinked-tracks, or apparently disappearing tracks, since, for
example, the pion in ﬁc — 7t X might be too soft to be reconstructed. At the LHC, searches
have been performed for such disappearing tracks, and interpreted within anomaly-mediated SUSY
breaking models [262-265]. The right plot of Fig. 89.11 shows constraints for different ATLAS
searches on the chargino mass-vs-lifetime plane for an AMSB model (tan 8 =5, > 0) in which a
wino-like X decays to a soft pion and an almost mass-degenerated wino-like X1 [247,248,263-266].
The disappearing track search [265] provides constraints also for higgsino-like models. Results
from [266] exploiting anomalously large specific ionisation losses dF/dx are extrapolated to the
stable regime. For a similar AMSB-like model, CMS excludes ¢ values between 0.15 and 18 m
for a chargino mass of 505 GeV [262], see Fig. 89.12. Their most recent results [267] expand and
improve the constraints on masses of charginos as well as of colored sparticles by making use of
electron and muon plus disappearing track signatures, measurements of the dE /dz ionization energy
loss of candidate tracks, and by re-analyzing the fully hadronic signatures using ML techniques.

Charginos with a lifetime longer than the time needed to pass through the detector appear as
charged stable massive particles. Limits have been derived by the LEP experiments [268], by D0
at the Tevatron [259], and by the LHC experiments [247,269], and such charginos with mass below
1090 GeV are excluded.

In gauge mediation models, NLSP neutralino decays need not be prompt, and experiments have
searched for late decays with photons in the final state. CDF has searched for delayed X! — G
decays using the timing of photon signals in the calorimeter [270]. CMS has used the same technique
at the LHC [271]. Results are given as exclusion contours in the neutralino mass versus lifetime
plane, and for example in a GMSB model with a neutralino mass of 300 GeV, cr values between 10
and 2000 cm are excluded [271]. DO has looked at the direction of showers in the electromagnetic
calorimeter with a similar goal [272], and ATLAS has searched for photon candidates that do not
point back to the primary vertex, as well as for delayed photons [273].

Charged slepton decays may be kinematically suppressed, for example in the scenario of a NLSP
slepton with a very small mass difference to the LSP. Such a slepton may appear to be a stable
charged massive particle. Interpretation of searches at LEP for such signatures within GMSB
models with a stau NLSP or slepton co-NLSP exclude masses up to 99 GeV [268]. Searches for
stable charged particles at the Tevatron [258,259] and at the LHC [247,251] are also interpreted
in terms of limits on stable charged sleptons. The limits obtained at the LHC exclude stable staus
with masses below 430 GeV when produced directly in pairs, and below 660 GeV when staus are
produced both directly and indirectly in the decay of other particles in a GMSB model. Recent
results from ATLAS and CMS set constraints on long-lived charged slepton with intermediate
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lifetimes. ATLAS searches for charged leptons with large impact parameters and exclude selectron,
smuon and stau masses up to 720 GeV, 680 GeV, and 340 GeV, respectively, in case of lifetimes
of 0.1 ns. CMS [192] targets long-lived stau with ¢7 of about 0.1 mm excluding masses between
115 and 220 GeV for the case that the LSP is nearly massless.
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Figure 89.11: Limits at 95% C.L. on the gluino mass in R-hadron models (left), and on the
chargino mass in a model where the wino-like chargino is almost degenerate with the LSP (right),
as a function of gluino or chargino lifetime, as obtained by ATLAS.
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Figure 89.12: Excluded regions, at 95% C.L., in the lifetimes of long-lived particles in several

models, as obtained by CMS.
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89.10 Global interpretations

Apart from the interpretation of direct searches for sparticle production at colliders in terms of
limits on masses of individual SUSY particles, model-dependent interpretations of allowed SUSY
parameter space are derived from global SUSY fits. Typically these fits combine the results from
collider experiments with indirect constraints on SUSY as obtained from low-energy experiments,
flavor physics, high-precision electroweak results, and astrophysical data.

In the pre-LHC era these fits were mainly dominated by indirect constraints. Even for very
constrained models like the CMSSM, the allowed parameter space, in terms of squark and gluino
masses, ranged from several hundreds of GeV to a few TeV. Furthermore, these global fits indicated
that squarks and gluino masses in the range of 500 to 1000 GeV were the preferred region of
parameter space, although values as high as a few TeV were allowed with lower probabilities [274—
281].

With ATLAS and CMS now probing mass scales around 1 TeV and beyond, the importance of
the direct searches for global analyses of allowed SUSY parameter space has increased. For example,
imposing the new experimental limits on constrained supergravity models pushes the most likely
values of first generation squark and gluino masses significantly beyond 2 TeV, typically resulting in
overall values of fit quality much worse than those in the pre-LHC era [154-156,184,282-289]. The
measured value of my, pushes the sparticle masses upwards. Although these constrained models are
not yet ruled out, the extended experimental limits impose very tight constraints on the allowed
parameter space.

For this reason, the emphasis of global SUSY fits has shifted towards less-constrained SUSY
models. Interpretations in the pMSSM [182-186,269, 282,290] as well as in simplified models, have
been useful to generalize SUSY searches, for example to redesign experimental analyses in order
to increase their sensitivity for compressed spectra, where the mass of the LSP is much closer to
squark and gluino masses than predicted by the CMSSM. As shown in Table 89.1, for neutralino
masses above 0.5 — 1 TeV the current set of ATLAS and CMS searches, interpreted in simplified
models, cannot exclude the existence of squarks or gluinos with masses only marginally above the
neutralino mass. However, as these exclusion limits are defined in the context of simplified models,
they are only valid for the assumptions in which these models are defined.

Fig. 89.13 shows graphically the LHC exclusion power in the pMSSM based on searches per-
formed at /s = 7 and 8 TeV as reported by ATLAS [182] and CMS [183]. The plot on the left shows
the survival probability in the gluino-neutralino mass plane, which is a measure of the parameter
space that remains after inclusion of the relevant CMS search results. As can be seen, gluino masses
below about 1.2 TeV are almost fully excluded. This result agrees well with the typical exclusion
obtained at 8 TeV in simplified models for gluino production. However, as shown in the right plot
of Fig. 89.13, when a similar analysis for other sparticles is performed it becomes apparent that
exclusions on the pMSSM parameter can be significantly less stringent than simplified model limits
might suggest. This is especially apparent for the electroweak sector, where even at rather low
masses several of the pMSSM test points still survive the constraint of ATLAS searches at /s =
7 and 8 TeV. This again indicates that care must be taken when interpreting results from the
LHC searches and there are still several scenarios where sparticles below the 1 TeV scale are not
excluded, even when considering the most recent results at /s = 13 TeV. Interpretations in the
pPMSSM of searches performed on the full Run 2 dataset are in preparation and will offer further
insights on the validity of constraints obtained with simplified models and, thus, guidance towards
the future LHC runs and beyond.

Furthermore, the discovery of a Higgs boson with a mass around 125 GeV has triggered many
studies regarding the compatibility of SUSY parameter space with this new particle (see for exam-
ple [291,292]). Much of it is still work in progress and it will be interesting to see how the interplay
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Figure 89.13: The plot on the left shows the survival probability of a pMSSM parameter space
model in the gluino-neutralino mass plane after the application of the relevant CMS search results.
The plot on the right shows a graphical representation of the ATLAS exclusion power in a pMSSM
model. Each vertical bar is a one-dimensional projection of the fraction of models points excluded
for each sparticle by ATLAS analyses. The experimental results are obtained from data taken at
Vs =Tand 8 TeV.

between the results from direct SUSY searches and more precise measurements of the properties of
the Higgs boson will unfold in the future.

89.11 Summary and Outlook

The absence of any observation of new phenomena at the first run of the LHC at /s = 7/8 TeV,
and after the second run at /s = 13 TeV, places significant constraints on SUSY parameter
space. An overview of the current landscape of SUSY searches and limits at the LHC is shown
in Figure 89.14, where a summary of results from the ATLAS experiment [293] (CMS results are
similar [294]), is reported for illustration purposes. Inclusive searches probe production of gluinos
at about 2.45 TeV, first and second generation squarks in the range of about 1 to 1.9 TeV, third
generation squarks at scales around 600 GeV to 1.2 TeV, electroweak gauginos at scales around
400 — 1100 GeV, and sleptons around 700 GeV. However, depending on the assumptions made on
the underlying SUSY spectrum these limits can also weaken considerably.

With the LHC having reached almost its maximum energy of about /s = 14 TeV and analyses
explored the full Run 2 dataset, future sensitivity improvements will have to originate from more
data, the improvement of experimental analysis techniques and the focus on special signatures like
the ones arising in long-lived sparticle decays. Therefore, it is expected that the current landscape
of SUSY searches and corresponding exclusion limits at the LHC, especially for strongly produced
sparticles in RPC scenarios, will not change as rapidly anymore as it did in the past, when the
LHC underwent several successive increases of collision energy.

The interpretation of results at the LHC has moved away from constrained models like the
CMSSM towards a large set of simplified models, or the pMSSM. Quoted limits in simplified
models are only valid under the explicit assumptions made in these models. The addition of more
comprehensive interpretations in the pMSSM complement those and therefore enable an even more
refined understanding of the probed SUSY parameter space.

In this context, the limit range of 1.5 — 2.45 TeV on generic colored SUSY particles only holds
for light neutralinos, in the R-parity conserving MSSM. Limits on third generation squarks and
electroweak gauginos also only hold for light neutralinos, and under specific assumptions for decay
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Figure 89.14: Overview of the current landscape of SUSY searches at the LHC (updated on Au-
gust 2023). The plot shows exclusion mass limits of ATLAS for different searches and interpretation
assumptions. The corresponding results of the CMS experiment are similar.

modes and slepton masses. Constraints in R-parity violating SUSY models strongly depend also

on the assumed non-zero couplings.

The next LHC runs, with /s between 13 and 14 TeV and significantly larger integrated lu-
minosities (notably the High-Luminosity LHC), will provide a large data sample for future SUSY
searches. As mentioned above, the improvement in sensitivity will largely have to come from a
larger data set, and evolution of trigger and analysis techniques, since there will be no significant
energy increase at the LHC anymore. Although the sensitivity for colored sparticles will increase
somewhat as well, the expanded data set will be particularly beneficial for electroweak gaugino
searches, and for the more difficult final states presented by compressed particle spectra, stealth
SUSY, long-lived sparticles, or R-parity violating scenarios.
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