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1. Introduction

Supersymmetry (SUSY) remains one of the most compelling frameworks for physics beyond the standard
model and has long been a central focus of searches at the CERN Large Hadron Collider (LHC). Its appeal lies in
its ability to address various open questions in particle physics through an inherently elegant theoretical structure.
SUSY can manifest itself in many different ways, predicting a wide spectrum of signatures, hence providing a rich
landscape for exploration at the LHC.

During Run 1, the Compact Muon Solenoid (CMS) Collaboration carried out an extensive program of searches
with about 25 fb~! of proton-proton data at 7 and 8 TeV, collected between 2010 and 2012. In Run 2, the center-
of-mass energy increased to 13 TeV and about 140 fb~! of data were collected between 2015 and 2018. This
substantial gain in energy and luminosity opened a new level of sensitivity, enabling CMS to probe regions of SUSY
parameter space that had previously been out of reach.

The Run 2 SUSY program was broad and ambitious. It ranged from inclusive searches, sensitive to many
different models at once, to targeted analyses focusing on scenarios predicting final states with compressed mass
spectra, low momentum objects, signatures strongly resembling those of the standard model, small production
cross sections (such as direct slepton pair production), and new types of long-lived particles. Using the Run 2
dataset, the collaboration carried out dozens of dedicated searches across a wide array of signatures. These efforts
were made possible by advances in reconstruction and analysis techniques, supported by developments in machine
learning. While no significant excess has been observed, the combined program has substantially reshaped our
understanding of the viable SUSY parameter space, excluding broad classes of models and highlighting the regions
where sensitivity remains limited.

In this review, I present a complete account of the CMS Run 2 SUSY program. I begin with the overall
strategy, the models investigated, and the tools and techniques developed. I then summarize the full set of analyses,
organized by their targeted final states, and conclude with a global view of the impact of CMS searches on the SUSY
landscape, through collective interpretations and combinations in simplified models and in the phenomenological
minimal supersymmetric standard model (pMSSM).
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2. The General Strategy and Evolution

As the LHC began operations, we greeted the first data with high expectations for SUSY. We set out to build a
broad CMS SUSY program encompassing a diverse range of viable and experimentally accessible SUSY signatures.
The earliest CMS searches focused on so-called “vanilla” SUSY signatures, with clear characteristics that made
them easy to distinguish from the SM backgrounds. These arose in scenarios with low sparticle masses, leading to
high production cross sections, and sizeable mass differences that produced object-rich decays. Studies prioritized
prominent gluino, squark, and electroweakino decays, yielding final states with multiple objects, high transverse
activity, and, above all, large pi*s. The early analyses were categorized by the presence of objects such as jets,
b-tagged jets, leptons, or photons, with p™* as a common hallmark. These general purpose analyses also served as
a testing ground for a range of discriminating variables and techniques. As the center-of-mass energy increased
from 7 to 8 TeV and the dataset grew, more targeted searches emerged, including those for third-generation squarks,
staus, boosted objects, and long-lived particles. By the end of Run 1, CMS searches using 5 fb~! at 7 TeV and
19.6 fb~! at 8 TeV set meaningful constraints on gluinos, squarks, the lightest charginos and neutralinos, and staus.

The increase from 8 TeV to 13 TeV in center-of-mass energy brought a substantial boost to the production
cross sections of many SUSY processes. For instance, the cross section for top squark pair production with a mass
of 800 GeV increases by roughly a factor of four, whereas the cross section for standard model (SM) ¢¢ production
grows by only about a factor of two. This relative gain gave SUSY searches a welcome advantage. Moreover, the
integrated luminosity collected during Run 2 reached nearly 140 fb~!, almost seven times that of Run 1. Together,
these improvements allowed us to probe new regions of parameter space, including higher-mass regimes that had
previously been out of reach. We could also revisit already covered areas with enhanced sensitivity, and extend the
program to more complex or subtle signatures that had earlier seemed prohibitively challenging.

The Run 2 SUSY search program was designed, for the most part, as a coordinated effort to explore SUSY
across a broad and complementary landscape of signatures. At its core, the program remained signature-driven: we
organized our searches according to the observable features of the final states rather than committing to any specific
theoretical model. This strategy preserved our sensitivity to a wide variety of models while ensuring that results
remained interpretable and re-usable in different theoretical contexts.

Building on the inclusive searches of Run 1, the Run 2 program broadened its scope to include both general-
purpose and highly targeted analyses. Inclusive searches in 0-, 1-, 2-leptons plus multijet plus pfis* final states
formed a core foundation, offering broad coverage for strong production of gluinos and squarks. In parallel, more
specialized analyses addressed final states featuring taus, photons, same-sign dileptons, soft objects, or low hadronic
activity. In parallel, searches with long-lived particles, which had already begun in Run 1 became more refined and
versatile. This diversity allowed the program to be sensitive not only to canonical decay chains, but also to more
elusive signatures arising from compressed mass spectra, electroweak production of charginos, neutralinos, and
sleptons, R-parity violation, and similar.

A guiding principle throughout was complementarity. Searches were intentionally designed to be orthogonal
where possible, and overlapping where necessary, to allow for eventual combinations. We aimed to ensure that the
most motivated regions of parameter space were covered in multiple ways, such that the strength of one analysis could
compensate for the limitations of another. The program was also structured with reinterpretation in mind: the use of
simplified models and standardized categorization helped make results broadly applicable across theoretical scenarios.

For many SUSY searches, analyses were first performed using the 2016 dataset, corresponding to an integrated
luminosity of 35.9 fb~!. As additional data became available, these early 13 TeV searches were revisited using the
full Run 2 dataset. In most cases, this update involved refining the methodology, incorporating improved techniques,
expanding the scope of the final states, or redefining the search regions to enhance sensitivity or explore new territory.
In some instances, multiple earlier analyses were merged into a single, more comprehensive search. In this review, |
will cover and refer to these more mature, legacy searches performed on the full Run 2 data, with a few exceptions
that used partial data because of technical restrictions.

Over the course of Run 2, the CMS SUSY program evolved into a coordinated and versatile framework, able
to address the most compelling scenarios, as I will describe in the coming sections, while remaining flexible enough
to capture the unexpected.

3. The SUSY Model Landscape

The CMS Run 2 SUSY search program was designed to address a broad range of theoretical scenarios. While
the searches were often inspired by complete SUSY frameworks, they were formulated and interpreted primarily in
terms of simplified models. These are defined by a minimal set of new particles with specified masses, production
modes, and decay channels, while all other new particles are assumed to be heavy and decoupled. A simplified
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model typically is described by just a few parameters, such as the relevant masses and, for long-lived cases, the
proper lifetime, and typically fixes the branching fractions to 1 (unless stated otherwise). This approach captures
the essential kinematics and topology of a process without the complexity of a full SUSY spectrum, enabling a
systematic exploration of distinct signatures and allowing results to be reinterpreted in a wide variety of more
complete scenarios.

The majority of searches assumed R-parity conserving SUSY, in which superpartners are pair-produced and
decay to a stable lightest supersymmetric particle (LSP), typically taken to be the lightest neutralino. In these
models, the presence of undetected LSPs leads to signatures with p™, which is a key requirement in many CMS
SUSY searches. Particular emphasis was placed on scenarios motivated by naturalness, where light Higgsinos, top
squarks, and gluinos are expected to play a central role in stabilizing the electroweak scale. These considerations
guided a significant portion of the program, including searches targeting final states with top and bottom quarks,
W, Z, or Higgs bosons, and large p%iss. Notably, Higgsino scenarios can also give rise to long-lived particle (LLP)
signatures when the mass splittings within the electroweakino sector are small, leading to displaced decays or
disappearing tracks.

In parallel, other CMS searches explored a number of non-minimal SUSY scenarios with distinctive experimen-
tal signatures. In R-parity violating (RPV) models, the LSP decays promptly into SM particles, leading to final states
with high lepton or jet multiplicities and typically low (or no) p%i“. Stealth SUSY scenarios, in which the SUSY
decay chain ends in nearly mass-degenerate particles, suppress visible kinematic signatures and require alternative
approaches, such as the use of initial-state radiation (ISR) or soft-object reconstruction. In gauge-mediated SUSY
breaking (GMSB) models, the LSP is assumed to be a light gravitino G, and the next-to-lightest SUSY particle
(NLSP) can decay into a photon, Z, or Higgs boson, producing final states with photons and p‘;i“, and in some
cases delayed or displaced signatures depending on the NLSP lifetime. A subset of searches also targeted dark
matter-motivated scenarios, including those involving coannihilation mechanisms, where the LSP and a nearly
degenerate partner (e.g., a stau) freeze out together in the early universe. These models often predict compressed
spectra and lead to challenging final states with soft visible objects and moderate p?‘“, motivating the development
of dedicated search strategies. The program also covered extensions of the MSSM gauge structure, with a search
targeting a U(1)'-extended MSSM model derived from embedding SUSY in an Eg grand unified theory. This
construct features a heavy, neutral Z’ resonance, with a leptophobic nature, decaying into charginos, and leading to
final states with leptons and pss.

While simplified models formed the backbone of the individual search interpretations, a subset of results
was also interpreted in the context of the phenomenological MSSM (pMSSM). This approach, which scans over
19 SUSY parameters at the electroweak scale, provides a more global view of the viable SUSY parameter space. A
dedicated combination of several Run 2 searches was performed in this framework, allowing the impact of the full
CMS SUSY program to be assessed in a more comprehensive and correlated way.

4. Analysis Techniques and Tools

Although CMS SUSY searches cover a broad range of final states, most analyses follow a common structure.
We start by reconstructing, identifying, and selecting physics objects (such as electrons, muons, jets, photons, etc.),
then apply preselection criteria. From there, we categorize events by defining signal, control, and validation regions
to isolate candidate signals, constrain the dominant backgrounds, and validate the background estimation strategy. A
substantial part of the work involves evaluating systematic uncertainties associated with detector effects, background
modeling, and theoretical inputs. Final results are obtained through a statistical analysis, most often performed
using the CMS Combine framework, to extract potential signals or set exclusion limits, where systematic effects are
incorporated as nuisance parameters to the fit.

Analyses in Run 2 broadly followed this common structure but also benefited from several key innovations.
Object reconstruction and identification improved significantly, achieving better performance for standard objects
and coverage for a wider variety of long-lived particle signatures. Trigger capabilities also expanded, allowing
lower thresholds and dedicated designs targeting challenging scenarios. New kinematic variables were developed to
improve signal-background separation. Machine learning (ML) became central, enhancing both object tagging and
event-level discrimination. These advances, together with more mature statistical treatments and software tools,
formed the technical foundation for the progress in Run 2 SUSY searches.

A major development during Run 2 was the substantial improvement in physics object reconstruction and
identification, aided by the rapid adoption of machine learning (ML) techniques. CMS deployed deep neural
network (DNN)-based taggers for b jets (DeepCSV [1, 2], DeepJet [3, 4]) and for boosted objects, including W, Z,
Higgs bosons, and top quarks (DeepAKS [5], DeepDoubleB [6], ParticleNet [7]). These taggers were essential
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in searches for heavy SUSY particles whose decays produce highly Lorentz-boosted SM or SUSY states, with
subsequent decays leading to spatially collimated particles that merge into single reconstructed objects. We also
introduced boosted leptonic jet tagging to identify objects decaying to leptons and quarks, which added sensitivity
to RPV LSPs decaying in this way and, more generally, to final states with leptonic decays of boosted top quarks.
Direct searches for top squarks also made use of ML-based resolved top taggers, such as DeepResolved, to maintain
efficiency in nonboosted kinematic regimes. Over the course of Run 2, lepton reconstruction improved steadily,
allowing lower transverse momentum selection thresholds and better isolation allowing the inclusion of soft leptons
in compressed spectrum searches. Tau identification advanced with the DeepTau algorithm [8], which improved
both efficiency and background rejection, while reducing misidentification rates. Together, these developments
expanded the range of final states we could address with confidence.

About a third of the Run 2 SUSY analyses explored models predicting long-lived particles. These rely on
specialized reconstruction techniques. CMS developed or improved algorithms for identifying heavy charged stable
particles, disappearing tracks, delayed photons, delayed jets, displaced vertices, displaced tracks, displaced jets,
trackless delayed jets. ML techniques were used for efficiently identifying disappearing tracks, trackless delayed jets,
displaced tracks, and displaced vertices. These searches have additional backgrounds from mismeasurements, and
noncollision sources such as cosmic rays, beam halo, noise or spurious sources. Dedicated data-driven background
estimation methods were developed to reduce and estimate such backgrounds.

Trigger developments also played an important role in improving our searches. CMS operated with lower
thresholds on lepton triggers compared to Run 1, for example, having 3 GeV muon thresholds in a dimuon trigger,
which expanded the reach of searches involving soft leptons targeting compressed spectra. Dedicated triggers were
developed for LLP searches, including a trigger for displaced jets using track impact parameters, and delayed photon
triggers using calorimeter timing.

Event selection and signal extraction rely on variables whose distributions differ between SUSY signals and
SM backgrounds. Many of these observables were first developed and studied during Run 1, and their use has
been refined in Run 2. Widely used examples include inclusive quantities such as object multiplicities, missing
transverse momentum p%i“ (the negative vector sum of the transverse momenta of visible objects in the event),
hadronic transverse momentum Hp (the scalar sum of jet transverse momenta), St (the scalar sum of photon and
jet transverse momenta), L7 (the sum of lepton transverse momenta and p?iss), and M ; (the sum of large-radius jet
masses). These variables emphasize the central activity characteristic of many SUSY signals. Angular separations
between objects, or between objects and piiss, are also used to enhance the signal-to-background ratio by suppressing
backgrounds with different event topologies. Other variables are designed to exploit the mass structure of the SUSY
decay chain, such as invariant mass, transverse mass mr, stransverse mass mp2 [9, 10], and the razor kinematic
variables M and R? [11]. In Run 2, additional specialized observables, including recursive jigsaw reconstruction
variables [12—14] and the “topness” discriminant [15], have been employed in analyses targeting compressed or
otherwise challenging scenarios.

ML techniques were also widely adopted for event-level signal discrimination. Boosted decision trees (BDTs)
and DNNs were trained to separate SUSY signals from SM backgrounds using multiple low or high-level input
variables. In an increasing number of analyses, the output of these discriminants was used as the primary search
variable, binned and fitted within signal (and sometimes control) regions. A notable advance was the use of
parameterized neural networks (pNNs), in which the SUSY particle masses (or other model parameters) are included
as additional inputs to the network. This allows a single network to learn the full dependence of the event kinematics
on these parameters, and to interpolate smoothly between simulated mass points. As a result, the trained model can
provide predictions for intermediate mass values without the need for separate training, enabling more efficient
signal modeling over large kinematic ranges and improving the reinterpretation potential of the analysis. The use of
ML was not limited to signal discrimination. In selected analyses, it was also integrated into background modeling
strategies. One example is ABCDiscoTeC [16], an NN-based method for learning transfer functions between control
and signal regions.

With the increase in integrated luminosity, the granularity of signal region definitions also grew. Many analyses
defined several hundred exclusive bins, and in at least one case the number exceeded a thousand. This high level
of resolution helped maintain sensitivity across a wide range of decay topologies, mass configurations, and signal
kinematics. It also increased the challenges on background estimation and the modelling of systematic uncertainties,
which adapted and matured over the course of Run 2.

A notable methodological shift during Run 2 was the transition to simultaneous fits across signal and control
regions, using a shared statistical model. Earlier analyses often treated control region background estimates and
signal region fits as distinct stages, esimating backgrounds first, then performing the statistical analysis in the signal
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regions. Though this practice still continued in Run 2, most Run 2 searches transitioned into integrating all regions
into a unified statistical model. This approach allowed for consistent propagation of systematic uncertainties, better
constraints on background normalization and shapes, and improved statistical power.

Finally, the Run 2 SUSY program benefitted from increasingly mature software infrastructure, common analysis
tools, and analysis preservation practices. The widespread use of the CMS Combine statistical framework [17]
enabled consistent statistical treatment of uncertainties and facilitated combination studies.

These developments in reconstruction, triggering, background estimation, statistical treatment, and software
infrastructure provided a robust and flexible toolkit for Run 2 SUSY searches. They allowed each analysis to be
tailored to its targeted signature while still benefiting from a common foundation of techniques and tools. In the
following, we will go through the individual analyses and show how these methods were applied and adapted to
address the wide variety of SUSY scenarios explored during Run 2.

5. Signatures and Analyses

The rich variety of Run 2 CMS SUSY searches can be grouped according to the primary experimental signature
they target: (i) inclusive searches; (ii) top squark searches; (iii) electroweakino and slepton searches; (iv) searches
for compressed mass spectra; (v) RPV and stealth searches; and (iv) searches for long-lived particles. We will go
through each category in turn, listing the individual analyses it contains and summarizing their target topology,
notable experimental techniques, and main interpretations. Some analyses naturally span more than one category.
When this occurs, they are placed where they most clearly belong, with additional mentions in other relevant
contexts.

5.1. Inclusive Searches

Inclusive searches are characterized by broad selection criteria targeting general SUSY event topologies, with
minimal assumptions about the specific decay chains involved. These analyses typically categorize events based
on object multiplicities, p?iss, or other global features, partitioning the selected sample into hundreds of exclusive
search regions. This structure allows for sensitivity to a wide range of models in a largely signature-agnostic manner.
Inclusive searches are particularly effective at probing strong production modes involving gluinos or squarks, but
they are also interpreted in scenarios featuring electroweakinos or R-parity violation. Their generality makes them
well suited to uncovering unexpected signals and highly valuable as benchmarks in reinterpretation studies. Figure 1
shows a nonexhaustive example set of simplified models interpreted by the inclusive searches.

A flagship inclusive search, one that also served as a training ground for generations of CMS SUSY analysts,
is the fully hadronic analysis historically known as “RA2b” [18]. This search targets events with at least two jets
and significant missing transverse momentum. Events were partitioned into 174 exclusive search regions defined in
four dimensions: jet multiplicity, number of b-tagged jets, the scalar sum of jet transverse momenta (Hr), and the
magnitude of the vectorial sum of jet transverse momenta (H7**%). The analysis also played a key role in validating
and refining inclusive background estimation methods, which remain widely used across CMS SUSY searches. The
results were interpreted in simplified models of gluino and squark pair production. Gluino decays considered in-
cluded § — t1x%Y, § — bbx?, § — qx?%, and cascade decays via electroweakinos, §j — qgx3/X: — q3 (Z/W) X°.
Squarks were assumed to decay directly to a quark and a neutralino, § — ¢x\. Under these assumptions and for
100% branching fractions, the analysis excluded gluino masses up to 2000-2310 GeV and squark masses up to
1190-1630 GeV, depending on the production and decay scenario.

a
q
q/q _ /
W*/Z/h P ,q,f” """" Xt
R -
X3 T~ L0
\;(;/Z/h y q \’\ e
q
a/q q

Figure 1. Diagrams for a nonexhaustive example set of simplified models covered by the inclusive searches.

Another fully hadronic inclusive analysis made use of the stransverse mass variable Mo to enhance signal
discrimination [19]. It extended the RA2b phase space by including monojet topologies. For events with two or
more jets, signal regions are defined based on jet and b-tag multiplicities and M7». For monojet events, the jet
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pr serves as the signal discriminant. The results were interpreted in simplified models of gluino and squark pair
production, excluding gluino masses up to 2250 GeV and x! masses up to 1525 GeV. Squark mass limits reached up
to 1710 GeV (light flavor), 1240 GeV (bottom), and 1200 GeV (top), with corresponding )2(1) mass exclusions up to
870, 700, and 580 GeV. The analysis also has a disappearing track category, which will be mentioned in Section 5.6.

Fully hadronic searches were complemented by inclusive analyses targeting final states with a single isolated
lepton, multiple jets, and significant p’iﬁi“. One such search explicitly requires the presence of b jets and used Mz,
the sum of masses of large-radius jets with 2 = 1.4, to define signal regions across the nje, 1, p‘%i“, and M ;
dimensions [20]. It targeted gluino pair production with decays to t£xJ, excluding gluino masses up to about 2150 GeV.

A second inclusive single-lepton search took a more general approach, defining categories with zero or at least
one b-tagged jet [21]. It employs the variable A¢, the azimuthal angle between the lepton and its reconstructed W
boson candidate, to suppress backgrounds, and uses both boosted and resolved top quark and W npspm tagging.
Signal regions are defined in terms of nje, L7, Hr, A¢, and the number of tagged boosted W bosons or top quarks.
This analysis excluded gluino masses up to 2130 GeV for ttx{ decays and up to 2280 GeV for gz x! decays.

Inclusive searches also extended to final states with two or more leptons, offering complementary sensitivity to
scenarios with cascade decays. One such analysis targeted events with two oppositely charged, same-flavor leptons
and large p?i“ [22]. Tt probed three distinct features: an excess of dilepton events near the Z boson mass peak, a
kinematic edge in the dilepton invariant mass, and an enhancement in the nonresonant dilepton production. The
results were interpreted in simplified models involving gluino and squark pair production with decays via >~(1i %9,
and 57, as well as direct production of )Zf, )Zg, and /. The search excluded gluino masses up to 1870 GeV, light-flavor
and bottom squark masses up to 1800 and 1600 GeV, respectively, chargino and neutralino masses up to 750 and
800 GeV, and slepton masses up to 700 GeV.

Another analysis studied final states with at least two jets and either two same-charge leptons or three or
more charged leptons [23]. The search explored a wide range of gluino, squark, and electroweakino processes,
including those with RPV decays, through 168 search regions defined by njes, 73, Hr, m7, and prj‘liss. It excluded
gluino masses up to 2.1 TeV, expanding the reach of previous searches by about 200 GeV, and top and bottom
squark masses up to 0.9 TeV. It also provided model-independent limits as a function of p?i“ and Hrp, together with
background predictions and data yields in a set of simplified signal regions.

To increase sensitivity at high masses and large mass splittings, several analyses focused on final states with boosted
objects. One early search explored gluino cascades via neutralinos involving Z bosons through a boosted Z boson and
p?i“ search, using the mass of the boosted Z boson reconstructed through an AKS jet (a jet reconstructed with the anti-kp
algorithm, with a jet size 0.8), and excluded gluinos up to 1920 GeV [24]. Another analysis focused on events with
two Higgs bosons decaying as H — bb, accompanied by p“Tﬂ“, identifying both boosted and resolved Higgs bosons to
maintain coverage across the full kinematic range [25]. The results were interpreted in models of gluino-mediated or
direct production of heavy neutralinos decaying to Higgs bosons plus lighter neutralinos or goldstinos, excluding gluino
and neutralino masses up to 2330 and 1025 GeV, respectively.

To increase sensitivity at high masses and large mass splittings, several analyses focused on final states with
boosted objects. One early search explored gluino cascades via neutralinos involving Z bosons through a boosted Z
boson and pi** signature, using the mass of the boosted Z boson reconstructed with the anti-kt algorithm, with size
0.8 (i.e., an AKS jet), and excluded gluino masses up to 1920 GeV [24]. Another analysis targeted events with two
Higgs bosons decaying as H — bb, accompanied by p?i“, identifying both boosted and resolved Higgs bosons to
maintain coverage across the full kinematic range [25]. The results were interpreted in models of gluino-mediated
or direct production of heavy neutralinos decaying to Higgs bosons plus lighter neutralinos or goldstinos, excluding
gluino and neutralino masses up to 2330 and 1025 GeV, respectively.

The most recent and most inclusive boosted search targeted final states containing hadronically decaying
boosted W, Z, and Higgs bosons and top quarks [26]. It also included, for the first time in CMS boosted searches,
leptonic decays of boosted SM or SUSY particles, reconstructed as boosted leptonic jets. The analysis used the
razor kinematic variables, which characterize events with massive particles decaying to visible and invisible states
as a peak above a smoothly falling background. Events are separated into channels with zero leptons, an isolated
Iepton, or a nonisolated lepton, and organized into 25 disjoint signal regions defined by object multiplicities, further
divided into 150 bins of razor variables, shown in Figure 2. In representative R-parity-conserving models, the
search excluded gluino masses up to 2.35 TeV and top squark masses up to 1.45 TeV. In RPV scenarios, it excluded
bottom squark masses up to 0.97 TeV and gluino masses up to 1.82 TeV, while electroweak production of nearly
mass-degenerate charginos and neutralinos was excluded up to 1.05 TeV.

An additional inclusive search targeted final states with a photon, jets, and p?‘“, where the photon provides a
characteristic signature of neutralino decays into a gravitino LSP. The analysis used S to suppress backgrounds
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and divided events into 45 search bins defined by njers, 125, p?iss, and the presence of hadronically decaying W, Z, or
Higgs bosons identified via the mass of AKS jets. In a range of production processes, the search excluded gluino
masses up to 2.35 TeV, squark masses up to 1.43 TeV, and electroweakino masses up to 1.23 TeV.
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Figure 2. Highlights from inclusive analyses: Hadronic (left) and isolated and nonisolated leptonic (right) search
regions and bins from the inclusive boosted analysis with razor variables.

5.2. Top Squark Searches

Top squarks play a central role in many SUSY models, particularly in naturalness-motivated scenarios where
relatively light top squarks can cancel the dominant top quark loop corrections to the Higgs boson mass. During
Run 2, CMS carried out a coherent set of searches covering a wide range of decay modes and kinematic regimes,
from large mass splittings between the top squark £ and Y? to compressed spectra where the decay products have
low momenta. The analyses are designed to be complementary, targeting different final states with zero, one, or two
leptons, as well as tau leptons, and making use of both resolved and boosted top quark reconstruction. Together,
they provide robust coverage of the parameter space, with significant overlap in sensitivity to enhance discovery
potential and improve exclusion reach. Figure ?? shows a nonexhaustive example set of simplified models covered
by the top squark searches.

The fully hadronic search for direct and gluino mediated top squark production targeted final states with at least
two jets and p* for scenarios with both low and high mass splitting (Am) between the stop squark and 9 [27].
It employed the DNN-based DeepResolved and DeepAKS taggers to identify hadronically decaying boosted W
bosons and resolved and boosted top quarks, whose complementary efficiency performance is shown as function
of generator level top quark pr in Figure 3 (left). In the low Am case, sensitivity is enhanced through the use of
an ISR jet and secondary vertices for low-pr b-quark tagging. Events are split into 53 bins for the low-Am case,
defined by njets, 1, Nsv, m’}, plfi'R, p%’ and pgliss, and 130 bins for the high-Am case, defined by m%, Njetss Tbs Tops
MW, Nresolved top> H > and p?iss. The search excluded top squarks up to 1310 GeV for direct production, and gluinos
up to 2260 GeV for gluino-mediated top squark production.

The one lepton top squark search was performed in a similar spirit, exploring both noncompressed and
compressed mass splitting cases distinctly, and employing the DNN-based taggers [28]. It also features a modified
version of the topness variable, 04, a x2-like discriminator constructed from reconstructed top quark and W boson
masses, their resolutions, and the momenta of their decay products, to improve separation from the dominant ¢
background. Figure 3 (center) shows the piis distribution after preselection. The noncompressed selection defines
39 signal regions based on 7e(s, tmod, Mep, top tagging category, and p‘z‘li”. The compressed selection targets both
Am(t, %) ~ muop and Am(%, ¥9) ~ my in 10 p2-binned regions. The analysis excluded top squark masses up
to 1.2 TeV for direct production.
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Figure 3. Highlights from top squark searches: Complementarity of boosted and resolved top tagging efficiencies
at function of generator level top quark pr from the fully hadronic top squark search (left); p™** distribution after
preselection in the 1-lepton top squark analysis (center); and Mr> (b¢b¢) distribution for the preselection from the

2-lepton top squark analysis (right).

Complementing the one-lepton analysis, the dilepton search employed p?i“ significance together with the
stransverse mass variables mpy (¢, £) and mpo (£, £b), shown in Figure 3 (right) to define 12 signal regions [29]. It
probed direct production in direct, cascade, and double-cascade decay modes, excluding top squark masses up to
925 GeV for t — tx9, 850 GeV for i — by — bW*x9, and 1.4 TeV for i — by: — bvl — brlx), assuming
the chargino mass to be the mean of the top squark and neutralino masses.

The fully hadronic. 1-lepton and 2-lepton searches were combined in [30]. That study also added a dedicated
search targeting the so-called corridor” region where Amcor = |Am(t — 0| —m¢| = 30 GeV, and m; < 175 GeV,
based on a dilepton selection and a DNN for signal extraction.

There were also searches focusing on challenging final states of top squark pair production. One targeted the
compressed regime, where Am(t, X9) < my, with prompt four-body decays ¢ — bf f'x?, where f and f’ denote
either a lepton and a neutrino or a quark-antiquark pair [31]. It used the single lepton, jets, and p’%i“ channel, and
employed a BDT trained to exploit the small Am kinematics for signal extraction. The search excluded top squark
masses up to 480 GeV and 700 GeV for Am of 10 GeV and 80 GeV, respectively.

Another search targeted double cascade decays via charginos and staus or tau sneutrinos, £ — 175(1i — v — bty
ort — b)Zli — bt — burx{ in final states with at least one hadronically decaying 7 lepton identified with the
DNN-based DeepTau algorithm [32]. The analysis covers the ety,, u7y,, and 7,7, channels, each divided into 15
search bins defined by m2, p™*, and Hy-. It probed top squark masses up to 1150 GeV for a nearly massless neutralino.

5.3. Searches for Electroweakinos and Sleptons

Searches targeting electroweak production of charginos, neutralinos, and sleptons complement strong-
production searches, particularly in scenarios where colored SUSY particles are heavy. These processes often lead
to final states with leptons, missing transverse momentum, and sometimes Higgs or gauge bosons, and require
dedicated strategies to overcome their much smaller production cross sections. Run 2 searches explored a wide
range of electroweak signatures, from multilepton channels to final states with hadronic boson decays, as well as
searches targeting staus and their distinctive 7-rich final states. Figure 4 shows a nonexhaustive example set of
simplified models covered by the electroweakino and slepton searches.

An inclusive multilepton search targeted direct 5(?:5(2 production with moderate Am()}?E /X9, %Y), covering direct
decays to XY, cascade decays via sleptons or sneutrinos, and direct xJ%! production with decays to a Higgs or Z boson
and a gravitino [33]. Events are categorized into channels with three or four leptons, allowing up to two hadronically
decaying 7 leptons, or into two same-sign light lepton channels. Each category is further divided into bins using a variety of
invariant mass, my, mrs, and momentum variables. Figure 5 (left) shows the observed and expected events yields across
the signal regions in events with a u* 1~ or e*e™ pair and an additional 7, candidate. In the three-lepton category with an
opposite-sign lepton pair, a parametric neural network, trained as a function of Am, was used to suppress backgrounds. In
addition, orthogonal search regions are defined to provide model-independent results, facilitating reinterpretation. Depending
on the model assumptions, the search excluded charginos and neutralinos with masses up to between 300 and 1450 GeV.

A more recent search explored the complementary oppositely charged dilepton plus p* final state, targeting
chargino pair production with )Zli — Wx? and )Zli — vl /ol — vlxY, as well as slepton pair production with
(— £%9 [34]. Signal regions are defined by the number of jets, b jets, p™, and mro(¢€). The analysis excluded
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charginos and neutralinos up to 1100 GeV and 480 GeV, respectively, for the cascade decays, while observed
sensitivity to the direct decay remains limited. Sleptons are excluded up to 700 GeV and neutralinos up to 360 GeV.
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Figure 4. Diagrams for a nonexhaustive example set of simplified models covered by the electroweakino and slepton searches.
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Figure 5. Highlights from the electroweakino and slepton searches: Observed and expected events yields across

the signal regions in events with a yup™ or e

e~ pair and an additional 75, candidate from the multilepton
electroweakino search (left); distribution of the jet mass for W/Z-tagged AKS jets in the b-veto signal region from
the hadronic electroweaking search (center), and > m  distribution for events passing the preselection for prompt

signal regions in the direct stau search (right)

A complementary search targeted X7 X7, X X3, and xJX3 production with direct decays to Wx9, Zx9, and
HY in fully hadronic final states with WW, WZ, WH and large pr;iss [35]. Hadronically decaying W, Z, and Higgs
bosons are identified using the AKS jet soft-drop mass together with the DeepAK8 DNN-based tagger. Events are
categorized according to the number of b jets and the presence of W, Z, or Higgs bosons, and further divided into
p™iss bins. Figure 5 (center) shows distribution of the jet mass for W/Z-tagged AKS jets in the b-veto signal region.
The search excluded wino-like mass-degenerate X9 and X5 up to 870 GeV and 960 GeV for the xJ — Zx9 and
X5 — HxY decay modes, respectively. Higgsino-like mass-degenerate Y9, X3, and )211 are excluded for masses
between 300 and 650 GeV.

A more targeted search focused on )ng(li — HY, WY — tvx?, bbx! in the exclusive final state with one
lepton, two b jets from a Higgs boson decay, and p* [36]. Boosted Higgs bosons are identified with DeepAKS,
while resolved candidates are reconstructed via the m,j; requirement. Backgrounds were suppressed using variables
such as mr and the cotransverse mass mcr. Signal regions are defined according to the Higgs boson topology
(boosted or resolved), jet multiplicity, and p‘%liss. The search excluded charginos with masses below 820 GeV for a
%! lighter than 200 GeV, and Y masses up to about 350 GeV for a >~(1i mass near 700 GeV, extending Run 1 limits
by up to 350 GeV in chargino mass and 250 GeV in neutralino mass. The above searches (except the recent opposite
charge dilepton search) became a part of a grand electroweakino combination study, as we will describe in Section 6.1.

A recent search, the first of its kind at the LHC, probed a heavy Z’ boson decaying to a pair of charginos, each
subsequently decaying to a W boson and a neutralino, in the oppositely charged dilepton plus p‘%liss channel [37].
To capture the high boost from the heavy Z’ decay, the analysis imposes higher lepton pr thresholds than in other
searches. A parametric DNN, taking as input a wide range of mass, momentum, and angular variables constructed
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from the two leptons and p?i“, is used for signal discrimination. The DNN output bins in the ee, uu, and ep
channels serve as the final signal regions. For Myt = 2mgo, Z’ masses are excluded up to 3.5 TeV, while for a 2’

mass of 2.9 TeV, )Zli masses are excluded from 0.4 to 1.4 TeV.

A dedicated search targeted stau pair production in decays to ¥ — 7X or 7 — 7G, the latter producing
long-lived signatures [38]. Final states with two hadronically decaying 7 leptons and p™** were considered, with
7, candidates identified using the DNN-based multiclass DeepTau algorithm. The analysis includes both prompt
and displaced categories, the latter designed for the long-lived scenario, and defines 31 disjoint signal regions. In
the prompt case, regions are binned in Y my = my(7}) + mp(77),shown in Figure 5 (right), mr, Njers» and
the pp of the leading 7;,. The displaced case is defined by criteria on the significance of the 7 impact parameter
relative to the primary vertex in the transverse plane (d), required to be above 5, and the absolute value of its
three-dimensional impact parameter (IP3D) required to be above 100 mm, and is binned in the trailing 7 pr. For
left-handed stau production, 7 masses between 115 and 340 GeV are excluded. For a lifetime corresponding to
ctp = 0.1 mm, masses between 150 and 220 GeV are excluded.

5.4. Searches for Compressed Mass Spectra

Compressed SUSY scenarios, where the mass difference between the next-to-lightest and lightest SUSY
particle is small, pose a particular challenge for analysis. They produce low-momentum visible objects and low p?ss,
making signal reconstruction and background suppression difficult. Depending on the mass difference, signatures
can be prompt or long-lived. These scenarios are nevertheless well-motivated theoretically, so CMS has placed
special emphasis on them, developing strategies that range from using ISR jets to incorporating dedicated kinematic
variables and reconstructing low-momentum particles or long-lived particles. Figure 6 shows a nonexhaustive

example set of simplified models covered by the searches targeting compressed mass spectra.
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Figure 6. Diagrams for a nonexhaustive example set of simplified models covered by searches targeting compressed
mass spectra.

We start with a generic search that focused on events with a high pr system from ISR jets recoiling against a
potential sparticle system with significant p?i“ [39]. The analysis makes use of the recursive jigsaw reconstruction
(RJR) algorithm. Distributions of the RJR variable Rsg for simulated signal and background events are shown
in Figure 7 (left and center). The analysis implements a complex categorization based in 0-, 1-, 2-, and 3-lepton
final states, based on number of leptons, jets, b tags. Events in these categories are further subdivided based on
RJR and other kinematic variables sensitive to the sparticle masses and mass splittings. The analysis performs an
exceptionally involved likelihood fit over 2443 bins in 392 categories. As a result, it probed top squark masses up
to 780, 620, and 660 GeV, and excluded 750, 550, and 520 GeV for decays via 9, bf(li, and cx?, respectively,
covering mass differences from about 60-175 GeV, 35-140 GeV, and 10-60 GeV. For electroweak production, the
anaysis excluded chargino—neutralino masses up to 325 GeV (wino) and 175 GeV (higgsino) over Am ranges of
roughly 8-65 GeV and 3-50 GeV, and chargino pair production up to 490 GeV for Am ~ 55 GeV in slepton-
mediated decays. Slepton masses are constrained up to 270 GeV, with sensitivity maintained across Am from a few
GeV to about 80 GeV.
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Figure 7. Highlights from searches for compressed spectra: Distributions of the RJR variable Rjsg for simulated

signal and background events from the RJR analysis (left, center); postfit 7 (£¢) distribution in the dimuon signal

region for the ultrahigh p?i“ selection from the latest soft opposite charge dilepton and trilepton analysis (right).

Next we move to two searches targeting electroweakinos with higher compression, down to mass splittings
of about 1 GeV, in final states with either two oppositely charged same-flavor soft leptons or three soft leptons,
each accompanied by p™* [40, 41]. The latter analysis [41] updated [40] with improved reconstruction, extending
sensitivity by reconstructing electrons down to 1 GeV with a dedicated algorithm. In both analyses muons with pr
as low as 3.5 GeV are used, along with a special dimuon + p?iss trigger with 3 GeV muon pp thresholds. Events are
categorized into iy low-ps, ee/ i high-piss, 3¢ low-piiss, and 3¢ high-p™'* regions, each further binned in 7
with binning optimized for different signals and mass splittings. Figure 7 (right) shows postfit m(¢¢) distribution in
the dimuon signal region for the ultrahigh p™** selection from [41]. The interpretation was done in two simplified
SUSY scenarios. In the higgsino model, where )Zf, )Zg, and )2? are nearly mass-degenerate, the more sensitive
Ref. [41] excludes next-to-LSP masses up to 225 GeV for Am(x3, X)) = 10 GeV, and reaches mgo = 100 GeV
for Am = 1 GeV thanks to the dedicated low-pr electron reconstruction. In the wino-bino model, where the
wino-like ﬁc and Y9 are mass-degenerate and decay to a bino-like X!, fﬁi masses are excluded up to 310 GeV
for Am = 10 GeV, and up to 100 GeV for Am = 0.7 GeV. The earlier analysis [40] reported a local 2.40 excess
in the wino-bino model around X3 mass 125 GeV and mass splitting 40 GeV, arising from data excesses over the
background prediction in four bins across different signal regions. The latest analysis [41] has so far presented only
preliminary results, which are currently being refined.

A more targeted search looked at the same final states above, but focusing on Higgsinos with mass splitting of
0.5-5 GeV, and probing them in final states with either two muons or a reconstructed lepton (muon or electron) and
an isolated track, large p™%, and an ISR jet [42]. The selection focuses on cases where the lepton pr or the opening
angle between the leptons is particularly small, and uses multivariate discriminants to suppress SM backgrounds.
The dimuon channel is designed to be orthogonal to those in [4 1] by requiring the dimuon angular separation to be
smaller than 0.3. Tracks in the isolated (exclusive) track plus lepton category are selected by a track picking BDT.
Another BDT trained based on variables composed of leptons, tracks, and pi** is used to define signal regions.
The search excluded higgsino masses up to 145 GeV for Am = 4 GeV, and probed splittings down to 1.5 GeV for
o = 100 GeV, with a modest ~ 2.20 local excess observed in the most sensitive signal regions.

Another targeted search probed even smaller chargino—neutralino mass splittings, down to about 0.3 GeV,
by selecting events with a soft, slightly displaced track accompanied by large p™** [43]. In the higgsino scenario,
where )21*, %9, and X! are nearly mass-degenerate, the analysis uses a parameterized neural network to separate
signal from background over a range of track kinematics and topologies. It excludes charginos up to 185 GeV for
Am = 0.55 GeV, and probes mass splittings of 0.33—1.2 GeV for a 100 GeV chargino, currently setting the most
stringent limits in this regime, placing direct pressure on natural SUSY dark matter hypothesis.

Finally, a dedicated search targeted compressed 7 scenarios, motivated by models where coannihilation
between the 7 and X! accounts for the observed dark matter relic density [44]. The analysis selects events with
exactly one soft, hadronically decaying 7 lepton, large p?iss, and a high-py ISR jet to boost the system. It is
optimized for scenarios with Am (tau, X9) < 50 GeV, where the stau is produced either directly or via decays of
X5 and X9. For Am(xi, X)) = 50 GeV with a 100% branching fraction to tauv, — 7X%v,, Xi masses up to

290 GeV are excluded, surpassing the previous limits from LEP.

mg
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5.5. Searches for RPV/Stealth SUSY

miss

The RPV/stealth SUSY analyses target scenarios with little or no genuine p7'**, where the LSP decays promptly
to SM particles or to nearly mass-degenerate states. These models typically lead to high-multiplicity hadronic or
multi-lepton final states, sometimes with photons, requiring dedicated background rejection and estimation methods
suitable to p?i“ selections. They make extensive use of jet substructure, event-level mass variables, and data-driven
background backtround estimation techniques. CMS Run 2 searches targeted RPV/stealth gluinos, top squarks
and electroweakinos, and share the common feature of no direct threshold requirement on p‘;iss. Figure 8 shows a
nonexhaustive example set of simplified models covered by searches for RPV and stealth SUSY.

Figure 8. Diagrams for a nonexhaustive example set of simplified models covered by searches for RPV and stealth
SUSY.

The first in our list is a search for RPV gluino pair production in single-lepton events with high jet and b-jet
multiplicities, targeting g — tbs decays via baryon number violating couplings [45]. Signal separation is achieved
using large-radius (R = 1.2) jets clustered from AK4 jets and the lepton, with M ;, the scalar sum of their masses,
serving as the main discriminant. Figure 9 (left) compares normalized M ; distributions for simulated signal and
background. Preselection requires at least four jets, 7 > 1200 GeV, and M ; > 500 GeV. Events are categorized
in e and ny, bins into signal and control regions, and further binned in M ;. A simultaneous fit was performed
across all bins using M ; templates derived from simulation and corrected through data-simulation comparisons in
dedicated control regions. The analysis excluded gluinos up to 1890 GeV.

The next search targets stealth SUSY in events with two photons and at least four jets [46]. Events are required
to have high S, the scalar sum of the transverse momenta of all reconstructed objects in the event (including p%i“ ,
above 1200 GeV. Selected events are partitioned into those with 4, 5, and > 6 jets, and further binned in Sp.
Figure 9 (center) shows distributions of S7 comparing data and postfit background predictions for njes > 6 signal
region. The SM background was modeled from data using control samples, ensuring reliable predictions in the
low-p™iss regime characteristic of stealth SUSY scenarios. The results were interpreted in simplified models with
gluino or squark pair production, excluding gluino masses up to 2150 GeV and squark masses up to 1850 GeV, the
most stringent limits to date for these models.

The next pair of analyses in this category target top squark pair production in RPV and stealth SUSY models,
with decays to two top quarks and multiple light-flavor quarks or gluons. In the RPV scenario, each top squark
decays to a top quark and an RPV neutralino, which subsequently decays into three light-flavor quarks. In the stealth
scenario, each top squark decays to a top quark and a singlino S, followed by S — SG and singlet S — gg. The
first analysis focused on the single lepton channel, requiring at least seven jets, of which at least one is b tagged [47].
Events are categorized with a neural-network-based discriminant, and the dominant ¢ background is constrained
from data via a fit to the jet multiplicity spectrum across four bins of the NN score. This search excluded top squark
masses up to 700 GeV in the RPV model and 930 GeV in the stealth SUSY model. It also observed a local excess
with a significance of 2.8 standard deviations for an RPV top squark mass of 400 GeV, motivating an updated
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analysis. The follow-up search added 0- and 2-lepton channels and introduced the ABCDisCoTEC method, which
uses two uncorrelated neural network outputs in an ABCD-style background estimation framework [48]. Figure 9
(right) shows the two-dimensional probability distributions of the two ABCDiscoTEC neural network outputs for
simulated RPV signal and ¢ background events. This reduced the dependence on jet multiplicity modeling and
improved sensitivity, especially for low top squark masses. In the expanded dataset and channel coverage, the earlier
excess was not confirmed, and the analysis excluded top squark masses up to 700 GeV in the RPV model and 930
GeV in the stealth SUSY model.

The final analysis in this category targets RPV neutralinos in multilepton events [49]. The scenario considered
features Y1 \3 pair production, with the Y& and X9 decaying via W and Z bosons to X9, which subsequently decays
promptly to uds or udb through an RPV coupling. The search exploited the distinctive jet scaling patterns expected
in the signal by comparing the observed jet multiplicity distributions in events with one, two, and four leptons to
those in three-lepton events. Dedicated categories are defined according to the number of b-tagged jets to enhance
sensitivity to different flavor compositions of the RPV decay. For the considered process, the analysis excluded
RPV 1Y masses up to 275 and 180 GeV for the uds and udb decays.

Apart from these dedicated analyses, the inclusive search with > 2 jets, 2 same charge leptons or 3 leptons [23]
and the inclusive search with boosted objects in the 0- and 1-lepton final state [26] described in Section 5.1, as well
as several searches with long-lived particles to be described in the next section had RPV interpretations.
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Figure 9. Highlights from RPV and stealth SUSY searches: Normalized distributions of M ; for simulated signal
and background events from the single lepton jets from the one lepton plus multijets search (left); distributions of
St comparing data and postfit background predictions for njes > 6 from the 2 photons plus four jets stealth SUSY
analysis (center); two-dimensional probability distributions of the two ABCDiscoTEC neural network outputs for
simulated RPV signal and ¢ background events from the latest RPV top squark analysis (right).

5.6. Searches with Long-Lived Particles

Long-lived particle (LLP) searches in CMS add a new dimension to SUSY searches. They target scenarios
where new states have macroscopic lifetimes, leading to unconventional signatures that can be significantly displaced
from the primary interaction point, delayed in time, or appear as anomalous ionization patterns. In SUSY frameworks,
LLPs can arise from weakly coupled lightest superpartners, small mass splittings, or suppressed decay modes, and
are realized in a wide range of models such as split SUSY, gauge-mediated SUSY breaking, and coannihilation
scenarios. CMS Run 2 analyses probed this space through a rich set of techniques, covering signatures from highly
ionizing tracks and disappearing tracks to displaced or delayed jets, photons, and vertices. Figure 10 shows a
nonexhaustive example set of simplified models covered by the LLP searches.

The first analysis in the LLP category searched for heavy stable charged particles (HSCPs) that would traverse
the detector as slowly moving, highly ionizing tracks [50]. It targeted pair production of gluino R hadrons, top
squark R-hadrons, and long-lived staus, where R-hadrons are bound states of a heavy SUSY parton (such as a
gluino or squark) with ordinary quarks or gluons, which can carry electric charge and travel measurable distances
before decaying. The search exploited anomalously high ionization energy loss (dE/dx) in the silicon tracker,
using two complementary approaches: an ionization-based selection that relies only on pixel or strip detector
information, and a mass-based method combining dE/dx with the track momentum to calculate the HSCP candidate
mass, which serves as the main discriminant. Figure 11 (top-left) shows the mass distribution in the signal region.
Both approaches achieve similar sensitivity. The results set the most stringent constraints to date on several HSCP
scenarios, excluding gluino R-hadrons up to 2.08 TeV, top squark R-hadrons up to 1.47 TeV, and staus up to 0.69 TeV.
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>

Figure 10. Diagrams for a nonexhaustive example set of simplified models covered by the LLP searches.

Next, we have three searches for long-lived charginos, typically with Am()}li, x?) within a few hundred
MeV, that decay within the silicon tracker and produce the characteristic “disappearing track” (DTk) signature: an
isolated high-pr track with missing hits in the outer tracker layers, little or no associated calorimeter energy, and no
matching hits in the muon detectors. An early search targeted DTks with pr > 55 GeV, selected using a cut-based
approach based on track properties such as the number of hits in different subdetectors, impact parameters, and
associated calorimeter energy [51]. The event selection is very inclusive, requiring at least one DTk, at least one jet,
and p?” > 120 GeV, and is partitioned into three generic signal regions with 4, 5, and > 6 missing outer hits on
the DTk. In this and the other two DTk searches, the dominant backgrounds arise from misreconstructed charged
lepton tracks or spurious tracks from random alignments of hits in the tracker, and are estimated entirely from data.
Results are interpreted in anomaly-mediated SUSY breaking scenarios with nearly mass-degenerate charginos and
neutralinos. For a pure higgsino (wino) LSP, chargino masses are excluded up to 750 (884) GeV for a lifetime of
3 ns, with additional limits at shorter lifetimes down to 0.05-0.2 ns.

Another study incorporated DTks into the inclusive Mo search described in Section 5.1 to increase sensitivity
to long-lived charginos produced either directly or in the decays of heavier SUSY particles [19]. This analysis
re-optimized the DTk identification, extending coverage to pr as low as 15 GeV and defining four track-length
categories. After a preselection including Mro > 200 GeV, events are divided into 68 search regions across
data-taking years, binned by DTk length, DTk pr, njets, and Hp. In models where gluinos and squarks decay with
equal probability to Y9, f(i" and Y7, gluino masses are excluded up to 2460 GeV and y? masses up to 2000 GeV,
while light-flavor (top) squark masses are excluded up to 2090 (1660) GeV and Y masses up to 1650 (1210) GeV.
Including the DTk component enhances sensitivity particularly in the compressed region, where the mass difference
between the parent particle and the Y! is small.

The third DTk search extended the reach of the My analysis by considering both hadronic and leptonic final
states, with the latter using a low p™** requirement of 30 GeV [52]. The DTk identification was refined through
dedicated boosted decision trees trained separately for short, pixel-based tracks with pr > 25 GeV and long,
pixel-plus-strip tracks with pr > 40 GeV. To maintain sensitivity to a broad range of chargino production modes,
whether produced directly or in the decays of heavier SUSY particles, the analysis defined 49 nonoverlapping signal
regions. These were categorized according to DTk type (short or long), the presence of electrons or muons, number
of jets and b-tagged jets, p™**, and, for the first time in a DTk search, the DTk ionization energy loss (dE/dx) in the
inner tracker. Figure 11 (top-center) shows the distribution of disappearing track mass obtained from dE/dx in the 1
long track baseline region. In gluino, top-squark, and bottom-squark production scenarios, masses are excluded up
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to 2300, 1590, and 1540 GeV, respectively. For top- and bottom-squark production, charginos are excluded up to
850 (1210) GeV and 1050 (1400) GeV, respectively, for proper decay lengths of 10 (200) cm. In pure wino dark
matter models, charginos are excluded up to 650 GeV, while in pure higgsino dark matter models the limit is 210 GeV.
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Figure 11. Highlights from searches with LLPs: Mass spectrum in the signal region from the HCSP search (top left);
distribution of disappearing track mass obtained from dE/dx in the 1 long track baseline region from the 0- and
1-lepton disappearing track analysis (top-center); jet timing distribuion comparing data and background prediction
from the delayed jet analysis (bottom-left); distribution of the interaction network score Sy, for a selection with
Ntrack > 6 from the later displaced vertex analysis (bottom-center); and distribution of the GBDT score comparing
data with predicted backgrounds for the displaced jet analysis (bottom-right).

We now turn to searches that exploit the time delay of objects from LLP decays. The first analysis to explore
such signatures was the “delayed photon” search, targeting long-lived ¥ produced in gluino or squark decays and
subsequently decaying to a photon and a weakly interacting gravitino, a typical GMSB signature [53]. The photon
from Y{ decay, originating at a displaced vertex, reaches the electromagnetic calorimeter at a non-normal impact
angle and with a delayed arrival time on the order of nanoseconds. This distinctive combination was exploited
using the timing capabilities of the ECAL, to identify delayed photons and strongly suppress backgrounds. In
2017, a dedicated single-photon trigger was introduced to select photons with non-normal entrance angles. Events
are required to contain at least one delayed photon, at least three jets, and p™** > 70 GeV. Signal extraction is
performed in bins of photon timing and pgli“. For y¥ proper decay lengths of 0.1, 1, 10, and 100 m, masses up to
about 320, 525, 360, and 215 GeV were excluded, respectively.

A related search extended the use of ECAL timing to jets originating from LLP decays [54]. It targeted
long-lived gluinos in a GMSB scenario, each decaying to a gluon and a gravitino. The gluon forms a jet whose
energy deposits in the ECAL are both spatially displaced and delayed in time by several nanoseconds. This was the
first application of ECAL timing to a search for displaced jets, that achieved a high background rejection while
maintaining good signal efficiency. Events are required to have at least one delayed jet and significant p‘}‘iss. Signal
extraction was done using jet timing, distribution of which is shown in Figure 11 (bottom-left). For proper decay
lengths of 0.3, 1, and 100 m, gluino masses up to 2.10, 2.50, and 1.90 TeV were excluded.

Next, we have the searches reconstructing displaced vertices (DVs) from LLP decays. An earlier DV search
targeted pair-produced LLPs decaying into multijet or dijet final states, each producing a DV in the tracker [55].
This analysis was particularly sensitive to mean proper decay lengths between 0.1 to 15 mm. Specifically, it looked
for two vertices, each formed from the intersection of multiple charged-particle trajectories and displaced from the
interaction region but within the radius of the beam pipe. DVs are reconstructed from charged-particle tracks using
a custom vertex reconstruction algorithm. The analysis selects events that contain at least two DVs each with five or
more tracks and uses the distance between two vertices in the x-y plane as the signal discriminating variable. As
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pair-produced LLPs tend to be emitted back-to-back in the x-y plane, dyy is larger for the signal. Pair produced
RPV gluinos, top squarks, and neutralinos were excluded up to masses 2.29 TeV, 1.48 TeV, and 1.31 TeV for mean
proper decay lengths between 0.1 and 100 mm.

A more recent DV search was designed to be sensitive to LLPs with c¢7 ~ 1-1000 mm, whose decay products
produce at least one DV and pii* [56]. It improved upon [55] by including events with only one DV and enhances
sensitivity to cases where only one LLP decays in the detector or could be identified. It applied an ML technique
by using an interaction network, which eliminated the much-increased backgrounds an order of magnitude more
effectively compared to cut-based methods. The IN output score Sy was used for signal extraction. Figure 11
(bottom-center) shows the distribution of Sy for a selection with 1.4, > 6. For a split-SUSY scenario with
g — qqx?, gluino masses up to 1.80 TeV are excluded for 7 = 1-100 mm with Am = 100 GeV, and up to 1.60
TeV for ¢r = 1-30 mm with Am > 50 GeV. For a GMSB scenario with § — ¢G, gluino masses up to 2.20 TeV
were excluded for c7 = 0.3-100 mm. This was the first CMS search to probe hadronically decaying LLPs with
gluino-neutralino mass differences below 100 GeV, and it set the strongest limits to date for split-SUSY and for
GMSB gluinos with ¢7 < 6 mm.

The most recent DV search extended the sensitivity to more compressed cases with Am as low as 25 GeV
by targeting DVs with low momentum, high p?i“, greater than 400 GeV and an ISR jet with pr > 100 GeV [57].
Displaced vertices were reconstructed using a customized algorithm based on the so-called adaptive vertex fitter.
Signal regions are categorized using p™* and the variable Sﬁf = Ly /0Ly, where L, is the transverse distance
between the primary vertex and the DV, and § L, its uncertainty. In a top squark coannihilation scenario, where
the NLSP is a long-lived top squark and the LSP a bino-like neutralino, top squark masses between 400 and 1100
GeV were excluded. In a bino-wino coannihilation scenario, where the NLSPs are long-lived wino-like neutralino and
prompt wino-like chargino with a bino-like LSP, wino-like neutralino masses between 220 and 550 GeV were excluded.

Displaced-jet searches provide a complementary strategy by targeting higher-momentum vertices associated
with a dijet system. Two searches [58, 59] based on 2016 data and 2017-2018 data, respectively, look for LLPs
decaying into jets, with at least one decay vertex inside the tracker, but which is displaced from the production vertex
by up to 550 mm in the plane transverse to the beam direction. They were designed to be as model independent as
possible, given the wide range of BSM scenarios producing this signature. Displaced jets from LLP decays were
clustered from calorimeter energy deposits, and identified by being associated to tracks displaced from the primary
vertex, from which the decay vertex is reconstructed. In [59], a special displaced jet trigger was also used, that
recovered efficiency at high LLP masses. Events are required to have at least two jets and high Hp. The properties
of the tracks and the decay vertex are used to discriminate the signal, and in [59], also through applying a gradient
BDT algorithm, output score of which is shown in Figure 11 (bottom-right). The approach probed a wide range of
lifetimes and decay modes in the GMSB, RPV, and split SUSY frameworks, excluding gluinos up to 2.5 TeV and
top squarks up to 1.6 TeV, depending on the model and lifetime.

Another complementary approach targets LLP decays occurring in the outer regions of the tracker or in the
calorimeters, which produce nearly trackless jets arriving out of time with respect to the primary collision. The
analysis [60] requires events with large p‘j‘liss and at least two jets tagged by a DNN discriminator trained on timing
and tracking information. The tagger reduces SM backgrounds by over three orders of magnitude while maintaining
a signal efficiency above 80%. A dedicated background estimation extrapolates tagger’s misidentification probability
from control regions with one or fewer tagged jets to the signal region. The search was interpreted in an electroweak
chargino-neutralino production model with a long-lived neutralino decaying to a gravitino and a Higgs or Z boson,
excluding neutralino masses up to 1.18 TeV for ¢ = 0.5 m.

Apart from the dedicated analyses here, the hadronic 7 plus pfis$ analysis [38] described in Section 5.3, and the
isolated track plus pi* analyis [43] analysis described in Section 5.4 also have long-lived components. Figure 12
collectively presents the proper lifetime reach of the LLP searches for particles and processes predicted by various
SUSY and other new physics scenarios.
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Overview of CMS long-lived particle searches
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Figure 12. Summary of the proper lifetime reach of the LLP searches for particles and processes predicted by
various SUSY and other new physics scenarios. Interpretations were done for RPV SUSY, GMSB, split SUSY, and
AMSB models. Gluino and squark mass exclusions reach up to about 2.5 TeV and 1.6 TeV, respectively, for proper
lifetimes reaching over hundreds of meters. Chargino and neutralinos are probed up to masses of several hundred
GeV and proper lifetimes of O (100 m). Direct stau production has been constrained up to about 700 GeV. Together,
these results cover proper lifetimes spanning more than ten orders of magnitude, from prompt-like decays down to
hundreds of meters, significantly extending the SUSY coverage of Run 2.

6. The SUSY Picture After Run 2

The diverse set of searches discussed above, spanning a broad range of signatures and strategies, provided
sensitivity to different regions of the SUSY parameter space. Individual analyses probed complementary corners of
this space, and taken together they form a coherent picture that has been progressively refined throughout Run 2.
To illustrate this more concretely, CMS performed three dedicated combination studies. The first two combined
top squark searches and electroweakino/slepton searches, respectively. and interpreted them in the framework of
simplified models. The third combines a variety of analyses with very different final states, and is interpreted them
in terms of the phenomenological MSSM. Together, these combinations provide the most global statement of CMS
on SUSY after Run 2, and frame the discussion of what is excluded and what remains open.

6.1. Collective Reach in Simplified Models

Figure 13 shows a representative summary of gluino and light-flavor squark searches in R-parity conserving
simplified models, with branching fractions taken as unity. The exclusion contours are shown as a function of the
gluino or squark mass versus the lightest neutralino mass. Expected and observed limits from several inclusive analyses
are shown together comparatively. Although some contours appear to overlap, the underlying analyses rely on different
final states and selections, and they probe distinct, and sometimes disjoint event samples. This complementarity
highlights the value of combining results, to extend sensitivity beyond the reach of any single search.

As mentioned in Section 5.2, the fully hadronic, single-lepton, and dilepton top squark searches were combined
in [30], together with the dedicated search targeting the stop corridor region. These searches were designed to be
mutually exclusive from the start, making a statistical combination straightforwardly possible. Figure 14 shows
the resulting exclusion limits on # versus XJ masses for the i — ¢ and ¢ — bxi — bW=X) models. As
anticipated, the combination pushes the sensitivity beyond the reach of the individual analyses, especially for the
f— by — bWERY case.
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Figure 13. Mass exclusions for gluino and light squark versus %J for three selected simplified models of direct
production, from several analyses.
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Figure 14. Observed upper cross section limits, and expected and observed mass exclusions for top squark versus
xiint — txYand t — b)ﬁ': — bWi)Z(f models, from the combination of fully hadronic, single-lepton, dilepton,
and corridor analyses. Expected limits from the individual analyses are also shown.

Direct electroweakino production processes have cross sections about two to three orders of magnitude smaller
than strong production of gluinos and squarks, while direct slepton production is over an order of magnitude lower
compared to electroweakino production. Combinations are therefore particularly critical in this sector to increase
sensitivity and achieve complementarity. An extensive study was performed to combine six searches targeting
electroweakinos and sleptons [61]. The included analyses were: i) soft two opposite-charge or three-lepton plus
p?i“ (the earlier search) [40], covering the compressed regions; ii) inclusive multilepton (same-charge dilepton and
trilepton components) [33], probing moderate mass splittings; iii) opposite-charge same-flavor dileptons, both on-Z
and off-Z [22], sensitive to electroweakino decays via W/Z bosons or slepton decays; iv) single lepton plus H — bb
and ps [31], targeting XX — WXOHXY; v) HH — 4b plus piiss [25], targeting X or X3 pair production
decaying each to a Higgs boson and the LSP; and vi) boosted hadronic WW /W Z /W H plus pm‘“ [35], probing
the largest mass splittings. Unlike the top squark searches, these analyses were initially designed with only loose
coordination. For the combination, modifications and synchronizations were introduced to ensure disjointness and
enable a robust statistical combination.

The combined results were interpreted in terms of four simplified models. The combination was performed
through a simultaneous maximum likelihood fit to the signal and control regions of the searches described above,
for each signal model. For different models, different subsets of signal regions were used, chosen to maximize
sensitivity while avoiding overlaps. Figure 15 shows the combined limits for these models, together with the
contributions from individual analyses in cases where multiple analyses entered. The first model considers the
associated production of wino-like degenerate ﬁ[ and X3, decaying to a lighter bino-like Y as )2{( — Wx{ and
XS — Z/HX)). The top-left and top-center plots show mass exclusion contours in the ! versus ﬁ[ /X3 plane for
the WZ topology in the noncompressed region, and on the Am(f(f /X9, X}) versus XY plane for the compressed
region, respectively, while the top-right plot shows the WH topology. In all cases, the combined result significantly
exceeds the reach of the individual searches, and the complementarity of the contributing analyses is strikingly visible.
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The second model is a GMSB-inspired scenario with pair-production of higgsino ¥{ decaying to gravitinos
as X0 — HG or x%toZG. The bottom-left plot shows the exclusion contours in the ¥ mass versus ) — HG
branching fraction, where once again, the complementarity between the search involving explicit Higgs identi-
fication and those without is explicitly visible. The third model assumes nearly mass-degenerate X3, 9, and
ﬁtthatdecaytoabmo — likex? and an SM boson. The relevant production mechanisms in this higgsino-bino model
are X X% X X9, XiXi.and ¥9%3. The bottom-center plot shows the upper limits on the cross section and the
corresponding mass exclusion in this model in the degenerate Higgsino and ¥} mass plane. Finally, we have the
slepton-neutralino model, with pair produced sleptons each decaying as (- £xY, for which, the cross section upper
limits and the mass exclusion is shown in the £ and %! mass plane in the bottom-right plot.
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Figure 15. Reach of the electroweakino combination for four simplified scenarios: Wino-bino model in decays to
WZ topologies for the noncompressed case (top-left), wino-bino model in WZ topologies for the compressed case
(top-center), wino-bino model in WH topologies (top-right), GMSB-higgsino model (bottom-left), higgsino-bino
model (bottom-center), and slepton-neutralino model (bottom-right). Details are described in the text.

Several analyses were particularly targeting scenarios with light, nearly mass-degenerate higgsinos with masses
1

related as Am®(xi, X9) = 56m°(x9, x?), which are particularly well motivated by arguments of naturalness
and by dark matter constraints. These searches each targeted a different range of mass splitting, which also
directly translates to proper lifetime of the chargino. Figure 16 shows the exclusion contours of these searches
in the Am( )Zf, X}) versus ﬁt mass plane, and illustrates the vivid interplay between them. For the largest mass
splittings, above around 0.5 GeV the latest soft oppositely charged dilepton/trilepton search [41] provides the
leading sensitivity. In a subset of this range, for Am between 1 and 3 GeV, the soft lepton plus track search [42]
contributes significantly. Even though the exclusions overlap for both analyses, their their selections are disjoint,
thus allowing a future combination to improve cross section reach. At smaller splittings, the isolated soft track
search [43] extends coverage into a region that had long been difficult to probe and only became accessible with
the analysis of this new final state. Finally, for Am below about 0.5 GeV, we enter the long-lived chargino regime,

where the inclusive 0- and 1-lepton disappearing track search [18] is the most sensitive.
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Figure 16. Summary of observed and expected exclusion on the simplified scenario with light, nearly mass-

degenerate higgsinos based on four Run 2 searches.

6.2. Interpretations in the pMSSM Framework

Simplified models are very useful for interpreting individual searches systematically and comparatively, but
by design they focus on narrow slices of the SUSY landscape and only a few decay modes at a time. To obtain a
more global view, we have also interpreted the CMS Run 2 results in the context of the phenomenological MSSM
(pPMSSM) [62]. The pMSSM is a realization of the MSSM with a reduced set of 19 free parameters defined at the
SUSY scale. It assumes R-parity conservation, CP conservation, and minimal flavor violation, with the first two
sfermion generations taken to be degenerate. Using the pMSSM allows a coherent treatment of a wide variety of
SUSY spectra and decay chains, and provides a natural way to assess the collective impact of diverse analyses in a
realistic full model.

The study followed a Bayesian approach. The 19-dimensional pMSSM parameter space was scanned under
the assumption that the lightest neutralino is the LSP. A Markov Chain Monte Carlo procedure was used to construct
a prior, based on a likelihood that incorporates constraints from flavor physics, the Higgs boson mass, and LEP
measurements. From this prior, about 500,000 parameter points were selected. For each point, events were generated
and simulated, CMS analyses were applied, and the resulting signal yields were obtained. A statistical analysis
was then performed to derive individual likelihoods, which were combined into a single CMS likelihood. The
contributing analyses and signal regions were chosen to be disjoint or to have negligible overlaps. The set of searches
included: the soft opposite-charge dilepton and trilepton search with p?i“ [40], the soft lepton track search [42],
opposite-charge same-flavor dileptons (on-Z) [22], the direct stau search [38], the single lepton A¢ search [21], the
inclusive O- and 1-lepton disappearing track search [18], and the inclusive multijet + p?“ (RA2b) search [52].

Figure 17 shows the one-dimensional marginalized prior and posterior densities obtained from the combination
of the analyses listed above. The distributions are given for the gluino, top squark, lightest colored SUSY particle
(LCSP), X9, X, and ¥ masses, as well as for the dark matter relic density Q2h2, the spin-dependent x?—nucleon
cross section osp (XY, nucleon), and a certain fine-tuning measure Agyw. The shifts between the prior and posterior
illustrate the impact of the CMS searches. Although these are one-dimensional projections, they effectively profile
over the correlated effects of other sparticles, and carry the imprint of the full parameter correlations in the pMSSM.
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Figure 18. Survival probability distributions in two-dimensional projections in the (m)zcl)7 Am(XE, xY)) plane,
showing the progressive impact of successive CMS analyses and external constraints on the pMSSM prior. Black
bins indicate where no pMSSM points survived the CMS analyses, and white indicate where no pMSSM points are
present in the prior. Prior and posterior credibility interval contours are also shown. Each panel corresponds to the
addition of one or more constraints in the sequence described in the text.

Figure 19 shows the survival probabilities as a function of the ¥} mass and the mass differences between the
%Y and the lighter top and bottom squarks (top), the gluino (middle), and the LCSP (bottom). For each projection,
three priors are considered: the nominal prior before applying CMS constraints (left); the prior constrained by
dark matter data, requiring the predicted relic density to be less than 110% of the value measured by Planck and
consistency with direct detection limits at 95% CL (center); and the prior further constrained by naturalness, with
Agpw < 200 (right). Although the dark matter and naturalness requirements already impose strong constraints, CMS
searches leave a clearly visible impact even within these restricted subsets of parameter space. For all cases, we see
an overall upward shift in the viable sparticle masses.

The pMSSM interpretation illustrates how complementary analyses work together to constrain the model
space and where important gaps in sensitivity remain. This provides concrete guidance for where future searches
should focus. It is important to note, however, that the present study includes only a subset of CMS analyses, and
the ongoing inclusion of further results may modify the picture.
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Figure 19. Survival probabilities as a function of ¥§ mass and its mass differences with the lighter top and
bottom squarks (top), gluino (middle), and LCSP (bottom). Results are shown for the nominal prior before CMS
constraints (left), the prior including dark matter relic density and direct detection constraints (center), and the prior
further constrained by Agw < 200 (right).

7. To Conclude

During Run 2, CMS explored supersymmetry across nearly every accessible corner of phase space, pushing
the use of detector output and analysis techniques to their limits. We continuously refined our methods, developed
new strategies, and established broad coverage of the SUSY parameter space. No discovery has emerged so far, but
we now have a sharper picture of what is excluded and where sensitivity is still lacking.

A few Run 2 searches are still being finalized. In parallel, we are working to ensure a lasting legacy by
preserving analysis information for reuse and reinterpretation. CMS results are systematically published in HEPData
with increasing amounts of auxiliary material, and recent analyses are working to release their statistical models.
We are also encouraging preservation of analysis code and physics algorithms, both to ensure reproducibility, future
combinations, and to transmit the accumulated knowledge of Run 2.

With this foundation in place, SUSY searches are now moving forward with Run 3, with data taking underway
since 2022 at 13.6 TeV and an integrated luminosity expected to exceed twice that of Run 2. Developments in
triggers, reconstruction, identification, and other analysis techniques are being further advanced. Several analyses
are already in preparation, building on these improvements with the goal of extending sensitivity and probing more
challenging final states. Particular attention is and will be directed to scenarios that remain open. Light Higgsinos
are a prime example, where complementary decay chains involving jets, vector bosons, or Higgs bosons can be
targeted. Masses up to about a TeV remain both well motivated by theory and consistent with dark matter constraints.
Direct slepton and stau production is another important direction, especially in compressed mass regions where
experimental sensitivity is limited. More generally, limits on gluino and squark production will be pushed higher,
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through modern inclusive searches with broader coverage, aided by improved boosted object identification.

Looking further ahead, the HL-LHC will bring a dramatic increase in dataset size, extended detector coverage,
and new systems. The new precision timing detector, in particular, will create new opportunities for long-lived
particle searches. These next chapters will allow CMS to extend its sensitivity and probe increasingly challenging
final states, reaching deeper into regions of parameter space that remain open after Run 2.
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