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Abstract

A general search is presented for supersymmetric particles (sparticles) in scenarios
featuring compressed mass spectra using proton-proton collisions at a center-of-mass
energy of 13TeV, recorded with the CMS detector at the LHC. The analyzed data
sample corresponds to an integrated luminosity of 138 fb~!. A wide range of poten-
tial sparticle signatures are targeted, including pair production of electroweakinos,
sleptons, and top squarks. The search focuses on events with a high transverse mo-
mentum system from initial-state-radiation jets recoiling against a potential sparticle
system with significant missing transverse momentum. Events are categorized based
on their lepton multiplicity, jet multiplicity, number of b-tagged jets, and kinematic
variables sensitive to the sparticle masses and mass splittings. The sensitivity extends
to higher parent sparticle masses than previously probed at the LHC for production
of pairs of electroweakinos, sleptons, and top squarks with mass spectra featuring
small mass splittings (compressed mass spectra). The observed results demonstrate
agreement with the predictions of the background-only model. Lower mass limits are
set at 95% confidence level on production of pairs of electroweakinos, sleptons, and
top squarks that extend to 325, 275, and 780 GeV, respectively, for the most favorable
compressed mass regime cases.
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1 Introduction

The standard model (SM) is a tremendously successful theoretical framework that essentially
describes all known phenomena in high-energy physics. With the demonstration of the exis-
tence of the Higgs boson [1, 2], the field is at a crossroads. On the one hand, as of yet, there
is no direct experimental evidence from colliders for new phenomena beyond the SM (BSM),
such as the new fundamental particles envisaged in supersymmetry (SUSY) models [3]. On
the other hand, the very existence of the Higgs boson and the presence of dark matter in the
universe are compelling motivations for a model such as SUSY to be realized in nature; it can
stabilize the Higgs boson mass and has the potential to provide a particle physics explanation
for dark matter [4]. It is therefore crucial to confront such possibilities with experiment. Super-
symmetry [5-7] has attracted much interest as a result of its perceived strong motivation, its
tractability as a weakly coupled theoretical framework for perturbative calculations and thus
predictions, and the rich set of potential new experimental signatures.

With a wide variety of search results from the LHC experiments based on the data sets col-
lected in the years 2016-2018, many supersymmetric particle (sparticle) production scenarios
have been constrained in their experimentally most favorable realizations [8-37]. These results
are primarily in the context of simplified model interpretations. Nevertheless, there is still very
strong experimental and phenomenological motivation for a focus on compressed sparticle mass
spectra, where the mass differences (Am) between the initially produced (parent) sparticles and
the lightest sparticle (LSP) are small. Supersymmetry searches are often least sensitive in corri-
dor regions with small mass differences; if SUSY is to be tested comprehensively, these regions
must also be explored. Phenomenologically, the lowest lying states in the electroweakino sec-
tor ( )’(V(f, )'Ef, X3) may form a nearly mass-degenerate dominantly higgsino-like triplet [38]. This
scenario is particularly challenging as a result of the suppressed production cross sections in
addition to the compressed mass spectrum, and is attracting much interest [39, 40]. Further-
more, probing slepton production models including those with the SUSY partners of the muon
(smuons), could give insight into potential supersymmetric contributions to the muon g-2 mea-
surements [41-43] as calculated in for example [44—46].

A general search for sparticles is performed in proton-proton (pp) collisions at a center-of-mass
energy of 13 TeV by the CMS experiment at the CERN LHC. The data were collected from 2016
to 2018, with a total integrated luminosity of 138 fb™'. The focus for this paper is on SUSY
scenarios featuring compressed mass spectra, with the LSP expected to be the weakly interact-
ing lightest neutralino, 7?(1) Only R—parity1 conserving SUSY scenarios [47], where sparticles
are produced in pairs and the LSP is stable, are considered. We target SUSY scenarios that in-
clude the associated production of a chargino and neutralino ()Zli X9) and the pair production
of charginos, top squarks, and charged sleptons (selectrons or smuons). Observed event yields
for various event signatures are also reported in a model-independent manner that does not
assume a particular BSM particle production model.

Searching for the production and decays of such sparticles appearing in compressed mass spec-
tra is experimentally challenging, as small mass splittings between sparticles imply that the
visible products of those decays will be of low momentum, and can be difficult to reconstruct,
or even detect. Normally reliable signatures of SM particles, such as the reconstructed mass of
heavy vector bosons, can be significantly distorted when forced off-shell and produced in such
decays, thereby degrading our ability to detect them. For decays resulting in weakly interact-
ing massive particles, this can also mean that these invisible decay products will receive very

1 R-parity is a multiplicative quantum number defined by R = (—1)38+L+25 where B, L, S are the baryon number,

lepton number, and spin, respectively, with all SM particles having R = 41 and all sparticles having R = —1.



little momentum from the decays of their parents, such that the resulting missing transverse
momentum may also be small and indistinguishable from that of backgrounds. The approach
taken is primarily kinematic, and a wide range of object multiplicities are used to incorporate
the potential decay signatures of the targeted sparticle systems. Events are selected with sig-
nificant initial-state radiation (ISR), where the high transverse momentum recoil from the ISR
can often lead to measurable missing transverse momentum associated with sparticle decays
in compressed scenarios, despite each invisible LSP acquiring only a small momentum in the
parent rest frame from the parent sparticle decay.

The paper is organized as follows. The CMS detector and event reconstruction are described in
Section 2. The SUSY signal and background process modeling and simulation are described in
Section 3. The following section (Section 4) describes the selection of physics objects including
electrons, muons, jets, b-tagged jets, and b-tagged secondary vertices for use in the analysis.
Section 5 describes the kinematic reconstruction of events for this search considering multilep-
ton final states, corresponding to exactly 0, 1, 2, and 3 leptons (electrons or muons) with jets.
The event selection and categorization (Section 6) has two elements. Firstly, preselection crite-
ria and event clean-up requirements are applied that remove events that are not consistent with
the compressed phase space of interest for the analysis. Secondly, events are categorized into
mutually exclusive analysis regions that are defined according to a combination of object mul-
tiplicities in the supersymmetric or ISR systems. A fit based on control samples in data used
to constrain the background contributions in tests of various signal hypotheses is described in
Section 7, including discussion of the treatment of systematic uncertainties. Results are given
in Section 8 and the paper is summarized in Section 9. Tabulated results are provided in the
HEPData record for this analysis [48].

2 The CMS detector and event reconstruction

A central feature of the CMS detector is a superconducting solenoid of 6 m internal diameter,
providing a magnetic field of 3.8 T. Within the volume of the solenoid are a silicon pixel and
strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scin-
tillator hadron calorimeter (HCAL), each with a barrel and two endcap sections. Muons are
detected using the gas-ionization chambers embedded in the steel flux-return yoke outside the
solenoid. A detailed description of the CMS detector, including the definition of the coordinate
system used, can be found in Refs. [49, 50].

For this analysis, physics objects, such as jets, electrons, muons, and missing transverse mo-
mentum, are considered. The reconstruction and identification of individual particles in an
event is performed using the particle-flow algorithm [51] with an optimized combination of
information from the various elements of the CMS detector. The energy of photons is directly
obtained from the ECAL measurement. Reconstructed energies of electrons are determined
from a combination of the electron momentum at the primary interaction vertex as deter-
mined by the tracker, the energy of the corresponding ECAL cluster, and the energy sum of
all bremsstrahlung photons spatially compatible with the origin of the electron track. The mo-
mentum of muons is estimated from the curvature of the corresponding track. The energy
of charged hadrons is determined from a combination of their momentum measured in the
tracker and the matching ECAL and HCAL energy deposits, corrected for the response of the
calorimeters to hadronic showers. Finally, the energy of neutral hadrons is obtained from the
corresponding corrected ECAL and HCAL energy.

Hadronic jets are found from these reconstructed particles and clustered using the infrared-
and collinear-safe anti-kt algorithm [52], implemented with the FASTJET package [53]. Jets in



this analysis use the anti-k distance parameter of 0.4. Jet momentum is determined as the
vector sum of all particle momenta clustered in the jet, and is found from simulation to be
within 5-10% of the true momentum over the entire pt spectrum and detector acceptance.
Additional pp interactions within the same or nearby bunch crossings (pileup) can contribute
additional tracks and calorimetric energy deposits to the jet momentum. To mitigate this effect,
tracks identified as originating from pileup vertices are discarded, and an offset correction is
applied to correct for remaining contributions. Jet energy corrections are derived from simula-
tion to equalize the average measured response of jets to that of particle level jets. In situ mea-
surements of the momentum balance in dijet, photon+jet, Z+jet, and multijet events are used
to account for any residual differences in jet energy scale between data and simulation [54].
Additional selection criteria are applied to each jet to remove jets potentially dominated by
anomalous contributions from various subdetector components or reconstruction failures. The
ultimate jet energy resolution typically ranges from 15% at 10 GeV, 8% at 100 GeV, to 4% at
1TeV [54].

The momentum resolution for electrons with p of 45GeV from Z — ee decays ranges from
1.7% for barrel electrons that do not generate showers in the tracker to 4.5% for showering
electrons in the endcaps [55, 56]. Muons are measured in the pseudorapidity range || < 2.4,
with detection planes made using three technologies: drift tubes, cathode strip chambers, and
resistive-plate chambers. Matching muons to tracks measured in the silicon tracker results in
a relative transverse momentum resolution for muons with 20 < pr < 100 GeV of 1.3-2.0% in
the barrel and better than 6% in the endcaps. The py resolution in the barrel is better than 10%
for muons with pr up to 1 TeV [57].

The missing transverse momentum (%) is defined as the negative vector sum of the trans-
verse momenta of all particle-flow candidates in the event and its magnitude is denoted by
piiss. Anomalous high-pTisS events can occur as a result of a variety of reconstruction failures,
detector malfunctions, or noncollision backgrounds. Such events are rejected by event filters
that are designed to identify more than 85-90% of the spurious high-pT* events with a mistag-
ging rate less than 0.1% [58]. The pM** is modified to account for corrections to the energy scale
of the reconstructed jets in the event.

Vertices are reconstructed from tracks according to the deterministic annealing algorithm [59].
The primary vertex is taken to be the vertex corresponding to the hardest scattering in the event,
evaluated using tracking information alone, as described in Section 9.4.1 of Ref. [60]. Events
are required to have at least one reconstructed vertex with longitudinal position |z| < 24cm
and radial position » < 2 cm relative to the nominal mean collision point.

Events of interest are selected using a two-tiered trigger system. The first level, composed of
custom hardware processors, uses information from the calorimeters and muon detectors to
select events at a rate of around 100 kHz within a time interval of less than 4 ms. The second
level, known as the high-level trigger, consists of a farm of processors running a version of the
full event reconstruction software optimized for fast processing, and reduces the event rate to
a few kHz before data storage [61, 62]. The data sample for this analysis was collected in 2016—
2018 using inclusive pMis triggers with pMiss > 120 GeV, corresponding to a total integrated

luminosity of 138 fb™! of pp collisions.

3 Signal and background simulation

The SUSY signal and SM background processes are simulated using Monte Carlo (MC) event
generators. Several different SUSY simplified models are used to study electroweakino, slep-



ton, and top squark production and decay [63-65].

Simulated samples are generated either at leading order (LO) or next-to-leading order (NLO)
and use parton distribution functions (PDF) from either the NNPDF3.0 [66] set for 2016 data or
the NNPDEF3.1 [67] set for 2017 and 2018 data. Hadronization and showering of events in all
generated samples are simulated using PYTHIA 8.230 [68]; these use the CUETP8M1, CP2, and
CP5 tunes of the underlying-event simulation [69]. All simulations corresponding to 2016 data
use the CUETP8M1 tune, the CP2 tune is used for signal simulations corresponding to the 2017
and 2018 data, while the CP5 tune is used for background simulations corresponding to the
2017 and 2018 data. The background events are passed through a full simulation of the CMS
apparatus, with the response of the detector modeled using the GEANT4 [70] simulation toolkit.
The detector simulation of signal samples is performed with the CMS fast simulation package
FASTSIM [71, 72]. Several sets of simulations are processed so that the version of the CMS event
reconstruction software used matches the run conditions of the collected data sets. Additional
pp collisions from pileup interactions are simulated and overlaid on the main interaction in the
MC samples, with vertex distributions that reproduce conditions observed year-to-year in data.
There was a trigger inefficiency during 2016 and 2017 caused by a gradual shift in the timing of
the inputs of the ECAL first-level trigger in the region 2.5 < || < 3.0. The resulting efficiency
loss is 10-20% for events containing an electron (a jet) with pt larger than ~50 (~100) GeV, and
is a function of pr, 7, and time. Correction factors are estimated from the data to model this
effect in simulation.

For the simplified model based signal models, all SUSY particles other than the electroweaki-
nos, sleptons, or top squarks under study are assumed to be too massive to affect the analysis
observables. These simulated samples have sparticle decays with 100% branching fraction to
a particular final state and always include the X9 as the LSP. The signals are all generated us-
ing the MADGRAPH5_aMC@NLO (v2.2.2 for 2016 and v2.4.2 for 2017-2018) generator with LO
precision and up to two additional partons at the matrix element level [73] and interfaced to
PYTHIA for sparticle decay. The production cross sections are computed at NLO plus next-to-
leading logarithmic precision with all the other sparticles assumed to be heavy and decoupled
using a number of calculations and computational tools [74-81].

For the direct top squark pair production and decay three simplified models are explored: T2tt
(with top squark decay via a top quark), T2bW (with the top squark decaying through an
intermediate chargino that subsequently decays to a W boson and the lightest neutralino), and
T2cc (with top squark decay via a charm quark). A range of top squark and LSP masses is
considered with mass differences ranging from 6 to 200 GeV. For the T2tt model when Am <
80 GeV, where the top quark and the W boson from the top quark decay would both be off-shell,
the decay phase space is modeled as a four-body decay (t — bff'x?) whereas for intermediate
mass differences, 80 < Am < 175 GeV, where the top quark must be off-shell but the W boson
can be resonant, the stop quark decay phase space is modeled as a three-body decay (t —
bWxY). For the T2bW model, the mass of the intermediate chargino is set to [m(t) + m(x?)].
Example diagrams are shown in Figs. 1 and 2.

The primary simplified models for electroweakino production and decay explored assume that
a chargino-neutralino pair X X3 (TChiWZ) or a chargino pair x; x¥; (TChiWW) is produced.
Each chargino decays to a W boson and the X!, while the second-lightest neutralino, x5, decays
to a Z boson and the X(l), where the X(l) is the LSP. The diagrams for these production and decay
processes are shown in Fig. 3. The TChiWZ model has the )Ef and X3 (the initially-produced
parent sparticles) with the same mass. For the TChiWwW model, the x7™’s are pair produced.
Interpretations with purely wino- and higgsino-like Xf[ and X3 are included for the TChiWZ



Figure 1: Diagrams for top squark pair production. The left panel shows the T2tt model with
decay via top quarks and the right panel illustrates the four-body phase space used in modeling
the most compressed region.
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Figure 2: Diagrams for top squark pair production. The left panel shows the T2bW model with
decay via an intermediate mass chargino and the right panel shows the T2cc model with decay
via charm quarks.

model, while the pure wino-like interpretation is used for TChiWW. A range of )fli, )fg, and
LSP masses is considered with mass differences ranging from 3 to 200 GeV; consequently the
W and Z bosons are off-shell for much of the (mass, Am) plane considered.

For slepton pair production, the four charged sleptons of the first and second generation (i.e.,
selectrons and smuons), namely, the superpartners of both lepton chiralities (67, €%, #;, fig),
are pair produced and decay with a 100% branching fraction to /*X9. These possibilities are
illustrated in Fig. 4. The simplified model where all four states have the same mass is referred
to as the TSlepSlep model. Mass differences ranging from 3 to 100 GeV are considered and
the generated event samples based on the TSlepSlep model permit exploration of appropriate
combinations of the four states.
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Figure 3: Diagrams for electroweakino production. The left panel shows associated production
of the lightest chargino and second-lightest neutralino (X7 x3) in the TChiWZ model and the
right panel shows pair production of the lightest chargino (Y; x; ) in the TChiWW model.
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Figure 4: Diagrams for pair production of charged sleptons with subsequent decay to ¢*x?
where ¢ = e, u.

An additional model for chargino pair production, denoted the TChiSlepSnu model, is studied.
In this scenario, the chargino decays via an intermediate charged slepton (Zf) or sneutrino, as
illustrated in Fig. 5. In this case, the mass of the intermediate state is set halfway between the
masses of the chargino and the LSP, and it is assumed that the chargino decays with equal
probability to each slepton and sneutrino flavor (branching fraction of 1/6). Mass differences
between the chargino and the LSP exceeding 50 GeV are considered for this specific model.
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Figure 5: Diagrams for pair production of the lightest chargino with subsequent leptonic de-
cays via an intermediate mass charged slepton or sneutrino, where ¢ = e, y, 7. In addition
to the illustrated diagrams, the other two combinations where either both charginos decay to
an intermediate charged slepton or both charginos decay to an intermediate sneutrino are also
included in this TChiSlepSnu model.

The background samples are partitioned in seven groups:

1. Z/v* +jets: composed of the Z+jets and Drell-Yan backgrounds and generated at LO
using MADGRAPH5_aMC@NLO.

2. W +jets: generated at LO using MADGRAPH5_aMC@NLO.

3. ttX +jets: tt +jets is generated at LO using MADGRAPH5_aMC@NLO with the final states
separated into dilepton and single lepton. Also included are tt + boson processes gener-
ated with MADGRAPH5_aMC@NLO.

4. ST: this group covers the three single top quark production processes corresponding to
the s-channel, t-channel, and W-associated production (tW). The s-, t-channel and lep-
tonic tW processes are simulated using MADGRAPH5_aMC@NLO, while the inclusive tW
samples are simulated at NLO with the POWHEG v1 generator [82-85].

5. VV:includes diboson processes. The WW, ZZ, W+ production and non-bb Higgs bo-
son decays for WH and ZH production are generated at NLO precision with MAD-



GRAPH5_aMC@NLO using the FxFx merging scheme [86]. The WZ process, the bb Higgs
boson decays for WH and ZH production, and Higgs bosons from gluon-gluon fusion
are all generated with POWHEG v2 [87, 88].

6. VVV:includes triboson processes generated using MADGRAPH5_aMC@NLO at NLO.

7. QCD: quantum chromodynamics (QCD) multijet background using samples generated
with MADGRAPH5_aMC@NLO. Due to shortcomings in its simulation, this background is
accounted for by using an approach almost fully relying on control samples in data.

4 Physics object reconstruction

After the basic event reconstruction described in Section 2, physics objects such as electrons,
muons, b-tagged jets, and tagged secondary vertices are reconstructed. Because the analysis
targets compressed SUSY signatures, we prioritize the identification of objects with as low a pt
as can be efficiently analyzed.

Electrons with pr > 5GeV and |77| < 2.4 are identified using a multivariate discriminant based
on track quality variables and the energy distribution in both the ECAL and HCAL, with the
very loose selection initially applied [56]. Candidate electrons must have tracks that have a
hit in every pixel detector layer and which are not associated with a reconstructed photon
conversion vertex. Candidate muons with pr > 3GeV and || < 2.4 are selected based on the
quality of the tracks both in the tracker and in the muon system, with the condition that they
are matched to each other and satisfy the loose and soft identification criteria from Ref. [89].
Initially, loose requirements are applied on the track quality of the leptons to qualify them for
the analysis. These track quality criteria include requirements on the three-dimensional (3D)
impact parameter significance (IP3p/0p, < 8), the two-dimensional (2D) transverse distance
of closest approach to the primary vertex (|d,,| < 0.05cm), and the longitudinal distance of
closest approach to the primary vertex (|d,| < 0.1 cm).

Electrons and muons that satisfy these preselection requirements are separated into three mu-
tually exclusive categories: gold, silver, and bronze. The gold category represents the most
signal-like prompt and isolated leptons, while the silver category is used to recover efficiency
from isolated secondary leptons from sources such as semileptonic decays of b hadrons. The
remaining leptons that do not qualify as gold or silver, but which satisfy the loose quality cri-
teria described previously, are classified as bronze. Gold and silver electrons with pr > 10 GeV
are additionally required to pass the tight identification criteria, while muons are required to
pass the medium identification selection [89]. Gold and silver leptons must also satisfy fur-
ther isolation criteria. Absolute isolation requirements separate the leptons from jets using the
pr sum deposited by the particle-flow candidates in a cone of radius AR = 0.3 around the
lepton, where AR = V (An)? + (A¢)?, and ¢ is the azimuthal angle measured in radians. Mini-
isolation is defined as the pt sum of charged hadron, neutral hadron, and photon particle-flow
candidates within a cone in 77-¢» space around the lepton, correcting for pileup using an effective
area method [90]. The cone size depends on the lepton pr and has radius R, defined as

B 10 GeV
~ min(max(pg, 50GeV), 200GeV)’

Both absolute and mini-isolation is required to be less than 4 GeV for gold and silver leptons.

M

Gold and silver leptons are then differentiated by their consistency with originating directly
from the primary vertex, with gold categorization requiring a tighter 3D impact parameter
significance, IP3p/0pp, ) < 2, with the criterion reversed for silver leptons.
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Figure 6: Efficiencies of lepton candidates satisfying baseline requirements to be identified
in the gold, silver, and bronze categories for prompt leptons (solid circles) and misidentified
leptons (open squares), evaluated in simulated tt + jets events. Electrons (muons) are shown
in the left (right) panel. As the three categories are mutually exclusive and exhaustive for
baseline leptons, these efficiencies sum to one for each source in each lepton pr bin.

Electron identification efficiencies range from above 98% for the very loose criteria to 70% for
the tight criteria. The corresponding misidentification rates range from 2 to 3% for tight identifi-
cation and from 5 to 15% for very loose identification, depending on the electron’s 77 [56]. Loose
(medium) muons have identification efficiencies above 99% (95-99%) with hadron misidenti-
fication rates below 0.5% [89]. The identification and misidentification efficiencies of these
selection criteria are studied using simulated tt + jets and Z /v * + jets samples. In these sam-
ples, lepton candidates are labeled as prompt if there is a generator lepton within 0.01 in AR
of the lepton candidate and the lepton originates from the primary vertex. Lepton candidates
are considered misidentified if there is no generator-level lepton within 0.01 in AR of the lep-
ton candidate. Figure 6 shows these prompt and misidentified efficiencies as a function of
lepton pt. Further exploration of the sources of the leptons shows that the gold category is the
most efficient at keeping genuine leptons originating from prompt sources, while rejecting most
misidentified leptons as well as leptons from nonprompt sources. The silver category is also
very good at rejecting misidentified leptons and accepting genuine leptons that were produced
from secondary sources (primarily semileptonic b hadron and 7 lepton decays). Finally, bronze
leptons consist of prompt leptons that failed both the gold and silver requirements, followed
by genuine leptons from nonprompt sources as well as particles misidentified as leptons.

To account for observed small differences in reconstruction, identification, and isolation effi-
ciencies between data and simulation, the simulation is corrected by factors estimated from
data using the “tag-and-probe” method [89], with both Z boson and J/i meson decays. These
factors are derived as a function of pr, 7, and data-taking period, and take into account extrap-
olations of vertexing and isolation parameters. Further scale factors account for differences
found between the FASTSIM signal sample simulations and the background samples generated
using the full detector simulation.

Jets found with pr > 20GeV and |57| < 2.4 are selected if they pass criteria designed to re-
move jets dominated by instrumental effects or reconstruction failures [91]. Additionally, jets
are required to be a distance of at least AR = 0.2 from any identified leptons. Jets that pass the
medium working point of the DEEPJET tagger [92] are classified as b jets. The identification
efficiency for b quark jets ranges from 60 to 85%, depending on the jet pr, with a misidentifi-
cation rate of about 15 to 25% for charm quark jets and 1 to 7% for light-quark or gluon jets.



Differences between these efficiencies in data and simulation are corrected for as functions of
jet pr [93].

For compressed SUSY signal events, especially those originating from top squark decays, low-
pr b hadron decays are an important signature. A soft secondary vertex (5V) b-quark-finding
deep neural network (DNN) algorithm was developed for this analysis to identify these de-
cay products. The SV candidates were reconstructed using the inclusive secondary vertex
finder [94]. The pr and 5 of the SV are evaluated from the vector sum of the momenta of
the tracks belonging to the SV. It is required that 2 < pr < 20 GeV, || < 2.4 and that the 3D
displacement significance with respect to the primary vertex must exceed 3. The SV must not
be matched to any jet with a pr above 20 GeV within a cone size of AR < 0.4, or to any lepton
within a cone size of AR < 0.2 where the cone is centered on the SV momentum.

The SV b-tagger is built using the DEEPJET framework [95, 96] and a machine-learning algo-
rithm based on the DeepCSV tagger [97]. Eight variables are used as input for the SV b-tagger
DNN: the p, 17, mass, number of degrees of freedom, displacements from the primary vertex
in both 2D and 3D, 3D displacement significance, and the cosine of the pointing angle between
the primary and secondary vertices. The discriminant was trained and tested using simulated
tt + jets and W + jets samples.
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Figure 7: Distributions of the b, ¢, and light-quark SV tagging efficiencies, as functions of the
SV candidate pr, for the chosen working point. The SV flavor identities are determined from
the generator-level flavor information and AR matching to SV candidates.

A working point for the training sample was chosen for the analysis, yielding a good balance
between rejecting light-flavor SVs and retaining events corresponding to compressed SUSY
signals. Figure 7 shows the b, ¢, and light-quark SV tagging efficiencies as functions of pr.
Averaged over the pr range, the b quark SV tagging efficiency is approximately 80% with a
light-quark misidentification rate of about 25%. Scale factors are derived to take into account
differences between the FASTSIM signal sample simulations and the full detector simulation,
with values within 5% of unity. Scale factors which take into account differences between the
data and simulation are found using the fit to control samples in data described in Section 7.
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5 Kinematic event reconstruction

In order to address the challenges associated with compressed sparticle mass spectra, events
are selected based on significant ISR activity that causes the sparticle system to recoil resulting
in observable pIss from the momentum received by the invisible sparticles. This event topol-
ogy is illustrated in Fig. 8, with I, ;, and V, /;, representing the systems of invisible and visible
sparticle decay products, respectively, associated with the decay chains resulting from the par-
ent particles P, and P},. Analyzing events according to this generic decay tree, with a variable
identity and number of particles corresponding to I, ;, and V, /;,, allows one to specifically tai-
lor observables to exploit the features of this scenario using the recursive jigsaw reconstruction
(RJR) [98-100] algorithm. Ideally, this leads to assignment of the I, ,, and V, 4, systems to in-
dividual candidate parent sparticle systems, P, /;,, collectively referred to as the S system, and
an accompanying recoiling ISR system. Correspondingly, the S and ISR systems are treated
as decay products of a singular center-of-mass (CM) system.

Figure 8: Decay tree diagram used to analyze events. Here S represents the total system of
candidate sparticles, with P, ;, representing pair-produced SUSY parent particles; I, ,, and
V. /b represent the systems of invisible and visible sparticle decay products, respectively. The
S system, along with the recoiling ISR system, are viewed as decay products of the entire
center-of-mass (CM) system of the colliding partons with constituent center-of-mass energy,
V.

In the SUSY events targeted by this analysis, there are two types of unknowns: kinematic un-
knowns resulting from undetected invisible particles and combinatorial unknowns associated
with the correct assignment and interpretation of visible particles. Within the decay tree frame-
work, the kinematic unknowns correspond to the four-vectors of the two invisible systems
I, and I,. The combinatorial unknowns involve determining how the reconstructed particles
(leptons, jets, SVs) are assigned to the V,, V,, and ISR groups. Assuming that the combinato-

rial assignments have been made, such that the four-vectors pl\‘,‘b/b and plf‘s';{ are measured, the
a

kinematic unknowns associated with the invisible particles are determined by applying a com-
bination of assumed and measured constraints, along with algorithmic jigsaw rules (JRs) [100],
which match the structure of the decay tree shown in Fig. 8. In this case, the masses? of the
individual invisible particles (MIa, Mlb) are assumed to be zero, while the measured ﬁ%“iss is
interpreted as the vector sum of their transverse momenta, with

Mp, =0, M, =0, Fi%+7p%=pr. @)

With these constraints, the remaining kinematic unknowns are the total mass of the system
of all invisible particles in the event (1), the longitudinal momentum of that system in the

2Lower case m denotes the correct (or true) mass, and upper case, M, denotes the calculated (or measured) mass
that approximates the correct mass for the system that is indicated by the subscript.
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lab (p!2P), and the direction of the “decay axis” corresponding to how the momentum of I is
shared between I, and I;,. The RJR algorithm proceeds by parameterizing these unknowns as
components of the velocities relating the reference frames appearing in Fig. 8. As all of the
measured visible four-vectors correspond to the lab frame, the first of the velocities to consider

is B &b relating the CM frame to the lab frame. Among the kinematic unknowns, E &b depends

only on m; and pllf‘zb, meaning these quantities can be determined independently of others.

The first JR applied is the invisible mass rule [100], which assigns to m, the smallest Lorentz-
invariant quantity (as a function of measured visible particles’ four-vectors) that will ensure
consistency of the approximate event reconstruction (no tachyonic particles), with

M; = My — 4My My . 3)

This can be qualitatively understood as giving mass to the invisible particle system resulting
from sparticle decays, based on the mass of the corresponding visible decay products. This
essentially exploits the fact that the orientation of the invisible particles relative to each other
is correlated with that of the visible ones, as both arise from the same decays depicted in Fig. 8.
As the individual invisible particles have masses constrained to zero, M; is adjusted for the
individual visible system masses, My .-

lab
Iz

lab

The unknown pp?, or equivalently B&y, ., is assigned via the invisible rapidity rule [100], by

assigning the value of B3P, ~ which minimizes M¢y;:
lab __ :
Cm,z = argmin Mcy. 4)

En:
This choice has two important consequences. Firstly, it avoids assigning erroneously high val-
ues of M), with an incorrect choice, avoiding promoting background events to appear more
interesting than they actually are. Secondly, it ensures that the analytic expression for My,
(and all observables following from this choice) is independent of the true value of gi3P, = and
so longitudinally boost invariant. In fact these quantities are invariant to transverse boosts,up to
order ( lé‘ll\’m)z. The estimator for My, becomes the well-known transverse mass of the I and V

systems.

With ng’l assigned, the four-vectors of all the visible particles can be evaluated in the CM
frame, and subsequently the S frame. Determining the remaining kinematic unknowns can
now be viewed as assigning I§a/b, the velocities relating the S frame to the rest frames of its
children, conditioned on the previous assignments made earlier in the decay tree. Using the
invisible MinMasses* rule [100], these velocities are determined according to the equation,

=1

Bs., B, = argmin (Mp + Mp, ), 5)

i S ZS
8B

™!

and subject to the constraints implied by previous choices and measurements. The practical
effect of this choice is similar to that of the previous longitudinal boost, in that the mass esti-
mators (or more accurately, this sum) become independent of the true, unknown, Bsa/b. With
the application of this last JR, all of the under-constrained kinematic quantities associated with
invisible particles have been assigned.

The combinatorial unknowns associated with how visible objects are assigned to groups in the
decay tree interpretation are determined in a manner similar to their kinematic analogs, where
choices are factorized recursively according to when they appear in the decay. In this case, the
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first partitioning choice is how to split the total collection of visible, reconstructed objects in the
event, VIS, between the V and ISR systems. As for kinematic quantities, these assignments are
determined by effectively picking the grouping that minimizes Mg and M;gy simultaneously.
Explicitly, the combinatorial MinMasses rule [100] prescribes

{V,ISR} = argmax p$M, (6)
VISR
where pSM = |[FSM| = |F SN is the momentum of the S system in the CM, which, with My,

tixed, will increase as Mg and Mgy decrease. The maximization is over all the different ways
jets can be exclusively partitioned into V and ISR groups.

The next partitioning choice is where the group V is split into V, and V}, according to the
combinatorial MinMasses? rule [100], with

{V,, Vy} = argmin (M3, + M3,). )

V.. Vg,

The practical effect of choosing partitions of objects based on mass minimization is similar to
exclusive jet clustering, where the invariant mass is used as a distance metric to group objects
that are traveling in similar directions.

A hierarchy of JRs is defined to remove the combinatorial dependencies on the kinematics of the
invisible particles, with combinatorial decisions proceeding down the decay tree and followed
by the kinematical ones. With this prescription applied, an event is fully reconstructed, as all
of the four-vectors of the states shown in Fig. 8 are either measured or assigned.

Observables are constructed to be sensitive to the mass of invisible particles in the event, char-
acteristic of the compressed signals being sought. LSPs will receive little momentum from the
decays where they are produced, and the resulting p™'* will be typically negligible. The mas-
sive invisible particles (which are nearly at rest in the S frame) will receive an out-sized fraction
of the momentum from the ISR kick among the S decay products, as their rest energy is largest,
leading to potentially large p™S. This mechanism introduces a correlation between the ISR
system and pss, such that

P ~ _ﬁﬁg}gm ®)

fp

This relation can be further refined using the RJR reconstructed quantities and defining the
variable Rigr as
Risg = |ﬁICM ) ﬁICS% ~ ﬁ 9)
sk My
The distribution of Rigg of a selection of compressed electroweakino TChiWZ model events
is shown in Fig. 9 (left), where it is observed to peak at my/mp as expected. With an absence
of genuine, massive invisible particles, the SM backgrounds do not exhibit the same peaking
behavior, with larger values of Rigg suppressed, as apparent in Fig. 9 (right). While observ-
ables sensitive to the absolute size of mass splittings in compressed scenarios can struggle to
differentiate between signal and background, the resolution (and hence discriminating power)
of Ry improves with increasing compression. The peaking behavior of Rz depends predom-
inantly on the event topology and particle masses, and is observed to be largely independent
of final state. Regardless of how particles in these events decay, Rigg depends almost exclu-
sively on the sparticle masses. The distribution of Rigg for the SM backgrounds also behaves
qualitatively similarly in different final states.
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Figure 9: Distributions of Risg for simulated events in the 2 lepton final state for TChiWZ signal
models with 250 GeV parent mass and various LSP masses ranging from 160 to 245 GeV (left)
and the SM backgrounds (right).

The piSR observable quantifies the magnitude of the ISR kick to the sparticle system (pi™R =

|7SM 1|). As one might naively expect, the more kick, the more distinctive the peaking behavior
of Rjsg for signals with massive invisible particles. This behavior is illustrated in Fig. 10, where

the Rigg resolution improves for compressed signals with increasing p°R. Conversely, the SM

backgrounds have increasingly suppressed Rigg distributions as pioR grows, as seen for the

tt + jets background in Fig. 10. In this analysis, pi°} is used to define signal-enriched and

control regions (CRs) by exploiting this behavior.
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Figure 10: Distributions of pi™® vs. Rigz in events with 0 leptons for simulated top squark
signals in the T2tt model with parent mass of 500 GeV and a LSP mass of 400 GeV (left), LSP
mass of 480 GeV (center), and tt + jets background (right).

Additional observables sensitive to information independent from Riggz and pi*R, which re-
flect the R-parity-conserving decay topology, can be constructed by further resolving the decay
kinematics inside the sparticle decay system S “perpendicular” to the axis of the ISR boost.
Two additional approximate reference frames are defined relative to the S frame according to:

S __ . S S __ . S
Bv = arirsnm (Aﬁgpv)o, Bt = arg;;un (A,slspl)o, (10)
I

v

where %, and B are the velocities (restricted along the direction of the boost ﬁ M) relating the
S frame to the respective reference frames. The V and I systems are at rest along the ﬁgM axis,

and (A B p%) . is the energy of the visible system in this frame after the Lorentz transformation

Ags, which is minimized. As opposed to simply projecting the four-vectors p%a/b and pi/b
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individually into the plane perpendicular to the BSM boost direction, projecting the entire V
and I groups maintains information along this axis and is insensitive to the previous inexact
approximation.

From the “perpendicular” four-vectors in the two S-adjacent frames, defined as
S _ S S _ s
PV, 1 = A.B%pva/b’ P11 = Aﬁfpla/b’ (1)
observables can be constructed:

2

s s 2
Mg, = (Pva/b,i + PIa/b,L> , 1)
2
2 s s s s
Mg, = (Pva,L +Pv, . TPL1 +Plb,J_> :

While representing some independent information, the masses M, it and Mg | are not en-
a/bs ’

tirely uncorrelated. As the reconstruction in the S frame is executed by choosing several un-
knowns by minimizing M%, +M2b, a summary mass variable, M |, is defined from a combina-
a

tion of these masses as
Mg | +M;
M, = \/ B (13)

2 7
such that it is related to the average (of squares) of the individual mass estimators for each
sparticle parent.

The distribution of M, is shown in Fig. 11 for compressed top squark signals and the SM
backgrounds. As the individual invisible particle masses are set to zero in the reconstruction,
their expected contribution to M | is not accounted for, meaning that M | is not sensitive to the
masses mp but rather to the mass splittings mp_ ~—my . The resulting M, distributions for
signal events exhibit a kinematic endpoint at mp =~ —my (modulo resolution effects), while
backgrounds have falling distributions sensitive to the mass scale of particles appearing in the
events.
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Figure 11: Distributions of M | in one lepton final states for simulated events: compressed T2tt
signal events with a parent top squark mass of 500 GeV and LSP masses ranging from 325 to
480 GeV (left) and the SM backgrounds (right).

The Risg and M | variables are largely uncorrelated for both signal and backgrounds, as shown
in Fig. 12. The practical result is that compressed SUSY signals appear as 2D “bumps” in
the Rigg vs. M, plane, with the location dictated by the sparticle masses. Simultaneously,



15

backgrounds are dispersed over the larger Rigg and M | phase space, with larger values of Rigg
suppressed for increasingly large M | .
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Figure 12: Distributions of Risg vs. M for simulated events in multiple final states. (Upper
row) tt + jets background events in 0 lepton (OL), one lepton (1L), and two lepton (2L) final
states. (Middle row) T2tt signals in OL final states and (lower row) TChiWZ signals in 2L final
states for various sparticle mass combinations.

An additional variable, complementary to M |, is defined from a different combination of the

“perpendicular” masses:
_2M,

Y= : (14)
MS,J_

The observable 7| is sensitive to the asymmetry of the S system decay, taking larger values
(closer to 1) when the event is maximally imbalanced (invisible particles recoiling together
against visible). While the observable is not as powerful a discriminant as Risg or M |, it tends
to larger values for signals relative to backgrounds and is also used in the event categorization.
It is particularly effective against certain, otherwise difficult backgrounds, such as nonresonant
SM WW — 2/2v production, where the decay topology mimics that of R-parity-conserving
SUSY.

The analysis proceeds by counting objects (leptons, jets, b-tagged jets, and b-tagged SVs) that
were assigned to either the sparticle S system or the ISR system with the RJR reconstruction.
Any leptons reconstructed in the event are automatically assigned to the S system in the event
interpretation, while jets and SVs can appear as either coming from sparticles or ISR. One of
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the most important object counting observables is the multiplicity of jets assigned to the S
system, Nli_t While the distribution of N]it exhibits large variations depending on the level of
compression of the signal model, the distribution of I\IJE;R, the number of jets assigned to the ISR
system in each event, is more uniform between differing signal masses and, more relevantly, is
more similar to backgrounds. Furthermore, Nlit is a powerful discriminant when signals have
mass splittings large enough to produce multiple above-threshold jets in sparticle decays. For
this analysis, the only requirement on N]IestR is that there is at least one jet assigned to the ISR
system. For both signal and background, larger Rz and smaller M, are typically associated

with lower Njit, with much weaker correlations for signals than for SM backgrounds.

The analysis also categorizes events according to the number of jets that are tagged as coming
from b quarks in each of the S and ISR systems, N3 tag aNd NER o Tespectively. The tt + jets
background often leads to at least one b-tagged jet in the ISR system; this arises from cases
where b-tagged jets from the top quark decays get assigned erroneously to the ISR system.

This observation is used in the analysis by separating events with NS} g =1 from those with

none in order to isolate tt + jets contributions. Also, requiring large N . and N[5} g =0 selects

a large fraction of top squark signal events, while rejecting most of the Z /v * +jets and tt + jets
backgrounds.

The final object multiplicity observable used in the analysis is the number of soft, stand-alone
SVs assigned to the S system, Ng,,. The SV multiplicity is nearly identical among the different
background events, with top squark signals having a higher probability of observing N§,, > 1.
In addition to categorizing based on the presence or absence of an SV in the S system, the |7|
distribution of identified SVs also serves as a useful discriminant. SVs associated with sparticle
decays tend to be more central than those from background processes, especially backgrounds
such as W + jets where genuine bottom quarks usually arise from radiation or misidentifica-
tion, as illustrated in Fig. 13. The analysis uses the observable |5, defined as the maximum
absolute value of the 77 found for those SVs in the S system to categorize events with SVs into
central (|573,| < 1.5) and forward regions, with the latter acting as a CR for constraining the SV
reconstruction efficiencies and kinematics with data.
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Figure 13: Distributions of max |;3y| in final states with 0 leptons and >1 SVs associated with
the S system, for simulated SM background events (left) and various top squark signal models
(right).
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6 Event selection and categorization

The analysis of data begins with preselection requirements that remove events that are not con-
sistent with the compressed phase space of interest. Events are then categorized into mutually
exclusive analysis regions that are defined according to a combination of object multiplicities
assigned to the S and ISR systems as well as categorization based on kinematic variables. The
events falling in each region are further binned in 2D in the primary sensitive variables, Rigg
and M |, with bin boundaries common among regions with the same lepton and N]it multiplic-
ities. This analysis implements a fitting approach based on control samples in data (described
in Section 7) to model background, accounting for differences in lepton flavor and source in
the rates of their contributions, while also considering potential kinematic data/simulation de-
viations associated with the leptons, jets, and SVs. Some of the categories effectively act as
background-dominated CRs used to constrain both the normalization and shape of the Rigg
and M bin yields in signal-sensitive ones. A subset of these analysis bins (over many cate-
gories) are identified as having negligible expected signal yields (for all of the signal models
considered in this analysis, through explicit evaluation) and are designated as control regions
for use in blinded fits to data and model independent interpretations.

Events are selected from the pTs® trigger data sets for each year by requiring that the offline
pmiss > 150 GeV and applying the pis* related event filters [58]. These events must have at
least one visible object assigned to the S system and at least one jet assigned to the ISR system.
To provide a moderate ISR kick, only events with pi™R > 250 GeV are retained and it is further
required that Rigg > 0.5 thus primarily targeting signals with LSP masses exceeding about half
the parent sparticle mass. A ]A(pﬂmsslvl < 7/2 requirement ensures that the visible and invis-
ible systems associated with sparticle decays are pointing in the same transverse hemisphere.
A further event filter requirement is used to remove events that are poorly modeled in simu-
lation. The magnitude of the vector sum of the transverse momentum of the center of mass
frame (p£™M) and the azimuthal angle between the center of mass system and the invisible sys-
tem (A¢cyy ) are defined. Larger values of p<™ tend to come from out-of-acceptance noise or
misreconstruction of physics objects, including piss, while Agcy; ; will peak near 0 or 7 if there
are misreconstructed events in data. Events are removed if pS™ > 200GeV or Apcp is near
0 or 7w (with a psM-dependent requirement). To account for inoperable HCAL endcap sectors
during 2018 data taking, events are also discarded from the 2018 data set, if there are any lep-
tons or jets passing the respective object selections and within the regions (-3.2 <y < —1.2,
—1.77 < ¢ < —0.67). Events with lepton pairs having invariant masses consistent with J/y
meson decays are rejected.

Categorization of events can be imagined with a hierarchical ordering using a notation,

NLg Ziel NJRNSYS X, that indicates the reconstruction category of the event, with NL cor-
responding to the number of reconstructed leptons; 0, 1, 2, and 3, with events containing more
than three reconstructed leptons discarded. These categories are further subdivided by lepton
flavor, charge, and reconstruction quality (gold, silver, bronze), appearing as superscripts and
subscripts of NL, respectively. The next tier of categorization is by N]%t (N]), the multiplicity
of reconstructed jets assigned to the S system in each event. Depending on the region, there
are then further subdivisions according to the number of b-tagged jets observed in the S and
ISR systems (NbS and NbISR), or the number of SVs assigned to S (NsvS), which are further
split into SV central and forward categories (svc and svf, respectively). Finally, some categories
have additional subdivisions according to the kinematic variables p*R and v |, with each vari-
able being used to define a “low” signal-depleted region (denoted by p—, y— respectively)

and a “high” signal-enriched region (denoted by p+, 7+ respectively), leading to potentially
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four such separate subdivisions (p— v—, p— 7+, p+ v—, and p+ 7+ ). The cases where the
four kinematic subdivisions are employed are denoted by “p £+ =" in the category definition
tables. In all cases, y— corresponds to v |, < 0.5 and y+ corresponds to v, > 0.5.

There are 84 exclusive zero lepton (OL) categories defined as outlined in Table 1. Within each
of these categories, events are counted in bins of Rigg and M |, with the definition of the N]-Set-
dependent bin boundaries for all of the OL regions listed in Table 2. In the limit of extreme
mass spectrum compression it is still possible to reconstruct soft SVs, therefore, dedicated OL
categories that require the presence of soft SVs associated with the S system are introduced for
regions with lower S jet multiplicities. For larger stet, there are regions ranging from 2 jets (2])
to 5 jets (5]) that target intermediate mass splittings in models such as T2tt and T2bW. The OL
categories with higher S object multiplicities and bins with lower Rigr values are very good at
providing constraints for QCD multijet and other backgrounds.

Table 1: Category definitions for OL regions for each Nlit multiplicity. The highest (5]) is inclu-

sive (N3

ot = 5)- There are 84 exclusive categories in total for the OL regions.

Z\]jset N E tag N IgStI"{ig N, SSV kin p %SR [GeV]
0J lor>2 svcorsvf (350, o)
1 >1 svc or svf [400, o)
Oorl Oor>1 0 p— or p+ [400,550] or [550, c0)
>
2 0§r21 Oor2l p+ 9+ [350,500] or [500, co)
>
3] 0§r2 1 Oor1 p+ y£  [350,500] or [500, o)
>
47 o§r21 Oor2l pE v+ [350,500] or [500, co)
>
5] Ogrzl Oor 21 p+ v+ [350,500] or [500, o)

The categorization of the one-lepton (1L) regions is the most expansive in the analysis with 178
exclusive regions, as they are applicable to a wide range of signals. Additional CRs are defined
based on the lepton reconstruction quality, allowing for further background constraints among
regions, particularly allowing for the shapes and normalization of various types of lepton con-
tributions to be measured from data. Depending on Njf;t, 1L events can be categorized by either
the lepton flavor, or charge (to better control W (£v) + jets backgrounds), or both. As in OL, the
1L categories include dedicated regions requiring tagged SVs, which are most relevant for the
most compressed signals also having soft heavy-flavor decays. The 1L category definitions are
listed in Table 3. The Rigg-M | bin definitions within each of these regions are shown in Table 4.

For the two lepton (2L) final-state categorization, the gold regions are defined as having two
gold leptons. Similarly, silver categorization requires one gold and one silver or both silver,
while bronze only includes the gold-bronze and silver-bronze cases. The 2L categories with
gold leptons are signal rich, while the silver and bronze ones are important for constraining
nonprompt- and misidentified-lepton backgrounds. Figure 14 shows an example Rigg-M | dis-
tribution with the bin boundaries overlaid for the 2L, 0 S-jet category. The 2L category defi-

nitions are presented in Table 5. Depending on the N]Set multiplicity, different combinations of
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Table 2: The Rigg and M | bin definitions for OL regions for each N]zt multiplicity. The highest

(5]) is inclusive (Njit > 5). The lower Rjsg bins denoted as "CR” are used as control regions.

NJ%t Risr M, [GeV] Nbins
0 [0.95,0.985] CR [0, 0)
V' (0.985,1] 10,5] or [5,10] or [10, c0)
0.8,09]CR  [0,c0) ]
g 09,098/ CR o)
[0.93,0.96] [0,20] or 20, c0)
0.96,1] [0,15] or [15, c0)
[0.65,0.75] CR [0, c0)
[0.75,0.85] CR [0, 00)
2 [0.85,0.9] [0, 0) 6
[0.9,0.95] [0,20] or [20, o)
[0.95, 1] [0, 00)
[0.55,0.65] CR [0, c0)
[0.65, 0.75] CR [O, o)
3] [0.75,0.85] [0, co) 6
[0.85,0.9] [0,50] or [50, o)
09,1] [0, 00)
[0.55,0.65] CR [0, 00)
y 065075 CR [0,00) -
[0.75,0.85] [0,80] or [80, o)
[0.85, 1] [0, 0)
05,06/ CR  [0,00)
06,07]CR  [0,00)
I 107,08 10,150] or [150, co) >
[0.8,1] [0, 00)
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Table 3: Category definitions for 1L regions for each N]zt

multiplicity. The highest (4]) is inclu-

sive (Z\]]%t > 4). There are a total of 178 categories for the 1L regions.
N].Set lep qual lep cat NS tag Néstlgg NSSV kin p%SR [GeV]
+ —
. gold rort >1 svcorsvf [350, c0)
o silver or bronze eor
et ore” or
>
gold utoru~ OQor=l p— or p+ [350,500] or [500, c0)
silver or bronze eory
. gold >1 svcorsvf [350, c0)
1 silver or bronze eoryu
old ¢Torf~ Oorl Oor>1
silver%ar bronze eoryp B 0 pt oy [350,500] or [500, c0)
old Oorl Oor>1
2] & >2 pE v+ [350,500] or [500, o)
silver or bronze eor
old Oorl Oor>1
3] & >2 p+ v+ [350,500] or [500, o)
silver or bronze eor
old Oorl Oor>1
4] & >2 p+ v+ [350,500] or [500, o)
silver or bronze eor

lepton charge and flavor are used to further split categories. In the 2L category with 0 S-jets,
the gold category includes separate regions for each of the lepton flavor combinations, while
the region requiring a soft SV tag integrates over lepton flavor and charge. There is also a
same-sign (SS) lepton category, which is integrated over the lepton flavor.

Categories are established for cases where the dilepton pair is consistent with a “Z*” candidate,
specifically when there are one or two S jets present. Here, these Z* candidates, have opposite-
sign (OS) leptons with same flavor (SF) also in the same S-system hemisphere. The “noZ”
categorization is for OS, different-flavor (DF) events, or OS-SF events with the leptons appear-
ing in different hemispheres. These regions also have an SS dilepton category, with all three of
these classes integrated over lepton flavor. For all of the 2L silver and bronze regions, leptons
are separated by flavor (ee, pu, or ep) in order to better serve as CRs capable of disentangling
the contributions from different nonprompt-lepton sources and processes. Bin boundaries in
Risg and M| for all the 2L regions are summarized in Table 6.

For the three-lepton (3L) categories, the gold categories are defined such that all three leptons
must have gold quality (GGG). The sub-splittings for these include events with 0 or >1 S-jet,
the presence of a Z* candidate, no Z boson, or three same-sign leptons. Throughout the 3L
category there is no b-tagged jet counting and no other splitting of categories based on p%,
7, or the presence of SVs. The 3L silver category includes GGS and GSS combinations for
the individual lepton quality, while the 3L bronze category includes GGB and GSB quality
combinations. The sub-categorization for all lepton quality criteria in 3L is the same. The

definitions of the 3L analysis regions are presented in Table 7. There are no M, bins in the 3L
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Table 4: The Rigg and M | bin definitions for 1L regions for each N]it

(4]) is inclusive (N]%t > 4). The lower Rjsg bins denoted as "CR” are used as control regions.

multiplicity. The highest

I\]]?et Rigr M, [GeV] Nyins

o (096,098 CR [0,10] or [10,c0)
[0.98,1] [0,5] or [5,10] or [10, o)
0.85,0.9] CR  [0,30] or [30, o)

1] [0.9,0.95] [0,20] or [20, c0) 5
0.9,0.95] [0, c0)
0.8,0.85] CR [0, 70] or [ o)

2] [0.85,0.9] [0,50] or [50, o) 5
[0.9,1] [0, 0)
[0.65,0.75] CR [0, 100] or [100, o)

3] [0.75,0.85] [0,80] or [80, co) 5
[0.85,1] [0, c0)
0.6,0.7] C [0,180] or [180, co)

4 [0.7,0.8] [0,150] or [150, co) 5
[0.8,1] [0, 00)

categories (one integrated bin), only bins in Rigg, with bin boundaries for 3L with 0 S jet and
3L with 1 Sjet categories summarized in Table 8.

While the signal model-dependent results involve a simultaneous fit to all of the bins and cat-
egories included in this analysis, a subset of CR bins are identified in order to both study the
tit model in data prior to the unblinding of signal-sensitive regions, and also to derive model-
independent upper limits on a subset of bin/category combinations. To be included as a CR
bin, there must be less than 1% signal contamination (relative to expected backgrounds) for any
of the signals considered in the analysis. The CR bins account for 648 out of the total, 2443 bins,
encompassing 62% of the expected SM background events. In general, the chosen CR bins are
at lower values of Risg, where expected signal-to-background is significantly less favorable. A
simultaneous fit of the CR bins is able to constrain all of the nuisance parameters with data.

To derive model-independent limits, combinations of the previously defined “signal” bins are
combined into seven “superbins”, defined in Table 9. Five of the superbins were derived by
systematically examining the expected signal significance for clusters of bins from admixtures
of signals corresponding to five groupings of top squark, electroweakino, and slepton pair
models with low and intermediate Am. To look for b-enriched signals similar to those from
top squark pair decays, there are three superbins for low Am and one for medium Am. One of
these low-Am superbins was defined with only low-momentum SV candidates. One superbin
is defined targeting signal models with sparticle decays to W or Z bosons, such as TChiWZ
and TChiWW. For signals consistent with compressed slepton decays with Am < 10GeV, an-
other superbin is similarly defined to feature two leptons with OS-SE. An additional superbin
is defined for 3L final states.
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Figure 14: Distributions of Rigg vs. M, for a TChiWZ signal sample with a parent mass of
300 GeV and a LSP mass of 290 GeV (left) and the corresponding total SM background (right) for
the 2L, 0 S+jet category. The dashed lines show the bin edges for this particular jet multiplicity.

Table 5: Category definitions for 2L regions for each Njit multiplicity. The highest (2]) is inclu-

sive (N]%t > 2). There is a total of 115 exclusive 2L categories.
Nt lep qual lep cat Nowg Notg Név kin pER [GeV]
gold orsilver >1 svcorsvf [250, o0)
or bronze
0] Yo or utu-—
efe " orutyu S
gold or et ¥ Oor >1 . pEt v+  [250,350] or [350, o)
. S5 1250, 00)
silver or bronze ee or yuy oreyu
Z*ornoZ (OS) 0Oorl Oor>1 pE £  [250,350] or [350, o)
gold ss
7o 350, 00)
silver or bronze ee or uu orepu
Z* ornoZ (OS) Oor>1 Oor>1 pEt v+  [250,350] or [350, )
gold ss
2] 350, 00)

silver or bronze

ee or jij or ey

7 Background and signal fit model

A maximum likelihood fit is performed simultaneously to all of the 2443 Risg /M | bins in the
392 categories, as defined in the previous section. The fit model is implemented with the COM-
BINE statistical analysis tool [101] based on the ROOFIT [102] and ROOSTATS frameworks [103].
In the fit model, the likelihood is modeled as a product of Poisson probability distributions,
one for each bin, with a rate parameter equal to the total expected event yield in that bin,
calculated as the sum of contributions from different processes. The primary dependence on
simulation in the background modeling is associated with the nominal initial values of these
process-dependent bin yields (accounting for all previously described scale factors and correc-
tions).

The modeling of different background contributions in the fit (e.g., W + jets, ttX + jets) is fur-
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Table 6: The Rigg and M| bin definitions for 2L regions for each N]%t multiplicity. The highest
(2]) is inclusive (stet > 2). The lower Rjsg bins denoted as "CR” are used as control regions.

Nt Risg M, [GeV] Npins
[06,07]CR __[0,50] or 50, 00)

07,08/ CR  [0,40] or 40, co)

o [0.8,09] 0,30] or [30,00) 10
[0.9,0.95] [0,20] or [20, o)
0.95,1] [0,15] or [15, c0)
05,0.6] CR  [0,100] or [100, c0)
[0.6,0.7] CR [0,80] or [80, o)

J  [07,08] [0,60] or [60,00) 10
[0.8,0.9] [0, 40] or [40, o)

09,1] [0,30] or [30, )
0.5,0.65] CR  [0,100] or [100, c0)

oy [065,075] CR [0,80] or [80,0) ,
075,085]  [0,60] or [60,c0)
10.85,1] 0, c0)

Table 7: Category definitions for the 3L regions for each N: S multiplicity. The highest (1]) is

jet

inclusive (N]?at > 1). There is a total of 15 exclusive 3L categories.

N3 lep qual lep cat pER [GeV]

jet
0] gold orsilver or bronze Z* or noZ or £{=(*¢*  [250, c0)
1J  gold or silver or bronze Z* or noZ or (*{*¢*  [250,0)

Table 8: The Riggr and M | bin definitions for 3L regions for each N]zt multiplicity. The highest

(1]) is inclusive (stet > 1). The lower Risg bins denoted as “CR” are used as control regions.
An additional control region with 0.5 < Rigg < 0.6 is also used with the 0 S-jet region.

N]%t Risg M, [GeV] Nyins
06,07]CR [0, 00)
0.7,0.8] CR [0, 00)

T 108,09 0, 00) :
0.9,1] [0, 0)
0.55,0.7] CR [0, o)

17 [0.7,0.85] [0, o) 3
[0.85,1] [0,0)
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Table 9: List of categories and M | /Rigg bins corresponding to each model-independent su-
perbin.

Label LeptonID Ny, N3 Ny Tt 71 Nimg Mo[GeVl Ry
'f;;im - u 1 0 0 high ind 0 0,100  [0.98,1]
b jets OSDF 2 0 0 high high 0 0,15]  [0.95,1]
low-Am 2L OS-SF 2 0 0 high high 0 [0,15] [0.95,1]
Z/noZ 2 1 0 high high 0 [0, 30] [0.85,1]
Zz 2 >2 0 high high 0 [0, o0] [0.9,1]
SV - 0 0 >2  low low >1 [5, 0] [0.985,1]
0 1 0 >1  low low >1 [0,10] [0.98,1]
0+ 1 1 >1  low low >1 [0, 0] [0.95,1]
2 2 0 >1  low low >1 [0,15] [0.95,1]
b jets - 0 4 1 high incl 0 [0, o0] [0.85,1]
moderate-Am 0 4 2 high ind  >1 [0, 0] [0.85,1]
0 >5 1 high low 0 [0, co] 0.8,1]
- 0 >5 >2  high low >1 [0, o0] [0.8,1]
0 1 2 1 high high 0 [0, co] 0.9,1]
0 1 2 2  high high >1 [0, o] 09,1]
/ 1 3 1 high high 0 [0, 0] [0.85,1]
0 1 3 >2 high high >1 0,00]  [0.85,1]
0 1 >4 1 high high 0 [0, co] 0.8,1]
¢ 1 >4 >2 high high >1 [0, o0] 0.8, 1]
Vi 2 1 <1 high high 0 [0, co] 09,1]
z 2 >2 <1 high high 0 0,00]  [0.85,1]
noZ 2 1 <1  high high 0 [0, o0] [0.9,1]
noZ 2 >2 <1 high high 0 [0, 0] [0.85,1]
Electroweak OS-SF 2 0 0 high high 0 [0,15] [0.95,1]
z 2 1 0 high ind 0 [0, co] 09,1]
4 2 >2 0 high incl 0 [0, 0] [0.85,1]
V4 3 0 0 low incd >1 [0, o0] [0.9,1]
V4 3 >1 0 low incd >1 [0, o0] [0.85,1]
2L OS-SF OSSF 2 0 0 high ind 0 0,15]  [0.95,1]
3L 4 3 0 0 low incd >1 [0, 0] [0.9,1]
4 3 >1 0 low incd  >1 [0, 0] [0.85,1]
noZ 3 0 0 low incd >1 [0, o0] [0.9,1]
noZ 3 >1 0 low incd  >1 [0, 0] [0.85,1]
SS 3 ind 0 low incd >1 [0, o0] [0.9,1]
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ther subdivided by number and type of nonprompt leptons in defining the individual modeled
processes. The nominal normalization for each process is modified by a collection of nuisance
parameters, with each applied to one or (typically) more processes in a given category or bin,
multiplying yields by a scale factor that is profiled in the maximum likelihood fit. This means
that, for example, dibosons with one electron coming from a heavy-flavor decay and dibosons
with two nonprompt muons are modeled as different processes with separate bin-dependent
yields. This allows for a single nuisance parameter to modify the event yield of all diboson-
associated processes or, independently, the yield of all events with nonprompt electrons from
a single nonprompt source.

The nuisance parameters modeled in the fit are either externally constrained or constrained with
data. Externally constrained parameters are associated with auxiliary measurements, performed
using data sets independent of those considered in this analysis, from which prior uncertainties
are correspondingly derived [54, 93]. These prior uncertainties, modeled as lognormal distribu-
tions, further multiply the likelihood such that externally constrained parameters are informed
by both auxiliary measurements and the data set selected in this analysis. Alternatively, pa-
rameters are freely-floating in the fit, constrained instead using categorization and kinematic
sidebands corresponding to CRs in data.

Data from all three years (2016-2018) are fit simultaneously in all categories and bins, with nui-
sances modeled as either common to all years or independent. There are numerous systematic
uncertainties for which the parameters are determined in the fit. Each of the systematic uncer-
tainty contributions, along with details of their number, year-by-year implementation, and size
range, are summarized in Table 10.

7.1 Externally constrained systematic uncertainties

Uncertainties in the collected integrated luminosity are split by year, with correlations corre-
sponding to common systematic uncertainty sources [104-106]. The uncertainty in the simula-
tions of background processes resulting from missing higher-order corrections is estimated by
varying the renormalization and factorization scales by a factor of two, with each of the two
scales taken to be the same in each variation [107, 108]. Systematic uncertainties associated with
the modeling of parton distribution functions are estimated using 100 variations provided with
the NNPDF sets, while the effect of the uncertainty in the value of the strong coupling constant
is estimated by varying the value ag(m;) = 0.1180 by £+0.0015 [109]. Simulated events are
reweighted such that the distribution of the number of additional pileup interactions matches
that observed over the different data-taking periods, with associated systematic uncertainties
evaluated by varying the total inelastic cross section within measured uncertainties [110]. The
contribution from ttX + jets is normalized using the measured value of the cross section [111].

Differences between simulation and data in the efficiencies of lepton identification require-
ments for prompt leptons are evaluated using the tag-and-probe method applied to Z boson
and ]J/¢ meson events, as described in Section 4. Independent scale factors and corresponding
uncertainties are derived for electrons and muons, for each of the three data-taking years, and
are separated by loose selection, identification, isolation, and impact parameter requirements.
Uncertainties in the jet energy scale and resolution are modeled independently for each of the
three data-taking periods [112, 113], with the effects of changes to the momentum of jets prop-
agated to the pIss. Similar year-independent nuisance parameters associated with the effects
of unclustered energy on p* are included. The scale factors associated with differences for
b jet tagging between simulation and data have corresponding nuisance parameters separated
by source (heavy-flavor and light-flavor quark or gluon jets) and by year, with an additional



26

Table 10: Summary of systematic uncertainties for the full fit. The number of nuisance param-
eters is listed, with details as to how they are partitioned by data-taking period. The range of

the parameter impact variation post-fit is given in the final column.

Source

Number of parameters

Uncertainty (%)

Externally constrained

Integrated luminosity 1/ year (3) 1.5-2.5
Factorization/normalization scales, PDF, and Q? 8 0-11
Pilgup 1/ year (3) 1-7
pr'ss trigger 2 / year (6) 1-3
Electron & muon efficiency 8 / year (24) 1
Jet energy scale and resolution 2 / year (6) 0-10
pmiss unclustered energy 1/ year (3) 0-6
piss trigoer 2 / year (6) 1-3
b jet efficiency 2+2 / year (8) 0-3
Fast simulation corrections 7 / year (21) 1-10
Monte Carlo event count 1/ bin 1-15

Constrained with data
1-12
2-20

W + jets normalization
ttX + jets normalization

9

9
QCD multijet normalization 9 5-30
Z/v* 4+ jets normalization 3 2-10
Diboson and Higgs boson normalization 3 2-10
Single top quark, triboson normalization 3 5-30
pBRand v, 28 1-10
Lepton category normalization 21 5-10
Misidentified and nonprompt leptons 36 3-12
b-tagged jet category normalization 68 1-10
SV tagging efficiency 3 1-10

parameter for each source accounting for correlations between years.

The efficiency as a function of pss to pass the trigger requirements has been measured with
data collected using single-lepton reference triggers, and is compared to that found using back-
ground sample simulations to derive scale factors and corresponding uncertainties. These fac-
tors include variations depending on Hr (the scalar sum of the pt of all jets with pr > 20 GeV
and |7| < 5.0 in the event), the number and flavor of leptons, as well as the S jet multiplicity.

Uncertainties arising from differences between the fast simulation used for signal processes and
the full GEANT4-based simulation used for background processes are accounted for through
a set of additional nuisance parameters. These uncertainties cover reconstructed leptons, b-
tagged jets, SVs, and piss.

7.2 Systematic uncertainties determined from data

In order to account for data/simulation modeling differences that are not covered by the exter-
nally constrained systematic uncertainties included in the fit model, a collection of scale factor
parameters obtained from control samples in data is included. Mismodeling can result from
unaddressed topology-dependent effects in the derivation of prior constraints or from inherent
shortcomings in the simulation. The large number and types of event categories included in
the fit allows for these factors to be constrained directly from data, using a high-dimensional
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collection of sidebands associated with kinematic, object quality, and multiplicity categoriza-
tions.

Background processes are separated into several groups that are treated with common system-
atic uncertainties: W + jets, ttX +jets, Z /v * + jets, single top quark, dibosons (including Higgs
to diboson final states), rare backgrounds, and QCD multijets. Each of these groups of processes
is associated with a set of normalization parameters, which are determined directly from data,
primarily using the effectively signal-free CR bins. The number of parameters for each group
of processes depends on their relative importance to the analysis, and how well they can be
constrained by CRs. The dominant backgrounds, W + jets and ttX + jets, have a separate scale
factor for each lepton and S jet multiplicity category. The QCD background also has normal-
ization factors, which are split by number of leptons and S jets. Intermediate backgrounds,
such as diboson and Z/* + jets, have one factor per lepton multiplicity. The single top quark
and triboson/rare backgrounds have a single scale factor that maps to all subprocesses. The
result is that major backgrounds have independent normalizations, constrained by data con-
trol regions, for each lepton and S jet multiplicity, allowing for data/simulation discrepancies
specific to the modeling of that process to be evaluated from data without assumptions about
how they could appear in different categories.

Kinematic requirements on p°R and vy, are used to define categorizations expected to result in

signal enriched and background dominated regions at higher and lower values, respectively.
The analysis applies data-driven, kinematic category scale factors which are common to all
background processes, with independent factors for pi*R and <y, categories that are also inde-

pendently determined for different lepton and S jet multiplicities.

Lepton flavor, charge, quality, and configuration provide some of the most powerful types of
categorization included in the analysis. There are scale factors modeled as common to all the
processes in the analysis, which can account for data/simulation discrepancies in their relative
rates that affect all processes in similar ways. This could follow from, for example, higher-
order correlations between hadronic activity and lepton isolation, or mismodeling of event
kinematics that modifies how leptons are clustered into hemispheres.

The analysis additionally measures scale factors for both electrons and muons that modify
the rates of lepton candidates coming from either heavy-flavor decays or misidentified /non-
prompt leptons from non-heavy-flavor decays, and also for changes in the M| /Rgr distribu-
tions for processes associated with these lepton sources. One set of factors scales all processes
with an associated lepton, while two additional sets are specific to the lepton isolation and
impact parameter requirements that define the various regions. In addition to normalization
parameters, the fit also includes nuisance parameters that can change distribution shapes for
nonprompt lepton backgrounds. Generic variations in Rigg and M, are parameterized in “up”
and “down” templates calculated separately for Risg and M, bins, where each bin is multi-
plied by a sliding fraction, which has the effect of skewing the kinematic distributions higher
or lower. A nominal prior of 5% maximum variation is applied, leading to up to 10% relative
variations in the highest and lowest M | /Rigg bins in a given category. These shape variations
are implemented with separate factors for each lepton flavor and independently for each lepton
and S jet multiplicity category. These constraints rely on the assumption that any such kine-
matic discrepancies in modeling of these background processes should be largely independent
of the lepton quality, such that the bronze regions are used to predominantly constrain shape
parameters common with gold for a given process.

To take into account uncertainties appearing due to the assignment of b-tagged jets to the S or
the ISR system, there are scale factors to specifically account for data/simulation differences



28

in relative categorization frequencies, in addition to the constrained efficiency scale factors
previously described. Top quark and non-top-quark backgrounds are modeled with separate
scale factors. For the SVs, signal events will tend to have more central (]57| < 1.5) SV candidates
resulting from real bottom or charm quarks, so scale factors are defined independently for
central and forward SV categories.

The background fit model was studied using a full CR fit (also split by data-taking period), a fit
also including all bronze lepton categories, and finally in a fit to all of the bins and categories
included in the analysis over the entire data set. The quality of these background-only fits was
primarily assessed by considering the distribution of data/fit-model residuals in each bin in
the analysis. Each fit is observed to give a reasonably consistent description of event yields in
data.

The fit quality for the full fit to the entire dataset is assessed more quantitatively by consider-
ing the distribution of the post-fit tail probability computed for each fit bin. The significance
of an excess or deficit per bin is evaluated using the one-sided upper-tail Poisson probabil-
ity. This probability is corrected® for bias associated with double-counting n = n., such
that the average expected probability for background-only is 0.5 and the corresponding one-
sided upper- and lower-tail probabilities sum to unity. The pseudo-data based evaluation in-
tegrates the upper-tail probability over the post-fit uncertainty in the background event yield
per bin using a Gaussian posterior model; the method is closely related to the Zy procedure
of Ref. [114]. The resulting background-averaged probability (pseudo p-value) for consistency
with the background-only hypothesis is then expressed in signed Gaussian quantiles as a z-
score.

For the considered data set, under the simplifying assumptions of independent bins and ne-
glecting the small expected reduction in variance associated with the fit to data, this post-fit
z-score distribution is expected to be approximately Gaussian with a mean of zero and a stan-
dard deviation of 1.0. The distribution of the observed post-fit z-scores per bin is shown in
Fig. 15 and is compared with the Gaussian distribution inferred from the sample mean and
standard deviation. The observed distribution is consistent with a Gaussian having a mean
of zero and a standard deviation 12% larger than unity. The characteristics of the ten most
outlying bins have been examined; it is found that all but one is a CR bin.
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Figure 15: Distribution of post-fit z-scores for the full data set background-only fit. The super-
imposed Gaussian model uses the observed mean and standard deviation.

3The corrected upper-tail probability sum reads as p(ng,g; pip) = YLor, . Po(n; pp) — %Po(nobs; Hp), where n

obs

events are observed, y, is the expected number of background events, and Po represents the Poisson distribution.
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8 Results

The maximum likelihood fit over 2443 bins in 392 categories is performed using the full data set.
Event yields in data are observed to be in statistically good agreement with the background-
only fit model within the uncertainties included in the fit model. Summaries of these data
yields, integrated over categories and bins of M |, are shown in Figs. 16 and 17 for the OL, 1L,
2L, and 3L regions.

Event yields in data are compared to the background-only fit model for OL and 1L final states
in Fig. 18 for categories with higher S jet multiplicities and also separated by b-tagged jet cat-
egorization. These categories are designed to be particularly sensitive to signal models with
larger numbers of jets following from sparticle decays, including heavy-flavor quarks follow-
ing from intermediate top quark decays, as is the case for sparticle production of top squarks
and gluinos. Such signals would appear as excesses in the high-Rsg bins; no such excesses are
observed in this data set.

Similarly, comparisons of data and background-only fit model event yields for regions with
two gold leptons and no S jets and categories containing one or more central SV candidates are
shown in Fig. 19. Overall, no significant deviations between the background model and data
are observed, particularly those consistent with patterns expected from the presence of signals
with electroweakinos, sleptons, or top squarks.

Event yields in data are also compared to the background-only fit model for all 0L, 1L, and 2L
categories for the most compressed bin (the one with the highest Rz and lower M | ) for the
gold regions in Fig. 20 (OL), Fig. 21 (OL & 1L), Fig. 22 (1L) and Figs. 23 and 24 (2L) amount-
ing to 294 independent bins. Each panel also shows the observed post-fit z-score for the bin.
Again, the data and the background-only fit model are generally in reasonable agreement and
with no significant excess over the background-only fit model that could be an indication for a
compressed signal.

We proceed to interpret results as constraints on potential signals using both model-dependent
and model-independent interpretations. In order to constrain signal models outside of the col-
lection considered in this analysis, aggregations of signal-sensitive bins in different final state
categories, or superbins (defined in Section 6) are considered. Upper limits at 95% confidence
level (CL) for the signal strength (S{5*) are calculated for each of these superbins using the
modified frequentist CL; method [115, 116]. The distribution of the expected number of events
in each superbin is evaluated from the generation of pseudo-experiments from the background-

only fit model, taking into account the posterior covariance of all nuisance parameters. From

these distributions, the mean expected background, Ng;;d, standard deviation, U(Ngigd), and

signal event number upper limits, Slgfﬁ/", are calculated, as summarized in Table 11 for each of

the eight superbins.

Model-dependent interpretations are calculated by performing signal-plus-background model
fits for each considered scenario, independently for each simulated combination of sparticle
masses. Using these signal-plus-background fits, along with the background-only fit to data,
a profile likelihood ratio test statistic is used to evaluate upper limits on each of these model
points. These are then interpolated among model points to fill in the complete sparticle mass
plane. The model-dependent results represent upper exclusion limits at 95% CL on the product
of the cross section and branching fractions for top squark, neutralino/chargino, and slepton
processes. The asymptotic approximation of the modified frequentist approach is used to cal-
culate these confidence levels with the profile likelihood ratio test statistic [115-117].



30

CMS 138 o' (13 TeV) Regions OL
o | 0 ] ] w ] e | s ]o—dn
1) i e Do P : ER W + jets
(IC) 104 F 5 : : : g : -Z/’Y*+jets
3 , i ; i -QCD multijets
.,.6 10 E - ceen P 0 A e -tt+X
S , [ dibosons
-g 10 [ single top
=] [ tribosons
< 10
1
o) 4
8= 2
Elg o
g -2 %
D -l @ o bk @b bbb o o b -|le R & =
X Gl @ @GN R 5 @ gle R @ 5 g|le R ® gls 5 S o
2 olg © 2 @l 2 g S 9ls s o g gle S e dlg e g
S 2@ golgw ®aglgyw @ =g ygwolg g s T
o= o @ e~ o o e ~N-o 0 o~ = = =
2 = s s s == S s s = S s S
Risr
CMS 138 fo' (13 TeV) Regions 1L
5 T
10 ‘4 —e— data
. : 1 ; : : : B total uncertainty
@ 10 _ : W +jets
§ ; Bl ti+ X
R e T e N e e == o I [ HF leptons
° [ LF/fake leptons
3 10 [ dibosons
IS | [ single top
2 10 .
c B Z/y +jets
[ QCD multijets
[ tribosons

data-model
Gpost fit

© 1> © = |g & =|» » =~ = =
IS ) IS °’. o) @ IS o ~ @ Ito) o o o
< S [T} = 2 2 o) =) Q < @ © ~N o
© o, ® o o, ) £ = 5 5 o, S S =
@ =) =) =) =) © ~ = =
S S, =3 =) =} = S

l:1ISF1

Figure 16: Post-fit distributions of data with the background-only fit model for the full data set
in the OL region (upper) and 1L region (lower). Bins are split by Risg along with N]%t. Yields are
integrated over all other sub-categorizations and M, . The sub-panels below the panels show
the data minus fit model scaled by the post-fit model uncertainty.
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Figure 19: Post-fit distributions of data with the background-only model for the full data set.
(Upper) 2L 0] gold regions separated by lepton flavor and charge. (Lower) Central b-tagged
SV regions in OL, 1L, and 2L final states. Bins are split by Risg with yields integrated over all
other sub-categorizations and M . The sub-panels below the panels show the data minus fit
model scaled by the post-fit model uncertainty. Expected yields for example signal models are
superimposed.



0¢ 231y

q yoea 10§ 2102s-Z 3§-3sod a3 ayeorpur sppued ayj moaq sppued-gns ay, 'suordar (¢ pue

[z 10 (19m07) 'suordaz (1 pue [p 70 (9ddn) A103038d SrsAeue yoes ur urq ISy 3soy31y a3 10§

“ur
39S ejep [[NJ 9} I0J [Ppowr ATUO-punoIdxoeq sy} YIIM ejep Jo SUOINJLISIP 11J-1S0J

z-score number of events z-score number of events

||
ANON A — o N

X "
20, X"
X"

OL 0J1sv stc
OL OJ1sv stf
OL 0 JZSv stc

0 L 0J2sv stf

(NeL€L), al8EL SIND
(noL€L), as8el SIND

oL 1 X5 ..
oL 1 xgb
oL 18 xg;bm
oL 18 X¥,
oL 1J‘1’§VX§;“
oL 1% X5
OL 1 XE,,|
oL 1J?§”XZ‘H,“§

0 L 1 J1 sv stc

70 suoibay
70 suoibay

oL 1J* X

1 1 1

TLa2a,sSNg 2 0L L2sSNg Q2
T3 o ~ =9 o S o ~ = 9
c@ot+4o8y 08‘&+0+-<“—’$

o @ = * o »n D XD = *

S .9 72,4 5 93 .79 2,5

:‘Ioa w_. 5 > £ O 3"’-—-0

L D O » = o D O

» 3 = 7=

Q. @ L

3 (] 3

= =

< <

ve




“uIq yoea

10§ 9100s-Z J1j-3s0d a3 ayedrpur sppued ayj moaq speued-gns oy, “uoyda] p1o3 e yiim suordai [(

11 (19Mm07) "suordar (< pue [§ 0 (1oddn) Ar0393ed stsAeue yoes ur urq ISy 3say8ny a3 105§
19S ejep [[NJ Y} 10§ [opoW A[UO-punoidydeq ay} YIM ejep Jo suonnqrisip 31j-1s0J :1g 2ndig

(NoL€L), as8El SIND

70 suoibay

Z-score number of events z-score number of events
Abors = S < LAbors - S
1L 0 X, o oL 4y, xR e
ot ... g o x|
LAVER SRS I CooooL A x|
1L 04 Xz- w oL 4J0b Xg; A .
2 . ;:b chedededod JE IS ; oL 4J, X1
TLe 097 X0 IR B L o SURUU TR 0L 4 X
1L 08> X2 | o 0L 4 X
) SRR - BRI 3 oL 4J, X,
1Le O JOSV XP+ D P- v
@ B IR BN [ U SOUURURO < OL 4y Xo 1 i i @ | (Il
. ~ P v+
1L 0™ X7, ; OL A, Xo, "'l : o i NS
o [ R R, oL 4, Xp [ i e TR
The 07 X | L OL 4, Xg " e @ 1 MRS
1LY 0 XE, oL 44, XT.
:‘ 0 Zl: TeTYTT™E W [ T oL 4"]111: X;bw
Lo 07 X e - [N | e oL 4J, X&)
1LY 0™ X7, OL 4J, X0\ i ! | (ENSSSEIE | Sn
A RN B oL 4J2b X SARETRRCRGR TR I S S
1L 007 X5 oL 4d, X"
DUBIPNT RS SIIC - SN b E—T
1LL 0™ X2 OL 4d, X° L1 i ¢l i I T
NP SRR oL 44, X"
1Le 07 X, ........ .............. 0L 5J, X" il MR
1L 00 X7, | oL 5J, X, !
w Osv y/P+ OL San Xz!b .
1LG OJ XZ 1b NI B . AN OL 5J0b XZ:;
1L 0J X F 0 S X
" 1sv. svf SR B ,.ﬂ‘“;."“ cg' OL 5J1b XOb
1L 007 X SUIUUVENN Y | i [ S o9 S oL 54, XI,/1
1L 0™ X°° 2 |® oL s, XA
B o I | I fr = OL 50, X" "¢ fe ¢ [ —e—
1L, 07 X oL 5, X"

TeNCTL,QIsge T 0o Ng Q
S 2 iy = 5] =1 223, =sNg
g3 ~-J7oTmnT g T 028 r T2
oQ < F o —+ 29 o gQ o + 2 2
? o *mxmq)\_.c ) DD X= *co
o + 2 0T @ § o 3 o @ L 5
>332 2 20 g 2283 ©62.3
*s o 25 @ ®» =0 ° D ©
@ T (ZI- 5 =
o L 2 L
> =] %] =]
» < <

Ge



Zc a3y

“UIq yoes 10y 910s-Z 35-3sod ayy

ayeorpur spued ay) mofaq spued-qns a9y, ‘uoydsl pro3 e yirm suordar (F< pue [¢ 1 (Tomo)
‘u03da] pro3 e ypm suordaz (g pue (1 11 (19ddn) L103ayed sisATeue yoea ur urq ISy 3say3ny oy

10 39S ejep [[NJ 9} 10J [Ppouw ATUO-punoidxoed ay} Y3m ejep Jo SUOTNLISIP 3J-3S0J

z-score number of events z-score number of events

o

—_

[
ANON D

1L 15, [T
1L, 1

(AL €L), al8EL SIND
(NoL€L), as8El SIND

Le 24,
1L, 2J
1L 2
e 2Jy X0

71 suoibay
71 suoibay

1Ly 2J, X

1LG 2J2b Xm M M 1 IIIIIII

4H
X+11

(]

(|

p

[
siel+ M\ |

doy obuis [ | :

suoids| exey/41
suosoqul [

SuosoqIp
syl + .4/ z I
doy a)buis

suosoqu} [
siel + A/ z B
suoyda| aey/41

suolds)
Aureusoun [ejo) B -
sieliynw qoo [
Aurepsoun [ejo) B3

9¢€




37

CMS 138 fo' (13 TeV) Regions 2L

g : —e— data

C B total uncertainty
e 2 MO SOUN SN ORE OUUE SO SUPISOUN OO SOUS UL OO SO SUOR SO O O [ HF leptons
s F [ LF/fake leptons
® - [ dibosons
NN Pl P P It X
c H F I H L o= - Z/ Y* + jets
2 .- [ single top

[ tribosons

o
9]
[$)
P
N

LT S S S

B S T

e
G
en
G
"
G
p
G
e
G
ep
G
en
G
n
G

Z ° Og @

Figure 23: Post-fit distributions of data with the background-only model for the full data set
for the highest Rigg bin in each analysis category of the 2L 0] regions with gold leptons. The
sub-panels below the panels indicate the post-fit z-score for each bin.

Table 11: Event counts observed in data, N, in each of the model-independent bins, com-
pared with predictions from the CR fit, N]fli;d, their corresponding uncertainties, U(Nglz;d), and

the upper limits at 95% CL on the signal strength (S{3*) in event counts. All superbins are
mutually exclusive except the b jets low-Am case which aggregates the b jets low-Am 1L, b jets
low-Deltam 2L, and SV superbins.

. d d %
Region Nobs Ngﬁ; U(N}E’g ) SHE
b jets low-Am 1L 50  65.8 214 95
b jets low-Am 2L 16 103 39 146
Sv 38 372 85 178
b jets low-Am 104 1155 223 16.2
b jets moderate-Am 83 108.1 182 99
Electroweak 26 302 55 96
2L OSSF 12 102 45 99
3L 21 252 50 9.0

Figure 25 shows the limits found for top squark pair production with the decay t — tx{ (the
T2tt model) in the left panel and for t — bx; with 7 — WT X! decay (the T2bW model) in
the right panel. Figure 26 shows the limits found for top squark pair production with the decay
t — cx! (the T2cc model). The T2tt limits are generally stronger than the previous limits from
CMS and ATLAS for these compressed models with Am < 200 GeV [13, 17-20].

Limits on the TChiWZ model are presented in Fig. 27, using both wino-like and higgsino-
like cross sections. These limits are generally stronger than the previous limits from CMS and
ATLAS for these compressed models with Am < 80GeV [8, 10, 11, 21, 35]. For 3 < Am <
50 GeV, the observed 95% CL lower mass limit on higgsino-like chargino-neutralino production
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Figure 25: Top squark pair production. Observed upper limits at 95% CL on the product of the
cross section and relevant branching fractions are shown using the color scale where the t mass
is on the x-axis and the mass difference between the t and the LSP is on the y-axis. The expected
lower mass limits (magenta line) together with their +1¢ uncertainties (magenta dashed lines)
and the observed lower mass limits (black line) are indicated for 100% branching fractions. The
left panel shows the results for the T2tt model with limits on o'(t t) B?(t — tx9). The right panel

shows the results for the T2bW model with limits on o(t t) B2(f — b XD)B(x7 = WTxY).
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Figure 26: Top squark pair production. Observed upper limits at 95% CL on the product of

the cross section and branching fraction squared, o(tt) B2(t — cx9) (left), are shown using
the color scale where the t mass is on the x-axis and the mass difference between the t and
the LSP is on the y-axis. The expected lower mass limits (magenta line) together with their
+10 uncertainties (magenta dashed lines) and the observed lower mass limits (black line) are
indicated for 100% branching fractions. Observed and median expected limits for top squark
pair production at 95% CL (right) for the three decay modes investigated.

exceeds 163GeV. For 8 < Am < 65GeV, the observed 95% CL lower mass limit on wino-
like chargino-neutralino production exceeds 300 GeV; this can be compared with the combined
lower mass limit exceeding 200 GeV in this Am range in [35], and a similar combined lower
mass limit exceeding 215 GeV in [24].

Figure 28 shows the experimental upper limits on chargino pair production for the decays
associated with the TChiwW model and the TChiSlepSnu model. The TChiWW results exclude
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Figure 27: Chargino-neutralino production. Observed upper limits at 95% CL on the product
of the cross section and the two branching fractions, (X7 x3) B(Xi — W*x?) B(X3 — Zx?),
are shown using the color scale where the )’Ef /X3 mass is on the x-axis and the mass difference
between the )’Eli /X3 and the LSP is on the y-axis. For these results, based on the TChiWwZ
simplified model, the ;- and X masses are set equal. The expected lower mass limits (magenta
line) together with their £10 uncertainties (magenta dashed lines) and the observed lower mass
limits (black line) are indicated for 100% branching fractions for wino-like cross-sections (left)
and for higgsino-like cross-sections (right).

charginos with masses less than 120 GeV and mass differences exceeding 5GeV at 95% CL for
wino cross sections and B ()fli — W*X?) = 1. These TChiWW results on direct chargino
pair production extend beyond the mass scales probed by the CERN LEP experiments that
established 95% CL chargino lower mass limits around 100 GeV generally also for wino-like
couplings and mass differences exceeding 5 GeV [118-121]. The generally applicable combined
lower limit on the chargino mass from LEP is derived as 103.5 GeV [3]. The TChiSlepSnu results
are very competitive in the compressed mass regime reaching masses as high as 490 GeV using
wino cross sections for this model that features favorable leptonic branching fractions. This
complements other direct chargino pair results with the same decay assumptions such as [122]
that probes to higher chargino masses but only for large mass splittings.

The model exclusion results for chargino-neutralino production and chargino pair production
are summarized in Fig. 29.

Figures 30 and 31 show the experimental upper limits on the product of the cross section and
branching fraction squared for direct slepton pair production in the (mass, mass-difference)
plane using a color scale. A particular focus is given to compressed mass spectra, where this
analysis contributes substantially with respect to previous LHC analyses with /s = 13 TeV
datasets performed by ATLAS and CMS [8, 10, 11, 36], and generally extends the regions
probed by prior results from the LEP experiments [119, 123-125]. Figure 30 illustrates the re-
sults for selectron and smuon channels combined assuming degenerate selectron and smuon
masses, while Fig. 31 has the results separately for selectrons and smuons. Additionally, in
both figures the three different model exclusion lines for 100% branching fraction show the
95% CL exclusion regions for pair production of only the superpartners of the left-handed lep-
tons, only the superpartners of the right-handed leptons, and for both superpartners (where
the two chirality partners are assumed mass degenerate). Figures 32 and 33 show the 95% CL
mass exclusion regions for each of the three production possibilities under the 100% branching
fraction assumption. Each figure shows separate model exclusion lines for the three possible
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Figure 28: Chargino pair production. The left panel shows the observed upper limits at 95% CL
on the product of the cross section and the branching fraction squared, ¢(X; X7 ) B*(XT
W=xY) are shown using the color scale where the }Zf mass is on the x-axis and the mass dif-
ference between the Y7 and the LSP is on the y-axis. The expected lower mass limits (magenta
line) together with their £1¢ uncertainties (magenta dashed lines) and the observed lower
mass limits (black line) are indicated for 100% branching fractions for wino-like cross-sections.
The right panel shows the results for chargino pair production with decays as in the TChiSlep-
Snu model with democratic decay via an intermediate sneutrino or charged slepton (Zf) with
mass halfway between the chargino and the lightest neutralino. These model predictions also
assume wino-like cross sections.
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Figure 29: Summary of the model exclusion results on chargino-neutralino production and
chargino pair production. Solid lines are 95% CL observed limits and dashed lines are the
corresponding median expected limits. The left panel shows the results for mass differences
exceeding 50 GeV and the right panel for mass differences below 50 GeV.

slepton flavor combinations (selectrons only, smuons only, and both light-flavor sleptons).

These results are stronger and more comprehensive than previously reported by the LHC ex-
periments for compressed masses; they include separate results for selectrons and smuons, and
separate and combined results for the supersymmetric partners of the left- and right-handed
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charged leptons.
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Figure 30: Slepton pair production. Observed 95% CL upper limits on the product of the cross
section and branching fraction squared for direct slepton pair production followed by decay of
both sleptons to the corresponding lepton and neutralino (color scale). Slepton 7 /R indicates
the scalar supersymmetric partner of left- and right-handed electrons and muons. The limit is
shown as a function of the slepton mass and the mass difference between the slepton and the
lightest neutralino. The regions to the left of the lines denote the regions excluded for a branch-
ing fraction of 100%. The median expected exclusion regions for 100% branching fraction are
delimited by the dashed lines.
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Figure 31: Slepton pair production. Observed 95% CL upper limits on the cross section times
branching fraction squared for direct selectron pair production (left) and smuon pair produc-
tion (right) followed by decay of both sleptons to the corresponding lepton and neutralino
(color scale). The limits are shown as a function of the slepton mass and the mass difference
between the slepton and the lightest neutralino for the three different simplified possibilities of
only RR, only LL, and both RR and LL where it is assumed that the R and L masses are identi-
cal. The regions to the left of the lines denote the regions excluded for a branching fraction of
100%. Median expected limits for 100% branching fraction are delimited by the dashed lines.
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Figure 32: Slepton pair production. Observed and median expected limits for direct slepton
pair production at 95% CL. Slepton 7, ,; indicates the scalar supersymmetric partner of left-
and right-handed electrons and muons. The limit is shown as a function of the slepton mass
and the mass difference between the slepton and the lightest neutralino. The corresponding
selectron only and smuon only results of Fig. 31 are shown too assuming a 100% branching
fraction.
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Figure 33: Slepton pair production. Observed 95% CL exclusion regions for direct pair pro-
duction of the superpartners of the left-handed leptons (left) and direct pair production of the
superpartners of the right-handed leptons (right) followed by decay of both sleptons to the
corresponding lepton and neutralino with 100% branching fraction. The limits are shown as
a function of the slepton mass and the mass difference between the slepton and the lightest
neutralino. The regions to the left of the lines denote the excluded regions. Median expected
limits are displayed with dashed lines.
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9 Summary

A general search has been presented for supersymmetric particles (sparticles) in proton-proton
collisions at a center-of-mass energy of 13 TeV with the CMS detector at the LHC using a data
sample corresponding to an integrated luminosity of 138 fb*. A wide range of potential spar-
ticle signatures are targeted including production of pairs of electroweakinos, sleptons, and
top squarks. The search is focused on events with a high transverse momentum system from
initial-state-radiation jets recoiling against a potential sparticle system with significant missing
transverse momentum. Events are categorized based on their lepton multiplicity, jet multiplic-
ity, b tags, and kinematic variables sensitive to the sparticle masses and mass splittings. The
sensitivity extends to higher parent sparticle masses than previously probed at the LHC for
production of pairs of electroweakinos, sleptons, and top squarks for compressed mass spec-
tra. The results on pair production of charginos and sleptons in the compressed mass regime
extend well beyond the canonical 100 GeV sparticle mass scale previously explored at LEP. The
observed results demonstrate reasonable agreement with the predictions of the background-
only model and model-independent event count upper limits for seven mutually exclusive
event selections are reported. Competitive 95% confidence level (CL) lower mass limits are set
on sparticle pair production, especially in the compressed mass regime, with mass differences
between the lightest and parent sparticle as low as 3 GeV being tested.

Top squark mass limits for three decay models are presented in the plane of the top squark
mass and the mass difference. Limits on the decay via a top quark extend to 780 GeV with a
mass of 750 GeV excluded at 95% CL or higher for mass differences between 60 and 175 GeV;
the most stringent exclusion is at a mass difference of 150 GeV. Limits on the decay via a bottom
quark and an intermediate chargino extend to 620 GeV with a mass of 550 GeV excluded at 95%
CL or higher for mass differences between 35 and 140 GeV; the most stringent exclusion is at
mass differences of between 50 and 90 GeV. Limits on the decay via a charm quark extend to
660 GeV with a mass of 520 GeV excluded at 95% CL or higher for mass differences between 10
and 60 GeV; the most stringent exclusion is at a mass difference of 20 GeV.

The 95% CL lower mass limits on chargino-neutralino production assuming heavy sleptons ex-
tend to 325 (175) GeV for wino (higgsino) cross sections, where the most stringent mass limits
are set for mass differences of 50 (10) GeV. The limits with wino cross sections exceed 300 GeV
for the broad range of mass differences between 8 and 65 GeV, while the limits with the hig-
gsino cross section assumption exceed 163 GeV for mass differences between 3 and 50 GeV. For
chargino pair production, 95% CL lower mass limits are obtained for wino cross sections and
decay via a W boson. These extend to 200 GeV with the most stringent mass limit set for a
mass difference of 5 GeV while masses exceeding 120 GeV are excluded for all mass differences
above 5GeV. Related chargino pair production limits for the case of decays via sleptons and
sneutrinos and with wino cross sections extend to 490 GeV for a mass difference of 55 GeV.

The 95% CL lower mass limits on pair production of charged sleptons extend to 168 GeV (slep-
ton partner of right-handed lepton only), 240 GeV (slepton partner of left-handed lepton only),
and 270 GeV (both sleptons mass degenerate) for the most favorable mass splitting of around
5GeV for the case of mass-degenerate first- and second-generation sleptons. Slepton masses
exceeding 110, 175, and 200 GeV for all mass splittings ranging from 3 to 80 GeV are excluded
at 95% CL or higher for the same three cases respectively. Similar results are also presented
separately for selectrons and smuons assuming that the other slepton is not produced. For
selectrons (smuons), the most stringent 95% CL lower mass limits are set at 160, 230, 250 GeV
(145, 195, 240 GeV) for mass differences around 5 GeV for the three cases and with sensitivity to
a broad range of mass differences from 3 to 100 GeV.
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