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Combined search for electroweak production of winos, binos, higgsinos, and
sleptons in proton-proton collisions at /s =13 TeV

A. Hayrapetyan et al.”
(CMS Collaboration)

® (Received 2 February 2024; accepted 19 March 2024; published 6 June 2024)

A combination of the results of several searches for the electroweak production of the supersymmetric
partners of standard model bosons, and of charged leptons, is presented. All searches use proton-proton
collision data at v/s = 13 TeV recorded with the CMS detector at the LHC in 2016-2018. The analyzed
data correspond to an integrated luminosity of up to 137 fb~!. The results are interpreted in terms of
simplified models of supersymmetry. Two new interpretations are added with this combination: a model
spectrum with the bino as the lightest supersymmetric particle together with mass-degenerate Higgsinos
decaying to the bino and a standard model boson, and the compressed-spectrum region of a previously
studied model of slepton pair production. Improved analysis techniques are employed to optimize
sensitivity for the compressed spectra in the wino and slepton pair production models. The results are
consistent with expectations from the standard model. The combination provides a more comprehensive
coverage of the model parameter space than the individual searches, extending the exclusion by up to

125 GeV, and also targets some of the intermediate gaps in the mass coverage.

DOI: 10.1103/PhysRevD.109.112001

I. INTRODUCTION

The standard model (SM), despite its success in
describing the fundamental particles and their inter-
actions, leaves several open questions in particle physics
unanswered. Various extensions of the SM, such as
supersymmetry (SUSY) [1-5], have been developed to
address these questions. Supersymmetry potentially pro-
vides a solution to the hierarchy problem [6-8], as well as
the unification of the gauge couplings at high energy
scales [3,9]. Moreover, if R-parity [10] is conserved, the
lightest SUSY particle (LSP) would be stable, and a
potential dark matter candidate [11,12].

Supersymmetry introduces a fermionic (bosonic) super-
partner for each boson (fermion) of the SM. The super-
partners of the leptons are called sleptons; Z denotes the
superpartner of lepton #. Those of the SM SU(2), and U(1)
gauge fields before electroweak (EW) symmetry breaking
are the winos and binos, respectively, collectively called
gauginos. In the minimal SUSY theory, MSSM [2,13,14], a
new complex Higgs doublet is added to the SM. The
MSSM thus contains five Higgs bosons along with the four
Higgsino superpartners of the two Higgs doublets. The
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bino, winos, and Higgsinos can mix among one another to
form in total eight mass eigenstates (collectively, electro-
weakinos): two chargino pairs ()"(fz) and four neutralinos
79_,). While in some models 79 is taken as the LSP, this
assumption is not required. For example, models motivated
by gauge-mediated SUSY breaking (GMSB) [15,16] intro-
duce a Nambu-Goldstone boson goldstino (G) that may be
identified with two of the chirality components of the
superpartner of a graviton (gravitino), and be considered
the LSP.

Interactions among the charginos, neutralinos, and
sleptons occur with the same EW couplings as those of
their SM partners. At the CERN LHC, the cross sections
for production of these particles are correspondingly small
compared with those for the SUSY partners of the
strongly interacting SM particles (squarks and gluinos).
Nevertheless, if the squarks and gluinos are more massive
than the EW SUSY particles, the EW superpartners might
be the only SUSY particles accessible at the LHC.

The ATLAS [17-44] and CMS [45-77] Collaborations
have carried out extensive search programs that target final
states that could result from the production and decay of
EW interacting SUSY particles. The proton-proton (pp)
collision energy +/s for Ref. [17] (ATLAS) was 7 TeV; for
Refs. [18,19] (ATLAS) and [45-47] (CMYS) it was 8 TeV;,
for all other searches it was 13 TeV. Given that the SUSY
particle decays could result in more than one final state,
these programs benefit from combining individual searches
to maximally exploit the available data, and both collab-
orations have performed combined searches for EW

© 2024 CERN, for the CMS Collaboration
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particles at /s =8 TeV, by ATLAS [19] and CMS
[45,47], and at 13 TeV, by ATLAS [37.44] and CMS [53].

In this paper we present the results of a combination of
the EW SUSY searches reported in Refs. [71-76]. The data
were collected at the LHC in 2016-2018 and correspond to
an integrated luminosity of 137 fb~!, except as noted in the
following sections. The interpretation of results was per-
formed using simplified model spectra (SMS) of SUSY [78—
81], which assume that all SUSY particles other than those
directly involved in the specified process are decoupled,
being too massive to be produced or be involved in the
decays. Additionally, R-parity is assumed to be conserved,
ensuring that the initial production process gives rise to pairs
of superpartners. Both compressed and uncompressed mass
spectra scenarios were targeted; in the former the mass-
splitting Am between the lightest and next-to-lightest super-
symmetric particles is O(10) GeV and smaller, resulting in
an experimentally challenging final state in which the
observable decay products have low momentum. Here we
present an improved and extended reanalysis of the search of
Ref. [73]: a novel signal extraction method is employed,
along with a signal selection optimized to search for slepton
pair production in models with compressed spectra. We also
consider two additional interpretations beyond those
covered in the Refs. [71-76], one of them enabled by the
updates provided for the search of Ref. [73]. Together with
the increased sensitivity resulting from the combined search
itself, these provide a more comprehensive coverage of the
model parameter space than the original individual searches.
Tabulated results are provided in the HEPData record for this
analysis [82].

This paper is organized as follows. The specific SMS
scenarios studied in this combination are discussed in
Sec. II. The CMS detector is briefly described in
Sec. III, while Sec. IV contains summaries of the event
reconstruction methods as well as the simulation of the
different background and signal processes. Individual
searches used as input are detailed in Sec. V, together
with the updates provided for this combination where
applicable. The general strategy used to combine the input
analyses is described in Sec. VI, followed by the descrip-
tion of the treatment of systematic uncertainties in Sec. VII.
The interpretation of the combined data under the consid-
ered SMS scenarios is provided in Sec. VIII, and a
summary of the results is provided in Sec. IX.

I1. SIGNAL MODELS AND SEARCH STRATEGY

In this section we introduce the specific SUSY models
used to interpret the results of the combined search,
together with a summary of the component searches.
Each search is characterized by its topology, that is, the
combination of SM particles directly emitted in the decay
chains of SUSY particles in a given production and decay
process. For example, the associated production of 7 and

79, with the 7§ (79) decaying to a W (Z) boson and a 79,
falls within the WZ topology.

Each SMS model is defined in terms of the initially
produced pair of SUSY particles, here the 7 or Z, and their
decay chains, leading to the observable topologies. For the
interpretations we make assumptions for the production
cross sections and branching fractions, motivated by
predictions from theoretical models of soft SUSY breaking.
A review of these predictions for the electroweakino sector
can be found in Ref. [83]. In these models the mixing
matrix relating the gauge to mass eigenstates iS approx-
imately diagonal, so that we may identify the y states as
binolike, winolike, and Higgsino-like multiplets. The mass
splitting within these multiplets is small, while the hier-
archy among the multiplets is dependent on the SUSY-
breaking picture assumed. For example, in “natural” SUSY
models [84-86], the Higgsino-like multiplet tends to lie
lowest among the 7 states. As a representative of this class
we consider the GMSB model [16,87-93]. Spectra with a
binolike LSP are favored by alternative approaches to
naturalness [94] among other models. The next-to-lightest
SUSY particle (NLSP) states can be either winolike, with
the Higgsino-like states decoupled, or vice-versa; we
consider both of these cases below.

The following subsections provide detailed descriptions
of the models: three for electroweakino production and
decay, and one that instead assumes that only the slepton
states are accessible. Of these, the Higgsino-bino and
slepton interpretations are in addition to those considered
in the previous CMS combination paper [53].

A. Models for the production of electroweakinos

We consider three SMS models for the production and
decay of electroweakinos in which the NLSP decays to the
LSP with the emission of a W, Z, or H boson. Here “H
boson” refers to the observed 125 GeV scalar (Higgs)
boson, assumed to be the lightest CP-even state of the
extended Higgs sector.

The first of these models is a wino-bino model, Fig. 1, in
which the lightest chargino 7f is produced in association
with the next-to-lightest neutralino 79. In computing the
production cross section we take the 7{ and ;?g to be

Z, H

~0 ’J)’f‘ _
p Xz ........ X0
R >0
P Xli \\k X1
Wj:

FIG. 1. Wino-bino model: production of 79 and 7;, with the 79
decaying to either a Z or H boson and a ;”((l), and the 7 decaying
to a W boson and a 7).
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FIG.2. GMSB model: pair production of 707?. The 7" particles
each decay to a G with the emission of an SM gauge boson: (left)
both Z, (middle) one Z and the other H, and (right) both H. Soft
fermions from decays of nearly degenerate neutralinos and
charginos are omitted from these diagrams.

degenerate in mass and winolike. We consider mass
splittings between the NLSP and LSP up to the kinematic
limit of the experiment, but also include a search, “2/3¢
soft” [73], targeting the compressed limit in which the
gaugino mass spectrum is approximately degenerate (gau-
gino mass universality [83]). In addition, allowing also for
Higgsino-gaugino mixing of the neutral states, and in the
spirit of the more general SMS approach, we search for
both Z7) and H}Y decays of the 9, as indicated in Fig. 1.

The other two electroweakino production models are
characterized by a SUSY mass spectrum in which the light
Higgsinos, including the NLSP, are nearly degenerate in
mass and heavier than the LSP. In these models multiple
production mechanisms leading to the same final state
enhance the total effective cross section.

The first of these, the GMSB model, is motivated by a
specific GMSB scenario [16] in which the light Higgsinos
are nearly degenerate in mass, and the G is the LSP. The
coupling of G is suppressed by the SUSY breaking scale
[15], so that the )”((1) NLSP is metastable. We assume that
nonetheless the 79 decays promptly on the measurement
scale. Thus the production of )?(1) pairs occurs both directly

~+
P XL
b Xi
4
4
4
~0 .// »
P X2 ........ X?
el ~0
N
N
N
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H
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e
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FIG. 3. Higgsino-bino model: (left) the production of a pair of
charginos followed by their decays to W bosons and the LSP,
(middle) the production of a pair of neutralinos followed by
decays to H bosons and the LSP, and (right) the production of
chargino-neutralino pairs followed by decay of the chargino
(neutralino) to a W (H) boson and the LSP.

and as a result of cascade decays following production of
the combinations 7170, 775, 77T, and 7979. Because of
the small mass splitting among the Higgsinos, low-momen-
tum SM fermions emitted in these decays have a negligible
impact on the kinematics of the event. We consider in total
three topologies as illustrated in Fig. 2. The Z decays
(Fig. 2, left) of Higgsino-like ¥ states are included in the
search topology, allowing for any admixture of gauginos
into these states.

The second Higgsino model, the Higgsino-bino model,
assumes a binolike LSP, and again mass-degenerate light
Higgsinos. The production mechanisms considered are:
T, A, vifrT, and 7579 The charged Higgsinos decay
to a W boson and the LSP with 100% branching fraction,
and for this process we assume that the neutral ones decay
exclusively to H 4 LSP. This scenario is motivated by an
alternate approach to natural SUSY [94] that seeks to evade
constraints on the superpartner masses from earlier LHC
searches by considering relatively large wino-bino mass
splittings. The topologies contributing the Higgsino-bino
interpretation are shown in Fig. 3.
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FIG. 4. Slepton-neutralino model: direct slepton pair produc-
tion, with each slepton decaying into a lepton and a 7 LSP.

B. Model for the production of sleptons

We also target the production of a pair of charged
sleptons [95-97], each of which decays to a lepton and
a 7% LSP. The diagram for the process described by the
slepton-neutralino model is shown in Fig. 4, and the model
assumes equal masses for the superpartners & g and fi; g of
the electrons and muons, respectively, while the 7 states are
considered to be decoupled. A dedicated analysis, pre-
sented here for the first time, addresses the compressed
region of model parameter space that was not covered in a
previous slepton search [71] by the CMS Collaboration.

C. Search strategies

Here we give an overview of the strategies pursued by
the analyses that are included in this combination. Each is
the subject of a more detailed summary given in Sec. V. The
contributing searches are
(1) “2/3¢ soft” [73], targeting the region of SUSY
parameter space in which the mass difference
between the NLSP and LSP is small. At least one
pair of opposite-sign, low-transverse momentum
(pr) electrons or muons (“light leptons”) is required,
together with jets.
(2) “2¢” [71], requiring two opposite-sign, same-flavor
(OSSF) light leptons. We consider two categories:
(a) “2¢ on-Z,” in which the pair mass is consistent
with the leptons’ origin in the decay of a Z
boson, and

(b) “2¢ nonresonant,” requiring that the lepton pair
mass lie outside the Z mass peak region.

(3) “28S¢/ > 3¢ [74], selecting either two same-sign
light leptons or at least three leptons, which may
include one or more hadronically decaying tau
leptons.

(4) “1£2b” [72], requiring a light lepton consistent with
arising from the decay of a W boson, and two b
quarks that form an H boson candidate.

(5) “4b” [75], requiring two resolved or merged pairs of
b-tagged jets that form H boson candidates.

(6) “Hadr. WX [76], selecting events with at least two
merged (large-radius) jets from hadronically
decaying W, Z, and H bosons.

In each of these searches a threshold on missing transverse
momentum (pi$%) is imposed, since the presence of
undetected LSPs in the final state is characteristic of the
SUSY models considered.

Extensions are presented in this paper of the “2/3¢ soft”
analysis reported in Ref. [73]: a more optimal binning of
the search regions (SRs) is applied to the WZ topology, and
a new variable tailored to search for slepton pair production
is exploited. Adjustments are made to the SR and control-
region (CR) definitions of the “2SS#/ > 3¢” analysis to
remove overlap with the event selection of the “2/3¢ soft”
analysis.

The combination is performed with a simultaneous
maximum likelihood (ML) fit to the SR and CR data from
the input searches, described in Sec. VIII. In reference to
background yields, we use the term “postfit” to refer to this
fit for the background-only hypothesis with all SRs and
CRs included.

III. THE CMS DETECTOR

The central feature of the CMS apparatus is a super-
conducting solenoid, 6 m in internal diameter and 13 m in
length, that provides a magnetic field of 3.8 T. Within the
solenoid volume are various particle detection systems.
Charged-particle trajectories are measured by the silicon
pixel and strip trackers. A lead tungstate crystal electro-
magnetic calorimeter (ECAL) and a brass and scintillator
hadron calorimeter (HCAL) surround the tracker volume,
each composed of a barrel and two endcap sections.
Forward calorimeters extend the pseudorapidity coverage
provided by the barrel and end cap detectors. The calo-
rimeters provide measurements of the energies of electrons,
photons, and hadronic jets, as well as of the directions of
jets. Muons are measured in gas-ionization detectors
embedded throughout the steel flux-return yoke outside
the solenoid. A more detailed description of the CMS
detector, together with a definition of the coordinate system
used and the relevant kinematic variables, can be found
in Ref. [98].

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 fixed latency of about 4 ps [99]. The second, or
high-level, trigger consists of a farm of processors running
a version of the full event reconstruction software opti-
mized for fast processing, and reduces the event rate to
around 1 kHz before data storage [100].

IV. EVENT RECONSTRUCTION AND
MONTE CARLO SIMULATION

All analyses considered as an input to this combination
share common event reconstruction methods that are
summarized below together with a general description of
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Monte Carlo (MC) simulated samples. Each analysis,
however, targets a unique final state and different parts
of kinematic phase space, and aims to maximize the
background rejection. As a result, the details of the
selection, such as those concerning object identification
and isolation, can vary from analysis to analysis to ensure
the best sensitivity for a given search. These details, in
addition to the event selections, triggers, and MC simulated
samples, are described in Refs. [71-76].

A. Common event reconstruction methods

The particle-flow (PF) algorithm [101] aims to recon-
struct and identify each individual particle in an event, with
an optimized combination of information from the various
elements of the CMS detector. The energy of photons is
obtained from the ECAL measurement. The energy of
electrons is determined from a combination of the electron
momentum at the primary interaction vertex as determined
by the tracker, the energy of the corresponding ECAL
cluster, and the energy sum of all bremsstrahlung photons
spatially compatible with originating from the electron
track. The energy of muons is obtained 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 function of the
calorimeters to hadronic showers. Finally, the energy of
neutral hadrons is obtained from the corresponding cor-
rected ECAL and HCAL energies.

For each event, hadronic jets are clustered from PF
candidates using the infrared- and collinear-safe anti-ky
algorithm [102,103]. The clustering is performed with
distance parameter R = 0.4 (AK4 jets) to reconstruct jets
designed to contain the fragmentation products of a single
parton, and with R = 0.8 (AKS jets) for jets originating
from a multiparton system. Jet momentum is determined as
the vectorial sum of the momenta of all reconstructed
particles in the jet, and is found from simulation to be, on
average, within 5%—10% of the true momentum over the
whole pr spectrum and detector acceptance. Besides the
triggering event, p p interactions within the same or nearby
bunch crossings (pileup) contribute tracks and calorimetric
energy depositions to the jet momentum. To mitigate this
effect, charged particles identified to be originating from
pileup vertices are discarded, and an offset term is applied
to correct for remaining contributions to the energy of the
jet. Corrections derived from simulation are applied to
match, on average, the measured response of jets to that of
particle level jets. In situ measurements of the momentum
balance in dijet, photon + jet, Z + jet, and multijet events
are used to account for any residual differences in the jet
energy scale between data and simulation [104]. The jet
energy resolution amounts typically to 15-20% at 30 GeV,
10% at 100 GeV, and 5% at 1 TeV [104]. Additional
selection criteria are applied to remove jets potentially

dominated by anomalous contributions from various sub-
detector components or reconstruction failures.

The primary vertex is taken to be the vertex correspond-
ing to the hardest scattering in the event, evaluated using
tracking information alone, as described in Sec. 9.4.1 of
Ref. [105].

The missing transverse momentum vector pmiss is
computed as the negative vector sum of the transverse
momenta of all the PF candidates in an event, and its
magnitude is denoted by pss [106]. The P& is modified
to account for corrections to the energy scale of the
reconstructed jets in the event.

The identification of jets originating from b quarks (b
tagging) is performed separately for AK4 and AKS jets.
The AK4b jets are tagged with a version of the combined
secondary vertex algorithm based on deep neural networks
(Deepcsv [107]), and the analyses entering this combination
utilize various working points. The medium working point,
which is common among multiple analyses, corresponds to
an efficiency of about 68% for a mistagging rate for light
flavor quark and gluon jets of approximately 1%. The
identification of AKS8 jets containing two b quarks is
performed with the deep-learning-based double-b tagging
algorithm DeepdoubleBvL [108,109] with adversarial training
[110] to decorrelate the neural network tagging score and
the jet mass. AKS jets are tagged as W, Z, or H bosons by
the DeepAKS$ algorithm [108,111].

Hadronically decaying tau lepton candidates (z;,) are
reconstructed from PF candidates with the “hadron-plus-
strips” algorithm [112]. To reject the background originat-
ing from hadrons that are misreconstructed as 7y, a boosted
decision tree discriminant based on information from the
reconstructed 7;, isolation, its measured lifetime, and the
shape of the resulting jet is used [113]. A strict selection
criterion is applied in this discriminant, resulting on an
efficiency of 50% for selecting true 7, decays and a less
than 0.2% mistagging rate.

B. Monte Carlo simulation

Signal samples are generated with MadGraph 5_aMC@NLO
(2.2.2 or newer) [114,115] at leading-order (LO) precision,
including up to two additional partons in the matrix element
calculations. The production cross sections are determined
with approximate next-to-leading order (NLO) plus next-
to-leading logarithmic (NLL) accuracy [95-97,116-120],
and are used to normalize the signal samples. For all signal
samples, the lowest NLSP mass considered is 100 GeV,
while the highest varies between 1000 and 1500 GeV
depending on the model. While the LSP mass is fixed at
1 GeV in the GMSB Higgsino model, it spans between 1
and 600 (650) GeV for the production of electroweakinos
(sleptons). The mass points are generated with either 25 or
50 GeV steps in the uncompressed mass spectra scenarios,
while for the compressed phase space a finer grid is used.
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The background simulations rely on MadGraph
5_aMC@NLO (2.2.2 or newer), POWHEG (v1.0 or v2.0) [121-123],
or MCFM7.0 [124—126], with calculations of either LO or
NLO precision, all details depending on the process, as
described in the individual published searches [71-76].

Showering, hadronization, and the underlying event
description are carried out using the PYTHIA package 8.2
[127] (the specific version number depends on the consid-
ered sample). The CUETP8M1 underlying event tune [128]
is used for the SM background and signal generation with
2016 data-taking conditions. For the 2017 and 2018
samples, the CP5 and CP2 tunes [129] are used for the
SM background (NLO) and signal (LO) samples, respec-
tively. Simulated samples generated at LO (NLO) with the
CUETP8MI1 tune use the parton distribution functions
denoted by NNPDF3.0LO (NNPDF3.0NLO) [130], while
those with the CP2 or CP5 tune use the NNPDF3.1LO
(NNPDF3.1NNLO) [131] ones. For all Monte Carlo sam-
ples, simulated minimum bias interactions are superim-
posed on the generated events, with a number distribution
that is adjusted to match the pileup distribution measured in
data. For some analyses, because scans over numerous
mass points are required for the signal models, the response
of the detector is described using the CMS fast simulation
program [132,133], which yields results that are generally
consistent with those from the simulation based on GEANT4
[134] and have appropriate systematic uncertainties applied
to cover differences.

All simulated events are reconstructed with the same
programs as those used for collision data. Corrections are
applied to simulated samples to account for differences
between the trigger, b tagging, and lepton and photon
efficiencies measured in data and the GEANT4 simulation.
Additional differences arising from the use of fast simu-
lation modeling, such as selection efficiencies and the
modeling of pT'ss, are corrected for and included in the
systematic uncertainties.

V. INDIVIDUAL ANALYSES CONTRIBUTING TO
THE COMBINATION

The searches included in the combination are briefly
described in this section, together with a more detailed
account of any update made to an analysis since its
publication.

A. Search in final states with pwo or three
soft leptons and pp's

The “2/3¢ soft” search [73] selects events with two or
three low- pr light leptons. It targets the WZ topology of the
wino-bino model with chargino-neutralino production in
the compressed region, i.e., where the mass difference Am
between )”((1) and the NLSP is small, such that the W and Z
bosons are off-shell, and the observable decay products
have low momentum. Events are divided into two search

TABLE 1. “2/3¢ soft” search: definition of the lepton
multiplicity and p*™ SRs. The boundaries are indicated in
GeV. Events in the low-p® SR must additionally have
piss > 125 GeV.

Low-piss  Med-pf™*s  High-p*  Ultrahigh-pipis
SR ?iss,corr p$iss,c0rr ?iss,corr $iss,corr
2¢ soft [125, 200] [200, 240] [240, 290] >290
3¢ soft [125, 200] >200

categories, “27¢ soft” and “3¢ soft.” Both require an e e~ or
utu~ pair, jets, and large p?iss. The presence of an
additional electron or muon defines the “3# soft’category.
The leptons are required to satisfy pp < 30 GeV, with the
minimum value of pr being 3.5 (5.0) GeV for muons
(electrons), except as noted in the following paragraph.

The variables used to discriminate signal from back-
ground are the dilepton mass m,, pss, and p7*>"; the
latter is defined as the magnitude of the total piiss
reconstructed excluding the muon transverse momentum
vectors, as an approximation to the trigger-level p?i“
quantity used during data-taking. Events in the two search
categories are binned in p*" as detailed in Table I,
resulting in four (two) SRs in the ‘“2¢ soft” (*3¢ soft”)
category. Additionally, in the low-p™is* SRs all events must
satisfy pXiss > 125 GeV, and only muon pairs are accepted
because of the utilized triggers; the minimum value of py is
increased to 5 GeV for these muons to ensure efficiency of
the trigger. The trigger paths targeting the low-pTis SRs
were disabled during some parts of the data taking,
resulting in the slightly lower integrated luminosity of
129 fb~!. Each p™:<°" bin is further divided into regions
of m,, with boundaries of 1, 4, 10, 20, 30, and 50 GeV,
with the first bin removed in the low-pRis* category because
of the trigger requirements. For the “2¢ soft” category m,
is the dilepton invariant mass M(£7), whereas for the “37
soft” category it is the minimum of the invariant masses of
the possible OSSF pairs, M3 (£7). In the following, 1,
is used to denote the dilepton mass in either category.

Contributions from J/y and T mesons are removed by
excluding events with m, in the ranges 3.0-3.2 and 9.0—
10.5 GeV, respectively. Additional kinematic requirements
are applied to further reduce backgrounds. The largest
backgrounds arise from Z/y* and ¢ production, as well as
events with nonprompt leptons from mainly W + jets (2£)
or 1t (3¢) production.

Two major updates are made to the search [73], designed
with no prior knowledge of the distribution of data events in
the updated SRs, and discussed in the following subsec-
tions. The first one is an improvement to the signal
extraction, while the second introduces a new search for
slepton pair production.
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FIG. 5. “2/3¢ soft” search: dilepton mass spectrum for two
mass hypotheses with the same NLSP mass (100 GeV) and
different mass splittings Am (40 or 10 GeV), both corresponding
to analytical phase space only calculations. The distributions have
a kinematic endpoint at the mass splitting.

1. Improved signal extraction: Parametric Am binning

For signal, m,, corresponds to the mass of the off-shell
Z-boson Z* from the decay 79 — 7)Z*. The m,, spectrum
has a kinematic end-point at Am, and the shape depends on
the sign of the product of the two smallest (in magnitude)
eigenvalues of the neutralino mass matrix [135]. The dilepton
mass spectra are corrected accordingly in Ref. [73], but for
this combination we assume a flat phase space for the 79
decay rate to ensure consistency among the input analyses.
Two examples of the spectrum are shown in Fig. 5.

To better exploit the shape of the m,, distribution, we
optimize the my,, binning for each Am hypothesis, sepa-
rately for each lepton category and p™* bin. The procedure
is iterative. The range [1 GeV, Am] is first divided into four
bins of equal signal quantiles. A fifth bin spans
[Am, 50 GeV], which is expected to be devoid of signal.
Aside from resolution effects and statistical fluctuations,
this construction leads to distributions of the events per bin
that, for the bins below Am, are uniform for signal, and
depleted for background.

In the second step we check that none of the resulting
bins introduces large statistical fluctuations of the expected
SM background, taking into account both the relative
importance of the various background processes and the
statistical precision of their predictions. This is to avoid an
artificial increase in the sensitivity. If the statistical fluc-
tuations for any of the bins in [1 GeV, Am] exceed those
reported in Ref. [73], the number of bins in that range is
reduced by one, and the binning is rederived. This process
is repeated until a binning is found that satisfies this
requirement, or results in the minimal two-bin case

[1 GeV, Am], [Am,50 GeV]. The CR binning and back-
ground estimation strategy remain the same as in Ref. [73],
ensuring that there are no changes to how the CRs are
correlated with the SRs.

For each of the nine Am hypotheses considered in this
search, six parametric binnings have been derived (one for
each SR). Examples of the resulting post-fit SR distribu-
tions of my, with parametric binnings (for signal mass
points with Am = 20 GeV) are shown in Figs. 6 and 7 for
the “2¢ soft” and “3¢ soft” search categories, respectively.

The expected sensitivity of the search is improved over
the full parameter space considered in this analysis. The
largest gains are obtained for mass splittings of
Am < 20 GeV, where the expected sensitivity to the mass
of 9 is increased by 5-25 GeV, depending on Am.

2. Slepton production in the compressed region

The production of a smuon or selectron pair for the case of a
compressed SUSY spectrum has not been studied previously
in a dedicated search by the CMS Collaboration. Here we
analyze the events captured by the “27 soft” selection to
search for this process, employing the parametric binning
procedure described in Sec. V A 1 to optimize the sensitivity.
In this case, to discriminate between signal and background
we replace m,, with the kinematic variable mry (k. K. x5, )
[136,137]. For a process producing two particles of equal
mass M that each decay into an invisible daughter y of mass
m,, and a light visible object k, we have

mr) (k’ k’)(ml)

= min
I—’)El_nlss(])+ ﬁ%)lss(Z): i‘,{}nss

The constraint enforces that the observed pTs* is equal to the
?iss(i) (i = 1, 2), two vectors in the transverse plane
that represent the pr vectors of the invisible objects. The M (T’ )
are the transverse masses obtained by pairing the p2s*(") with
either of the two visible objects. The distribution in
mry(k,K, x,, ) extends between m, and M. Here the visible

-

sumof p

objects are the two low-pr leptons, and we take m, to be
100 GeV, noting that the exact choice of m, is expected to
have a negligible effect on the sensitivity of the search. In the
following, we utilize the notation mp (£, ¢, y100)-

The analysis utilizes the same background estimation
methods, CRs, and systematic uncertainties as Ref. [73],
with the exclusion of the “37 soft” SRs. A separate para-
metric binning is chosen for each model point, (mz, Am).
An example of the resulting post-fit SR distributions of
mro (€. €, y100), for mass point (my = 125 GeV, my, =
115 GeV), is shown in Fig. 8. The SM background
normalizations are constrained in the same way as done
for the search for charginos and neutralinos [73], including
the m,, distribution in the CR.
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FIG. 6. “2/3¢ soft” search: post-fit distributions of the M(£¢) variable for the low- (upper left), medium- (upper right), high- (lower
left), and ultrahigh- (lower right) p™* bins in the “2¢ soft” signal region of Ref. [73]. These distributions are based on the parametric
binnings derived for signal mass points with Am = 20 GeV. The prefit signal distribution for Mye = My = 200 GeV, m,o = 180 GeV

is overlaid for illustration. “Nonprompt” refers to the background contribution arising from nonprompt or misidentified leptons.
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“2/3¢ soft” search: post-fit distributions of the Mg‘is“SF(f ¢) variable for the low- (left) and medium- (right) p%ﬁss bins in the “37

soft” signal region of Ref. [73]. These distributions are based on the parametric binnings derived for signal mass points with
Am = 20 GeV. The prefit signal distribution for Myt = My = 200 GeV, m,, = 180 GeV is overlaid for illustration. “Nonprompt”

refers to the background contribution arising from nonprompt or misidentified leptons.

B. Searches in final states with an opposite-sign
same-flavor lepton pair and pi}"

These searches [71] select events with lepton pairs e™e™
or u*u~ and large pTss. Of the SRs defined in Ref. [71], we
include in the present combination those designated “EW
on-Z” and “Slepton.” The first targets the wino-bino and
GMSB models, while the second targets the slepton-
neutralino model, both in the uncompressed region of
the model parameter space. Events in the two categories
are required to have exactly two reconstructed OSSF
leptons, with pr > 25(20) GeV for the leading (trail-
ing)-pt lepton. Threshold requirements are also imposed
on the event p'ss and mr, (¢, £, y), or mp (£, €b, y) for
SRs with two b-tagged jets, to suppress SM backgrounds.

The main backgrounds in this final state are Drell-Yan
lepton pairs with p™ from mismeasured jet energies, 17
production, and events with both a Z boson and prompt
neutrinos, including 7Z, WZ — 3¢v, and ZZ — 262v.
They are estimated with CRs in the data.

1. On-Z search (‘“2¢ on-2”)

The “2¢ on-Z” search focuses on cases in which the
invariant mass my, of the dilepton pair is consistent with
the Z boson mass: 86 < m,, < 96 GeV. This targets the
WZ,ZZ, and HZ topologies, where the Z boson (one of the
Z bosons in the ZZ topology) is produced on-shell and

decays to two electrons or muons, while the other boson
decays hadronically.

In addition to the two leptons, we require the presence of
jets produced in the hadronic decay of the bosons. A total of
three SRs in this category are considered, of which two
target the WZ and ZZ topologies, and one is dedicated to
the HZ topology. Events in the resolved WZ and ZZ
regions are required to have at least two jets and no
b-tagged jets. Events in the Lorentz-boosted region have
< 2 AK4 jets and at least one AKS jet satisfying mass and
structure requirements. The HZ SR requires two b-tagged
jets consistent with an H — bb decay. The three SRs are
then binned in pTiss,

2. Off-Z search (“2¢ nonresonant”)

The “2¢ nonresonant” SRs target nonresonant produc-
tion of sleptons. In this case, the dilepton invariant mass
must satisfy 20 < my, < 65 GeV, or my, > 120 GeV.
Two SRs (“Slepton”) are defined, those with and without
jets in addition to the lepton pair. These SRs are further
separated into bins in piiss,

C. Search in final states with two same-sign leptons, or
three or more leptons, and p7'**

The “2SS¢/ > 3¢ search [74] focuses on final states
with either two light same-sign leptons, or three or more
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FIG. 8. “2/3¢ soft” search: postfit distributions of the m,(Z, £, (o) variable are shown for the low- (upper left), medium- (upper
right), high- (lower left), and ultrahigh- (lower right) p's bins in the “2# soft” signal region of Ref. [73]. These distributions are based
on the parametric binnings derived for the mass-point m; = 125 GeV, my, = 115 GeV, for which the pre-fit signal distribution is
overlaid for illustration. Note that the signal distribution (purple line) is approximately flat across m, (¢, Z, y109), by construction of the
parametric binning procedure. The minimum value of mp, (2,7, x1¢9), m, = 100 GeV, is subtracted for the abscissa of the plot.
“Nonprompt” refers to the background contribution arising from nonprompt or misidentified leptons.
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leptons including 7y, and p™ss. The analysis targets the
Wz, WH, ZZ, HZ, and HH topologies.

The search is organized in a series of twelve exclusive
categories that target the different decay modes of the W, Z,
and H bosons. The categories are defined based on lepton
multiplicity, flavor, and charge [74], summarized for
purposes of this paper as follows:

(i) Category SS: a pair of same-sign light leptons and
no 7.

Category A: three light leptons, including an OSSF
lepton pair.

Category B: three light leptons, with no OSSF
lepton pairs.

Categories C, D, E, and F: three leptons, at least one
of which is a zy,.

(v) Categories G, H, I, J, and K: more than three leptons.

Within each category, several SRs are defined by
requirements on multiple kinematical variables, including
particle prt, mp (¢, 2, x0), mgp, and the scalar pr sum Hy
for all selected jets with pp > 30 GeV, as detailed in
Ref. [74]. For category A, an alternative approach based on
parametric neural networks is used to build discriminant
variables for the WZ model [74].

(i)
(iif)
(iv)

For the SS category, the main sources of background are
nonprompt leptons or charge mismeasurements, estimated
from control samples in data. Those for the other light-
lepton categories A, B, G, and H result from WZ and ZZ
production, and are estimated using MC simulation that is
validated in low-p®ss CRs. For the remaining categories,
those that contain 7, candidates, the main backgrounds
arise from Drell-Yan and ¢f production with associated
nonprompt 7;, candidates. The predictions for these con-
tributions are obtained directly from data using a loose-to-
tight selection method [74].

Modifications to remove overlap with the “2/3¢ soft”
analysis.

In Ref. [74], the requirements on the minimum py of
electrons and muons vary between 10 and 25 GeV, chosen
to ensure full trigger efficiency after the selection. Because
of a small overlap between this and the “2/3Z soft”
analysis, for the present combination these threshold pt
values were raised to 30 GeV for the leading lepton in
categories A and B. In this section we describe the changes
in SR yields resulting from this modification.

The first consequence of the altered selection is a slight
revision in the definitions of the CRs used for evaluation of
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FIG. 9. “2SS¢/ > 3¢” search: observed and expected event yields across the SRs in category A, events with three light leptons of

which at least two form an OSSF pair, after the requirement that the leading-lepton pt be greater than 30 GeV is applied. The pre-fit
signal distributions for three mass-points are overlaid for illustration, and the considered mass hypothesis is indicated in the legend with
notation [m(NLSP)/m(LSP)]; for example (150/1) stands for mye = my =150 GeV, my =1 GeV. “Nonprompt” refers to the
background contribution arising from nonprompt or misidentified leptons.

112001-11



A. HAYRAPETYAN et al.

PHYS. REV. D 109, 112001 (2024)

the backgrounds from WZ production and from asymmet-
ric photon-to-electron conversions. The first of these CRs is
included in all the analysis fits, while the second is used to
validate the MC simulation of the conversion background.
The level of agreement between the observed and expected
yields in the CRs that was found in the previously
published analysis is maintained. The effect of the tight-
ened lepton pr requirement on the WZ CR is nearly
negligible; around 1% of the overall background events are
lost. As photon-to-electron conversions tend to result in
electrons of lower momenta, the effects of restricting the
leading-lepton py are greater in the conversion CR: around
10% of the overall CR yield is lost.

The change in the minimum leading-lepton pr also
introduces slight variations in the signal extraction strat-
egy, as not all SRs are affected equally by the tighter
criteria. The SR definitions themselves are unchanged:
those in category A are divided according to the value
of my, of the OSSF lepton pair into on-Z, with
75 < myp, < 105 GeV, and off-Z subcategories. Each of
these subcategories is further divided into bins in p?iss,
H', the transverse mass (M) of p2iss and the lepton not in
the OSSF pair, and the transverse mass (M3’) of the three
leptons and pTiss. The exact definitions of the SRs of
category A are shown by the labeling in Fig. 9, which
gives the distribution of yields in those SRs with the
altered leading-lepton pr threshold.

The additional requirement causes a reduction in the
yields of the overall SM backgrounds; for most SRs the
effect on these yields is less than 1%, except for regions
with low invariant mass (my, <75 GeV) where the
decrease in the background yields can be up to 7%. For
the signal models the decrease in acceptance is strongly
correlated with the model parameters. Signal models that
target uncompressed scenarios are largely unaffected, while
those that include compressed spectra have a reduction in
overall yields of 5%—7%.

The evaluation of the neural network shapes for the WZ
model of category A is kept unchanged after the additional
leading-lepton pr selection is applied.

In category B, the SR definition strategy is much simpler,
as both the available event yields and number of studied
models are smaller than in category A. In this case, the
signal extraction strategy is based on a single variable, the
minimum distance min AR(#, £) between any two leptons.
Figure 10 shows the expected and observed distributions of
events in this category after the additional requirement is
applied. The SM background contributions are reduced by
roughly 5%, with the largest changes in the signal-depleted
second and third bins. The signal efficiency is reduced by
1-2% overall.

The effect of the additional lepton pt requirement on the
analysis performance has been studied in terms of the
expected upper limits for the GMSB model with degenerate
Higgsinos (leading to the topologies HH, HZ, and ZZ),
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FIG. 10. “2SS¢/ > 3¢” search: observed and expected event

yields across the SRs in category B, events with three light
leptons and no OSSF pair, after the requirement that the leading-
lepton pt be greater than 30 GeV is applied. The prefit signal
distributions for two mass-points are overlaid for illustration, and
the considered mass hypothesis is indicated in the legend with
notation [m(NLSP)/m(LSP)]; for example (150/1) stands for
Mye = My = 150 GeV, my, =1 GeV. “Nonprompt” refers to
the background contribution arising from nonprompt or mis-
identified leptons.

and for the wino-bino model with production of 7; and )?g
(WZ, WH, and mixed-topology models). In most cases the
upper limits are consistent at the 1% level before and after
the additional requirement is applied. The only exceptions
are the compressed scenarios in the WZ model, where
decreases of 1-10% in expected sensitivity to the mass of
NLSP are seen between mass splittings of Am = 70 and
20 GeV. The effect translates to a loss of roughly 10 GeV in
NLSP mass exclusion in the worst case scenario. In the
combined analysis, this loss of sensitivity is compensated
by the performance of the “2/3¢ soft” lepton analysis.

D. Search in final states with one lepton,
two b jets, and ppiss
The “1£2b” search [72] targets the WH topology by
focusing on events with one electron or muon
(pr > 30 GeV) produced in a W boson decay, two b-tagged
jets from a Higgs boson decay, and large p2s* from the two
LSPs and the neutrino. The search benefits from the large
branching fraction for H — bb (58%) [138] and the sup-
pression of multijet background in the leptonic final state.
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The two b-tagged jets are required to have an invariant
mass consistent with that of the Higgs boson (90-
150 GeV). The transverse mass of the lepton and piiss
is required to be larger than 150 GeV to remove events
where the lepton and the p2is* both arise from a single
leptonic W decay. In addition, events where the Higgs
bosons are Lorentz boosted are selected by requiring a
single large-radius jet (R = 0.8), identified by the DEEPAKS
algorithm [111]. To enhance the sensitivity, the selected
events are sorted into SRs according to the presence or not
of a boosted H-tagged jet, p™, and the number of
AK4 jets.

The main backgrounds for the search arise from top
quark production and W boson production. The contribu-
tions of these processes to the SR yields are estimated using
observed yields in CRs scaled by transfer factors obtained
from simulated samples. These extrapolations are studied
extensively in validation regions orthogonal to the SRs in
order to assess the systematic uncertainty in the background
measurement.

E. Search in final states with four b jets and p‘T“iSS

The “4b” search [75] selects events with b-tagged
hadronic jets, no charged leptons, and large pis, to target
the HH topology through the decays H — bb. In each
event, we consider either a resolved signature, in which the
two b quarks of each H decay are contained in two separate
AK4 jets, or a boosted signature, where the two b quarks
are both contained in a single AKS jet (“bb-tagged jet”).

For the SRs of the resolved signature at least four (and to
suppress combinatorial background no more than five)
AK4 jets with pr > 30 GeV are required. Separate SRs are
defined for which three (3-b) or at least four (4-b) jets
satisfy b-tagging criteria. The two H candidates are chosen
by considering the four jets with the highest b tagging
discriminator scores, forming all possible pairs of these
jets, and selecting the pairing that minimizes the difference
in the invariant masses of the two pairs. This difference is
then required to be less than 40 GeV, and the average (m,;,)
of the invariant masses of the two pairs is required to lie
within the H mass peak region, 100 < (my;) < 140 GeV.
An upper limit is imposed on the largest angular separation
AR« between pairs of the H daughter jets to remove
lepton + jets t¢ events, the primary background to this
search.

For the boosted signature, at least two AKS jets with
pt > 300 GeV are required, with SRs having one (“1-bb")
or at least two (“2-bb”) of these satistying bb tagging
requirements. The H candidates are the two highest-pt
AKS8 jets meeting these criteria. Each of these jets is
required to have a mass, as computed by the “soft drop”
algorithm [139,140], that lies in the H mass peak region,
60-260 GeV. The 1-bb CRs and SRs of the boosted
signature are excluded from the Higgsino-bino interpreta-
tion to avoid overlap with the “Hadr. WX search.

Both signatures’ SRs are binned in pss, while for the
resolved signature an additional binning in AR, further
increases the sensitivity.

In addition to lepton + jets t¢ production, background
contributions arise at higher p* from W or Z production
in association with jets. The backgrounds from all sources
are predicted using data CRs that require either exactly two
b jets (resolved) or no bb jets (boosted), or an H candidate
mass outside the defined H mass peak region.

F. Search in final states with multiple jets and pT'ss

The “Hadr. WX search [76] selects events with a pair of
AKS jets and large pis. The search targets the hadroni-
cally decaying WW, WZ, and WH signal topologies. We
require at least 2 AKS jets, p%‘i“ >200GeV, Hr>300GeV,
and no charged leptons. To reduce backgrounds with higher
jet multiplicities, we further require at most 6 AK4 jets.
(For signal, the requirement of two AKS jets generally
implies the presence of around four overlapping AK4 jets.)
Taking advantage of the larger hadronic branching fraction
of H and Z bosons, in particular to pairs of bottom quarks,
the search is classified broadly into two SRs. The b-veto SR
requires zero b-tagged jets, to be sensitive to the topologies
WW, and WZ with the Z boson decaying to hadronic final
states without b quarks. The b-tag SR requires at least one
b-tagged jet, for the topologies WZ and WH with Z or H
decaying to bb. The b-tag SR is further divided into one
with a bb-tagged H candidate jet (WH) and one without
(W). A third b-tag SR (H) [76] without a specific require-
ment on W candidate jets is excluded, together with the
corresponding CR, from the Higgsino-bino interpretation
to avoid overlap with the “4b” analysis.

The DEEPAKS algorithm [111] is used to tag the decays of
the W, Z, and H bosons. This algorithm provides multiple
tagging scores that distinguish AKS8 jets arising from
different hadronic decay modes of the SM bosons and
the top quark. The algorithm also provides two versions of
neural networks with and without adversarial training [110]
to decorrelate the neural network tagging score and the jet
mass. The mass-decorrelated version of the DEEPAKS W
tagger (referred to as the V tagger) is used to tag hadronic
decays of both W and Z bosons, while the DEEPAKS W
tagger without mass decorrelation (referred to as the W
tagger) is used to tag decays of W bosons. The V tagger
provides good efficiency for Z as well as W jets, while the
dedicated W tagger has a lower misidentification rate. In
the b-veto search region we require that at least one AKS jet
be tagged by the W tagger, and at least one other AKS jet be
tagged by the V tagger. The AKS8 jet mass is required
to be between 65 and 105 GeV. In the b-tag search region
the W tagger and mass requirement are utilized for the
AKS jets from W bosons, while the AKS8 jets from Z and H
bosons are tagged using the DEEPAKS bb tagger with
mass decorrelation and with the jet mass requirement of
75-140 GeV.
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TABLE II.

Summary of the searches considered in the combination and the SRs that contribute to the interpretation of each signal

model and topology. The following abbreviations appear in the table: For the “2# on-Z” analysis, “EW” refers to the resolved and
boosted VZ SRs and the HZ SR. The row label “2Z nonres.” refers to the “2# nonresonant” search, and in that row “Slepton” refers to the
two dedicated slepton SRs, those requiring N, = 0 and Nje, > 0. For the “2SS#/ > 37" search, “A(NN)” indicates SR A with the

parametric neural network signal extraction. For the "Hadr. WX”, “ex H” means all SRs except the b-tag H SR.

Wino-bino GMSB Higgsino-bino Sleptons
Search wz WH z7 HZ HH ww HH WH v
2/3¢ soft [73] All 2¢ soft
2¢ on-Z [71] EW EW EW
2¢ nonres. [71] Slepton
28S¢/ > 3¢ [74] SS, A(NN) SS, A-F All All All SS, A-F
1£2b [72] All All
4b [75] All 3-b, 4-b, 2-bb
Hadr. WX [76] All All ex H ex H

The main backgrounds in this search include W + jets,
Z + jets, and ff processes. These backgrounds are esti-
mated with techniques based on CRs in data that are
disjoint from the corresponding SRs. The CRs are defined
by inverting the tagging requirements for the AKS8 jets or by
requiring one charged electron or muon candidate. Transfer
factors from the CRs to the SRs are derived from simulation
and multiplied by the CR yields to obtain the estimated
background yields in the SRs.

VI. COMBINATION STRATEGY

A simultaneous maximum likelihood fit to the signal and
control regions of the searches described above is made for
each signal model, as detailed in Sec. VIII. Table II shows
which SRs are used for each model and topology. It should
be noted that not all analyses target the same signal
parameter space. For example, the “2/3Z soft” lepton
analysis has sensitivity for compressed signals due to the
low-pr leptons, while the rest target the mostly uncom-
pressed signals.

The SRs and CRs are those defined in the original
publications, except as noted in Sec. V. The modifications
made to avoid sample overlap are briefly summarized here.
For the “2SS#/ > 3¢ analysis a small change was made to
the leading-lepton pr selection in categories A and B to
avoid overlaps with the “2/3¢ soft” search. The “3¢” WZ
CR of the “2/37 soft” search was removed to avoid overlap
with the aforementioned categories of the “2SS¢/ > 3¢~
analysis when these searches are combined. To provide a
constraint on the background contribution for the “2/3¢
soft” lepton search in the combined fit, the WZ back-
grounds of the two analyses are correlated by utilizing a
common nuisance parameter in the fit, constrained by a
region of the “2SS#/ > 3¢” analysis. For the Higgsino-
bino combination, to avoid overlap between the “Hadr.
WX and “4b” searches, the b-tag H SRs and CRs of the
“Hadr. WX analysis and the single bb-tag SRs and CRs of
the boosted “45” sample are removed.

VII. SYSTEMATIC UNCERTAINTIES

Systematic uncertainties in each of the input analyses are
given in the respective publications [71-76]. The sources
and their level of correlation across the analyses are shown
in Table III. Some analyses have additional uncertainties
beyond these, which are analysis-specific and treated as
uncorrelated.

TABLE III. Sources of systematic uncertainties and the treat-
ment of their correlations between analyses. Exceptions to the
notations in the last column are: for the “SM background
normalization” row, the WZ normalization is correlated between
the “2SS#/ > 3¢” [74] and “2/3¢ soft” [73] searches, and for the
“lepton efficiency” row the two contributing searches, “2/37
soft” [73] and “2Z nonresonant” [71], are uncorrelated because
they cover disjoint regions of the model parameter space.

Source Correlated?
General
MC sample size No
SM background normalization No
Integrated luminosity Yes
Trigger efficiency Partially
Pileup Yes
Trigger timing Yes
Objects and signal modeling

Lepton efficiency Yes
Jet energy resolution Yes
Jet energy scale Yes

b (mis)tagging efficiency Yes
AKS8bb tagging efficiency Yes
AKS jet mass resolution Yes
ug and pup Partially
ISR modeling Yes

Attributable to the CMS fast simulation

pRiss modeling Yes
b (mis)tagging Yes
AKS8bb tagging Yes
AK8bb mass Yes
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The signal yield predictions are affected by the experi-
mental calibration uncertainties listed in Table IIL
Uncertainties are also computed for theoretical and exper-
imental inputs to the simulations, specifically the renormal-
ization and factorization scales pp and up [141], and
corrections to the treatment of initial-state radiation (ISR).
Most uncertainties affecting the signal prediction are treated as
fully correlated among the analyses. The uncertainty in the
modeling of the trigger efficiency is correlated between
individual analyses that share primary high-level trigger paths.
The uncertainty labeled as “trigger timing” relates to correc-
tion factors that were applied to account for a gradual shift in
the timing of the trigger information from the ECAL toward
early values, present during the 2016 and 2017 data-taking
periods. All analyses include the statistical uncertainty of the
simulated signal samples, which is taken as uncorrelated.

The dominant uncertainties in the background predictions
are generally not correlated among analyses, as they tend to be
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either statistical in nature or inherent in the methods them-
selves. All systematic uncertainties associated with the
normalization of SM backgrounds are taken to be uncorre-
lated, with the exception of the WZ normalization for the
“2SS¢/ > 3¢” [74] and the “2/3¢ soft” [73] searches.

VIII. RESULTS AND INTERPRETATION

The observed SR yields are incorporated into an ML fit,
along with the predicted yields pertinent to a given model,
for each point in the model parameter space considered.
The fit is implemented with the statistical framework
described in Ref. [142], which builds the likelihood as a
product of Poisson probability density functions of the
observed yields in all bins of all SRs. The expectation in
each bin is defined as the sum of background and signal
contributions, with the signal contribution scaled by a
strength parameter y that is free in the fit. The observed data
yields in control regions are incorporated either by
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Wino-bino model: cross section limits with expected and observed exclusion boundaries in the model parameter space in the

WZ topology for the full parameter space (upper left) as well as the compressed region (upper right), the WH topology (lower left), and
the mixed topology with 50% branching fraction to WZ and WH (lower right). All masses below the contours are excluded, except in the
case of the upper-right plot where the area on the left of the contour is excluded. For some signal regions the analysis was based on a
subset of the data, corresponding to the integrated luminosity of 129 fb~!.
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inclusion of the CRs in the likelihood or through para-
metrization using gamma functions. Systematic uncertain-
ties are taken as nuisance parameters in the fit, and are
implemented using log-normal functions, whose widths
reflect the size of the systematic uncertainty, or as Gaussian
shape constraints based on the relevant distributions.

No significant deviations from the SM background are
observed, consistent with the findings of the input searches.
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Small tensions between the data and background seen in
the original searches are generally reduced or are
unchanged. Cross section upper limits at 95% confidence
level (C.L.) as a function of the SUSY particle masses are
set using a modified frequentist approach, employing the
CL, criterion and an asymptotic formulation [142—145].
The following paragraphs present the cross section limits
as functions of one or two model parameters, together with
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FIG. 12.  Wino-bino model: exclusion contours from the individual analyses targeting the WZ topology for the full parameter space
(upper left), the corresponding compressed region (upper right), and the WH topology (lower left). The combined contours for these two
topologies are also shown. The combined contours for these and the mixed topology are overlaid in the lower-right plot. The decay
modes assumed for each contour are given in the legends. All masses below the contours are excluded, except in the case of the upper-
right plot where the area on the left of the contour is excluded. For some signal regions the analysis was based on a subset of the data,

corresponding to the integrated luminosity of 129 fb~!.
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exclusion limits given by the ¢ = 1 contours. For visuali-
zation of the results, linear interpolation is employed to
account for the limited granularity of the available signal
samples.

The cross section upper limits and mass-limit contours
for the wino-bino model with chargino-neutralino produc-
tion (Fig. 1) are shown in Fig. 11. The contributions of the
input analyses to the limit curves in comparison with those
from the combination appear in Fig. 12, along with the
combined mass plane limit contours for three values of the
H}Y/Z7" branching ratio of the 79 decay.

The distributions in Fig. 12 show that the excluded
parameter space is expanded by the combination compared
with that from the input analyses, rather substantially in the
case of the WZ topology in the uncompressed region
(Fig. 12 upper left). For that case the combined data
exclude NLSP masses below 875 GeV for a light LSP,
and LSP masses below 420 for a 700 GeV NLSP, gains of
about 125 and 110 GeV, respectively. In the compressed
region, excesses observed in the combined data for the WZ
topology reduce the excluded space relative to the expected
one by ~2 standard deviations in the region of Am around
30-40 GeV. The upper-right plot in Fig. 12 shows that this
falls in the crossover region where the exclusion power
shifts between the two contributing analyses, “2/3¢ soft”
and “2SS¢/ > 3¢ The less restrictive observed than
expected exclusion in the region of large NLSP and LSP
masses for the WH and mixed topologies is driven by ~1
standard deviation excesses in several p* bins of the WH
SR in the “Hadr. WX analysis, as demonstrated by the
curves in Fig. 12, lower left.

For the GMSB model (Fig. 2) with production of
degenerate Higgsinos decaying to the goldstino G (neu-
tralino-neutralino production), the cross section upper
limits and exclusion curves are shown in Fig. 13, for the
topologies ZZ, HH, and the mixture of these with HZ
assuming B(#) — ZG) = B(7) - HG) = 50%. For the
mixed topology, we also provide, in Fig. 14, exclusion
limits spanning the full range of branching fractions into an
H and Z boson. Mass values for 70 less than 840 GeV are
excluded for ZZ, < 1025 GeV for the HH topology, and
< 760 GeV for the 50% mixed topology. The impact of the
combination is substantial for the mixed topology, increas-
ing the excluded region by about 100 GeV. The ZZ and
mixed topologies show better than expected exclusion,
whereas the HH topology shows the impact of a one-bin
excess from the “4b” analysis, a 1-2 standard deviation
effect for 300 < My < 600 GeV.

The limits for the Higgsino-bino interpretation (Fig. 3),
which assume mass-degenerate Higgsino-like 79, 73, and
7 that decay to a binolike 5((1) and an SM boson, are shown
in Fig. 15. Values of Mye = Mo between 225 and 800 GeV

are excluded for 5((1) masses below 50 GeV. As noted, this
interpretation was not addressed in the previous analyses.
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FIG. 13.  GMSB model: expected and observed exclusion limits
for the ZZ topology (upper), the HH topology (middle), and the
mixed topology with 50% branching fraction to H and Z (lower).
All masses on the left of the crossing between the exclusion limits
and theory prediction are excluded.

The limits for slepton pair production under the slepton-
neutralino model (Fig. 4) are shown in Fig. 16. The left-
hand plot shows the combined limit over the (m,,my)
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FIG. 14. GMSB model: NLSP mass exclusion limit as a
function of the branching fraction to the H boson. Upper:
expected and observed limits for the combination of the searches,
shown together with the observed limits of the combination [53]
based on the 2016 CMS data. Lower: expected and observed
exclusion limits for the combination in comparison with those of
the input searches. All masses on the left of the contours are
excluded.

plane, while the right-hand plot gives an expanded view of
the compressed region. In this region the “2/37 soft”
search is able to exclude values of slepton masses up to
215 GeVat Am = 5 GeV, complementing the results in the
uncompressed region of the model parameter space where
the observed exclusion reaches the slepton mass of about
700 GeV.

IX. SUMMARY

A number of previously reported searches for super-
symmetry (SUSY) in different final states from proton-
proton collisions at /s = 13 TeV have been reoptimized
and combined. The data were recorded with the CMS
detector at the LHC and correspond to an integrated
luminosity of up to 137 fb~!. These data are used to test
the predictions of a variety of simplified SUSY models that
involve the electroweak production of the superpartners of

600 CMS 137 b (13 TeV)
3 PP — X Ty 1, o)
[0 273’ 172,38 MM i3 =
(O] ~+ =0, 0 ~0, 310 c
= 500 B(x, = x,W) = B(Xz.a - xH=1 3 S
e == Observed + 16,,,,, NLO+NLL excl. 1 3
100 i Expected = 10, o = -
- 1 10 8
r .. 3 1 3 [5)
C 1 3 <
300~ =4 1 2
C 1 1 £
C =10
2001~ g 3 s
L] - Q
C H ] 2
o . —
100~ - 4 O
C 4 N
L ] 1 1 g

100 200 300 400 500 600 700 800 900 1000
m.=m, [GeV]
T A,
FIG. 15. Higgsino-bino model: cross section upper limit in the

mass plane of the model, and the expected and observed
exclusion limits. The model assumes mass-degenerate Higg-
sino-like )?g, ;?(3), and 77 that decay to a binolike )?(]) and an SM
boson. All masses below the contours are excluded.

electroweak gauge or Higgs bosons. No significant
deviation from the standard model expectation has been
observed, and limits are set on the production of winolike
chargino-neutralino pairs, Higgsino-like neutralino pair
production in a gauge-mediated SUSY breaking inspired
scenario, a Higgsino-bino interpretation, and slepton pair
production.

In the case of winolike chargino-neutralino production,
fora )?? the lightest SUSY particle in this model, with mass
My < 50 GeV, the combined result gives an observed

(expected) limit on My of about 875 (950) GeV for the WZ

topology, 990 (1075) GeV for the WH topology, and 875
(1000) GeV for a mixed topology, extending the previous
CMS combination [53] (based on a 2016 dataset corre-
sponding to 36 fb!), by 225, 510, and 340 GeV, respec-
tively, for the three topologies.

For Higgsino-like neutralino pair production, the mass
exclusion limit is a function of the branching ratio between
the H and Z channels; the expected limit ranges between
about 620 and 950 GeV, the smaller value occurring for
B(7) — HG) ~ 0.4. For this value of the branching frac-
tion, the observed limit results in the exclusion of masses
below 750 GeV, and extends the previous result [53] by
100 GeV. The observed limit reaches nearly 1025 GeV at
B(7) — HG) = 1, to be compared with 750 GeV reported
in Ref. [53].

A Higgsino-bino model that assumes mass degenerate
Higgsino-like 79, 79, and ;= decaying to a binolike 7 and a
standard model boson is excluded for Mys = Mo between
225 and 800 GeV for My < 50 GeV.

For direct production of the superpartners of electrons
and muons (sleptons), this combined search yields an
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FIG. 16. Slepton-neutralino model: mass plane cross section
upper limit with observed and expected exclusion limits. Upper:
the full mass plane from the combination. Lower: the compressed
region, obtained by the “2/3¢ soft” search. For some signal
regions the analysis was based on a subset of the data,
corresponding to the integrated luminosity of 129 fb~!. All
masses below the contours are excluded, except in the case of
the right figure where the area on the left of the contour is
excluded.

observed (expected) exclusion in the slepton mass of about
130-700 (110-720) GeV, for m» < 50 GeV. In the com-
pressed-spectrum region, a dedicated search first reported
here excludes slepton masses above 215 GeV for a 5 GeV
difference between the slepton and 7 masses.

In general for the models considered in this combination,
winolike chargino masses are excluded up to 990 GeV,
while Higgsino-like neutralino masses are excluded up to
1025 GeV. The improvement is between 100-510 GeV
with respect to the previous exclusion limits [53], whereas
the excluded model parameter space is expanded by as
much as 125 GeV, depending on the model, with respect to
the best of the component searches. The compressed
parameter space of the slepton production model is
explored here for the first time by CMS.
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