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Search for new physics beyond the standard model in final states with two opposite-sign same-
flavor leptons and missing transverse momentum or at least two jets and two isolated same-sign
or three or more charged leptons are presented. This search is done using data corresponding to
a sample of proton-proton collisions at

√
s = 13 TeV with an integrated luminosity of 137 fb−1,

collected by the CMS experiment at the LHC. The numbers of observed events are consistent with
the expectations from standard model processes. The results are used to set lower mass limits on
various supersymmetric particles at a 95% confidence level.
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1. Introduction

In this proceeding, two recent searches for supersymmetry (SUSY) in different leptonic final
states are documented. The first search looks at final state with two opposite-sign (OS), same-flavor
(SF) light leptons (electrons e, or muons µ), referred to as OSSF leptons and missing transverse
momentum (pmiss

T ), assuming R-parity conserving SUSYmodels. The second search is done in final
states with at least one pair of same-sign (SS) leptons, considering both R-parity conserving and
R-parity violating SUSY models. The R-parity conservation leads to the stability of the Lightest
Supersymmetric Particle (LSP), which escapes detection. The LSP signature is an imbalance in the
measured transverse momentum of which the magnitude depends on the particle mass. In contrast,
the R-parity violation allows the LSP to decay into SM particles only, leading to various signatures
with small or no missing transverse momentum. Both searches, the OSSF and SS, are done using
datasets of proton-proton (pp) collisions at

√
s = 13 TeV recorded by the CMS detector [1] at the

CERN LHC in 2016–2018, corresponding to an integrated luminosity of 137 fb−1.

2. Search for opposite-sign same-flavor leptons

This search considers SUSY models where the final state leptons are produced from the decay
of an on- or off-shell Z boson or from an slepton (˜̀, the SUSY partners of SM leptons). In the case
of leptons from an off-shell Z boson, we consider a model at which the m`` distribution makes an
edge-like shape [2] and another model with leptons from an slepton decay making no resonance
around the Z boson mass. In the case of leptons from on-shell Z boson, the expected signature is
an excess of events with a dilepton invariant mass (m``) around the mass of the Z boson. Figure 1
shows the diagrams for the signals considered in this proceeding [3].
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Figure 1: Diagrams formodels of b-squark (b̃1) pair production (left), direct slepton pair production (middle),
and neutralino/chargino ( χ̃0

1 χ̃
±
1 ) EWK production (right) [3].

The analysis applies common selections for all of the signals considered in this search. An OS
lepton pair where the leading lepton is required to have pT > 25 GeV, the next-to-leading lepton is
required to have pT > 10 GeV, and both leptons are required to be within |η | < 2.4. The dilepton
system is required to have p``T > 50 GeV and m`` > 20 GeV. Additionally, in order to suppress
the backgrounds with instrumental pmiss

T the angle azimuthal angle between the ®pmiss
T and the two

highest-pT jets (∆φ( ®pj1,2
T , ®pmiss

T )) is required to be > 0.4.
The main backgrounds for this search are considered to be from three sources. The first set of

backgrounds are those from flavor-symmetric processes (tt̄, WW , tW , and Z/γ∗ → τ+τ−). Since
the Different Flavor (DF) and SF events are produced at the same rate. These backgrounds are
estimated from data using Control Regions (CRs) with events passing the same selections as the
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SearchRegions (SRs) but inverting the flavor-symmetry criteria, i.e. requiringDF leptons. A transfer
factor, RSF/DF, is used to estimate the background and absorb the differences in reconstruction and
identification efficiencies between the SF and DF events.

The second set of backgrounds are those from events with significant instrumental pmiss
T dom-

inated by Drell–Yan+jets (DY+jets). Although the DY+jets events do not have a pmiss
T source,

it enters the SRs due to the instrumental pmiss
T , which arises from mismeasurements of the ®pT

of the reconstructed objects. This background is estimated using the so-called pmiss
T “template”

method [4–7] at which the pmiss
T distribution in DY+jets events is estimated directly from γ+jets

data, while the normalization is taken from a region with 50 < pmiss
T < 100 GeV.

The third set of backgrounds are those from events with a leptonically decaying Z boson and
neutrinos (Z/γ∗+ν, W Z , and tt̄Z), which are characterized by large pmiss

T values. The shape for
these backgrounds are estimated directly from simulation, and the normalization is determined in
trileptons and two pairs of OSSF leptons data CRs.

For the edge-like signal, the background events are mainly from tt̄. The SR is defined with
two different methods. The first method defines a Bayesian likelihood discriminator to classify the
events into tt̄-like or and non-tt̄-like, exploiting different kinematic properties of tt̄ events compared
with the signal events. The resulting probability distribution is split further into bins based on the
m`` and nb-jet. Figure 2 (left) shows the resulting distribution of the nb-jet ≥ 1 SR. The second
method uses a fit to the dilepton mass distribution. The fit result is shown in Fig. 2 (middle). A
best-fit signal yield of 27 ± 22 events is obtained when evaluating the signal hypothesis in the edge
fit SR with a fitted edge position of m`` = 294+12

−20 GeV. The results are used to set upper limits at
95% CL on the production cross-section as a function of χ̃0

2 and b̃1 masses is shown in Fig. 3 (left).
The search excludes mb̃1

mass up to 1400 GeV [3].
For slepton direct production signals, the sensitivity is driven by combining multiple search

bins. This analysis considers events with jets coming mainly from Initial State Radiations (ISR).
The pmiss

T distribution of data events in the slepton SRs is shown together with the SM background
predictions in Fig. 2 (right). The observed data yields are consistent with the SM predictions. The
results are used to set upper limits at 95% CL on the signal production cross-section as shown in
Fig. 3 (middle). The search excludes slepton mass up to 650 GeV [3].

In the case of electroweak production of an on-shell Z boson, the sensitivity is driven by
binning the events in the Z boson mass window. The binning is done using several variables such
as njets, nb-jets, etc. The W boson decays hadronically, for which two jet cone sizes are used 0.8 and
0.4. These two cone sizes are used to account for the boosted and resolvedW boson decay products.
For this signal, the observed data yields are consistent with the SM background predictions. More
results in this regard are shown in this Ref. [3]. The results are used to set a cross-section upper
limits and the exclusion contours at 95% Confidence Level (CL) as a function of the χ̃±1 / χ̃

0
2 and χ̃0

1
masses. The search excludes χ̃±1 / χ̃

0
2 masses up to 750 GeV [3], as shown in Fig. 3 (right).

3. Search for two same-sign or three or more leptons

The set of SUSY models studied in this search are those with conserved or violated R-parity.
The signals studied in this analysis are those shown in Fig. 4. In general, pair-produced gluinos or

3
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Figure 2: Left: results of the counting experiment in the edge search regions. Middle: fit to data of the
dilepton mass (m``) distributions in the edge fit search regions, under the signal+background hypothesis,
projected onto the SF data samples [3]. Right: Distribution of pmiss

T for events in the slepton for regions
without jets for slepton signal mass of 600 GeV and a massless χ̃0

1 particle [3].
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Figure 3: Cross-section upper limits and exclusion contours at 95%CL for the bottom squark pair production
(left), slepton pair production (middle), and χ̃±1 χ̃

0
2 production (right) [3].

squarks decay to multiple W or Z bosons, with at least one SS W bosons pair. More interpretations
in this regard can be founded in Ref. [8].

The R-parity conserving model of bottom squark production with subsequent decay of b̃1 →

t χ̃±1 yields a final state with two b quarks and four W bosons as shown in Fig. 4 (left). In contrast,
the R-parity violating model is that with pair-produced gluinos decaying to the lightest squark
(g̃ → q̃q), which decays to quarks and an off-shell χ̃0

1 . The χ̃0
1 decays farther (violating the

R-parity) into two quarks and charged lepton ( χ̃0
1 → qq̄`±) as shown in Fig. 4 (right).

The baseline selection of this analysis requires at least two jets with pT > 40 GeV and two light
SS leptons with pT > 15 GeV (10 GeV) for electrons (muons) and reject lepton pairs with invariant
mass (m``) less than 12 GeV to reject the Drell–Yan background. Events are then categorized based
on the pT of the leptons forming the SS pair, the number of leptons (2 or more), and the value of
the pmiss

T . The SS lepton event categories are named: high-high (HH) if both have pT > 25 GeV,
low-low if both have pT < 25 GeV, and high-low (HL) otherwise.

The main backgrounds are considered to be from three sources. The first consists of events
with two or more prompt leptons, including an SS pair. This background category includes a
variety of low cross-section processes where multiple electroweak bosons are produced such as
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3. The CMS detector and event reconstruction 3

m(et1) � m(ec0
1) = mt .

The R parity violating decays considered in this analysis are T1qqqqL (Fig. 3a) and T1tbs
(Fig. 3b). In T1qqqqL, the gluino decays to the lightest squark (eg ! eqq), which in turn de-
cays to a quark (eq ! q ec0

1), but decays with the ec0
1 off shell (violating R parity) into two quarks

and a charged lepton, giving rise to a prompt 5-body decay of the gluino. In T1tbs, each gluino
decays into three different SM quarks (a top, a bottom, and a strange quark).
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Figure 1: Diagrams illustrating the simplified RPC SUSY models with gluino production con-
sidered in this analysis.
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Figure 2: Diagrams illustrating the simplified RPC SUSY models with squark production con-
sidered in this analysis.

3 The CMS detector and event reconstruction
The 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 solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity (h) coverage provided by the barrel and endcap detec-
tors. Muons are detected in gas-ionization chambers embedded in the steel flux-return yoke

4
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Figure 3: Diagrams illustrating the two simplified RPV SUSY models considered in this analy-
sis.

outside the solenoid. A more detailed description of the CMS detector, together with a def-
inition of the coordinate system used and the relevant kinematic variables, can be found in
Ref. [58].

Events of interest are selected using a two-tiered trigger system [59]. 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 time interval of less than 4 µs. 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 around 1 kHz before data storage.

The reconstructed vertex with the largest value of summed physics-object squared-transverse-
momentum is taken to be the primary pp interaction vertex. The physics objects are the jets,
clustered using the jet finding algorithm of Refs. [60, 61] with the tracks assigned to the vertex
as inputs, and the associated missing transverse momentum, taken as the negative vector sum
of the transverse momentum (pT) of those jets.

The particle-flow (PF) algorithm [62] aims to reconstruct 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 directly obtained from the ECAL measurement. The
energy of electrons is determined from a combination of the electron momentum at the pri-
mary 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 the elec-
tron track [63]. The momentum of muons is obtained from the curvature of the corresponding
track, combining information from the silicon tracker and the muon system [64]. 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 func-
tion of the calorimeters to hadronic showers. The energy of neutral hadrons is obtained from
the corresponding corrected ECAL and HCAL energies.

Hadronic jets are clustered from charged PF candidates associated with the primary vertex and
from all neutral PF candidates using the anti-kT algorithm [60, 61] with a distance parameter
of 0.4. The jet momentum is determined as the vectorial sum of all PF candidate momenta in
the jet. An offset correction is applied to jet energies to take into account the contribution from
pileup [65]. Jet energy corrections are derived from simulation, and are improved with in situ
measurements of the energy balance in dijet, multijet, photon+jet, and leptonically decaying
Z+jet events [66, 67]. Additional selection criteria are applied to each jet to remove jets po-
tentially dominated by instrumental effects or reconstruction failures. Jets originating from b
quarks are identified as b-tagged jets using a deep neural network algorithm, DeepCSV [68],

Figure 4: Diagrams of R-parity conserving models (left and middle) and P-parity conserving models in the
SS dileptons analysis [8].
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Figure 5: Expected and observed SR yields for the HH (left) and HL (right) signal categories. The hatched
area represents the total statistical and systematic uncertainty in the background prediction [8].

tt̄W/Z/H, W Z , and others. The shapes of these backgrounds are taken from simulations, while the
normalizations are corrected in data CRs.

The second main background class is from events with two leptons one of them is non-
prompt, either from a heavy flavor hadron decay or, more rarely, a misidentified hadron decay.
This background class is estimated from data using the so-called “tight-to-loose” method, which
accounts for the probability for a non-prompt to satisfy the tighter lepton selection [9, 10].

Finally, the third main background class is from events where the charge of a lepton is in-
correctly measured due to electron bremsstrahlung. Using the number of OS pairs and the charge
misidentification rate information, this background similarly estimated from data as the tight-to-
loose approach.

Background yields in two of the SRs are shown in Fig.5. Figure 5 shows that the observed data
is in good agreement with the predicted background [8]. In all SR bins, the data is compatible with
the background, except for a few bins where the agreement is subject to systemic uncertainty. The
largest excess of events found by fitting the data with the background-only hypothesis is in HH bins
54 and 55, corresponding to a local significance of 2.6 and 1.8 s.d, respectively.

These results are then interpreted as experimental constraints on the cross-sections for the signal
models. In the case of the R-parity violating models, upper limits at 95% CL on the cross-section
for gluino pair-production with each gluino decaying into four quarks and one lepton is shown in
Fig. 6 (left). Gluino masses up to 2.1 TeV are excluded. In the case of the R-parity conserving
model, exclusion regions at 95% CL in the plane of mχ̃±1

versus mb̃1
for the model with R-parity

conserving decay chain is shown Fig. 6 (right). The mχ̃0
1
is set to 50 GeV. This model excludes mb̃1

up to 1000 GeV [8].
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Figure 6: Upper limits at 95% CL on the cross-section for R-parity violating gluino pair production with
gluino decaying into four quarks and one lepton (left), and plane of mχ̃±1
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for the model with

R-parity conserving decay chain with mχ̃0
1
is set to 50 GeV (right) [8].

4. Summary

We presented two leptonic analyses looking for physics beyond the standard model in proton-
proton collisions at 13 TeV, corresponding to an integrated luminosity of 137 fb−1. The first analysis
targets final states with a same-sign light lepton pair or at least three charged light leptons. At least
two additional jets are required in this analysis. The second analysis looks for an opposite-sign same-
flavor pair of light leptons. This analysis targets final states with as well as without extra hadronic
activity. The analyses are used to look for evidence of both electroweak and strong production
of supersymmetry. The corresponding mass limits on supersymmetric particle production are
estimated.
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