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Abstract

A model-independent search for physics beyond the standard model in events with at
least three leptons is presented. The data sample corresponds to 9.2 fb™! of integrated lu-
minosity in pp collisions at \/s = 8 TeV collected by the CMS experiment at the LHC.
Data is binned in exclusive channels. Standard model backgrounds are suppressed by re-
quiring sufficient missing transverse energy, invariant mass inconsistent with that of the
Z boson, b-jets, absence of taus, or high jet activity. Control samples in data are used to
check the robustness of background evaluation techniques and to minimize the reliance
on simulation. The observations are consistent with expectations from standard model
processes. These results are used to exclude previously unexplored regions of the super-
symmetric parameter space for two representative benchmark scenarios: slepton co-NLSP
and a third-generation scenario involving gluino-mediated stop production.
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1 Introduction

Supersymmetry (SUSY) is a well known candidate for a theory beyond the standard model
(SM) because it solves the hierarchy problem, allows the unification of the gauge couplings,
and may provide a candidate particle for dark matter [1-3].

Hadronic collisions yielding three or more electrons, muons, or tau leptons (defining the “mul-
tilepton” signature) serve as an ideal hunting ground for physics beyond the SM as such final
states are relatively rare in the SM but can be produced frequently in SUSY cascades.

We probe multiple new regions of the supersymmetric parameter space not yet excluded by
previous multilepton searches [4-12] using 9.2 fb~! of LHC data collected with the Compact
Muon Solenoid (CMS) detector at a centre of mass energy of 8 TeV. The analysis described in
this paper is similar in structure to our previous search [13], but uses a dataset with substan-
tially larger integrated luminosity collected at a higher center-of-mass energy. As the search is
not tailored to any particular SUSY scenario, its results can be used to constrain a broad range
of relevant SUSY models. We demonstrate the sensitivity of this search in the context of two
benchmark scenarios that we refer to as “Slepton co-NLSP” and ”scenario T1tttt”, which are
described below.

2 Benchmark Scenarios

jet

Figure 1: Diagrams of squark or gluino pair production in proton-proton collisions followed
by decays leading to a final state with four leptons along with LSPs and jets. Details of the
superpartner mass spectrum are described in the text.

Slepton co-NLSP Scenario: Slepton co-NLSP is a model with R-parity conservation, and
contains gravitinos as the stable lightest supersymmetric particle (LSP). Scenarios of this type
arise in a wide class of theories of gauge mediation with split messengers (GMSM) [14, 15]
and can result in multilepton final states [6, 14-16]. The slepton co-NLSP scenario arises in the
subset of the GMSM parameter space where the right-handed sleptons are flavor-degenerate.

Figure 1 shows the schematic of the production and decay mechanism for the slepton co-NLSP
model. The superpartner mass spectra for these benchmarks are parameterized by the masses
for the lightest chargino, x{, and the gluino, g.The remaining superpartner masses are chosen
to be my, = 0.3 Moy, My = 0.5 Mo, My, = 0.8 Mk, and mg = 0.8 mg, with vanishing left-right
mixing for the squarks and sleptons, and the Higgsinos decoupled. If mg is moderately low,
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Figure 2: Diagram for decays in the 3rd generation scenario (T1tttt).

strong production dominates and arises through pairs of squarks and gluinos, with cascade
decays to the lightest neutralino and jets
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If instead, the gaugino masses are low, production takes place through chargino-neutralino
pairs, with cascade decays to the lightest neutralino
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The relative importance of strong and weak production depends on the ratio of gluino to
chargino masses. Starting from any production, all cascade decays pass through the lightest
neutralino, which decays to the right-handed sleptons

x) = lr+ 1 3)

In the slepton co-NLSP scenario the right-handed sleptons are flavor degenerate, and each
decays to the massless Goldstino and a lepton

lg— G+ (4)

Starting from pair production, these cascade decays give events with four leptons, jets, and
missing energy. All branching ratios for the cascade decays in the slepton co-NLSP minimal
model are supersymmetric.

Third-generation Scenario T1tttt: Scenario T1tttt is a 3rd generation model that involves
gluino-mediated stop production and is one of many simplified benchmark models used at the
LHC to cover an array of final states. In this scenario, we consider pair-production of gluinos
where each gluino undergoes an effective three-body decay in the SMS approximation to #f.
Each off-shell stop then decays to a t + x( resulting in a final state with four tops [17]. The tops
can decay to give multileptonic final states [16, 18].

In addition to frequently containing multiple leptons in the final state, these events also con-
tain four b-tagged jets. The remaining SM background can be significantly reduced by using
b-tagging, a new feature of this analysis as compared to its previous version [13].The main



motivation for looking at this model is the solution of the Higgs mass fine-tuning problem if
the SUSY particles involved, in particular the gluino and the stop, are light. This motivates the
search for stop quarks produced in the decays of gluinos. This is the first search to probe this
signature in the multi-lepton final state.

3 Detector and Simulation

The data sample used in this search corresponds to an integrated luminosity of 9.2 fb ! recorded
in 2012 with the CMS detector at the LHC. The CMS detector has cylindrical symmetry around
the pp beam axis with tracking and muon detector pseudorapidity coverage to || < 2.4, where
7 = —Intan(0/2) and 6 is the polar angle with respect to the counterclockwise beam. The az-
imuthal angle ¢ is measured in the plane perpendicular to the beam direction. Charged particle
tracks are identified with a 200 m?, fully silicon-based tracking system composed of a pixel de-
tector with three barrel layers at radii between 4.4 cm and 10.2 cm and a silicon strip tracker
with 10 barrel detection layers, of which four are double sided, extending outwards to a radius
of 1.1 m. Each system is completed by endcaps extending the acceptance of the tracker up to
a pseudorapidity of || < 2.5. The lead-tungstate scintillating crystal electromagnetic calori-
meter and brass/scintillator hadron calorimeter hermetically surrounding the tracking system
measure the energy of showering particles with || < 3.0. These subdetectors are placed inside
a 13 m long and 6 m diameter superconducting solenoid with a central field of 3.8 T. Outside
the magnet is the tail-catcher of the hadronic calorimeter followed by the instrumented iron
return yoke, which serves as a multilayered muon detection system in the range || < 2.4.
The CMS detector has extensive forward calorimetry, extending the pseudorapidity coverage
to || < 5.0. The performance of all detector components as measured with cosmic rays has
been reported in Ref. [19] and references therein. A much more detailed description of CMS
can be found elsewhere [20].

All detector simulations were performed with GEANT4 [21]. The important SM backgrounds
for this analysis (Z/9* + jets, tt quark pairs, and double vector boson production) were gen-
erated using MADGRAPH [22]; QCD multijet events were generated with Pythia 8.1 [23]. We
use the CTEQ6.6 parton distribution functions [24]. For the dominant WZ+jets contribution
up to two jets were selected at the matrix element level in MADGRAPH as the corresponding
contributions are not negligible.

The data used for this search came from double-lepton (double-electron, double-muon, muon-
electron) triggers. The pt cut-off for these triggers is 17 GeV for the leading lepton and 8 GeV
for the next-to-leading lepton. The trigger efficiencies are measured directly using a data sam-
ple independently triggered by the sum of hadronic energy in jets (Hr), assuming no correla-
tions between these and the signal triggers.

For electrons and muons with pr > 20 GeV relevant for this analysis, the double-electron,
double-muon and muon-electron triggers efficiencies plateau at 99%,92.6%, and 96.9% respec-
tively [25].

We scale each simulated event by the probability for it to satisfy the double-lepton triggers.
The uncertainty in the correction to the simulation translates into a systematic uncertainty in
the irreducible backgrounds and signal efficiencies.
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4 Lepton Identification

This analysis requires the presence of at least three reconstructed lepton candidates. The al-
lowed candidates include electrons, muons and hadronically-decaying taus (7,) while leptonic
decays of taus (7;) are counted as electrons or muons.

We use electrons and muons with pr > 10 GeV and |y| < 2.4. They are reconstructed from
measured quantities from the tracker, calorimeter, and muon system. The matching candidate
tracks must satisfy quality requirements and spatially match with the energy deposits in the
electromagnetic calorimeter and the tracks in the muon detectors, as appropriate. Details of re-
construction and identification can be found in Ref. [26] for electrons and in Ref. [27] for muons.
Jets are reconstructed using particles with || < 2.5 via the particle-flow (PF) algorithm [28].

The hadronic tau decays yield either a single charged track (one-prong) or three charged tracks
(three-prong) with or without additional electromagnetic energy from neutral pion decays as
well as neutrinos. In this analysis, we use both one-prong and three-prong hadronic T decays,
reconstructed using the hadron plus strips (HPS) method [29]. We require the visible pr of the
T to be greater than 20 GeV and |77| < 2.3.

An isolation requirement strongly reduces the background from misidentified leptons, since
most of them occur inside jets. We define the relative isolation I, as the ratio of the sum of the
calorimeter energy and pr of any other tracks in the cone defined by AR = /(An)? + (A¢)? <
0.3 around the lepton to the pt of the lepton. For electrons and muons, we require I,; < 0.15.
The sum of energy in the isolation cone is corrected by subtracting out the expected contri-
butions from additional vertices in the event. For the isolation of the hadronic tau decays we
require that the sum in a cone of AR < 0.5 is less than 2 GeV after excluding the expected con-
tribution from additional overlapping pp interactions in the same or preceding bunch crossing.

Leptons from SUSY decays considered in this search originate from the collision point (“prompt”
leptons). After the isolation selection, the most significant background sources are residual
non-prompt leptons from heavy quark decays, where the lepton tends to be more isolated be-
cause of the high pr with respect to the jet axis. This background is reduced by requiring that
the leptons originate from within one centimeter of the primary vertex in z and that the impact
parameter dy, between the track and the event vertex in the plane transverse to the beam axis
be small: dy, < 0.02 cm. The isolation and promptness criteria would retain the SUSY signal of
prompt leptons, but restrict the background from misidentified leptons to the signal region.

5 Search Strategy

Candidate events in this search must have at least three leptons candidates, where at most one
of them is a hadronic 7. The thresholds on the transverse momenta of the leptons are chosen
such that triggers used are maximally efficient for selected events. Only electrons and muons
are triggered on and the leading muon (electron) is required to have pr > 20 GeV while the
next to leading muon (electron) is required to have pr > 10 GeV. The third lepton is required
to have pr > 10 GeV for electrons/muons and pr > 20 GeV for taus.

We classify multilepton events into search channels on the basis of the number of leptons, lep-
ton and jet flavor as well as charge and flavor combinations and other kinematic quantities
described below. The inclusion of hadronic tau decays in the analysis results in increased back-
ground contamination compared to the light leptons case due to higher misidentification rate.
To maintain high sensitivity of the analysis, the search channels with tau candidates are kept



separate from pure electron and muon channels.

We classify each event in terms of the maximum number of opposite-sign same flavor (OSSF)
dilepton pairs that can be made by using each identified lepton candidate only once. For ex-
ample, both y"u~pu~ and e are OSSF1, u"u*e™ is OSSFO, and u™u~"e*e™ is OSSF2. We
denote a lepton pair of different flavors as £¢', where ¢ indicates an electron or a muon. The
level of SM background varies considerably across the channels. Channels with hadronic tau
decays or containing OSSF pairs suffer from larger backgrounds compared to channels with
OSSF0. To maximize the overall sensitivity of the search, all these charge combinations are
considered as different channels.

We further classify events as containing a leptonically-decaying Z if at least one OSSF pair has
reconstructed invariant mass (1+,-) in the Z-mass window, i.e. |m+,~ — mz| < 15 GeV.

Another criterion for background reduction is the “Z veto”, in which the invariant mass of
the OSSF lepton pairs is required to be outside the Z-mass window, i.e. |m+;- —mz| > 15
GeV. We reject events with m(£T¢~) < 12 GeV in order to reject low mass Drell Yan and low
mass resonances like J/y(1S) and Y . In order to remove leptons from conversions (internal
and external) that arise from final state radiation from the Z daughters, we reject events where
|m(¢+0~) —mz| > 15 GeV but |m(£T¢~0'F) —mz| < 15 GeV or |m(£T4~ ) —mz| < 15 GeV.

An event is considered to contain b-jets if at least one jet passes the b-tagger which uses the
CMS “Combined Secondary Vertex algorithm” [30]. The tagger has a tagging efficiency of 70%
and a misidentification rate of 13% for the medium working point. We classify events according
to the presence or absence of b-jets.

Multilepton signatures benefit from relatively low SM background contamination, which can
be further reduced by minimal requirements on either hadronic activity or missing energy
above those typical for main SM background contributions. The presence of hadronic activity
in an event is characterized by the variable Hr, defined as the scalar sum of the transverse jet
energies for all jets with Er > 40 GeV and || < 2.5. Jets used for the Hr determination must be
well separated from any identified leptons and this is enforced by requiring no isolated leptons
in a cone AR < 0.3 around the jet axis. In this search, we classify events as having Hr greater
or less than 200 GeV.

The missing transverse energy, ETi%, is defined as the magnitude of the vectorial sum of the
momenta of all particle candidates reconstructed with CMS’s Particle Flow [28] algorithm.
Comparison between data and simulation shows good modeling of ET** for processes with
genuine ET"*° from invisible neutrinos [31, 32] as will be shown later. In this search, the E}"*
is divided into 50 GeV wide bins from 0 to 200 GeV and a final bin containing events with
EMiss > 200 GeV.

In summary, Hy, ET and m;; are good discriminating observables for physics beyond the SM.

6 Background Estimation

6.1 Background from non-prompt leptons

The largest background remaining after the requirement of at least three-lepton candidates
originates from the Z+jets process (including Drell-Yan production), in which the Z boson de-
cays leptonically and a third lepton is a result of misidentification from a jet in the event. Since,
the QCD component of the simulation cannot be assumed to be reliable as such misidentifica-
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Figure 3: The isolation distribution of muons with large impact parameter (d,, > 0.02 cm,
primarily from jets) in a data sample enriched in tf — ¢vbbjj. The last bin contains the overflow.

tions happen when rare fluctuations occur in jet fragmentation, we use data to estimate back-
ground contributions from processes with two genuine leptons and one or more misidentified
leptons such as Z(— 2¢) + jets and W W~ (— 2¢) + jets.

To estimate the rate of background contamination from processes with two genuine leptons
and a misidentified lepton, we use data with two reconstructed leptons and an additional iso-
lated track scaled by a conversion factor between isolated tracks and lepton candidates from
jets. This conversion factor is measured in control samples where no signal is expected to be
present, such as in low-E’T“iss, low-Ht samples [25]. This method has also been used in the
2011 multilepton analysis [13]. We measure the conversion factor between isolated tracks and
muon (electron) candidates to be 0.7% =+ 0.17% (0.9% =+ 0.23%) in a data sample dominated
by Z+jets and where the systematic uncertainties are one half of the difference between the
rates measured in the p*p~ +isolated track sample and the corresponding rates measured in
ete~ +isolated track sample. The contribution of the backgrounds with a misidentified third
lepton is obtained by multiplying the number of isolated tracks in the sample with two leptons
by this conversion factor. In a similar way we estimate the misidentified background for four-
lepton events by examining two-lepton events with two isolated tracks. The rates are expected
to vary with heavy quark content across the control samples. The variation is accounted for by
determining the rate as a function of the impact parameter distribution of non-isolated tracks
in the data.

For channels with 13, we loosen the isolation requirements to get a conversion factor between
loose taus and isolated taus [13, 25]. In particular, we extrapolate the signal region I < 2GeV
to a sideband region 6 GeV < I < 30GeV. The ratio of the number of isolated tracks in the two
regions is (15 & 3)%. We study the variation of this ratio for a number of QCD samples and
assign a 30% systematic uncertainty for it. The ratio is applied to the 2¢+1 sideband T event
sample.
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Figure 4: The transverse mass Mr distribution of events in a data sample enriched in WZ
requiring an OSSF pair with m, in the Z-window and 50 GeV < EF"** < 100 GeV.

6.2 Background from tf Production

This background is estimated from simulation after careful validation in the single lepton and
dilepton control regions enriched with tf. The single lepton control region requires one isolated
muon with pr > 30 GeV and at least 3 jets, one of which must satisfy a high efficiency b-tag.
Figure 3 shows the distribution of relative isolation of additional non-prompt leptons in the
single lepton control region compared to simulation predictions. A good agreement between
data and simulation, both in shape and normalization, is observed. The dilepton control region
requires an opposite-sign e — p pair and is used to compare kinematical variables like S, Hr
and EMSS between data and simulation. In addition, the distribution of the number of jets is
reweighted to match data in the dilepton control region.

6.3 Irreducible Background from WZ production

The SM can produce 3 or more genuine prompt leptons with EM* or Hy via diboson+jets
production where both bosons decay leptonically. This type of background is referred to as
“irreducible” because its characteristics are similar to the search signature and is obtained from
theory and Monte Carlo simulations.

We correct the simulation to match measured lepton efficiencies [25] and E%‘iss resolution .
To correct the EITniSS resolution, we subdivide the EIT“iss distribution as a function the number
of vertices and Hr in the event. A large number of vertices in an event indicates a larger
extraneous energy in reconstructed objects due to pileup. This stochastic contribution results
in larger EM*® resolution . On the other hand, a larger Hr indicates higher jet activity, leading
to systematically larger tails in the EXs$ distribution due to mis-reconstruction. We model the
EMss for events without real EFsS (from neutrinos) as a sum of Rayleigh distributions given by

X 42 2
p(x) =) Wije ™ /27, 5)
ij 7ij

“ir

where “i” represents the number of vertices in the event and “j” indicates the Hr bin, and the
weight W;; is the fraction of events in the bin. Coefficients ¢;; are fitted for and characterize the
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EMiss resolution in both dilepton data and the simulation. We then smear the ET*® in simulation
on an event by event basis to match the coefficients with data. The magnitude of the correction
to the E*® in simulation samples due to the additional smearing varies from a few percent to
as high as 25%. The systematic uncertainty is obtained by studying the migration of events due
to the additional smearing.

One can then check the simulation against control samples. We verify the simulation by com-
paring with data samples enriched in WZ-production, the dominant contribution to trilep-
ton signatures from diboson+jets. WZ samples can be selected by requiring three leptons,
50GeV < Emiss < 100 GeV, and an on-shell Z i.e. an OSSF pair with the invariant mass satisfy-
ing 75GeV < my; < 105GeV and Hr < 200 GeV. Figure 4 shows the tranverse mass between
the lepton coming from a W and EXS. We scale the WZ Monte-Carlo to match data in the
region 50 GeV < Mt < 120 GeV and the scale factor is then used throughout the analysis. In
addition, we also reweigh the distribution of the number of jets in the simulation to match the
distribution in this control region.

6.4 Backgrounds From Asymmetric Photon Conversions

There are two different types of photon conversions that can give rise to backgrounds in mul-
tilepton analyses. The first type is an “external conversion” of an on-shell photon into an ¢ ¢~
pair in the external magnetic field or material of the detector. This conversion is predominantly
into ete™ pairs.

The second type of photon conversions are “internal conversions” where the photon is virtual
and can produce muons almost as often as electrons. In case of asymmetric conversions, where
one lepton has very low pr and does not pass the selection criteria, Drell-Yan processes with
such conversions can lead to a significant background for three lepton signatures.

We choose not to rely on the simulation in evaluating this background contribution because the
simulation of such asymmetric internal conversions is unreliable due to the soft lepton pr being
below the generator-level pr cuts. This motivates data-based measurements of the photon to
e/ conversion factors, measured assuming that the number of on-shell photons undergoing
asymmetric conversions is proportional to the number of off-shell photons undergoing asym-
metric conversions.

We measure the conversion factors in a control region devoid of new physics (low EX and low
Hr). The ratio of the number of events with |[m(£+0~0'F) —my| < 15 GeV or [m(£+—(*) —
mz| < 15 GeV to the number of events with [m(¢{¢~ ) — mz| < 15 GeV defines the conver-
sion factor, which is 0.35% = 0.1% (1.1% = 0.2%) for muons (electrons) [13, 25]. The uncertain-
ties are statistical only. We assign systematic uncertainties of 100% to these conversion factors
from our underlying assumption of proportionality between virtual and on-shell photons. The
measured conversion factors are then used to estimate the background in the signal regions
from the observed number of /¢~y events in the signal regions. The background contribution
from these converted photons is small after the final selection cuts, as will be shown in the next
section.

7 Results and their Interpretation

Tables 1, 2, 3. and 4 show the expected and observed numbers of three- and four-lepton events
after the ET"** and Hrt requirements. The different SM background contributions are shown
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Selection MET N(1)=0, NbJet=0 N(7)=1, NbJet=0 N(1)=0, NbJet>1 N(1)=1, NbJet>1
obs expect | obs expect | obs expect | obs expect |
4 Lepton Results Hr > 200

OSSF0 NA (100, c0) 0 0.007 £ 0.01 0 0.001 £ 0.01 0 0£0.01 0 0 £ 0.009
OSSF0 NA (50,100) 0 0£0.01 0 0.007 £ 0.01 0 0.01 £ 0.02 0 0.008 £ 0.01
OSSFO NA (0,50) 0 1e-05 + 0.009 0 0.01 + 0.01 0 0 + 0.009 0 0+ 0.009
OSSF1 off-Z (100, c0) 0 0.0005 + 0.009 1 0.09 & 0.03 0 0.06 £ 0.04 0 0.05 £ 0.03
OSSF1 on-Z (100, 00) 0 0.03 £ 0.02 0 0.27 +£0.07 0 0.19 £0.11 0 0.17 £ 0.09
OSSF1 off-Z (50,100) 0 0.03 £ 0.03 1 0.13 +0.07 0 0.02 £+ 0.02 0 0.07 £ 0.04
OSSF1 on-Z (50,100) 0 0.08 & 0.04 1 0.29 + 0.08 0 0.1 4+ 0.06 1 0.12 4+ 0.08
OSSF1 off-Z (0,50) 0 0.007 £ 0.01 0 0.12 & 0.06 0 0.001 £ 0.01 0 0.04 £ 0.03
OSSF1 on-Z (0,50) 0 0.1 £0.04 0 0.5+ 0.12 0 0.02 £ 0.02 0 0.23 £ 0.11
OSSF2 off-Z (100, o0) 0 0.004 £ 0.01 0 0+0 0 0.008 £ 0.01 0 0+£0
OSSF2 on-Z (100, c0) 0 0.05 + 0.05 0 0+0 0 0.13 +0.08 0 0£0
OSSF2 off-Z (50,100) 0 0.01 & 0.01 0 0+0 0 0.01 £ 0.02 0 0+0
OSSEF2 on-Z (50,100) 0 0.39 £ 0.1 0 0+0 0 0.16 £ 0.07 0 0+0
OSSF2 off-Z (0,50) 0 0.11 £ 0.03 0 0+0 0 0.05 £ 0.03 0 0+£0
OSSF2 on-Z (0,50) 2 33+07 0 0+0 1 0.37 £ 0.09 0 0£0

Table 1: 4-lepton, Hr > 200 GeV results from 9.2 fb™! of 2012 data. The labels going down
the side refer to whether or not there are OSSF pairs, whether or not Z — ("¢~ was excluded
(on-Z means m;; between 75 and 105 GeV), and the Hr and MET requirements. Labels along
the top of the table give the number of T candidates, 0 or 1 and the number of b-jets which is
0 or >1. All channels are exclusive. NOTE: The channels shown in the table are for displaying
purposes only. Categorization of events into separate channels used in the fitting procedure
uses finer ET*® binning. * denotes control channels.

for each channel as well. As a note, categorization of events into separate channels used in the
fitting procedure uses finer ET"*® binning. The channels have been combined into coarse E}"*®
bins to make the table more succinct.

Tables 1, 2, 3 and 4 also show the observations and SM backgrounds in additional control
regions, namely the non-signal regions with E%‘iss < 50 GeV and/or Ht < 200 combined with
or without a Z candidate in the event. Furthermore, the channels are classified according to
the number of T candidates as well as the number of b-jets (columns) which shows the larger
background for events including hadronic T decay candidates and no b-jets.

The observed number of events in the channels we examine is largely consistent with expecta-
tions. Figure 5 illustrates the comparison of data and expectation for representative channels
through EXss distributions in more detail. Since we examine a large number of channels, sta-
tistical excursions which would be significant for a single channel search are to be expected.

7.1 Systematic uncertainties and statistical procedures

We discuss the sources of systematic uncertainty and how they impact the search sensitivity
before extracting upper limits on the contributions from physics outside the SM. Table 5 lists
the salient systematic effects and the resultant uncertainties. All channels share systematic
uncertainties for luminosity, renormalization scales, parton distribution functions, and trigger
efficiency. The precision in estimating lepton selection efficiencies increases with lepton pt. For
a typical slepton co-NLSP signal scenario which has leptons with pr in excess of 20 GeV, the
lepton identification and isolation efficiency systematic uncertainty is ~ 1.5% per lepton.

We do a counting experiment with several channels and utilize the broad agreement between
the expected SM backgrounds and observations to set limits on the rates of new physics (cross-
sections). We use these limits to constrain new physics scenarios and to interpret them in terms
of underlying model parameters. The statistical model for the number of events in each channel
is a Poisson distribution with expected value, observed value, and log-normal distributions
for nuisance parameters. The significant nuisance parameters are the luminosity uncertainty,
trigger efficiency, lepton identification efficiencies and background uncertainties. The expected
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Figure 5: E”Tlniss distribution of events with 3-leptons, no OSSF pairs, no taus, Hr < 200 GeV and
0 b-jets (first) or >1 b-jet (second). E%‘iss distribution of events with 3-leptons, one OSSF pair off
Z (>105 GeV), no taus, Hr < 200 GeV and 0 b-jets (third) or >1 b-jet (fourth). “Data-driven”
denotes backgrounds involving two real leptons and a fake lepton. This includes leptons com-
ing from jets, jets faking taus as well as internal asymmetric photon conversions.



7.2 Exclusion in the Slepton co-NLSP Scenario 1

Selection MET N(7)=0, NbJet=0 N(7)=1, NbJet=0 N(1)=0, NbJet>1 N(1)=1, NbJet>1
obs expect | obs expect | obs expect | obs expect |
4 Lepton Results Ht < 200

OSSF0 NA (100, c0) 0 0.0005 + 0.009 0 05+05 0 0 £ 0.009 0 0.04 £0.03
OSSFO NA (50,100) 0 0.0005 + 0.009 1 0.17 £0.1 0 0+ 0.009 0 0.11 £ 0.07
OSSF0O NA (0,50) 0 0.005 £ 0.01 1 0.15 4 0.07 0 0.001 =+ 0.009 0 0.09 & 0.05
OSSF1 off-Z (100, c0) 0 0.02 +0.01 2 0.18 £ 0.06 0 0.007 £ 0.01 0 0.07 £ 0.04
OSSF1 on-Z (100, o0) 0 0.18 £+ 0.06 1 1+£018 1 0.15 £ 0.08 0 0.1 £+ 0.05
OSSF1 off-Z (50,100) 0 0.05 £ 0.02 1 09+03 0 0.02 £ 0.02 0 0.34 £0.19
OSSF1 on-Z (50,100) 1 0.47 +0.13 5 3.7+06 1 0.15 4 0.09 0 0.23 4 0.08
OSSF1 off-Z (0,50) 1 0.16 £+ 0.05 7 36+1.1 0 0.04 £ 0.03 0 022 +0.1
OSSF1 on-Z (0,50) 1 1.3+0.36 16 18+52 0 0.16 £+ 0.09 2 0.6 +0.22
OSSF2 off-Z (100, o0) 0 0.01 £0.01 0 0+0 0 0.01 £ 0.02 0 0+0
OSSF2 on-Z (100, c0) 0 0.14 + 0.07 0 0+0 0 0.26 4 0.14 0 0+0
OSSF2 off-Z (50,100) 2 0.05 & 0.04 0 0+0 0 0.01 £ 0.02 0 0+0
OSSF2 on-Z (50,100) 1 1.2+08 0 0£0 0 0.21 £ 0.09 0 0£0
OSSF2 off-Z (0,50) 3 37+£1 0 0+0 1 0.11 £ 0.04 0 0+0
OSSF2 on-Z (0,50) 76% 73 £ 16 0 0+0 3 1.3 +0.31 0 0+0

Table 2: 4-lepton, Hr < 200 GeV results from 9.2 fb™! of 2012 data. The labels going down
the side refer to whether or not there are OSSF pairs, whether or not Z — ("¢~ was excluded
(on-Z means m;; between 75 and 105 GeV), and the Hr and MET requirements. Labels along
the top of the table give the number of T candidates, 0 or 1 and the number of b-jets which is
0 or >1. All channels are exclusive. NOTE: The channels shown in the table are for displaying
purposes only. Categorization of events into separate channels used in the fitting procedure
uses finer ET*® binning. * denotes control channels.

Selection MET N(1)=0, NbJet=0 N(1)=1, NbJet=0 N(7)=0, NbJet>1 N(7)=1, NbJet>1
obs expect | obs expect | obs expect | obs expect |
3 Lepton Results Hr > 200
OSSF0 NA (100, o0) 1 19+12 15 77£3.6 1 29+15 27 21+£11
OSSF0 NA (50,100) 1 14408 13 17 +74 1 42+17 41 37 +19
OSSF0 NA (0,50) 2 1+08 13 10 £34 0 19+0.8 32 21+ 11
OSSF1 above-Z (100, o) 2 22409 2 4+24 3 28+13 11 6.8 +3.7
OSSF1 below-Z (100, o0) 2 35+08 8 76 +£34 3 34+16 12 83+43
OSSF1 on-Z (100, c0) 17 30£53 4 79+22 5 63 +19 8 54+28
OSSF1 above-Z (50,100) 1 1.9 4+ 049 10 37+23 4 31+12 17 12+ 6.6
OSSF1 below-Z (50,100) 4 45+09 11 64+24 3 5+21 9 94+53
OSSF1 on-Z (50,100) 39 38+£6.2 34 26+54 10 9.6 +27 12 95+39
OSSF1 above-Z (0,50) 3 324042 19 18 +45 0 27408 6 99+46
OSSF1 below-Z (0,50) 9 11+12 57 43+ 10 2 47+14 11 13+£53
OSSF1 on-Z (0,50) 58 63 £ 8.7 256 271 £ 66 12 14 +2.6 39 34+79

Table 3: 3-lepton, Hr > 200 GeV results from 9.2 fb~! of 2012 data. The labels going down
the side refer to whether or not there are OSSF pairs, whether or not Z — 010~ was excluded
(below-Z means my;; < 75 GeV, above-Z means m;; > 105 GeV, on-Z means m;; between 75 and
105 GeV), and the Hr and MET requirements. Labels along the top of the table give the number
of T candidates, 0 or 1 and the number of b-jets which is 0 or >1. All channels are exclusive.
NOTE: The channels shown in the table are for displaying purposes only. Categorization of
events into separate channels used in the fitting procedure uses finer EMS binning. * denotes
control channels.

value in the model is the sum of the signal and the expected backgrounds.

We set 95% confidence level (C.L.) upper limits on the signal parameters and cross sections
using the modified frequentist construction (usually referred to as CLs) [33-35].

The cross-sections for slepton co-NLSP are next-to-leading-order cross sections with the leading-
order cross-sections from Pythia and K-factors from Prospino [36]. The cross-sections for the
model T1tttt are obtained from [37]. Please see the model discussions in the introduction for
more details.
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Selection MET N(1)=0, NbJet=0 N(1)=1, NbJet=0 N(7)=0, NbJet>1 N(1)=1, NbJet>1
obs expect | obs expect | obs expect | obs expect |
3 Lepton Results Hr < 200
OSSF0 NA (100, c0) 3 45+23 45 44 +£22 8 51+27 41 44 £23
OSSF0 NA (50,100) 16 17+75 186 190 + 63 16 11+49 131 119 + 67
OSSFO NA (0,50) 23 27 £ 6.7 429 457 + 100 17 89+3.6 109 115 £ 52
OSSF1 above-Z (100, c0) 11 55+12 10 15+8 4 31+1.6 10 18+£82
OSSF1 below-Z (100, o0) 6 10+39 20 23 +10 7 78+41 23 21+£11
OSSF1 on-Z (100, 00) 65 75+11 22 22+£59 7 52+19 8 11+55
OSSF1 above-Z (50,100) 21 20+4.2 78 53 +17 5 10 £48 35 39 4+ 20
OSSF1 below-Z (50,100) 66 56 + 13 167 149 + 34 26 20+£9.7 72 56 + 27
OSSF1 on-Z (50,100) 351% 368 £ 57 533 457 £ 100 29 18 £4.6 40 37+ 15
OSSF1 above-Z (0,50) 83 101 +9.8 841 845 + 204 10 10+3.7 65 40 £15
OSSF1 below-Z (0,50) 258 282 +29 4820 4113 £ 1018 16 21+6 111 107 + 27
OSSF1 on-Z (0,50) 1888 2104 + 196 24303 22663 + 5643 65% 69 + 8.8 426 414 £ 99

Table 4: 3-lepton, Hr < 200 GeV results from 9.2 fb™! of 2012 data. The labels going down
the side refer to whether or not there are OSSF pairs, whether or not Z — (¢~ was excluded
(below-Z means my;; < 75 GeV, above-Z means m;; > 105 GeV, on-Z means m;; between 75 and
105 GeV), and the Ht and MET requirements. Labels along the top of the table give the number
of T candidates, 0 or 1 and the number of b-jets which is 0 or >1. All channels are exclusive.
NOTE: The channels shown in the table are for displaying purposes only. Categorization of
events into separate channels used in the fitting procedure uses finer E?S binning. * denotes
control channels.

] Source of Uncertainty \ Uncertainty ‘
Luminosity 4.5%
PDF 14%
Renormalization Scale 10%
Efr“iss Resolution/Smearing: 0-50 GeV, 50-100 GeV, > 100 GeV | (-3%, +4%, +4%)
Jet Energy Scale W*Z 0.5% (WZ)
B-Tag Veto 0.1% (WZ), 6% (tf)
Muon ID/Isolation at 10 (100) GeV 11% (0.2%)
Electron ID/Isolation at 10 (100) GeV 14 % (0.6%)
tt cross-section/fake rate 50%
WZ cross-section 6%
Z.Z cross-section 12%

Table 5: The systematic uncertainties associated with this analysis. The EM® resolution sys-
tematic is given for WZ background on Z for different cuts on Ef"** and for different cuts on
Mr given a cut of EV*° > 50 GeV.

7.2 Exclusion in the Slepton co-NLSP Scenario

In supersymmetry, multilepton final states arise naturally in the subset of GMSM parameter
space where the right-handed sleptons are flavor-degenerate and at the bottom of the mini-
mal supersymmetric standard model (MSSM) mass spectrum. The Higgsinos are decoupled.
Supersymmetric production proceeds mainly through pairs of squarks and/or gluinos. Cas-
cade decays of these states eventually pass sequentially through the lightest neutralino (§, § —
x° + X), which decays into a slepton and a lepton (x° — ¢=¢¥). Each of the essentially de-
generate right-handed sleptons promptly decays to the Goldstino component of the almost
massless and non-interacting gravitino and a lepton (¢ — G/) thus yielding events with four
or more hard leptons and missing energy. Such scenarios have a high cross section with little
background [16]. The 95% CL exclusion limit for the slepton co-NLSP model is shown in fig. 6.
The exclusion curve asymptotes to the horizontal in regions dominated by strong superpart-
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Figure 6: 95% C.L. limits for the slepton co-NLSP scenario as a function of the gluino mass
and the wino-like chargino mass are shown. Masses to the left of the curve are excluded. The
top figure shows 1o and 20 uncertainty bands and the bottom figure shows the observed 95%
excluded cross sections in addition.

ner production, and to the vertical in regions dominated by weak superpartner production.
With strong superpartners decoupled, the production is dominated by wino-like chargino-
neutralino and chargino-chargino production, as well as pair production of sleptons with lower
masses that are set by the gauge ordered superpartner mass spectra. The discrepancy between
the observed and expected limits at the vertical asymptote is driven by statistical fluctuations
in certain channels. More precisely, in the 4-lepton channel with low Hr, OSSF2, off-Z, 0 7, 0
b-jets and EXsS between 50-100 GeV, we see 2 observed events with an expected background
of 0.05 events. This statistical fluctuation is the main reason for the discrepancy.

7.3 Exclusion in the 3rd Generation Scenario T1tttt

The simplified model spectra (SMS) have been introduced to produce a given topological sig-
nature by limiting the number of particles and decay chains. These models allow comparisons
between topologies that are more sensitive to the final state and kinematic selections than the
assumptions of a more physically motivated model. One SMS of particular interest is the 3rd
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Figure 7: Exclusion limits in the gluino-LSP mass plane for model T1tttt. Masses to the left and
below the diagonal line are excluded. The top figure shows 1¢ and 2¢ uncertainty bands and
the bottom figure shows the observed 95% excluded cross sections in addition.

generation model denoted by T1tttt(gluino-mediated stop production), which refers to gluino
pair production with the squark decoupled where the gluino directly decays to a ttbar pair and
a neutralino (the LSP in this scenario). See figure 2. This scenario is characterized by four
top quarks in the final state, which results in four b-jets and four W bosons. Some CMS anal-
yses [38—40] were reinterpreted in this SMS. In addition to producing four b-jets, this model
produces large HT and can produce up to four leptons with significant MET. Events with three
and four leptons with large HT, large MET, and multiple b-jets have little background. The 95%
CL exclusion limits in the gluino-LSP mass plane are shown in fig. 7.

8 Conclusion

We have performed a search for physics beyond the SM using a variety of multilepton final
states. We see good agreement between observations and expectations in channels with large
SM expectations both on-Z and off-Z.
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Taking advantage of the high center-of-mass energy at the LHC, we were able to probe new
regions of the slepton co-NLSP and T1tttt models.
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