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A model-independent search for physics beyond the standard model in events with at
least three leptons is presented. The data sample corresponds to 19.5 fb−1 of integrated
luminosity in pp collisions at

√
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in 2012. Data is binned in exclusive channels characterized by lepton charge and flavor
combinations, the magnitude of missing transverse energy and jet activity in the event, the
invariant mass of opposite-sign lepton pairs consistent or inconsistent with decay of a Z
boson, and the presence or absence of b-quarks and taus. The observations are consistent
with expectations from standard model processes. We characterize the sensitivity of this
analysis to new physics by interpreting the results in various supersymmetric models that
yield multilepton final states including ones with Higgs bosons arising from supersymmet-
ric decays. Finally, we place a 95% confidence level limit on the branching ratio for t → ch
decays. We find that BR(t → ch) < 0.31%, corresponding to a bound on the top-charm

flavor violating Higgs Yukawa couplings of
√
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ct|2 < 0.10.
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1 Introduction
Hadronic collisions yielding three or more electrons, muons, or taus (which define the “multi-
lepton” signature) serve as an ideal final state to search for physics beyond the standard model
(SM), as such final states are relatively rare in the SM but can be produced at high rates in new
physics scenarios involving Electroweak processes or partner particles of gauge bosons and
leptons [1].

In order to characterize the sensitivity of this analysis to possible new physics we use super-
symmetry (SUSY) as a benchmark model. SUSY is a well regarded candidate for a beyond the
standard model (BSM) theory because it solves the hierarchy problem, allows the unification
of the gauge couplings, and may provide a candidate particle for dark matter [2–4].

A wide variety of SUSY scenarios yield events with multiple leptons. Below we describe three
low scale SUSY/GMSB scenarios and two simplified model spectra (SMS) scenarios used to
interpret these results [5, 6]. These scenarios encompass a range of coupling strengths, fla-
vors, and intermediate particle identity, and are chosen to illustrate the reach of the analysis in
different regimes.

Furthermore, we expoit the broad sensitivity of this analysis to set a limit on the flavor chang-
ing t → ch decay which – if observed – would provide evidence of new physics beyond the
standard model. In the absence of statistically significant signal, the results can be used to set
an upper bound on the top-charm flavor violating Higgs Yukawa couplings.

The exclusive final states are defined by lepton flavor, total hadronic energy in the event (HT),
Emiss

T and the presence or absence of b-tagged jets. The search channels are coarsely divided
in HT and finely binned in Emiss

T . The events are further segregated according to the pres-
ence or absence of a leptonically decaying Z candidate as determined by the invariant mass of
opposite-sign same-flavor (OSSF) pairs.

2 Data Samples and Event Selection
The data sample used in this analysis was recorded in 2012 with the CMS detector at the LHC
and corresponds to an integrated luminosity of 19.5 fb−1. The data used for the search has
been collected using the double-lepton (double-electron, double-muon, muon-electron) trig-
gers. The transverse momentum (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 sample independently triggered by HT, defined as the scalar sum of the transverse mo-
mentum of all jets with pT > 30 GeV and |η| < 2.5, assuming no correlations between these
and the signal triggers. For events containing an electron or muon with pT > 20 GeV, relevant
for this analysis, the double-electron, double-muon, and muon-electron triggers efficiencies
plateau at 95%, 90%, and 93% respectively. The double-muon trigger efficiency is essentially
flat in pT whereas double-electron and electron-muon cross trigger efficiencies show some pT
dependence. For pT < 20 GeV double electron trigger efficiency is 82% while the electron-
muon cross trigger efficiency is 86%. 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.

This analysis requires the presence of at least three reconstructed lepton candidates. The al-
lowed candidates include electrons, muons and hadronically-decaying taus (τh); taus decaying
leptonically (τ`) are included in the electron and muon counting. We use electrons and muons
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with pT ≥ 10 GeV and |η| < 2.4. They are reconstructed using measured quantities from the
tracker, calorimeter, and muon system using particle-flow (PF) algorithms [7]. The matching
candidate tracks must satisfy quality requirements and spatially match with the energy de-
posits in the electromagnetic calorimeter and the tracks in the muon detectors, as appropriate.
Details of reconstruction and identification can be found in Ref. [8] for electrons and in Ref. [9]
for muons.

The hadronic tau decays predominantly 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 τh
decays, reconstructed using the hadron plus strips (HPS) PF method [10]. We require the visible
pT of the τ to be greater than 20 GeV and |η| ≤ 2.3.

We use PF isolation for our electrons and muons. An isolation requirement strongly reduces the
background from misidentified leptons and leptons from the decays of heavy-flavor mesons,
since most of them occur inside jets. We define the relative isolation Irel as the ratio of the sum of
the calorimeter energy and pT of any other tracks in the cone defined by ∆R =

√
(∆η)2 + (∆φ)2 <

0.3 around the lepton to the pT of the lepton. For electrons and muons, we require Irel < 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 ∆R < 0.5 is less than 2 GeV after subtracting the average
expected contribution from additional overlapping pp interactions in the same and preceding
bunch crossing. We use the same 0.02 cm cut for electrons and muons on the impact parameter
(dxy) between the track and the event vertex. We do not explicitly make a dxy cut for taus but
instead use recommended tau discriminants.

Only prompt leptons are selected in this analysis, as leptons in the theoretical models consid-
ered for the interpretation of the results originate from the interaction point. After the isolation
selection, non-prompt leptons from heavy quark decays can be misidentified as prompt lep-
tons, where the lepton tends to be more isolated because of the high pT with respect to other
visible particles within the jet. This background is reduced by requiring that the leptons orig-
inate from within half a centimeter of the primary vertex in z and that dxy ≤ 0.02 cm. The
isolation and promptness criteria would retain the SUSY signal of prompt leptons, but restrict
the background from misidentified leptons in the signal region. Although the fake leptons
dominate the highly populated channels some of the more sensitive channels are dominated
by diboson production. We reject events with m(`+`−) < 12 GeV in order to reject low mass
Drell Yan and low mass resonances like J/ψ and Υ. In order to remove leptons from conver-
sions (internal and external) that arise from final state radiation from the Z daughters in the
low-Emiss

T and low-HT region, we reject events, which satisfy both |m(`+`−)− mZ| > 15 GeV
and |m(`+`−`′±)−mZ| < 15 GeV.

All detector simulations are performed using GEANT4 [11]. The important SM backgrounds
for this analysis (tt̄ quark pairs, and double vector boson production) were generated using
MADGRAPH [12]. We use the CTEQ6.6 parton distribution functions [13]. 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.
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3 Search Strategy
Candidate events in this search must have at least three lepton candidates, where at most one
of them is a hadronic τ candidate. 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 or electron is required to have pT > 20 GeV
while additional muons and electrons are required to have pT > 10 GeV. Taus are required
to have visible pT > 20 GeV. We classify multilepton events into search channels on the basis
of the number of leptons, lepton and jet flavor as well as charge and flavor combinations and
other kinematic quantities described below.

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. We denote
a lepton pair of different flavors as ``′, where ` indicates an electron or a muon. For example,
both µ+µ−µ− and µ+µ−e− type events are categorized as OSSF1, µ+µ+e− is OSSF0, and a
µ+µ−e+e− event is qualified as OSSF2. The level of the SM background varies considerably
across the channels. Channels with hadronic tau decays or containing OSSF pairs suffer from
larger background contamination compared to channels with OSSF0. To maximize the overall
sensitivity of the search, all these charge combinations are considered as separate channels.

We further classify events as containing a leptonically-decaying Z if at least one OSSF pair
has reconstructed invariant mass (m`+`−) 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.

An event is considered to contain b-jets if at least one jet passes the b jet discriminant which
uses the CMS “Combined Secondary Vertex algorithm” [14]. The discriminant has a tagging
efficiency of 70% and a misidentification rate for light flavor jets less than 2% for the medium
working point. We classify events according to the presence or absence of b-jets. Jets are re-
constructed using particles with |η| ≤ 2.5 via the PF algorithm [7] and we use the anti-kT
algorithm [15] with a distance parameter of 0.5.

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 HT. Jets used for the HT determination must be
well separated from any identified leptons and this is enforced by requiring no isolated leptons
in a cone ∆R < 0.3 around the jet axis. In this search, we classify events as having HT greater
or less than 200 GeV.

The missing transverse energy, Emiss
T , is defined as the magnitude of the vector sum of the

momenta of all particle candidates reconstructed with the CMS Particle Flow [7] algorithm.
Comparison between data and simulation shows good modeling of Emiss

T for processes with
genuine Emiss

T from invisible neutrinos [16, 17]. In this search, the Emiss
T is divided into four 50

GeV wide bins from 0 to 200 GeV and a fifth bin containing events with Emiss
T ≥ 200 GeV.
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4 Background Estimation
4.1 Background from Non-prompt Leptons or Tau Candidates

The largest background remaining after the requirement of at least three-lepton candidates
originates from Z-boson production with associated jets, in which the Z boson decays leptoni-
cally and a third lepton is a result of misidentification from a jet in the event. This background
dominates the lower Emiss

T and HT channels. Higher Emiss
T and HT cut suppress the component

that originates from the Z+jets. Since the QCD component of the simulation cannot be deemed
reliable as such misidentifications happen when rare fluctuations occur in jet fragmentation, we
use data to estimate background contributions from processes with two genuine leptons and
one or more misidentified leptons such as Z(→ 2`) + jets and W+W−(→ 2`) + jets, known as
the Drell-Yan production.

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 selected lepton candidates
from jets. This conversion factor is measured in control samples where no signal is expected
to be present, such as in low-Emiss

T , low-HT samples. This method has also been used in previ-
ous analyses [18]. We measure the conversion factor between isolated tracks and muon (elec-
tron) candidates to be 0.6%± 0.2% (0.7%± 0.2%) 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 µ+µ−+isolated track sample and the corresponding rates measured in e+e−+isolated track
sample. Therefore, the number of isolated tracks in the control sample is multiplied by the
conversion factor. For example, 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. 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 of non-isolated tracks in the data, as the impact parameter of tracks coming
from heavy flavor decays is much larger as compared to tracks coming from pion and kaon
decays.

For channels with τh, we loosen the isolation requirements to get a conversion factor between
loose taus and isolated taus [18].

In particular, we extrapolate from the sideband distribution 6 GeV < I < 15 GeV to the signal
distribution I < 2 GeV, where I is the sum of the contribution in a cone of radius 0.3 in ∆R =√
(∆η)2 + (∆φ)2 around the τh candidate. The conversion factor, defined as the ratio of the

number of tau candidates in the signal region to the number of tau candidates in the sideband
region, is (20± 6)%. We study the variation of this ratio for a number of jet-dominated samples
and assign a 30% systematic uncertainty for it. The ratio is multiplied by the number of events
with 2`+1 sideband τ.

4.2 Irreducible Background from WZ production

The SM can produce three or more genuine prompt leptons with Emiss
T or HT 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 the expected
rate of these events is obtained from theory and Monte Carlo simulations. The uncertainty of
the theoretical cross section is 6%.

Again, we correct the simulation to match measured lepton efficiencies and Emiss
T resolution
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in the same way as was done for tt̄. To correct the Emiss
T resolution, we subdivide the Emiss

T
distribution as a function of the number of vertices and HT 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 worse Emiss

T resolution.

On the other hand, a larger HT indicates higher jet activity, leading to systematically larger tails
in the Emiss

T distribution due to mis-reconstruction. We model the Emiss
T for events without real

Emiss
T (from neutrinos) as a sum of Rayleigh distributions given by

p(x) = ∑
ij

Wij
x

σ2
ij

e−x2/2σ2
ij (1)

where “i” represents the number of vertices in the event and “j” indicates the HT bin, and the
weight Wij is the fraction of events in the bin. Coefficients σij are fitted for and characterize the
Emiss

T resolution in both dilepton data and the simulation. We then smear the Emiss
T in simulation

on an event by event basis to match the coefficients with data. The magnitude of the correction
to the Emiss

T 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.

The simulation is checked against control samples. We validate this procedure by comparing
with data samples enriched in WZ-production, the dominant contribution to trilepton signa-
tures from diboson+jets. WZ samples can be selected by requiring three leptons, 50 GeV <
Emiss

T < 100 GeV, and an on-shell Z i.e. an OSSF pair with the invariant mass satisfying
75 GeV < m`` < 105 GeV and HT < 200 GeV.

Figure 1 shows the Emiss
T distribution in the WZ control region. These backgrounds are well

modeled by the simulation.
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Figure 1: Distributions for Emiss
T in the WZ and opposite sign eµ dilepton tt̄ control regions.

4.3 Background from tt̄ Production

This background contribution is estimated from simulation after careful validation in the sin-
gle lepton and dilepton control regions enriched with tt̄. We correct the simulation to match
measured lepton efficiencies and the Emiss

T resolution. The single lepton control region requires
one isolated muon with pT > 30 GeV, at least three jets, one of which must satisfy a medium
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Figure 2: Distribution for HT in the opposite sign eµ dilepton tt̄ control region.

b-tagging working point, and the sum of HT, Emiss
T , and all selected lepton pT (ST) > 300 GeV,

and is used to study the relative isolation distribution of non-prompt lepton from b-jets. The
dilepton control region requires an opposite-sign eµ pair and is used to compare kinematical
variables like ST, HT, and Emiss

T between data and simulation. In addition, the distribution of
the number of jets is reweighted to match data in the dilepton control region. We observed
good agreement in the kinematic variables ST, HT, and Emiss

T , and we apply a correction fac-
tor for the isolation distribution of leptons from jets. Figures 1 and 2 show the Emiss

T and HT
distributions for the opposite sign eµ dilepton tt̄ control region, respectively.

4.4 Backgrounds from Asymmetric Internal 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 material of the detector. This conversion is predominantly into e+e− 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 pT and does not pass the selection criteria, Drell-Yan processes with such
conversions can lead to a significant background for three lepton signatures.

Simulation cannot be relied upon to evaluate this background correctly, since the soft lepton
pT is often below the generator-level pT thresholds. Data-based measurements of the photon
to e/µ conversion factors provide an estimate of asymmetric photon conversion backgrounds.

We measure the conversion factors in a control region where new physics is suppressed (low
Emiss

T and low HT). The ratio of the number of events with |m(`+`−`′±) − mZ| < 15 GeV or
|m(`+`−`±)−mZ| < 15 GeV to the number of events with |m(`+`−γ)−mZ| < 15 GeV defines
the conversion factor, which is 0.7%± 0.1% (2.0%± 0.3%) for muons (electrons) [18]. The un-
certainties are statistical only. We assign systematic uncertainties of 50% to these conversion
factors from our underlying assumption of proportionality between virtual and on-shell pho-
tons. The measured conversion factors are then used to estimate the background in the signal
regions from the observed number of `+`−γ events in the signal regions. The background con-
tribution from these converted photons is small after the final selection cuts, as will be shown
in the next section.
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5 Results and their Interpretation
Tables 1, 2, 3 and 4 show the expected and observed numbers of three- and four-lepton events
after the Emiss

T and HT requirements. Categorization of events into separate channels used in
the fitting procedure uses finer Emiss

T binning. The channels have been combined into coarse
Emiss

T 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 Emiss

T < 50 GeV and/or HT < 200 GeV combined
with or without a Z candidate in the event. Furthermore, the channels are classified according
to the number of τ candidates as well as the number of b-jets (columns) which shows the larger
background for events including hadronic τ decay candidates and no b-jets.

The observed number of events in the channels we examine is largely consistent with expecta-
tions.

Selection Emiss
T N(τh)=0, Nb−jets=0 N(τh)=1, Nb−jets=0 N(τh)=0, Nb−jets≥1 N(τh)=1, Nb−jets≥1

4 Lepton Results obs exp obs exp obs exp obs exp
OSSF0 HT > 200 NA (100,∞) 0 0.01 ± 0.03 0 0.01 ± 0.06 0 0.02 ± 0.04 0 0.11 ± 0.08
OSSF0 HT > 200 NA (50,100) 0 0.0+0.02

−0.00 0 0.01 ± 0.06 0 0.0+0.03
−0.00 0 0.12 ± 0.07

OSSF0 HT > 200 NA (0,50) 0 1e-05 ± 0.02 0 0.07 ± 0.1 0 0.0+0.02
−0.00 0 0.02 ± 0.02

OSSF1 HT > 200 off-Z (100,∞) 0 0.005 ± 0.02 1 0.25 ± 0.11 0 0.13 ± 0.08 0 0.12 ± 0.12
OSSF1 HT > 200 on-Z (100,∞) 1 0.1 ± 0.06 0 0.5 ± 0.27 0 0.42 ± 0.22 0 0.42 ± 0.19
OSSF1 HT > 200 off-Z (50,100) 0 0.07 ± 0.06 1 0.29 ± 0.13 0 0.04 ± 0.04 0 0.23 ± 0.13
OSSF1 HT > 200 on-Z (50,100) 0 0.23 ± 0.11 1 0.7 ± 0.31 0 0.23 ± 0.13 1 0.34 ± 0.16
OSSF1 HT > 200 off-Z (0,50) 0 0.02 ± 0.03 0 0.27 ± 0.12 0 0.03 ± 0.04 0 0.31 ± 0.15
OSSF1 HT > 200 on-Z (0,50) 0 0.2 ± 0.08 0 1.3 ± 0.47 0 0.06 ± 0.04 1 0.49 ± 0.19
OSSF2 HT > 200 off-Z (100,∞) 0 0.01 ± 0.02 - - 0 0.01 ± 0.06 - -
OSSF2 HT > 200 on-Z (100,∞) 1 0.15 ± 0.16 - - 0 0.34 ± 0.18 - -
OSSF2 HT > 200 off-Z (50,100) 0 0.03 ± 0.02 - - 0 0.13 ± 0.09 - -
OSSF2 HT > 200 on-Z (50,100) 0 0.8 ± 0.4 - - 0 0.36 ± 0.19 - -
OSSF2 HT > 200 off-Z (0,50) 1 0.27 ± 0.13 - - 0 0.08 ± 0.05 - -
OSSF2 HT > 200 on-Z (0,50) 5 7.4 ± 3.5 - - 2 0.8 ± 0.4 - -

Table 1: A comparison of the number of observed events with the background expectation for
19.5 fb−1 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 mll < 75 GeV, above-Z means
mll > 105 GeV, on-Z means mll between 75 and 105 GeV), and the HT and Emiss

T requirements.
Labels along the top of the table give the number of τh candidates, 0 or 1 and the number of
b-jets which is 0 or ≥1. All channels are exclusive. Note that the upper limits presented in this
analysis have been obtained using channels defined with finer segmentation in Emiss

T .

5.1 Systematic Uncertainties and Statistical Procedures

We discuss the sources of systematic uncertainty on the signal acceptance times efficiency 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 uncertain-
ties. All channels share systematic uncertainties for luminosity, renormalization scales, parton
distribution functions, and trigger efficiency. The precision in estimating lepton selection ef-
ficiencies increases with lepton pT. For a typical slepton co-NLSP signal scenario which has
leptons with pT in excess of 20 GeV, the lepton identification and isolation efficiency system-
atic uncertainty is ∼ 1.5% per lepton. Overall, the total systematic uncertainties on the vari-
ous signal channels vary between 3% and 40%, including lepton efficiency uncertainties, b-tag
uncertainties, Emiss

T uncertainties and the luminosity uncertainties. The ISR uncertainty is es-
timated by studying how the signal events migrate between the HT bins when additional HT
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Selection Emiss
T N(τh)=0, Nb−jets=0 N(τh)=1, Nb−jets=0 N(τh)=0, Nb−jets≥1 N(τh)=1, Nb−jets≥1

4 Lepton Results obs exp obs exp obs exp obs exp
OSSF0 HT < 200 NA (100,∞) 0 0.11 ± 0.08 0 0.17 ± 0.1 0 0.03 ± 0.04 0 0.04 ± 0.04
OSSF0 HT < 200 NA (50,100) 0 0.01 ± 0.03 2 0.7 ± 0.33 0 0.0+0.02

−0.00 0 0.28 ± 0.16
OSSF0 HT < 200 NA (0,50) 0 0.01 ± 0.02 1 0.7 ± 0.3 0 0.001 ± 0.02 0 0.13 ± 0.08
OSSF1 HT < 200 off-Z (100,∞) 0 0.06 ± 0.04 3 0.6 ± 0.24 0 0.02 ± 0.04 0 0.32 ± 0.2
OSSF1 HT < 200 on-Z (100,∞) 1 0.5 ± 0.18 2 2.5 ± 0.5 1 0.38 ± 0.2 0 0.21 ± 0.1
OSSF1 HT < 200 off-Z (50,100) 0 0.18 ± 0.06 4 2.1 ± 0.5 0 0.16 ± 0.08 1 0.45 ± 0.24
OSSF1 HT < 200 on-Z (50,100) 2 1.2 ± 0.34 9 9.6 ± 1.6 2 0.42 ± 0.23 0 0.5 ± 0.16
OSSF1 HT < 200 off-Z (0,50) 2 0.46 ± 0.18 15 7.5 ± 2 0 0.09 ± 0.06 0 0.7 ± 0.31
OSSF1 HT < 200 on-Z (0,50) 4 3 ± 0.8 41 40 ± 10 1 0.31 ± 0.15 2 1.5 ± 0.47
OSSF2 HT < 200 off-Z (100,∞) 0 0.04 ± 0.03 - - 0 0.05 ± 0.04 - -
OSSF2 HT < 200 on-Z (100,∞) 0 0.34 ± 0.15 - - 0 0.46 ± 0.25 - -
OSSF2 HT < 200 off-Z (50,100) 2 0.18 ± 0.13 - - 0 0.02 ± 0.03 - -
OSSF2 HT < 200 on-Z (50,100) 4 3.9 ± 2.5 - - 0 0.5 ± 0.21 - -
OSSF2 HT < 200 off-Z (0,50) 7 8.9 ± 2.4 - - 1 0.23 ± 0.09 - -
OSSF2 HT < 200 on-Z (0,50) *156 159 ± 34 - - 4 2.9 ± 0.8 - -

Table 2: A comparison of the number of observed events with the background expectation for
19.5 fb−1 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 mll < 75 GeV, above-Z means
mll > 105 GeV, on-Z means mll between 75 and 105 GeV), and the HT and Emiss

T requirements.
Labels along the top of the table give the number of τh candidates, 0 or 1 and the number
of b-jets which is 0 or ≥1. All channels are exclusive. Note that the upper limits presented
in this analysis have been obtained using channels defined with finer segmentation in Emiss

T .
Channels marked with an asterisk are used as control regions and are excluded from the limit
calculations.

Selection Emiss
T N(τh)=0, Nb−jets=0 N(τh)=1, Nb−jets=0 N(τh)=0, Nb−jets≥1 N(τh)=1, Nb−jets≥1

3 Lepton Results obs exp obs exp obs exp obs exp
OSSF0 HT > 200 NA (100,∞) 5 3.7 ± 1.6 35 33 ± 14 1 5.5 ± 2.2 47 61 ± 30
OSSF0 HT > 200 NA (50,100) 3 3.5 ± 1.4 34 36 ± 16 8 7.7 ± 2.7 82 91 ± 46
OSSF0 HT > 200 NA (0,50) 4 2.1 ± 0.8 25 25 ± 9.7 1 3.6 ± 1.5 52 59 ± 29
OSSF1 HT > 200 above-Z (100,∞) 5 3.6 ± 1.2 2 10 ± 4.8 3 4.7 ± 1.6 19 22 ± 11
OSSF1 HT > 200 below-Z (100,∞) 7 9.7 ± 3.3 18 14 ± 6.4 8 9.1 ± 3.4 21 23 ± 11
OSSF1 HT > 200 on-Z (100,∞) 39 61 ± 23 17 15 ± 4.9 9 14 ± 4.4 10 12 ± 5.8
OSSF1 HT > 200 above-Z (50,100) 4 5 ± 1.6 14 11 ± 5.2 6 6.8 ± 2.4 32 30 ± 15
OSSF1 HT > 200 below-Z (50,100) 10 11 ± 3.8 24 19 ± 6.4 10 9.9 ± 3.7 25 32 ± 16
OSSF1 HT > 200 on-Z (50,100) 78 80 ± 32 70 50 ± 11 22 22 ± 6.3 36 24 ± 9.8
OSSF1 HT > 200 above-Z (0,50) 3 7.3 ± 2 41 33 ± 8.7 4 5.3 ± 1.5 15 23 ± 11
OSSF1 HT > 200 below-Z (0,50) 26 25 ± 6.8 110 86 ± 23 5 10 ± 2.5 24 26 ± 11
OSSF1 HT > 200 on-Z (0,50) *135 127 ± 41 542 543 ± 159 31 32 ± 6.5 86 75 ± 19

Table 3: A comparison of the number of observed events with the background expectation for
19.5 fb−1 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 mll < 75 GeV, above-Z means
mll > 105 GeV, on-Z means mll between 75 and 105 GeV), and the HT and Emiss

T requirements.
Labels along the top of the table give the number of τh candidates, 0 or 1 and the number
of b-jets which is 0 or ≥1. All channels are exclusive. Note that the upper limits presented
in this analysis have been obtained using channels defined with finer segmentation in Emiss

T .
Channels marked with an asterisk are used as control regions and are excluded from the limit
calculations.

due to initial state radiation is injected. We take this additional HT distribution from a dataset
where the jets are expected to originate from ISR. The associated uncertainty ranges between
0 % and 10 % depending on the mass point and channel under consideration. Cross section
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Selection Emiss
T N(τh)=0, Nb−jets=0 N(τh)=1, Nb−jets=0 N(τh)=0, Nb−jets≥1 N(τh)=1, Nb−jets≥1

3 Lepton Results obs exp obs exp obs exp obs exp
OSSF0 HT < 200 NA (100,∞) 7 11 ± 4.9 101 111 ± 54 13 10 ± 5.3 87 119 ± 61
OSSF0 HT < 200 NA (50,100) 35 38 ± 15 406 402 ± 152 29 26 ± 13 269 298 ± 151
OSSF0 HT < 200 NA (0,50) 53 51 ± 11 910 1035 ± 255 29 23 ± 10 237 240 ± 113
OSSF1 HT < 200 above-Z (100,∞) 18 13 ± 3.5 25 38 ± 18 10 6.5 ± 2.9 24 35 ± 18
OSSF1 HT < 200 below-Z (100,∞) 21 24 ± 9 41 50 ± 25 14 20 ± 10 42 54 ± 28
OSSF1 HT < 200 on-Z (100,∞)l 150 152 ± 26 39 48 ± 13 15 14 ± 4.8 19 23 ± 11
OSSF1 HT < 200 above-Z (50,100) 50 46 ± 9.7 169 139 ± 48 20 18 ± 8 85 93 ± 47
OSSF1 HT < 200 below-Z (50,100) 142 125 ± 27 353 355 ± 92 48 48 ± 23 140 133 ± 68
OSSF1 HT < 200 on-Z (50,100) *773 777 ± 116 1276 1154 ± 306 56 47 ± 13 81 75 ± 32
OSSF1 HT < 200 above-Z (0,50) 178 196 ± 35 1676 1882 ± 540 17 18 ± 6.7 115 94 ± 42
OSSF1 HT < 200 below-Z (0,50) 510 547 ± 87 9939 8980 ± 2660 34 42 ± 11 226 228 ± 63
OSSF1 HT < 200 on-Z (0,50) *3869 4105 ± 666 *50188 50162 ± 14984 *148 156 ± 24 906 925 ± 263

Table 4: A comparison of the number of observed events with the background expectation for
19.5 fb−1 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 mll < 75 GeV, above-Z means
mll > 105 GeV, on-Z means mll between 75 and 105 GeV), and the HT and Emiss

T requirements.
Labels along the top of the table give the number of τh candidates, 0 or 1 and the number
of b-jets which is 0 or ≥1. All channels are exclusive. Note that the upper limits presented
in this analysis have been obtained using channels defined with finer segmentation in Emiss

T .
Channels marked with an asterisk are used as control regions and are excluded from the limit
calculations.

uncertainties are treated separately based on the uncertainties provided with their calculation.

Source of Uncertainty Uncertainty
Luminosity 4.4%

PDF 14%
Renormalization Scale 10%

Emiss
T 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% (tt̄)

Muon ID/Isolation at 10 (100) GeV 11% (0.2%)
Electron ID/Isolation at 10 (100) GeV 14% (0.6%)

Tau ID/Isolation at 10 (100) GeV 2% (1.1%)
tt̄ cross-section/fake rate 50%

WZ normalization 6%
ZZ normalization 12%

Internal conversion fake rate 100%

Table 5: The systematic uncertainties associated with this analysis. The Emiss
T resolution sys-

tematic is given for WZ background on Z for different cuts on Emiss
T and for different cuts on

MT given a cut of Emiss
T > 50 GeV.

To calculate limits on signal parameters and cross sections, we divide the channels shown in Ta-
bles 1, 2, 3 and 4 by lepton flavor and perform a counting experiment using the observed event
yields, the background expectations, and the signal expectations as inputs. We combine the
limits from the channels with the highest individual expected sensitivities, which we require in
aggregate to contain at least 90% of the signal acceptance at the relevant model grid point [18].
We use the LHC-type CLs method in the limit calculation [19–22]. We use log-normal nuisance
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parameters for the signal- and background-estimate uncertainties.

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) [20–22] with the LHC-
style test statistic.

6 Benchmark Supersymmetric Scenarios
SUSY is a suitable model to represent new physics with multiple leptons. Multilepton final
states can arise in several SUSY scenarios. We demonstrate the sensitivity of this search in the
context of five benchmark MSSM scenarios involving superpartners of the leptons (sleptons,
staus), bottom quark (sbottom), and top quark (stop).
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Figure 3: Mass spectra for the GMSB scenarios.

The first three scenarios which will be presented feature the gravitino as the lightest supersym-
metric particle (LSP) that escapes the detector, but differ greatly in the strength of production
mechanism. The fourth and fifth scenarios proceed through production of partners of third
generation quarks, and yield final states enriched with heavy flavor and multiple leptons.

The natural SUSY Higgsino next-to-lightest supersymmetric particle (NLSP) scenario includes
stop squark production with cascade decays to a neutral di-boson pair that can include one
or two Higgs bosons, and missing energy [23]. Depending on the mass choices, the slepton
co-NLSP model can produce squarks and gluinos with relatively large cross sections as well
as weakly interacting particles, which then decay to multiple leptons and large missing trans-
verse energy (Emiss

T ). At the other extreme of relatively low cross section, the stau-NLSP pro-
ceeds through electroweak production of right-handed sleptons, and yields two τ leptons and
relatively soft leptons or vice versa. Together, these two scenarios span a range of sensitivities
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Figure 4: Mass spectra for the SMS scenarios.

to new physics production and decay topologies. Scenarios such as slepton co-NLSP have a
high cross section with little background while scenarios like stau-(N)NLSP with their small
production cross section present a more challenging multilepton signature.

The T1tttt and T6ttWW models both with 100% branching ratio proceed through third gen-
eration superpartners, and have neutralinos as the LSP in the final state. The T1tttt features
gluino pair production, which decay to four top quarks, leading to multiple b-quarks, leptons
and Emiss

T in the final state. The T6ttWW features direct sbottom pair production, which decay
to two top quarks and two W bosons. Together, the two scenarios show the reach of the mul-
tilepton analysis in new physics models with heavy flavor final states. The mass spectra and
Feynman diagrams for the various scenarios are given in Figs. 3, 4, and 5.

In summary, the slepton co-NLSP model populates the high-Emiss
T and 3 and 4 lepton channels

and depending on the mass spectrum it may or may not populate the high-HT region, while
the stau-NLSP and stau-NNLSP populate the channels with taus and large-Emiss

T . The T1tttt
and T6ttWW populate the channels with b-tagged jets and the former prefers the high-HT
channels. The natural Higgsino NLSP scenario, on the other hand, has the distinct feature
that the signal is more widely spread out over the search channels than any of the other four
scenarios, including both on- and off-Z channels, depending on what the higgsino decays to.

Signal events for the slepton co-NLSP, stau-(N)NLSP, T1tttt, and T6ttWW scenarios were made
using PYTHIA [24], a leading order (LO) generator, while signal events for the Natural Higgsino
NLSP scenario were made using MADGRAPH with showering of the events done in PYTHIA.
For the Natural Higgsino NLSP scenario private cross sections for the strong and electroweak
production are used with a 20% theory uncertainty. Similarly, for the slepton co-NLSP and stau-
(N)NLSP scenarios we use private cross sections with a flat 30% theory uncertainty. The cross
sections were advanced to next-to-leading order (NLO) using k-factors from PROSPINO [25].
Official cross sections and their corresponding theory uncertainties are applied on the T1tttt
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Figure 5: Diagrams for decays in the natural Higgsino NLSP scenario (top center), where the
particles in parentheses are soft, the slepton co-NLSP scenario (middle left), the stau-NLSP
scenario (middle right), the T1tttt scenario (bottom left), and the T6ttWW scenario (bottom
right).

scenario [26]. As for the T6ttWW scenario, the official cross sections are used [27] with a flat
30% theory uncertainty.

6.1 Exclusion in the Natural Higgsino NLSP Scenario

We first present a natural Higgsino scenario. Production proceeds through right-handed stop–
anti-stop pairs (strong production) with cascade decays

t̃R → bχ̃+
1 , tχ̃0

i (2)

where i = 1, 2. The final decay in all cascades is
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χ̃0
1 → hG̃ or ZG̃ (3)

yielding an hh, ZZ, or hZ pair and Emiss
T from the G̃. Figure 5 (top center) illustrates this process.

We also include direct production of Higgsino pairs through electroweak processes. Therefore,
the Goldstino, G̃, is the LSP while the Higgsino is the next-to-lightest supersymmetric particle
(NLSP) for this scenario.

This model is particularly interesting and challenging because of the many decay modes avail-
able to the Higgs boson. We consider 7 decay channels of hh, namely WW*WW*, ZZ*ZZ*,
ττττ, WW*ZZ*, WWττ, ZZ*ττ, and ZZ*bb. These decays yield events with three or more
leptons. The Higgsinos, χ̃0

1 and χ̃0
2, are 5 GeV below and above the chargino-Higgsino, χ̃±1 ,

respectively, while the Goldstino, G̃, is assumed to be massless.

Figure 6 shows the excluded regions in the parameter space of this model for several choices
of branching ratios. Figure 7 shows our exclusions in the cross section times branching ratio
plane for fixed chargino mass. These curves are one dimensional slices of the plots in figure 6.
We have more exclusion power at lower chargino mass since the cross section is larger. The
Higgs dominant mode has less exclusion power due to the absence of EWKinos decaying to Z
bosons.

These effects are further demonstrated in our sliding branching ratio plots, figure 8. As we
go up in the vertical axis, the exclusion gets worse, again, because the branching ratio to Z
decreases, and we are left with pure Higgs production at the top of the figures.

6.2 Exclusion in the Slepton co-NLSP Scenario

In supersymmetry, multilepton final states arise naturally in GMSB with split messengers (GMSM)
where the right-handed sleptons are flavor-degenerate and at the bottom of the minimal su-
persymmetric standard model (MSSM) mass spectrum. The Higgsinos are decoupled. Su-
persymmetric production proceeds mainly through pairs of squarks and/or gluinos. Figure 5
(middle left) shows the schematic of the production and decay mechanism for the slepton co-
NLSP model. If mg̃ is moderately low, strong production dominates and arises through pairs
of squarks and gluinos, with cascade decays to the lightest neutralino and jets.

If instead, the gaugino masses are low, production takes place through chargino-neutralino
pairs, with cascade decays to the lightest neutralino. The relative importance of strong and
weak production depends on the ratio of gluino and chargino masses. Starting from any pro-
duction, all cascade decays of these states eventually pass sequentially through the lightest
neutralino, which decays to a right-handed slepton and a lepton. Starting from pair produc-
tion, these cascade decays lead to events with four or more hard leptons, jets, and missing
energy. The slepton co-NLSP model conserves R-parity and contains gravitinos as the stable
LSP. Scenarios of this type arise in a wide class of GMSM theories [28, 29] and can result in mul-
tilepton final states [5, 28–30]. The slepton co-NLSP scenario arises in the subset of the GMSM
parameter space where the right-handed sleptons are flavor-degenerate.

The 95% C.L. exclusion limit for the slepton co-NLSP model is shown in Fig. 9 (left). The
superpartner mass spectra for these benchmarks are parameterized by the masses for the light-
est chargino, χ̃±1 , and the gluino, g̃. The remaining superpartner masses are chosen to be
m˜̀R

= 0.3 mχ̃±1
, mχ̃0

1
= 0.5 mχ̃±1

, m˜̀L
= 0.8 mχ̃±1

, and mq̃ = 0.8 mg̃, with vanishing left-right
mixing for the squarks and sleptons, and the Higgsinos decoupled. The exclusion curve in
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Figure 6: 95% C.L. limits for the natural Higgsino NLSP scenario with Br(χ̃0
1 → hG̃) = Br(χ̃0

1 →
ZG̃) = 0.5 (top left), Br(χ̃0

1 → hG̃) = 1.0 (top right), and Br(χ̃0
1 → ZG̃) = 1.0 (bottom) for

strong plus electroweak production. The region to the bottom left of the contours is excluded.

regions dominated by strong superpartner production tend to asymptotically approach a hor-
izontal plateau while those dominated by weak superpartner production asymptotes towards
the vertical. 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.

6.3 Exclusion in the Stau-(N)NLSP Scenario

The stau-(N)NLSP model also conserves R-parity and contains gravitinos as the stable LSP. In
this case, the sleptons are assumed to be NLSPs. The stau-NLSP scenario arises for moderate to
large tan β where the right-handed stau is naturally lighter than the selectron or the smuon. In
the stau-NLSP scenario the right-handed stau is lighter than the flavor degenerate right-handed
smuon and selectron.

The selectron and smuon can then decay to the stau through the three-body decays

ẽR → τ̃Rτe µ̃R → τ̃Rτµ (4)

The leptons that are emitted in these transition are relatively soft in the decay rest frame. The
stau decays to a Goldstino and a tau
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Figure 7: 95% C.L. limits for the natural Higgsino scenario with strong plus electroweak pro-
duction for Br(χ̃0

1 → hG̃) = Br(χ̃0
1 → ZG̃) = 0.5 (top), Br(χ̃0

1 → hG̃) = 1.0 (middle), and
Br(χ̃0

1 → ZG̃) = 1.0 (bottom). The chargino-Higgsino mass is fixed at 150 GeV (left) and 350
GeV (right). The region to the bottom left of the contours is excluded. The vertical line on the
right illustrates the chargino-Higgsino mass; the space to the left of it is unphysical.

τ̃R → G̃τ (5)

Figure 5 (middle right) illustrates this process. Starting from the weak pair production, these
cascade decays then give rise to events with at least two taus, two other leptons, and missing
energy (and additional soft leptons). We also consider the scenario wherein the right-handed
stau is the next-to-next-to-lightest supersymmetric particle (NNLSP) and therefore heavier than
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Figure 8: 95% C.L. limits on Br(χ̃0
1 → hG̃) for the natural Higgsino NLSP scenario with fixed

chargino-Higgsino mass of 150 GeV (top left), 250 GeV (top right), and 350 GeV (bottom)
assuming Br(χ̃0

1 → hG̃) + Br(χ̃0
1 → ZG̃) = 1.0 and strong plus weak production. The region to

the bottom left of the contours is excluded. The vertical lines illustrate the chargino-Higgsino
mass; the space to the left of them is unphysical.
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Figure 9: 95% C.L. limits for the slepton co-NLSP model in the gluino-chargino (wino-like
chargino) mass plane (left) and for the stau-NLSP and stau-NNLSP scenario in the degenerate
smuon- and selectron- stau mass plane (right) are shown. Masses to the left of the curve are
excluded. The left figure shows 1σ and 2σ uncertainty bands while the right figure shows 1σ,
2σ, and 3σ uncertainty bands.
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the mass degenerate right-handed smuon and selectron, which will then be the NLSPs. Both
these scenarios in conjunction are referred to as the stau-(N)NLSP scenario.

The 95% C.L. exclusion limits for the stau-NLSP model is shown in Fig. 9 (right). When the
mass difference between the stau and the other sleptons is small, the leptons become soft. This
goes along with low signal efficiency which causes the exclusion contour to lie nearly parallel
to the diagonal in that region of mass parameter space. The discrepancy between expected
and observed 95% C.L. limits below the diagonal is driven by the 3(e/µ)+τh off Z channels
with no b-tags and HT < 200 GeV. The three relevant entries in Table 2 refer to an observed
(expected) yield of 15 (7.5± 2), 4 (2.1± 0.5), 3 (0.6± 0.24) events for the three different Emiss

T
bins. The probability of a statistical fluctuation in a single measurement with the expected yield
of 10± 2.4 events to result in 22 or more observed events is only about 1%. However, once trial
factors are incorporated to account for this analysis simultaneously looking at 64 individual
channels, the probability of encountering as significant a fluctuation in the sum of the three
Emiss

T bins as observed in data is about 50%. Alternatively, the joint probability to observe as
large an excess or larger for all three individual Emiss

T bins in one of the 64 channels is about 5%.
Correlated systematics are taken into account when evaluating these probabilities.

6.4 Exclusion in the 3rd Generation Scenario T1tttt

In the T1tttt scenario, the 3rd generation SUSY particles are produced via gluino-mediated
stop production. This is one of many simplified benchmark models used at the LHC to cover
an array of final states. We consider pair-production of gluinos where each gluino undergoes
an effective three-body decay in the SMS approximation to tt̃. Each off-shell stop then decays
to a tχ̃0

1 resulting in a final state with four tops [31]. The tops can decay to give multileptonic
final states.

In addition to frequently containing multiple leptons in the final state, these events also contain
four b-tagged jets. The SM background can be significantly reduced by using b-tagging, a
new feature of this analysis as compared to its previous version [18]. The main motivation for
looking at this model is that a SUSY model with light particles, gluino in particular, solves the
problem of fine-tuning of the Higgs mass. This is the first search to probe this signature in the
multilepton final state.

This scenario is characterized by four top quarks in the final state, which results in four b-jets
and four W bosons. In addition to producing four b-jets, this model produces large HT and
can produce up to four leptons with significant Emiss

T . Events with three and four leptons with
large HT, large Emiss

T , and multiple b-jets have little background.

The 95% C.L. exclusion limits in the g̃− χ̃0
1 mass plane are shown in Fig. 10 (left).

6.5 Exclusion in the 3rd Generation Scenario T6ttWW

In the T6ttWW scenario, we study possible SUSY signals with sbottom pair production. The
bottom squark decaying as

b̃1 → tχ̃−1 (6)

while the chargino decays as

χ̃−1 →W−χ̃0
1 (7)
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Figure 10: 95% C.L. limits for the T1tttt model in the gluino-neutralino mass plane (left) and for
the T6ttWW model in the sbottom-chargino mass plane (right) are shown. Masses to the left of
the curve which are below the diagonal are excluded. The figures show 1σ and 2σ uncertainty
bands.

The production mechanisms for T6ttWW are shown in Fig. 5 (bottom right). The final states is
then

tt̄W+W−χ̃0
1χ̃0

1 (8)

For simplicity we consider only mass parameters where the charginos are on-shell but the W
from the chargino decay is allowed to be on- or off-shell. This scenario is an example of a
“natural” SUSY which avoids excessive fine tuning [32].

Figure 10 (right) shows the exclusion for the T6ttWW scenario in the b̃1 − χ̃−1 mass plane. The
mass of the χ̃0

1 is assumed to be 50 GeV.

7 Limit on BR(t → ch)
We interpret the experimental results of this search in the context of the rare flavor-changing
decay of the top quark to a Higgs boson and a charm quark. Although not forbidden in the
standard model, the SM decay is suppressed both due to the Glashow-Iliopoulos-Maiani mech-
anism and second-third generation mixing [33]. Therefore, the SM branching ratio is quite
small (10−13–10−15). Observation of t → ch at a higher rate would therefore provide evidence
of new physics beyond the standard model.

Apart from that, this neutral flavor-changing decay can be used to directly probe flavor-violating
couplings of the Higgs sector for the top quark, which has the largest coupling to the Higgs sec-
tor. Furthermore, since up-type quark flavor violation is less well constrained than down-type
quark flavor violation, this process is of general experimental interest.

tt̄ production followed by one of the top quarks decaying in this way can give multi-lepton
final states, predominantly from the following Higgs decays:

• h→WW∗ → `ν`ν,

• h→ ττ,

• h→ ZZ∗ → jj``, νν``, ````.
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If the other top quark in the tt̄ pair undergoes t → bW with W → `ν decay, up to five leptons
can be produced.

For the generation of the signal, we simulated tt̄ production events with one top quark decay-
ing to Wb and the other decaying to ch. We assume mh = 125.5 GeV with standard model
branching ratios. The signal events were generated using MADGRAPH with the tt̄ NNLO pro-
duction cross-section σ(pp → tt̄) = 245.8 pb for 8 TeV [34].1 The Higgs boson was decayed
exclusively to the modes listed above. In total, we generated 500,000 events to ensure sufficient
signal population in the multi-lepton channels used in this search.

We find that the signal predominantly populates channels that have three leptons (no hadronic
tau), no OSSF pair or an OSSF pair off Z, and a b-tag. The the most sensitive channels are given
in Table 6. No significant excess is observed.

OSSF pair Emiss
T [GeV] HT [GeV] Nb-tag data background signal

below Z 0–50 > 200 ≥ 1 5 9.4 ± 2.6 12.3 ± 3.2
below Z 50–100 > 200 ≥ 1 10 9.3 ± 3.6 12.7 ± 3.4
below Z 50–100 0–200 ≥ 1 48 51 ± 25 39.5 ± 9.9
below Z 0–50 0–200 ≥ 1 35 43 ± 12 23.9 ± 5.2

n/a 50–100 0–200 0 29 28 ± 14 21.8 ± 4.6
below Z 50–100 0–200 0 146 125 ± 29 41 ± 11

n/a 0–50 0–200 ≥ 1 30 24 ± 11 16.1 ± 3.8
above Z 0–50 0–200 ≥ 1 17 18.5 ± 6.7 10.8 ± 2.7

on Z 50–100 0–200 ≥ 1 58 44 ± 13 16.0 ± 3.5
below Z 50–100 > 200 0 11 11.0 ± 3.8 7.1 ± 2.1

Table 6: The ten most sensitive signal regions for t → ch along with the number of observed,
background, and expected signal events (assuming BR(t → ch) = 1 %), ordered by sensitivity.
All signal regions shown have exactly three selected leptons and no hadronic taus. The results
are binned in Emiss

T , HT, the presence of a b-tag, and – if applicable – the OSSF pair invariant
mass with respect to the Z window.

Using the same procedure as for the other models, we obtain an observed limit of BRobs
95 %(t →

ch) = 0.31 % which corresponds to a bound on the top-charm flavor violating Higgs Yukawa

couplings of
√
|λh

tc|2 + |λh
ct|2 < 0.10. The expected limit is BRexp

95 %(t→ ch) = (0.31+0.15
−0.10)%. This

is a significant improvement over the limit inferred in [33] from CMS multilepton results[18]
with 5 fb−1 at 7 TeV.

To facilitate interpretation in a broader context [35], we also provide limits on BR(t → ch)
from individual Higgs decay modes. For this purpose, we assume the SM branching ratio for
the 125.5 GeV Higgs decay mode under consideration, and ignore other decay modes. Table 7
shows the results. This illustrates the sensitivity of this search for the t → ch decay in each of
the Higgs decay modes.

1To obtain more conservative results, the cross-section was reduced by 1σ = 10.5 pb. This applies to all results
derived in this section.
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Higgs Decay Mode observed expected 1σ range
h→WW (BR = 22.3 %) 0.37 % 0.38 % (0.26–0.52) %
h→ ττ (BR = 6.24 %) 8.4 % 7.6 % (5.8–11.2) %
h→ ZZ (BR = 2.76 %) 1.23 % 0.97 % (0.74–1.42) %

combined 0.31 % 0.31 % (0.21–0.46) %

Table 7: Comparison of the observed and median expected 95% C.L. limits on BR(t→ ch) from
individual Higgs decay modes along with the 1σ uncertainty bands.

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.

We used SUSY scenarios as benchmarks for new physics with multiple leptons. We were able
to probe new regions of the natural Higgsino NLSP, slepton co-NLSP, stau-(N)NLSP, T1tttt,
and T6ttWW scenarios. In the absence of any indication of new physics we place limits on
supersymmetric mass spectra.

These models span a range of parameters, and the limits on intermediate and final state masses
illustrate the reach of this analysis for most new physics scenarios with multiple leptons in
the final state. Although we have chosen specific SUSY models to interpret our results, the
masses and couplings from many other SUSY or non-supersymmetric new physics models
can be translated into the framework of the models discussed here, and the limits applied to
those models. The sensitivity of the analysis was further demonstrated by placing a limit on
BR(t→ ch).
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