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1 Introduction
Supersymmetry (SUSY) is a popular extension to the standard model (SM) that may alleviate
the gauge hierarchy problem, lead to the unification of gauge couplings, and provide a candi-
date particle for the dark matter [1–6]. Many searches for SUSY performed at the LHC have
focused on the strong production of gluinos and squarks, the SUSY partners of the gluon and
quarks [7–10]. Null results in these searches probe strongly-interacting SUSY particles up to
a mass scale of ∼1 TeV. If the squarks and gluinos are heavy, direct electroweak production
of charginos and neutralinos, the SUSY partners of the W, Z, and Higgs bosons, may domi-
nate at the LHC. Searches for these particles have also been performed [11, 12]. Due to the
smaller electroweak production cross sections, the constraints on the masses of these particles
are significantly weaker, up to a few hundred GeV.

The recent observation of a Higgs boson [13, 14] offers the novel possibility to perform beyond-
the-SM searches by exploiting the measured properties of this particle. In particular, in large
regions of SUSY parameter space the heavy neutralinos are expected to decay predominantly
to a Higgs boson, and in this note we report searches for such decays. The data sample consists
of pp collisions collected at a center-of-mass energy

√
s = 8 TeV by the CMS experiment at the

LHC, corresponding to an integrated luminosity of 19.5 fb−1.

The electroweak SUSY process with the largest cross section is chargino-neutralino pair pro-
duction. This process has been probed in previous CMS searches [11, 12], which required that
the chargino decays to a W boson and the lightest SUSY particle (LSP), assumed to be the light-
est neutralino χ̃0

1, and that the neutralino decays to a Z boson and the LSP. Here we search for
chargino-neutralino pair production where the neutralino decays instead to a Higgs boson and
the LSP, χ̃±1 χ̃0

2 → (W±χ̃0
1)(Hχ̃0

1), as depicted in Fig. 1. The decays χ̃±1 → W±χ̃0
1 and χ̃0

2 → Hχ̃0
1

are expected to dominate if the χ̃±1 and χ̃0
2 particles are wino-like, the χ̃0

1 is bino-like, and the
difference between their masses is larger than MH = 126 GeV. The wino-like nature of the χ̃±1
and χ̃0

2 particles motivates the simplifying assumption Mχ̃ ≡ Mχ̃±1
= Mχ̃0

2
. Here the H parti-

cle is the lightest SUSY Higgs boson, which is expected to be SM-like if the other SUSY Higgs
bosons are significantly heavier than MZ [15].

Three exclusive final states sensitive to the process in Fig. 1 are considered in this note. In all
searches, the W is required to decay leptonically and the χ̃0

1 is assumed to be stable and escape
detection, leading to large missing transverse energy (Emiss

T ). A search performed in the single
lepton final state provides sensitivity to events in which the Higgs boson decays as H → bb̄.
A search in the same-sign dilepton final state targets events with the decay H → W+W− in
which one of the W bosons decays leptonically and the other hadronically. The results of the
CMS inclusive multi-lepton search [16] are reinterpreted, targeting the decays H → W+W−,
H → ZZ, and H → τ+τ−. The results from these searches are combined to place limits on the
topology of Fig. 1.

2 Simulated samples
Monte Carlo (MC) simulations of signal and SM processes are used to design the analysis,
to estimate some of the backgrounds, and to calculate the signal acceptance in the search re-
gions. Event samples for SM processes are generated using the PYTHIA 6.4.22 [17], MADGRAPH

5.1.3.30 [18], MC@NLO [19, 20], or POWHEG [21] MC event generators and the CTEQ6L1 or
CTEQ6M parton density functions [22]. All SM processes are normalized to cross section cal-
culations at next-to-leading order (NLO) or next-to-next-to-leading order (NNLO) when avail-
able [19, 20, 23–28] and otherwise leading order (LO).
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Figure 1: The signal topology targeted in this note: chargino-neutralino pair production leading
to the WH + Emiss

T final state.

For the signal events, the files specifying the SUSY signal model parameters are generated
according to the SUSY Les Houches accord [29] standards with the SuSpect v2.4.1 [30] program.
The production of chargino-neutralino pairs is generated with MADGRAPH 5.1.5.4, including
up to two additional partons at the matrix-element level. The chargino and neutralino are
decayed using BRIDGE v2.24 [31]. Expected signal event rates are normalized to cross sections
calculated at NLO [32–34].

In the MC samples, for both signal and backgrounds, multiple proton-proton interactions in
the same or nearby bunch crossings (pileup) are simulated using PYTHIA and superimposed
on the hard collision. Simulated events are reweighted to match the pileup distributions in
data. The background and signal yields from MC simulations are corrected for differences in
measured efficiencies between data and simulation.

The simulation of new physics signals is performed using the CMS fast simulation package [35],
while the SM samples are simulated using a GEANT4-based model [36] of the CMS detector.
The simulated events are finally reconstructed and analyzed with the same software used to
process collision data.

3 Event selection
Events from pp interactions must satisfy the requirements of a two-level trigger system. The
first level performs a fast selection of physics objects (jets, muons, electrons, and photons) above
certain thresholds. The second level performs a full event reconstruction. The principal triggers
used for these analyses require the presence of a pT > 27 GeV (24 GeV) electron (muon), or a
pair of leptons (ee, eµ, or µµ) with leading pT > 17 GeV and trailing pT > 8 GeV.

Events are reconstructed offline using the particle-flow (PF) algorithm [37, 38], which provides
a self-consistent global assignment of momenta and energies to the physics objects. Details of
the reconstruction and identification procedures are given in Refs. [39, 40] for electrons and
muons. Jets are reconstructed with the anti-kT clustering algorithm [41] with a distance pa-
rameter of 0.5. We apply pT- and η-dependent corrections to the jet momentum to account for
residual effects of non-uniform detector response. The contribution to jet energy from pileup
is estimated on an event-by-event basis using the jet area method described in Ref. [42], and
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is subtracted from the overall jet pT. We reject jets that are consistent with anomalous noise
in the calorimeter detectors. Jets are required to be consistent with originating from the signal
primary vertex, to suppress jets from pileup events.

Lepton (e, µ) candidates are required to be consistent with originating from the primary vertex.
To reduce contamination from leptons from heavy-flavor decay or misidentified hadrons in
jets, leptons are required to be isolated and to have a transverse impact parameter with respect
to the primary vertex satisfying d0 < 0.2 mm. Electron and muon candidates are considered
isolated if the ratio of the scalar sum of the transverse momenta of charged hadrons, photons,
and neutral hadrons in a cone of ∆R =

√
∆η2 + ∆φ2 = 0.3 around the candidate, relative to the

lepton pT value, is less than 0.15. The isolation is corrected for the expected contribution from
pileup events. Standard electron and muon quality criteria are imposed [39, 40].

Hadronic decays of the τ lepton are reconstructed using the “hadrons-plus-strips”algorithm [43],
which combines PF photon and electron candidates to form neutral pions. The neutral pions
are combined with charged hadrons to form hadronic τ decay candidates.

Jets must satisfy |η| < 2.5 and pT > 30 GeV and be separated by ∆R > 0.4 from candidate
leptons. Jets originating from b quarks (b-jets) are identified using the Combined Secondary
Vertex loose, medium, or tight (CSVL, CSVM, CSVT) working points [44]. The Emiss

T is defined
as the modulus of the vector sum of the transverse momenta of all PF objects.

Some of the searches make use of the transverse mass of the lepton-Emiss
T system, defined as

MT =
√

2p`TEmiss
T (1− cos(φ)), where φ is the angle between the transverse momentum of the

lepton and Emiss
T and p`T is the transverse momentum of the electron or muon.

4 Search in the single-lepton final state
4.1 Overview of search

In this section we report the results from a search for χ̃±1 χ̃0
2 → (Wχ̃0

1)(Hχ̃0
1) → `νbb + Emiss

T .
The Higgs boson decay mode H→ bb has the largest branching fraction (56%). Searches for the
SM Higgs boson decaying to a pair of b-quarks have targeted the associated production with
a leptonically-decaying W boson [45]. In this search, we impose additional kinematic require-
ments on Emiss

T and other related quantities which strongly suppress both the SM backgrounds
and the SM production of a Higgs boson, while retaining efficiency for the SUSY signal.

This search is an extension of the search for direct top squark pair production [46], which targets
events with a single lepton, (b-tagged) jets, and Emiss

T , with similar object selection and analysis
methodology. The final state considered here is similar, except that we expect two fewer jets.

Events are selected containing a single lepton, two b-tagged jets, and Emiss
T . The largest back-

grounds come from tt production, both semi-leptonic tt and dilepton tt where the second lep-
ton is not identified. Production of W + jets also constitutes an important background. The
SM backgrounds are suppressed using several kinematic requirements which exploit the ex-
tra Emiss

T in signal events from the invisible LSPs. Signal regions are defined by successively
tighter requirements on Emiss

T , and counting experiments are performed. The signal is expected
to produce a bump in the dijet mass spectrum at Mbb = MH.

Most of the SM backgrounds are estimated from simulation, with the exception of W+light jets,
which is extrapolated from control regions in data. Scale factors and corresponding uncertain-
ties on the predictions from simulation are assessed based on comparisons to data in control
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regions.

4.2 Event selection

Signal events are collected with inclusive single lepton triggers. Dilepton triggers are used to
select events in the dilepton control region, described below.

We select events with exactly one high pT electron or muon, requiring lepton pT > 30(25) GeV
and |η| < 1.4442(2.1) for electrons (muons). We require exactly two jets in the event within
|η| < 2.4, and the leading jet must satisfy pT > 50 GeV. A further jet veto is imposed, requiring
exactly two jets counted in the range |η| < 4.7. This substantially reduces the tt → ` + jets
background, which typically has four jets. The two selected jets must satisfy the CSVM b-
tagging requirement.

The extra Emiss
T from the LSPs is one of the best handles to discriminate against the SM back-

ground. The analysis preselection requires Emiss
T > 50 GeV, while the signal regions vary the

threshold from 100 to 175 GeV. We require MT > 100 GeV, which primarily rejects backgrounds
with a single W → `ν and no additional Emiss

T : tt → ` + jets, W + jets, and single top t- and
s-channel, as well as SM WH→ `νbb.

To suppress the dilepton tt backgrounds, events with an indication of a second lepton (i.e. an
isolated track or hadronic τ candidate) are rejected.

Further suppression of the tt backgrounds is achieved with the Mbl
T2 variable [47]. The Mbl

T2
quantity is defined as the minimum “mother” particle mass compatible with the 4-momenta
of the lepton, b-tagged jets, and Emiss

T . It has an endpoint at Mtop for tt events without mismea-
surement effects, while signal events may have larger values. We require Mbl

T2 > 200 GeV.

The dijet mass Mbb is formed from the two selected jets. For the signal region, a dijet mass
window around the Higgs boson mass is imposed: 100 < Mbb < 150 GeV. This requirement
has an efficiency of about 80% for signal events.

4.3 Backgrounds and estimation methodology

Backgrounds are grouped into six categories. The largest background is from tt events and
single top production in the tW channel, in which both W bosons decay leptonically (dilepton
top background). Backgrounds from tt and single top with one leptonically-decaying W boson
are referred to as the single lepton top background. Backgrounds from WZ production, where
the W boson decays leptonically and the Z boson decays to a bb pair are referred to as the
WZ→ `νbb background. Backgrounds from W bosons produced in association with b-quarks
are referred to as the W + bb background, while production of W bosons with other partons
constitutes the W+light jets background. Finally, the “rare backgrounds” consist of processes
with two top quarks and a vector boson, diboson, triboson, Z + jets, and also SM WH→ `νbb.
The Z + jets process has a large cross section but is included in the rare category because it is
very small after the signal region requirements are imposed. With the exception of the W+light
jets background, background estimation is based on simulation.

The simulation is validated in three data control regions that are enriched in different back-
grounds. A data sample enriched in W+light jets is defined by vetoing events with b-tagged
jets (CR-0b). A data sample enriched in the dilepton top background is defined by requiring
either exactly two leptons satisfying the analysis selection, or one such lepton and an isolated
track (CR-2`). Finally, the Mbb requirement is inverted to obtain a data sample (CR-Mbb) con-
sisting of a mixture of backgrounds with similar composition as the signal region.
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The agreement between the data and the simulation in the three data control regions is used
to assess scale factors and uncertainties on the background predictions. In CR-2`, the data are
found to be in good agreement with the predictions from simulation, which are dominated by
the dilepton top background. A 40% uncertainty is assessed on the dilepton top background,
based on the limited statistical precision of the event sample after applying all the kinematical
requirements. Correction factors of 0.8± 0.3, 1.2± 0.5 and 1.0± 0.6 are assessed on the WZ→
`νbb, W+bb, and single lepton top backgrounds, respectively, based on studies of CR-Mbb and
CR-0b. The rare backgrounds are estimated from simulation with a 50% systematic uncertainty.

The W+light jets background prediction is extrapolated from CR-0b, using the b-tagging misiden-
tification rate for light flavor jets measured from simulation. This rate includes all flavors except
b-quarks. The uncertainty is 40%, due to uncertainties in the b-tagging misidentification rate
and its variation with respect to the jet pT.

4.4 Results

Four signal regions are defined by the requirements Emiss
T > 100, 125, 150, 175 GeV. In general,

signal regions with tighter Emiss
T requirements are more sensitive to signal models with larger

mass differences Mχ̃ − Mχ̃0
1
. The results in these signal regions are summarized in Table 1.

Good agreement is observed between the data and the background predictions. The expected
signal yields for several model points are also indicated, including systematic uncertainties
that are discussed in Sec. 7. The distributions of Mbb are displayed in Fig. 2, after all selection
requirements except that on Mbb. No evidence for a peak at Mbb= MH is observed.

Table 1: Summary of results for the single lepton analysis. The expected background contribu-
tions are compared to the observed yields in data for the four signal regions. The expectations
from a few signal points are indicated; the first number indicates Mχ̃ and the second number
indicates Mχ̃0

1
. The uncertainties that are shown contain statistical and systematic uncertainties.

Sample Emiss
T > 100 GeV Emiss

T > 125 GeV Emiss
T > 150 GeV Emiss

T > 175 GeV
Dilepton top 2.8 ± 1.2 2.3 ± 1.0 1.7 ± 0.7 1.2 ± 0.5
Single lepton top 1.8 ± 1.1 0.9 ± 0.6 0.5 ± 0.3 0.2 ± 0.2
WZ→ `νbb 0.6 ± 0.2 0.4 ± 0.2 0.3 ± 0.1 0.3 ± 0.1
W + bb 1.5 ± 0.9 1.0 ± 0.7 0.9 ± 0.6 0.2 ± 0.3
W+light jets 0.5 ± 0.2 0.3 ± 0.1 0.2 ± 0.1 0.2 ± 0.1
Rare 0.4 ± 0.2 0.3 ± 0.2 0.3 ± 0.2 0.2 ± 0.1
Total SM 7.7 ± 1.9 5.4 ± 1.3 3.8 ± 1.0 2.3 ± 0.6
Data 7 6 3 3
χ̃±1 χ̃0

2 → (Wχ̃0
1)(Hχ̃0

1) (130/1) 9.0 ± 1.2 7.5 ± 1.0 6.0 ± 0.8 4.5 ± 0.6
χ̃±1 χ̃0

2 → (Wχ̃0
1)(Hχ̃0

1) (150/1) 7.3 ± 1.0 6.2 ± 0.9 5.0 ± 0.7 3.6 ± 0.5
χ̃±1 χ̃0

2 → (Wχ̃0
1)(Hχ̃0

1) (200/1) 7.3 ± 1.0 6.0 ± 0.8 4.9 ± 0.7 3.6 ± 0.5
χ̃±1 χ̃0

2 → (Wχ̃0
1)(Hχ̃0

1) (300/1) 5.5 ± 0.7 5.2 ± 0.7 4.6 ± 0.6 4.1 ± 0.6
χ̃±1 χ̃0

2 → (Wχ̃0
1)(Hχ̃0

1) (400/1) 3.4 ± 0.4 3.3 ± 0.4 3.0 ± 0.4 2.7 ± 0.4

5 Search in the same-sign dilepton final state
5.1 Overview of search

In this section we report the results from a search in the same-sign (SS) dilepton final state that
is sensitive to WH + Emiss

T signal events with H→W+W−, in which one of the W bosons from
the Higgs boson decays leptonically and the other hadronically. The object selections and back-
ground estimation methodology follow those in the inclusive same-sign dilepton search [48].
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Figure 2: The distributions of Mbb for the signal regions with (a) Emiss
T > 100 GeV, (b) Emiss

T >
125 GeV, (c) Emiss

T > 150 GeV, and (d) Emiss
T > 175 GeV. The data are compared to the sum of the

expected backgrounds. Three sample signal model points are also indicated, stacked on top of
the SM background. The uncertainty band includes the statistical and systematic uncertainty
on the background prediction.

Events with SS leptons, jets, and moderate Emiss
T are selected. Backgrounds with fake leptons

and electrons with mismeasured charge are estimated from control regions in data, while back-
grounds from muons with mismeasured charge are negligible. Here, fake lepton can refer to
a lepton from a heavy flavor decay, decay-in-flight, or a misidentified jet. Additional back-
grounds from a variety of SM processes with genuine SS leptons are estimated from simula-
tion. Processes yielding a real same-sign lepton pair account for slightly more than half of the
expected background, with the remainder from processes containing a fake electron or muon.
The background from processes containing an electron with mis-reconstructed charge is very
small.

The most sensitive variable for this search, M`jj, attempts to reconstruct the Higgs boson mass
from the W daughters by taking the invariant mass of the lepton-dijet system formed by the
two highest pT jets and the lepton closest to the dijet axis. The signal would present itself as
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a peak below MH, due to the missing ν, while the backgrounds tend to have larger values, as
indicated in Fig. 3. A signal region is defined by requiring low M`jj in addition to other kine-
matical requirements designed to suppress the SM backgrounds, and a counting experiment is
performed.
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Figure 3: The observed M`jj distribution, compared to the sum of the expected backgrounds,
after all selection requirements except that on M`jj. An example signal model point with Mχ̃ =
130 GeV and Mχ̃0

1
= 1 GeV is overlaid. The signal normalization has been scaled up by a factor

of 5 relative to the theory prediction.

5.2 Event selection

We require the presence of exactly two e or µ leptons (ee, µµ, or eµ) with the same sign. The
leptons must satisfy pT > 20 GeV. Due to the large background from fake leptons, the d0 and
isolation criteria are tighter in this search than in the others presented in this note. Background
from electron charge mismeasurement is reduced by requiring consistency among three inde-
pendent measurements of the electron charge.

We require the presence of two or three pT > 30 GeV jets. Due to the background suppression
provided by the requirement of two same-sign leptons, we are able to relax the Emiss

T require-
ment with respect to the single lepton search, and we require Emiss

T > 40 GeV. Events with a
b-tagged jet (using CSVT) are vetoed, as are events with two or more CSVL b-tagged jets. These
two vetoes suppress background from events containing top quarks. Events with a third lep-
ton, defined as an identified e, µ, or hadronic τ candidate, are vetoed to suppress backgrounds
coming from the SM production of final states containing multiple electroweak bosons.

The transverse mass MT is computed for each of the selected leptons, and at least one lep-
ton must satisfy MT > 110 GeV. This requirement suppresses processes containing a single
leptonically decaying W boson, for which the transverse mass distribution has a natural end-
point at the W mass. We additionally require that the separation between the leptons satisfy
∆η(`1, `2) < 1.6. Restricting the separation between the leptons suppresses background from
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processes with fake leptons as well as the SM production of two quarks together with two W
bosons of the same electric charge. We require MJ

T2 > 100 GeV for additional rejection of top
quark pairs where one W decays to a lepton and a neutrino and a second lepton of the same
electric charge arises from the decay of a b-quark. The variable MJ

T2 is similar to the Mbl
T2 vari-

able described in Section 4.2 except that it is computed using both leptons, instead of just one,
as well as jets and Emiss

T [49, 50]. All jets passing the kinematic requirements are considered in
the calculation and the minimum value of MJ

T2 is chosen. Finally, we require M`jj < 120 GeV.
This variable is a proxy for the reconstruction of the Higgs boson mass and thus helps to sup-
press all sources of SM background.

5.3 Backgrounds and estimation methodology

The SM backgrounds satisfying the above selection can be grouped into three categories. The
largest background category includes a variety of SM processes with small cross section, in-
cluding diboson, triboson, processes with two top quarks and a vector boson, and SM produc-
tion of two same-sign W bosons. The SM production of a Higgs boson in association with a
W boson is also included in this category, although it is negligible in our signal region. These
backgrounds are estimated from simulation with a 50% systematic uncertainty.

The second largest category includes processes with at least one fake lepton. This background,
dominated by tt and W + jets processes, is estimated with an extrapolation technique based on
the lepton relative isolation. Based on the difference between true and predicted background
yields when the method is applied in simulation, a systematic uncertainty of 50% is assessed.
This accounts for differences in sample composition and kinematics between the fake lepton
background sample and the QCD-enriched control sample used to measure the fake rate [51].

The smallest contribution to the background is from events with an electron with mismeasured
charge. This background, sometimes referred to as charge flips, is dominated by tt and Z + jets
processes and is estimated from studies of Z → ee events in data and simulation. A 30%
systematic uncertainty is assigned based on analysis of data control regions and differences
between kinematics in Z + jets and tt events.

The background estimation methodology is validated in the signal-depleted sideband region
defined by inverting the M`jj requirement. Here we observe 51 events, which is consistent with
the expected background of 62 ± 22 events.

5.4 Results

The results are summarized in Table 2. No evidence for a peak in the M`jj distribution is ob-
served, as indicated in Fig. 3. In the signal region with M`jj < 120 GeV, we observe 3 events
and expect 2.9 ± 1.2 SM background events, hence no excess is observed above the expected
SM backgrounds.

6 Search in the multi-lepton final state
The signal model of Fig. 1 can produce multi-lepton final states if the Higgs boson decays to
WW, ZZ, or ττ, followed by leptonic decays of the W or Z boson. Here we reinterpet the
experimental results from the inclusive multi-lepton SUSY search [16].

Events with at least three leptons are selected, including up to one hadronic τ candidate. These
events are categorized into multiple exclusive signal regions based on the number and flavor
of the leptons, the presence or absence of an opposite-sign, same-flavor (OSSF) lepton pair and
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Table 2: Summary of results for the same-sign dilepton analysis. The expected background
contributions are compared to the observed yields in data. The uncertainties that are shown
contain statistical and systematic uncertainties. The expected signal yields in several example
model points are also indicated.

Sample ee µµ eµ Total
Fakes 0.3 ± 0.3 0.2 ± 0.2 0.8 ± 0.5 1.3 ± 0.8
Charge Flips < 0.01 < 0.01 < 0.03 < 0.03
Genuine SM SS 0.4 ± 0.4 0.4 ± 0.4 0.8 ± 0.6 1.6 ± 0.9
Total SM 0.7 ± 0.5 0.6 ± 0.5 1.6 ± 0.7 2.9 ± 1.2
Data 1 1 1 3
χ̃±1 χ̃0

2 → (Wχ̃0
1)(Hχ̃0

1) (130/1) 0.8±0.1 1.0±0.1 1.9±0.3 3.6±0.5
χ̃±1 χ̃0

2 → (Wχ̃0
1)(Hχ̃0

1) (150/1) 0.5±0.1 0.6±0.1 1.4±0.2 2.5±0.3
χ̃±1 χ̃0

2 → (Wχ̃0
1)(Hχ̃0

1) (200/1) 0.20±0.03 0.4±0.1 0.6±0.1 1.2±0.2
χ̃±1 χ̃0

2 → (Wχ̃0
1)(Hχ̃0

1) (300/1) 0.07±0.01 0.12±0.02 0.19±0.03 0.4±0.1
χ̃±1 χ̃0

2 → (Wχ̃0
1)(Hχ̃0

1) (400/1) 0.02±0.00 0.03±0.00 0.06±0.01 0.11±0.02

Table 3: Multi-lepton results, along with the number of expected signal events, in the 5 best
signal regions for the Mχ̃ = 130 GeV, Mχ̃0

1
= 1 GeV model point. All signal regions shown

have exactly three selected leptons, a veto on b-tagged jets, and HT < 200 GeV. The results are
binned in the number of hadronic τ candidates and the Emiss

T . Above Z (below Z) indicates the
presence of an OSSF pair with invariant mass M`` > 105 GeV (< 75 GeV).

Nτhad OSSF pair Emiss
T [GeV] Data Total SM Signal

0 below Z 50–100 142 125 ± 28 24.4 ± 4.4
0 below Z 100–150 16 21.3 ± 8.0 6.8 ± 1.2
0 none 0–50 53 52 ± 12 8.7 ± 1.7
0 none 50–100 35 38 ± 15 10.8 ± 2.0
0 none 100–150 7 9.3 ± 4.3 3.37 ± 0.54

its invariant mass, the presence or absence of a b-tagged jet, the Emiss
T , and the scalar sum of the

transverse energies of selected jets, HT . The most sensitive signal regions for this search are
those with exactly three leptons, no b-tagged jets, and low HT .

Backgrounds from dilepton tt events with fake leptons are estimated from simulation, while
additional sources of fake leptons are estimated using a data-driven method. Backgrounds
from WZ and ZZ diboson processes are estimated from simulation, with a correction to the
Emiss

T resolution based on comparisons to data in control regions.

The data yields in the signal regions are found to be broadly consistent with the expected SM
backgrounds. The observed data yields, expected SM backgrounds, and expected signal yields
of the five most sensitive signal regions for the Mχ̃ = 130 GeV, Mχ̃0

1
= 1 GeV model point

(where the multi-lepton analysis has the best sensitivity) are indicated in Table 3. Additional
signal-depleted regions are used to constrain the backgrounds and associated uncertainties.
Similar results tables for other model points are presented in Appendix A.

7 Interpretation of the results
In this section we interpret the results of the searches in the single-lepton final state (Sec. 4), the
same-sign dilepton final state (Sec. 5), and the multi-lepton final state (Sec. 6). The results from
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the three channels are then combined to improve the sensitivity.

As discussed earlier, the χ̃±1 and χ̃0
2 particles are assumed to be wino-like and the χ̃0

1 is assumed
to be bino-like. The branching fractions for the decays χ̃±1 →Wχ̃0

1 and χ̃0
2 → Hχ̃0

1 are assumed
to be 100%. The Higgs boson has MH = 126 GeV and SM-like branching fractions; in particular,
B(H→ bb̄) = 0.56, B(H→W+W−) = 0.23, B(H→ ZZ) = 0.029, and B(H→ τ+τ−) = 0.062.

Results are presented in the plane of the mass of the LSP, Mχ̃0
1
, and the common mass of the χ̃±1

and χ̃0
2 particles, Mχ̃. We calculate 95% confidence level (CL) upper limits on the production

cross section using the LHC-type CLS method [52–54]. The limits incorporate uncertainties in
the signal acceptance and efficiency from lepton identification and isolation efficiencies, trigger
efficiency, jet energy scale and resolution, b-tagging efficiency, and initial state radiation [46],
as well as the uncertainty on the integrated luminosity.

For the single-lepton search, several signal regions are defined. For each value of Mχ̃ and Mχ̃0
1
,

the cross section limits are based on the signal region with the best expected sensitivity. The
cross section limits for the same-sign dilepton search are based on the single signal region de-
fined in that analysis, while those for the multi-lepton results are based on multiple exclusive
signal regions, including correlations and bin-to-bin migration of events. For the combination,
the results in the three channels are considered simultaneously, taking into account uncertain-
ties that are correlated across the channels.

The results in the plane of Mχ̃0
1

vs. Mχ̃ are presented in Fig. 4. The signal model is excluded
over a portion of the parameter space where Mχ̃ < 204 GeV and Mχ̃0

1
. 25 GeV. The individual

results from the three channels and their combination are presented as a function of Mχ̃, for
a fixed mass Mχ̃0

1
= 1 GeV, in Fig. 5. The multi-lepton search provides the best sensitivity at

low Mχ̃ while the single lepton search dominates at high Mχ̃. The same-sign dilepton search
contributes to the combination at low Mχ̃. For Mχ̃0

1
= 1 GeV, we probe Mχ̃ up to 204 GeV, com-

pared to an expectation of 236 GeV, based on the theoretical prediction for the cross section less
one standard deviation. For Mχ̃ = 130 GeV and Mχ̃0

1
= 1 GeV, the observed (expected) limit

on the χ̃±1 χ̃0
2 production cross section is 3.0 pb (2.1 pb), compared to a theoretical prediction of

4.1± 0.3 pb. These searches will benefit from larger data samples to be collected at
√

s = 14 TeV
after the LHC shutdown period.

8 Conclusions
This note reports the results from searches for chargino-neutralino production decaying to the
WH + Emiss

T final state. Searches in the single-lepton, same-sign dilepton, and multi-lepton
channels are performed. No excesses above the SM backgrounds are observed. The results are
used to place constraints on the masses of charginos and neutralinos up to 204 GeV.
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Figure 5: The interpretations of the results from (a) the single-lepton search, (b) the same-sign
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A Multilepton Analysis Additional Results
This section presents additional results tables for the multilepton analysis.

Table 4: Multi-lepton results for the Mχ̃ = 150 GeV,Mχ̃0
1
= 1 GeV model point. Details are the

same as in Table 3.

Nτhad OSSF pair Emiss
T [GeV] Data Total SM Signal

0 below Z 50–100 142 125 ± 28 14.9 ± 2.8
0 below Z 100–150 16 21.3 ± 8.0 5.06 ± 0.86
0 none 0–50 53 52 ± 12 4.61 ± 0.99
0 none 50–100 35 38 ± 15 6.5 ± 1.1
0 none 100–150 7 9.3 ± 4.3 2.32 ± 0.43

Table 5: Multi-lepton results for the Mχ̃ = 200 GeV,Mχ̃0
1
= 1 GeV model point. Details are the

same as in Table 3.

Nτhad OSSF pair Emiss
T [GeV] Data Total SM Signal

0 below Z 50–100 142 125 ± 28 4.90 ± 0.91
0 below Z 100–150 16 21.3 ± 8.0 2.63 ± 0.43
0 below Z 150–200 5 2.9 ± 1.0 0.61 ± 0.16
0 none 50–100 35 38 ± 15 2.31 ± 0.43
0 none 100–150 7 9.3 ± 4.3 1.31 ± 0.26

Table 6: Multi-lepton results for the Mχ̃ = 300 GeV,Mχ̃0
1
= 1 GeV model point. Details are the

same as in Table 3.

Nτhad OSSF pair Emiss
T [GeV] Data Total SM Signal

0 below Z 100–150 16 21.3 ± 8.0 0.70 ± 0.13
0 below Z 150–200 5 2.9 ± 1.0 0.348 ± 0.067
0 below Z > 200 0 0.88 ± 0.31 0.218 ± 0.041
0 above Z 150–200 1 2.48 ± 0.68 0.180 ± 0.045
1 none 150–200 8 15.1 ± 7.4 0.44 ± 0.12

Table 7: Multi-lepton results for the Mχ̃ = 400 GeV,Mχ̃0
1
= 1 GeV model point. Details are the

same as in Table 3.

Nτhad OSSF pair Emiss
T [GeV] Data Total SM Signal

0 below Z 100–150 16 21.3 ± 8.0 0.167 ± 0.028
0 below Z 150–200 5 2.9 ± 1.0 0.138 ± 0.025
0 below Z > 200 0 0.88 ± 0.31 0.137 ± 0.025
0 none > 200 0 0.42 ± 0.22 0.057 ± 0.011
1 none > 200 3 2.4 ± 1.1 0.152 ± 0.038
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