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1 Introduction

Many searches for physics beyond the standard model (BSM) performed by experiments

at the CERN Large Hadron Collider (LHC) have focused on models with cross sections

dominated by the production of new heavy strongly interacting particles, with final states

characterized by large hadronic activity. These searches are well justified since strongly in-

teracting particles can be produced with large cross sections and hence be observable with
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early LHC data. In the context of supersymmetry (SUSY) [1–7], such models lead mainly

to the production of the strongly interacting squarks and gluinos, the SUSY partners of the

quarks and gluons. In contrast, in this paper we describe searches for BSM physics domi-

nated by the direct electroweak production of particles that might not yield large hadronic

activity, and that may therefore have eluded detection in early searches. This signature

characterizes SUSY models with pair-production of electroweak charginos χ̃± and neutrali-

nos χ̃0, mixtures of the SUSY partners of the gauge bosons and Higgs bosons. Depending

on the mass spectrum, the charginos and neutralinos can have significant decay branching

fractions (BF) to leptons or vector bosons, resulting in final states that contain either on-

shell vector bosons or three-lepton states with continuous pair-mass distributions [8–13].

In either case, neutrino(s) and two stable lightest-SUSY-particle (LSP) dark-matter can-

didates are produced, which escape without detection and lead to large missing transverse

energy Emiss
T in the event.

In this paper, we present several dedicated searches for chargino-neutralino pair pro-

duction. The data, corresponding to an integrated luminosity of 4.98 ± 0.11 fb−1 [14] of

proton-proton collisions at
√
s = 7 TeV, were collected by the Compact Muon Solenoid

(CMS) experiment at the LHC in 2011. Even with the smaller cross sections of elec-

troweak production, this data sample is sufficient to probe the production of charginos

and neutralinos with masses well beyond existing constraints [15–22]. Since LHC studies

have as yet found no evidence for new strongly interacting particles, we focus on scenarios

in which such particles do not participate, and in which the final states are rich in lep-

tons produced via intermediate states including sleptons (SUSY partners of the leptons,

including sneutrinos, partners of neutrinos). These scenarios include cases such as those

shown in figures 1 and 2, which are labeled using SUSY nomenclature, though the inter-

pretation naturally extends to other BSM models. In the SUSY nomenclature, χ̃0
1 is the

lightest neutralino, presumed to be the LSP, and χ̃0
2 and χ̃0

3 are heavier neutralinos; χ̃±1
is the lightest chargino. In figure 1 the slepton mass m˜̀ is less than the masses mχ̃0

2
and

mχ̃±
1

, while in figure 2 it is greater, and the mass difference between the LSP and the

next-lightest chargino or neutralino is large enough to lead to on-shell vector bosons. In

addition to the dedicated searches, we leverage the results of some previous CMS SUSY

searches [23–26], either by interpreting the previous results directly in the context of the

scenarios in figures 1 and 2, or by modifying the previous studies so that they target elec-

troweak, rather than strong, production processes. Throughout this paper, “lepton” refers

to a charged lepton; in specified contexts, it refers more specifically to an experimentally

identified electron or muon.

To quantify our results, we present them in the context of simplified model spectra

(SMS) [27–34]. SUSY models with bino-like χ̃0
1 and wino-like χ̃0

2 and χ̃±1 lead to the SMS

trilepton signature of figure 1, and motivate the simplifying assumption that the latter two

gauginos have similar masses as a result of belonging to the same gauge group multiplet.

We thus set mχ̃0
2

= mχ̃±
1

, and present results as a function of this common mass and the

LSP mass mχ̃0
1
. The results for figure 1 depend also on the mass m˜̀ of the intermediate

slepton (if left-handed, taken to be the same for its sneutrino ν̃), parametrized in terms of
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Figure 1. Diagrams of chargino-neutralino pair production in proton-proton collisions followed

by decays leading to a final state with three leptons, two LSPs, and a neutrino. For left-handed

sleptons (with accompanying sneutrinos), both diagrams exist, and for each diagram there is an

additional diagram with χ̃0
2 → ` ˜̀→ ` ` χ̃0

1 replaced by χ̃0
2 → ν̃ ν → ν ν χ̃0

1. Thus only 50% of

produced pairs results in three leptons. For right-handed sleptons, only the right diagram exists,

and 100% of produced pairs result in three leptons. In these diagrams and those of figure 2, dotted

lines represent unstable intermediate states, and the dashed lines represent the LSP.
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Figure 2. Diagrams of chargino-neutralino and neutralino-neutralino pair production in proton-

proton collisions followed by decay to on-shell W or Z bosons and LSPs.

a variable x˜̀ as

m˜̀ = mχ̃0
1

+ x˜̀(mχ̃±
1
−mχ̃0

1
), (1.1)

where 0 < x˜̀< 1. We present results for x˜̀ equal to 0.5 (i.e., the slepton mass equal to the

mean of the LSP and chargino masses). In some cases we also present results for x˜̀ =0.25

and 0.75.

The interpretation of the result may further depend on whether the sleptons are the

SUSY partner ˜̀L or ˜̀R of left-handed or right-handed leptons. We consider two limiting

cases. In one case, ˜̀R does not participate while ˜̀L and ν̃ do: then both diagrams of

figure 1 exist, and the chargino and neutralino decay to all three lepton flavors with equal

probability. Furthermore, two additional diagrams with χ̃0
2 → ` ˜̀→ ` ` χ̃0

1 replaced by

χ̃0
2 → ν̃ ν → ν ν χ̃0

1 reduce the fraction of three-lepton final states by 50%. In the second

case, in which ˜̀R participates while ˜̀L and ν̃ do not, only the diagram of figure 1(b) exists,

and there is no 50% loss of three-lepton final states. Because the ˜̀R couples to the chargino

via its higgsino component, chargino decays to ˜̀R strongly favor the τ as the lepton. For

the leptonic decay products, we thus consider primarily two flavor scenarios:

• The “flavor-democratic” scenario: the chargino (χ̃±1 ) and neutralino (χ̃0
2) both decay

with equal probability into all three lepton flavors, as expected for ˜̀L;
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• The “τ -enriched” scenario: the chargino decays exclusively to τ leptons as expected

for ˜̀R, while the neutralino decays democratically.

With the selection criteria used in this paper, we have only limited sensitivity to a third

scenario: the “τ -dominated” scenario in which the chargino and neutralino both decay only

to a τ lepton.

We place limits on the pair production cross section times branching fraction in the

above scenarios. In additional interpretations given below in terms of bounds on masses

within SMS, the 50% branching fraction to three leptons is taken into account when ap-

propriate in ˜̀L cases. For x˜̀ = 0.5, the kinematic conditions for the processes of figure 1

are identical for ˜̀L and ˜̀R, and the respective limits are trivially related. For other values

of x˜̀ (0.25 and 0.75), differences in experimental acceptance may alter the relationship.

For results based on the diagrams of figure 2, we assume that sleptons are too massive

to participate, so that the branching fractions to vector bosons are 100%. Even with such

an assumption, there is little sensitivity to the ZZ channel of figure 2(b) in the context

of models such as the minimal supersymmetric extension of the standard model (MSSM),

where neutralino pair production is suppressed relative to neutralino-chargino production.

Rather, for the ZZ signature, we consider a specific gauge-mediated supersymmetry break-

ing (GMSB) Z-enriched higgsino model [35–37] that enhances the ZZ + Emiss
T final state.

Following a description of the data collection and reconstruction procedures in sec-

tion 2, section 3 describes searches specifically aimed at the three-lepton final state of

figure 1. Kinematic observables that can distinguish signal from background include [38–

41] Emiss
T , the invariant mass M`` of the opposite-sign leptons, and the transverse mass MT

formed from one lepton and the Emiss
T . A three-lepton search using Emiss

T is presented in

section 3.1, while a complementary approach using M`` and MT is presented in section 3.2.

In these three-lepton searches, the leptons selected are electrons and muons. Sensitivity to

τ leptons arises only through their leptonic decays.

The three-lepton searches lose sensitivity when the probability to detect the third

lepton becomes low. In section 4, we describe a search based on exactly two reconstructed

leptons with the same electric charge (same sign), which extends the sensitivity to the

processes of figure 1. This study, a modification of the CMS search for SUSY described

in ref. [26], includes hadronically decaying τ leptons in addition to electrons and muons.

Section 5 describes a search for the on-shell W and Z boson production processes of figure 2.

This study is a modification of the CMS search for SUSY in the Z boson plus jets and Emiss
T

channel [25].

Section 6 presents an interpretation of these searches, in some cases combining several

together, and including the four-lepton results of ref. [24]. Results of related searches have

also been recently reported by the ATLAS collaboration [42, 43].

Finally, appendix A provides a parametrized function for the detection efficiency of

physics objects used in the analysis in section 3.2. This function will enable estimation of

sensitivities for BSM models not considered in this paper that yield three leptons in the

final state.
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2 Detector, online selection, and object selection

The online event selections (trigger) and further offline object selections closely follow those

described in ref. [24], and are briefly summarized here. Exceptions are noted below in the

sections specific to each analysis.

The central feature of the CMS apparatus is a superconducting solenoid, of 6 m internal

diameter, providing a magnetic field of 3.8 T. Within the field volume are a silicon pixel

and strip tracker, a crystal electromagnetic calorimeter (ECAL), and a brass/scintillator

hadron calorimeter. Muons are measured in gas-ionization detectors embedded in the steel

return yoke. Extensive forward calorimetry complements the coverage provided by the

barrel and endcap detectors. A more detailed description can be found in ref. [44].

CMS uses a right-handed coordinate system, with the origin at the nominal interaction

point, the x axis pointing to the center of the LHC, the y axis pointing upwards (perpen-

dicular to the plane of the LHC ring), and the z axis along the counterclockwise-beam

direction. The polar angle θ is measured from the positive z axis, and the azimuthal angle

φ (in radians) is measured in the x-y plane. The pseudorapidity η is a transformation of

the polar angle defined by η = − ln[tan(θ/2)].

Events from pp interactions must satisfy the requirements of a two-level trigger system.

The first level performs a fast selection for physics objects (jets, muons, electrons, and

photons) above certain thresholds. The second level performs a full event reconstruction.

Events in this analysis are primarily selected using double-lepton triggers that require at

least one electron or muon with transverse momentum pT > 17 GeV, and another with

pT > 8 GeV, with |η| < 2.5 for electrons and |η| < 2.4 for muons. For channels involving τ

leptons, triggers are used that rely on significant hadronic activity and Emiss
T , in addition

to the presence of a single lepton or two hadronic τ candidates [26]. Additional triggers

are used for calibration and efficiency studies.

Simulated event samples are used to study the characteristics of signal and standard

model (SM) background. Most of the simulated event samples are produced with the Mad-

Graph 5.1.1 [45, 46] event generator, with parton showering and hadronization performed

with the pythia 8.1 [47] program. Signal samples are generated with pythia 6.424 [47].

The samples are generated using the cteq 6L1 [48] parton distribution functions. For the

diboson backgrounds, mcfm [49] samples are used to help assess the theoretical uncertain-

ties on the simulated samples. For the simulated SM samples, we use the most accurate

calculations of the cross sections available, generally with next-to-leading order (NLO)

accuracy [50, 51]. The files specifying the SUSY signal model parameters are generated

according to the SUSY Les Houches accord [52] standards with the isajet program [53],

with cross sections calculated in pythia to leading order and NLO corrections calculated

using prospino 2.1 [54]. Depending on the simulated sample, the detector response and

reconstruction are modeled either with the CMS fast simulation framework [55], or with

the Geant4 [56] program, followed by the same event reconstruction as that used for data.

Events are reconstructed offline using the particle-flow (PF) algorithm [57, 58], which

provides a self-consistent global assignment of momenta and energies. Details of the recon-

struction and identification are given in refs. [59, 60] for electrons and muons. Leptonically
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decaying τ leptons are included in the selection of electrons or muons. In the same-sign

dilepton search, hadronic τ lepton decays are identified with the “hadrons-plus-strips” al-

gorithm [26, 61]. This algorithm combines PF photons and electrons into strips (caused

by azimuthal bending of an electromagnetic shower in the CMS magnetic field) in order

to reconstruct neutral pions. The neutral pions are combined with charged hadrons to

reconstruct exclusive hadronic τ decay topologies. In the four-lepton results from ref. [24]

used in the interpretations in section 6, hadronic τ candidates are identified as isolated

tracks with associated ECAL energy deposits consistent with those from neutral pions.

We consider events that contain electrons, muons, and (for a subset of the searches,

as specified above) hadronically decaying τ leptons, each associated with the same pri-

mary vertex. Offline requirements on the lepton pT and η are described in the analysis-

specific sections below. To reduce contamination due to leptons from heavy-flavor decays or

misidentified hadrons in jets, an isolation criterion is formed by summing the track pT and

calorimeter ET values in a cone of ∆R = 0.3 (0.4 for electrons in the three-lepton+Emiss
T

search) around the lepton, where ∆R =
√

(∆φ)2 + (∆η)2. The candidate lepton is ex-

cluded from the isolation sum. This sum is divided by the lepton’s pT to obtain the

isolation ratio Irel, which is required to be less than 0.15.

Jets are reconstructed with the anti-kT clustering algorithm [62] with a distance pa-

rameter of 0.5. The jet reconstruction is based on PF objects. With exceptions noted

below, jets are required to have |η| < 2.5 and pT > 40 GeV and to be separated from

any lepton satisfying the analysis selection by ∆R > 0.3. Where applicable to suppress

background from heavy flavors, we identify jets with b quarks (referred to throughout as

“b jets”) by using the CMS “track-counting high-efficiency algorithm” (TCHE) [63], which

provides a b-jet tagging efficiency of 76% (63%) with a misidentification rate of 13% (2%)

for the loose (medium) working point.

Events with an opposite-sign same-flavor (OSSF) dilepton (i.e., dielectron or dimuon)

with invariant mass below 12 GeV are rejected, to exclude quarkonia resonances, low-mass

continuum, and photon conversions.

3 Searches in the three-lepton final state

For the searches in the three-lepton final state, we use reconstructed leptons identified as

electrons and muons; any sensitivity to τ leptons comes indirectly through their leptonic

decays. The main SM backgrounds in the three-lepton final state are from WZ production

with three genuine isolated leptons that are “prompt” (created at the primary vertex), and

from tt production with two such leptons and a third particle identified as such but that

is “non-prompt” (created at a secondary vertex, as from a heavy-flavor decay) or not a

lepton. We consider two complementary variants of this search. The first uses the missing

transverse energy Emiss
T directly, and has slightly better sensitivity than the second when

the difference between mχ̃0
2

= mχ̃±
1

and the LSP mass mχ̃0
1

is large. The second search

uses Emiss
T indirectly through the transverse mass MT, which is particularly effective in

discriminating background from leptonic decays of W bosons in events with lower Emiss
T ;

this search has more sensitivity than the first as mχ̃0
1

approaches mχ̃0
2

= mχ̃±
1

.
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3.1 Searches with three leptons using Emiss
T shape

For our study of three-lepton events with significant Emiss
T , we make use of our previous

analysis [24], based on the same data sample as the present study. The analysis requires

three leptons (only electrons or muons) and HT < 200 GeV, where HT is the scalar sum of

the pT of the jets in the event. OSSF dileptons are rejected if 75 GeV < M`` < 105 GeV in

order to suppress background from Z bosons. For the lepton selection, at least one electron

or muon is required with pT > 20 GeV, and another with pT > 10 GeV; the third lepton

must have pT > 8 GeV; this search additionally requires |η| < 2.1 for all three leptons. A

more detailed description of the analysis can be found in ref. [24].

The number of events observed for Emiss
T > 50 GeV and the corresponding background

predictions are given in table 1 in 10-GeV-wide bins (corresponding to the display of the

same data in figure 3 (left) of ref. [24]). The analysis in ref. [24] considers two regions

of Emiss
T only: Emiss

T < 50 GeV and Emiss
T > 50 GeV. In the present study, we take this

latter region and use the separate contents of the bins in table 1 in a combined statisti-

cal treatment. This approach provides more powerful discrimination between signal and

background than the treatment of ref. [24], because of the different shapes of signal and

background across these bins.

All details of the event selection, background estimates, and evaluation of system-

atic uncertainties are as described in section 2 and ref. [24]. Briefly, efficiencies of elec-

tron/muon identification and isolation requirements are estimated using the method de-

scribed in ref. [64] for Z→ `+`− events, and are in agreement with the simulation to within

2% (1%) for electrons (muons). Background due to Drell-Yan processes (including Z + jets

boson production), with a jet providing a third genuine (non-prompt) lepton or a hadron

misidentified as a lepton, is evaluated from studies of isolated tracks failing or passing elec-

tron/muon identification criteria, separately for samples enriched in heavy- and light-flavor

jets. This background decreases rapidly to negligible levels for Emiss
T > 50 GeV. The main

backgrounds for Emiss
T > 50 GeV are from diboson and tt production and are estimated

from the simulation.

Section 6 presents the detailed interpretation of these results.

3.2 Searches with three leptons using M`` and MT

The alternative three-lepton search, based on M`` and MT, introduces in addition a veto

on events having an identified b jet (using the TCHE medium working point) with pT >

20 GeV. By vetoing only b jets, this requirement suppresses tt background while avoiding

exposure to signal loss (for example due to initial-state radiation) from a more general

jet veto.

We require at least one electron or muon with pT > 20 GeV and two more with pT >

10 GeV, all with |η| < 2.4. After requiring Emiss
T > 50 GeV (and making no requirement on

HT), events are characterized by the values of the invariant mass M`` of the OSSF pair,

and the transverse mass MT formed from the Emiss
T vector and the transverse momentum

p`T of the remaining lepton:

MT ≡
√

2Emiss
T p`T[1− cos(∆φ`,Emiss

T
)]. (3.1)
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Emiss
T Range (GeV) Observation Background

50–60 5 7.01 ± 2.15

60–70 10 5.36 ± 1.46

70–80 2 3.35 ± 0.93

80–90 5 2.52 ± 0.68

90–100 1 2.14 ± 0.56

100–110 0 2.37 ± 0.83

110–120 3 1.49 ± 0.47

120–130 1 1.06 ± 0.32

130–140 0 0.38 ± 0.11

140–150 2 0.26 ± 0.10

150–160 0 0.15 ± 0.06

160–170 1 0.16 ± 0.06

170–180 0 0.08 ± 0.03

180–190 0 0.54 ± 0.42

190–200 0 0.05 ± 0.03

>200 0 0.33 ± 0.16

Table 1. The observed and mean expected background in bins of Emiss
T for three-lepton events with

HT < 200 GeV, an opposite-sign same-flavor (OSSF) lepton pair, and no Z boson candidate. These

results correspond to the distributions shown in figure 3 (left) of ref. [24]. Uncertainties include

statistical and systematic contributions.

For three-muon and three-electron events, the OSSF pair with M`` closer to the Z mass

is used. For backgrounds where a true OSSF pair arises from a low-mass virtual photon,

this can result in a misassignment; simulation of this effect is validated with identified µµe

and µee events by treating all three leptons as having the same flavor.

3.2.1 Background due to WZ production

The largest background is due to SM WZ production in which both bosons decay lepton-

ically. Studies with data indicate that the simulation-based estimates of systematic un-

certainties on both the WZ background characteristics and signal resolutions are generally

reliable, but especially at high-MT, corrections are obtainable through detailed compar-

isons of data and the simulation. Here, we present one such study: the calibration of the

hadronic recoil of the WZ system. In addition, the overall WZ event yield normalization is

validated using events where M`` and MT are consistent with the Z and W boson masses

(81 GeV < M`` < 101 GeV, MT < 100 GeV), respectively. We find good agreement with

the SM simulations, as presented below.

The simulation of Emiss
T (and hence MT) is corrected using a generalization of the

Z-recoil method used in the CMS measurements of the W and Z cross sections [64]. The

transverse hadronic recoil vector ~uT is

~uT = − ~Emiss
T − ~pT,1 − ~pT,2 (3.2)

– 8 –
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On-Z, high-MT Off-Z, low-MT Off-Z, high-MT

Hadronic recoil 29.7% 0.9% 14.9%

WZ versus Z recoil 7.2% 0.5% 3.4 %

Lepton energy scale 1.8% 0.7% 0.7%

Lepton energy resolution 1.4% 6.9% 4.5%

Boson pT 5.1% 0.4% 2.2%

Z mass shape 0.2% 0.4% 2.5%

Normalization 9.3% 9.3% 9.3%

Sum 32.4% 11.7% 18.8%

Table 2. Relative systematic uncertainties for the mean WZ background. “On-Z” refers to events

in which the OSSF pair satisfies 81 < M`` < 101 GeV. “Off-Z” refers to events with either M`` <

81 GeV or M`` > 101 GeV. The events are further categorized according to whether they have low

(< 100 GeV) or high (> 100 GeV) MT values. The “Off-Z, low-MT” column corresponds to the sum

of events in regions I and V in figure 3, while the “Off-Z, high MT” column corresponds to the sum

of regions II and IV.

for Z events and

~uT = − ~Emiss
T − ~pT,1 − ~pT,2 − ~pT,3 (3.3)

for WZ events, where ~Emiss
T is the missing transverse energy vector, and ~pT,i is the trans-

verse momentum vector of each of the two leptons from the Z decay or three leptons from

the WZ decay. The recoil vector is resolved into components: u1 parallel to the direction

of the respective Z or WZ system, and u2 perpendicular to the Z or WZ direction (known

in the simulation and approximated in the data). The u1 component is sensitive to calor-

imeter response and resolution, while the u2 component is predominantly determined by

the underlying event and multiple interactions. Using a pure sample of Z boson events,

detailed studies of both components as a function of the Z boson pT value yield corrections

to the simulation, which are implemented event-by-event assuming that the results for Z

production are similar to those for WZ production. These data-based corrections alter the

expected background by up to 25%, and allow us to reduce the systematic uncertainty

associated with the simulation.

Reconstructed leptonic decays of Z bosons are used to calibrate lepton energy scales

and resolutions, separately for electrons and muons, in bins of pT and η. The uncertainties

from this procedure are propagated into uncertainties on the mean background estimation

by using the simulation. Table 2 summarizes these and the other systematic uncertainties

in the estimation of the WZ background.

3.2.2 Background due to tt production and other processes

The second-largest background is from events with two genuine isolated prompt leptons

and a third identified lepton that is either a non-prompt genuine lepton from a heavy-

flavor decay or a misidentified hadron, typically from a light-flavor jet. Top-quark pair,

Z + jets, and WW + jets events are the main processes that contribute to this background.

We measure this background using control samples in data. The probability for a non-
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prompt lepton to satisfy the isolation requirement (Irel < 0.15) is measured in a data

sample enriched with QCD dijet events, and varies from 2% to 3% for muons and from

6% to 8% for electrons as a function of lepton pT. These probabilities, applied to the

three-lepton events where the isolation requirement on one of the leptons is removed, are

used to estimate background due to such non-prompt leptons.

Another background studied with data is the rare process in which a Z boson is accom-

panied by an initial- or final-state radiation photon that converts internally or externally,

leading to a reconstructed three-lepton final state when the conversion is highly asymmet-

ric [24].

The systematic uncertainties assigned to the tt background and other backgrounds

studied with data are based on differences between the predicted and true yields when

the method is applied to simulated events, as well as on the effect of the prompt-lepton

contamination in control samples.

Backgrounds from very rare SM processes that have not yet been adequately measured

in the data (ZZ, ttZ, ttW, three-vector-boson events) are estimated from simulation. For

these sources, a systematic uncertainty of 50% is assigned to account for uncertainty in the

NLO calculations of cross sections.

3.2.3 Observations in the three-lepton search with M`` and MT

Figure 3 presents a scatter plot of MT versus M`` for the selected events. The dashed

lines divide the plane into six regions. The horizontal dashed line at MT = 100 GeV

separates the lower-MT region, which contains most of the background associated with

on-shell W bosons, from the region depleted of this background. The vertical dashed lines

at M`` = 81 GeV and 101 GeV define the endpoints of the region dominated by Z boson

decays. In the lower M`` region, the search is sensitive to the signal production process of

figure 1 with small to moderate χ̃0
2–χ̃

0
1 mass splittings (< 100 GeV), while being subject

to background from W + γ∗/Z∗ events, especially in Region I. In the higher-M`` region,

the search is sensitive to models with larger mass splittings. Region VI (on-Z, low MT)

is dominated by WZ and ZZ backgrounds. Leakage from this region contaminates the

nearby regions.

Figure 4 shows the MT distributions for data and the mean expected SM background

below the Z (Regions I and II), on-Z (Regions III and VI), and above the Z (Regions IV

and V). The background shape from non-prompt or misidentified leptons is taken from

simulation while the normalization is derived from the data.

Table 3 contains a summary of the mean estimated backgrounds and observed yields.

There is no evidence for a signal, and the background shape is well reproduced within the

limited statistics.

Section 6 contains the detailed interpretation of these observations, which are found

to have comparable sensitivity to the Emiss
T -based search of section 3.1.

4 Searches in the same-sign two-lepton final state

Three-lepton final states are not sensitive to direct chargino-neutralino production if one

of the leptons is unidentified, not isolated, or outside the acceptance of the analysis. The
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Figure 3. MT versus M`` for the selected events in data. (Unlabeled Region VI lies between

Regions I and V.) Two events appear outside the limits of the plot; one is a µµµ event at (M``,MT)

= (240 GeV, 399 GeV) and the other is an eee event at (95 GeV, 376 GeV).

Region WZ Non-prompt Rare SM Total background Data

I 16.2 ± 2.9 4.7 ± 2.4 2.1 ± 1.5 23.0 ± 5.1 31

II 3.6 ± 0.8 1.94 ± 1.02 0.4 ± 0.2 6.0 ± 1.3 3

III 15.6 ± 5.7 0.2 ± 0.1 0.8 ± 0.4 16.6 ± 5.7 17

IV 1.6 ± 0.4 0.2 ± 0.1 0.4 ± 0.2 2.2 ± 0.5 2

V 8.7 ± 1.7 1.4 ± 0.8 0.9 ± 0.4 11.0 ± 1.9 12

VI 150.6 ± 25.7 2.6 ± 1.4 11.7 ± 5.8 164.9 ± 26.4 173

Table 3. Summary of mean expected backgrounds and observations in each region for

the three-lepton search based on M`` and Emiss
T . Uncertainties include statistical and

systematic contributions.

CMS detector has high geometrical acceptance for all leptons. However, when the signal-

model mass splittings are such that one lepton has pT < 10 GeV, three leptons are unlikely

to be selected. Some of these otherwise-rejected events can be recovered by requiring only

two leptons, which should however be of same sign (SS) to suppress the overwhelming

background from opposite-sign dileptons [38, 65].

The SS dilepton search requires at least one electron or muon with pT > 20 GeV, and

another with pT > 10 GeV, with |η| < 2.4 for both. We exclude events that contain a third

lepton, using the criteria of section 3.2, in order to facilitate combination with those results.

Furthermore, as events with τ leptons can be important in some SUSY scenarios [66], we
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Figure 4. Observed and mean expected MT distribution for M`` in the regions (a) below the Z

boson mass, (b) on the Z boson mass, and (c) above the Z boson mass. Rare SM processes include

three-vector-boson production, production of top-quark pairs together with a vector boson, and ZZ

production. The last bin in each histogram includes the events withMT beyond the histogram range.

include the eτ , µτ , and ττ final states; for this purpose, we use hadronic decays of the

τ . The isolation criteria for hadronically decaying τ leptons require that, apart from the

hadronic decay products, there be no charged hadron or photon with pT above 0.8 GeV

within a cone of ∆R = 0.5 around the direction of the τ .

An important class of background for SS events is that with one genuine prompt

lepton and either a non-prompt genuine lepton from a heavy-flavor decay or a misidentified

hadron. This background arises mainly from events with jets and a W or Z boson. Much

of the analysis strategy is driven by the need to suppress these events. Electron and muon

selection criteria are thus tightened: the isolation criterion becomes Irel < 0.1, and we add

a criterion to limit the maximum energy deposit of muon candidates in the calorimeters.

Events containing OSSF pairs with |M`` −MZ | < 15 GeV are eliminated in order to

reduce background due to processes such as WZ and ttZ production. For this purpose

we select these events by using looser isolation criteria (Irel < 1.0 for muons and bar-
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Source ee µµ eµ eτ µτ ττ Sum

Non-pr/misID 1.0 ± 0.8 0.0 ± 0.2 1.7 ± 1.0 1.5 ± 1.1 1.7 ± 0.6 0.00 ± 0.00 5.8 ± 1.9

Charge misass 0.0 ± 0.0 — 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.1 0.00 ± 0.01 0.1 ± 0.1

Rare SM 1.0 ± 0.7 0.7 ± 0.5 1.3 ± 0.7 0.3 ± 0.1 0.4 ± 0.2 0.00 ± 0.00 3.7 ± 1.5

Total background 2.1 ± 1.0 0.7 ± 0.5 3.1 ± 1.2 1.7 ± 1.1 2.0 ± 0.6 0.00 ± 0.01 9.5 ± 2.4

Observed 2 1 0 1 1 0 5

Table 4. Summary of mean expected backgrounds and observed yields in the Emiss
T > 200 GeV

signal region for all six same-sign dilepton channels. The background categories comprise non-

prompt and misidentified leptons, charge misassignment, and rare SM processes. Uncertainties

include statistical and systematic contributions.

rel electrons, and Irel < 0.6 for endcap electrons) and looser identification requirements

for electrons.

The remaining background with a non-prompt lepton is estimated with techniques

described in ref. [26], where the probability for a non-prompt lepton to pass the signal

selection is derived from control regions in data using extrapolations in the isolation and

identification criteria. The systematic uncertainty on these predictions is 50% for light

leptons and 30% for τ leptons.

Residual background is mostly due to charge misassignment in events with an OSSF

pair, e.g., from Drell-Yan, tt, or WW processes. We quantify the charge misassignment

probability for electrons and τ leptons by studying SS ee or ττ events inside the Z mass

peak region in data. For electrons, this probability is 0.0002± 0.0001 in the ECAL barrel

and 0.0028± 0.0004 in the ECAL endcap, and for τ leptons it is 0.009± 0.024. For muons,

it is determined from cosmic-ray data to be of order 10−5 and is neglected.

Backgrounds of lesser importance include those from rare SM processes such as diboson

production, associated production of a tt pair with a vector boson, or triboson production.

They are taken from simulation with a 50% systematic uncertainty assigned. An exception

is WZ production, for which normalization to the measured cross section is available, thus

reducing the systematic uncertainty to 20%.

The distribution of events thus selected is studied in the plane of Emiss
T versus HT,

as displayed in figure 5(a). The signal region is defined by the criterion Emiss
T > 200 GeV,

with the 120 GeV < Emiss
T < 200 GeV interval used as a control region to confirm under-

standing of backgrounds. In the control region, the total mean expected background for

events without a τ (ee, µµ, and eµ events) is 24.8 ± 7.6, and 27 events are observed. The

total mean expected background for eτ , µτ , and ττ events is 24.5 ± 8.9, and 26 events

are observed. The observed signal region yields in the various lepton-flavor final states are

displayed in figure 5(b). Table 4 presents the mean expected background and the observed

yields in the signal region. Section 6 presents the detailed interpretation of these observa-

tions; combining the same-sign dilepton search with the three-lepton search increases the

mass limits by up to approximately 20 GeV.

The same-sign analysis is potentially sensitive to the processes of figure 1 in the τ -

dominated scenario, in which the chargino and neutralino both decay only to a τ . With

the present selection, we are only able to exclude a limited region of phase space for this

scenario, bounded by mχ̃0
1
< 50 GeV and mχ̃0

2
= mχ̃±

1
< 250 GeV.
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Figure 5. (a) Emiss
T versus HT for same-sign dilepton candidate events. (b) Mean expected

background yields with their uncertainty and observed number of events in the six channels, for the

signal region (Emiss
T > 200 GeV).

5 Searches in the WZ/ZZ + Emiss
T final state with two leptons and two

jets

Finally, we consider events with two on-shell vector bosons and significant Emiss
T . Ref. [24]

presents results relevant for the four-lepton final state, corresponding to the two-Z-boson

process of figure 2(b), when each Z boson decays either to an electron or a muon pair. In

the following, we extend sensitivity to both diagrams of figure 2 by selecting events in which

a Z boson decays to either ee or µµ, while a W boson or another Z boson decays to two

jets. SM diboson events with the corresponding final states do not contain intrinsic Emiss
T .

This search is an extension of our previous result [25]. We use the same selection

of jets, leptons, and Emiss
T , as well as the same background estimation methods. Both

leptons must have pT > 20 GeV. In particular, jets are required to have pT > 30 GeV and

|η| < 3. The Emiss
T signal regions are indicated in table 5, with the entries indicating mean

background estimates after applying all selection criteria described below.

We suppress background from tt events by a factor of approximately 10 by rejecting

events that contain an identified b jet. We use the TCHE loose (medium) working point for

jets with pT < 100 GeV (> 100 GeV). Further suppression of the tt and Z+jets background

is achieved by requiring that the dijet mass Mjj be consistent with a W or Z boson, namely

70 GeV < Mjj < 110 GeV. Background from WZ + jets events is suppressed by rejecting

events that contain a third identified lepton with pT > 20 GeV.

Background from SM Z + jets events with artificial Emiss
T from jet mis-measurements

must be carefully estimated, since the artificial Emiss
T is not necessarily well-reproduced in

simulation. Using the method described in ref. [25], a control sample of γ + jets events is

– 14 –



J
H
E
P
1
1
(
2
0
1
2
)
1
4
7

Source 30 ≤ Emiss
T < 60 GeV 60 ≤ Emiss

T < 80 GeV 80 ≤ Emiss
T < 100 GeV

Z + jets background 2298 ± 737 32.9 ± 11.1 5.2 ± 1.8

OF background 11 ± 2 6.6 ± 1.6 4.6 ± 1.2

WZ/ZZ background 50 ± 25 3.9 ± 2.0 2.2 ± 1.1

Total background 2359 ± 737 43.4 ± 11.4 12.0 ± 2.4

Data 2416 47 7

Source 100 ≤ Emiss
T < 150 GeV 150 ≤ Emiss

T < 200 GeV Emiss
T ≥ 200 GeV

Z + jets background 1.7 ± 0.6 0.4 ± 0.2 0.20 ± 0.09

OF background 4.6 ± 1.2 0.8 ± 0.3 0.06 ± 0.07

WZ/ZZ background 2.5 ± 1.3 0.7 ± 0.4 0.4 ± 0.2

Total background 8.8 ± 1.8 1.9 ± 0.5 0.7 ± 0.3

Data 6 2 0

Table 5. Summary of mean expected backgrounds and observed data in each of the Emiss
T signal

regions, in final states with two opposite-sign leptons, two jets, and Emiss
T . The total background is

the sum of the Z+jets background evaluated with γ+jets events, the flavor-symmetric background

evaluated from opposite-flavor events (OF background), and the WZ/ZZ background expected from

simulation (WZ/ZZ background). Uncertainties include statistical and systematic contributions.

used to model the Emiss
T in Z + jets events, after performing a reweighting procedure to

take into account the different kinematic properties of the hadronic systems in the control

and signal samples.

Background processes with uncorrelated flavor, while dominated by tt events, also

include events with ττ (via Drell-Yan production and followed by leptonic decays), WW,

and single top production. For these processes, production in the same-flavor ee and µµ

final states used for the search is modeled using a control sample of opposite-flavor (OF)

eµ events. Subdominant background contributions from SM WZ and ZZ production are

estimated from simulation.

The mean expected backgrounds in bins of Emiss
T and the observed yields are summa-

rized in table 5 and displayed in figure 6. Section 6 contains the interpretation of these

results, including a combination with those of ref. [24].

6 Interpretations of the searches

In this section, we present the interpretation of our results. Section 6.1 presents the limits

on the SMS of figure 1 from the three-lepton search using the Emiss
T shape (section 3.1).

Section 6.2 presents the limits on the same SMS from the three-lepton search using M``

and MT (section 3.2), the same-sign dilepton search (section 4), and their combination.

Section 6.3 presents the limits on the SMS of figure 2 using results from section 3 and from

the WZ+Emiss
T analysis of section 5, as well as limits on a GMSB model using results from

the ZZ+Emiss
T analysis of section 5 and the four-lepton results of ref. [24]. In all the search

channels, the observations agree with the expected background.

We present upper limits on the cross sections for pair production of charginos and

neutralinos. All upper limits are computed at 95% confidence level (CL) using the CLs

criterion [67, 68] with choices in the implementation following those in ref. [69]. Using
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Figure 6. Observed Emiss
T distribution for WZ +Emiss

T events after all selection criteria are applied

except that on Emiss
T (solid points), in comparison with the corresponding SM expectation. For

purposes of illustration, the Emiss
T distribution expected for WZ SMS events with mχ̃0

2
= mχ̃±

1
=

200 GeV and a massless LSP is shown. The plot below the main figure shows the ratio of the

observed and mean-expected-background distributions.

the NLO cross section calculations from ref. [50, 51], we also evaluate 95% CL exclusion

curves. The exclusion curves are shown not only for their central values, but also when

the NLO cross section is varied by ±1 standard deviation (σ) of its uncertainty [51]. In

addition, we display the median expected exclusion limit in an ensemble of experiments

with background only, as well as the uncertainty band that contains 68% of the limits in

the ensembles.

6.1 Limits on SMS from the search with three leptons using Emiss
T shape

Figure 7(a) displays the 95% CL upper limits on the cross section times branching fraction

in the mχ̃0
1

versus mχ̃0
2

(= mχ̃±
1

) plane, with x˜̀ = 0.5 in the flavor-democratic scenario

described in the Introduction. The contour bounds the excluded region in the plane as-

suming the NLO cross section calculation and a 50% branching fraction to three leptons, as

appropriate for this SMS. Figure 7(b) displays the corresponding limits for the τ -enriched

scenario. The lower-sensitivity feature in the curve, noticeable where the common mass

mχ̃0
2

= mχ̃±
1

is approximately 100 GeV greater than mχ̃0
1
, corresponds to the phase space

where the dilepton mass has a high probability to be close to the Z mass, such that the

event is rejected.
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Figure 7. The shading in the mχ̃0
1

versus mχ̃0
2

(= mχ̃±
1

) plane indicates the 95% CL upper limit

on the chargino-neutralino NLO production cross section times branching fraction in (a) the flavor-

democratic scenario, and (b) the τ -enriched scenario, based on the results of the three-lepton+Emiss
T

search using the data of ref. [24]. The slepton mass is the mean of the χ̃0
1 and χ̃±

1 masses, i.e.,

x˜̀ = 0.5. In (a), the solid (dotted) contours bound the observed (expected) mass region excluded

at 95% CL for a branching fraction of 50%, as appropriate for the three-lepton decay products in

the flavor-democratic scenario. In (b), the same contours are for a branching fraction of 100%, as

appropriate for the τ -enriched scenario, in which the final-state lepton from the chargino decay is

always the τ lepton.

6.2 Limits on SMS from the search with three leptons, M``, and MT, and

from same-sign dilepton searches

Figure 8 displays, for three values of x˜̀, the 95% CL upper limit on the chargino-neutralino

production cross section times branching fraction in the flavor-democratic scenario, derived

from the results of the three-lepton search using MT and M`` and those of the SS dilepton

search. The contours bound the mass regions excluded at 95% CL for a branching fraction

of 50%, as appropriate for the visible decay products in this scenario. The contours based

on the observations are shown for the separate searches and for the combination. This

search has slightly better sensitivity than the complementary search based on the Emiss
T

shape (figure 7) in the region where the difference between mχ̃0
2

= mχ̃±
1

and mχ̃0
1

is small,

and slightly worse sensitivity where this mass difference is large.

Figure 9 presents the corresponding limits for the τ -enriched scenario. As the SS

dilepton search does not have sensitivity for x˜̀ = 0.50, there is no limit curve for this

search in figure 9(b). In the other limit curves in both figures 8 and 9, the increase

in the combined mass limit from incorporation of the SS dilepton search ranges up to

approximately 20 GeV.

Appendix A provides a prescription for emulating the event selection efficiency for this

signature, in order to facilitate further interpretation of the results in electroweak SUSY

production scenarios beyond the models considered in this paper.
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Figure 8. The shading in the mχ̃0
1

versus mχ̃0
2

(= mχ̃±
1

) plane indicates the 95% CL upper limit

on the chargino-neutralino production NLO cross section times branching fraction in the flavor-

democratic scenario, for the combined analysis of the three-lepton search using M`` and MT, and

the same-sign dilepton search. The contours bound the mass regions excluded at 95% CL for a

branching fraction of 50%, as appropriate for the visible decay products in this scenario. The

contours based on the observations are shown for the separate searches and for the combination; in

addition, the expected combined bound is shown. The three subfigures are the results for x˜̀ set to

(a) 0.25, (b) 0.50, and (c) 0.75.
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Figure 9. For the τ -enriched scenario, the results corresponding to those in figure 8.

6.3 Limits on SMS and GMSB from the WZ/ZZ + Emiss
T final state with two

or more leptons

We calculate upper limits on the cross sections for pair production of charginos and neu-

tralinos times branching fractions into the WZ + Emiss
T and ZZ + Emiss

T final states as a

function of the chargino and neutralino masses. In calculating these limits, the uncer-

tainties related to jet and Emiss
T quantities (jet multiplicity, dijet mass, and Emiss

T ) vary

significantly across the model space, and are addressed separately at each point, taking

into account the bin-to-bin migration of signal events. The limits in section 6.3.1 are

presented in the context of the SMS of figure 2(a) with 100% branching fractions of the

chargino (neutralino) to W + χ̃0
1 (Z + χ̃0

1). The wino-like cross section with coupling gγµ
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is assumed. As the present data do not have sufficient sensitivity to explore the SMS of

figure 2(b), the limits in section 6.3.2 are presented in the context of a gauge-mediated

symmetry breaking (GMSB) Z-enriched higgsino model [35–37] that has a large branching

fraction to the ZZ + Emiss
T final state. In this scenario, the LSP is a very light gravitino

(mass ≤ 1 keV).

6.3.1 Limits on SMS with on-shell W and Z from WZ+Emiss
T and three-lepton

analyses

For limits on the SMS of figure 2(a) with on-shell W and Z bosons, we combine the results

of the WZ/ZZ + Emiss
T analysis and the three-lepton analysis of section 3.2. From the

WZ/ZZ + Emiss
T analysis, we use the results in exclusive Emiss

T regions, as summarized

in table 5. For the three-lepton analysis, we use the results in table 3. The three-lepton

region with the broadest sensitivity is Region III, the on-Z, high-MT region. If the difference

between the common mass mχ̃0
2

= mχ̃±
1

and mχ̃0
1

is small, then a significant fraction of the

signal events fall below the Z mass window so that other signal regions contribute as well,

in particular Region I (below-Z, low-MT region). Region VI is not used directly in the fit,

in order to facilitate the combination and to avoid using this region to constrain the WZ

yield in the WZ/ZZ+Emiss
T analysis, where the kinematic selection is very different since it

includes jet requirements. Instead, a scaling factor of 1.1± 0.1 is applied to the WZ yield

in Regions I-V, based on the data/simulation comparison in Region VI.

In the combination, the common signal-related systematic uncertainties for luminosity,

jet energy scale, lepton identification, trigger efficiency, and misidentification of light-flavor

jets as b jets are considered to be 100% correlated. For backgrounds, the only common

systematic uncertainty is that for the WZ/ZZ simulation, which is treated as 100% corre-

lated. No events in the data pass both signal selections. For the backgrounds, the overlap

in the control sample is less than 1%. Thus the two selections are treated as independent.

Figure 10 displays the observed limits for the two individual analyses and the combi-

nation. For large mχ̃0
2

= mχ̃±
1

, the WZ/ZZ + Emiss
T analysis has higher sensitivity due to

the large hadronic branching fractions of the W and Z bosons. At lower mχ̃0
2

= mχ̃±
1

, the

signal events do not have large Emiss
T , resulting in a loss of signal region acceptance for

the WZ/ZZ + Emiss
T analysis. In this region, the background suppression provided by the

requirement of a third lepton leads to better sensitivity for the three-lepton analysis.

6.3.2 Limits on a Z-enriched GMSB model from ZZ + Emiss
T and four-lepton

search

For the SMS of figure 2(b) with two on-shell Z bosons, the present data do not exclude

any region of mχ̃0
2

= mχ̃±
1

, and are therefore not sensitive to a scenario in which neutralino

pair production is the sole production mechanism. However, the ZZ +Emiss
T signature can

be enhanced in scenarios in which additional mechanisms, such as chargino-chargino and

chargino-neutralino production, also contribute. This is the case in a GMSB Z-enriched

higgsino model [35–37].

In this scenario, the LSP is a nearly massless gravitino, the next-to-lightest SUSY

particle is a Z-enriched higgsino χ̃0
1, and the χ̃±1 is nearly mass degenerate with the χ̃0

1.
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Figure 10. Interpretation of the WZ + Emiss
T and three-lepton results in the context of the WZ

SMS. The WZ+Emiss
T observed, three-lepton observed, combined observed, and combined expected

contours are indicated.

We set the gaugino mass parameters M1 and M2 to M1 = M2 = 1 TeV, the ratio of

Higgs expectation values tanβ to tanβ = 2, and then explore variable Higgsino mass

parameters. The masses of the χ̃0
1 and χ̃±1 are controlled by the parameter µ, with mχ̃0

1
≈

mχ̃±
1
≈ µ. Hence the χ̃±1 decays to χ̃0

1 and to low-pT SM particles that escape detection.

Thus, all production mechanisms (chargino-chargino, chargino-neutralino, and neutralino-

neutralino) lead to a pair of χ̃0
1 particles in the final state, and the branching fraction

to the ZZ + Emiss
T final state is large (varying from 100% at µ = 130 GeV to 85% at

µ = 410 GeV). Mainly because of the mix of production mechanisms, the kinematic

distributions of this model are slightly different than those expected in a pure neutralino-

pair production scenario, leading to different signal acceptances.

We combine the results of the WZ/ZZ + Emiss
T analysis of section 5 with independent

results for the four-lepton channel analysis of ref. [24] to further restrict the GMSB sce-

nario. The two selections have negligible overlap, and are thus treated as independent in

the combination.

Table 6 summarizes the relevant results from ref. [24], with the high-HT and low-HT

regions of that study combined. All samples contain four leptons, including an OSSF lepton

pair whose mass is consistent with the Z boson mass, with separate entries for events with

Emiss
T above or below 50 GeV, and for events with zero or one hadronically decaying τ

lepton candidate (τh).

The results of the individual and combined exclusions are displayed in figure 11. As

in section 6.3.1, the WZ/ZZ +Emiss
T and the multilepton analysis are complementary, with

the four-lepton analysis having greater (less) sensitivity than the WZ/ZZ +Emiss
T analysis

at small (large) values of µ. By combining the two analyses, we exclude the range of µ

between 148 and 248 GeV.
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Signal Region Expected Background Observed Yield

N(τh) = 0 , Emiss
T ≥ 50 GeV 1.0± 0.2 1

N(τh) = 0 , Emiss
T < 50 GeV 38± 15 34

N(τh) = 1 , Emiss
T ≥ 50 GeV 2.6± 0.7 4

N(τh) = 1 , Emiss
T < 50 GeV 18.0± 5.2 20

Table 6. Summary of the results from the multilepton analysis of ref. [24] used as input to

the combined limit on the GMSB model. All categories have four leptons including an OSSF

pair consistent with a Z boson; N(τh) denotes the number of these leptons that are identified as

hadronically decaying τ leptons. Uncertainties include statistical and systematic contributions.
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 = 7 TeV, Ls

miss
TGMSB  ZZ + E

 = 2βtan 
 = 1 TeV2 = M1M

Figure 11. Interpretation of the results for the ZZ + Emiss
T (with two leptons and two jets)

analysis and the results of the four-lepton analysis from ref. [24] in the context of the GMSB

model described in the text. The NLO cross section upper limits are presented for the ZZ + Emiss
T

observed, multilepton observed, the combined observed, and the combined expected results. The

theory prediction for the cross section is also presented. The median expected limits, their ±1σ

variations, and the ±1σ band on the theory curve are as described at the beginning of section 6.

6.4 Summary of excluded masses for chargino-neutralino pair production

Figure 12 displays a summary of the excluded regions in the chargino-neutralino produc-

tion scenarios considered above. Also displayed are the exclusion curves at 95% CL from

searches at LEP2 [16, 17, 70], which excluded m˜̀ < 82 GeV and mχ̃±
1
< 103 GeV. The

results in this paper probe the production of charginos and neutralinos with masses up to

approximately 200 to 500 GeV, depending on the decay modes of these particles.

7 Summary

This paper presents searches for supersymmetric charginos and neutralinos. While a num-

ber of previous studies at the LHC have focused on strongly coupled supersymmetric

particles, this paper is one of the first to focus on the electroweak sector of supersymmetry.
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Figure 12. Summary of the excluded regions in the mχ̃0
1

versus mχ̃0
2

(= mχ̃±
1

) plane for: the three-

lepton+Emiss
T search (sections 3.1 and 6.1), separately for the ˜̀L and ˜̀R scenarios; the combination

(section 6.2) of the three-lepton analysis based on M`` and MT (section 3.2) with the SS dilepton

analysis (section 4), separately for the ˜̀L and ˜̀R scenarios; and the combination (section 6.3.1) of

the diboson analysis with two leptons and two jets (section 5) with the three-lepton analysis based

on M`` and MT (section 3.2), for the WZ+Emiss
T model. Regions excluded by searches at LEP2 for

sleptons and charginos are also indicated. The implied branching fractions introduced in section 1

are noted in the legend. For models with intermediate sleptons (including the LEP2 slepton limit),

the interpretations correspond to x˜̀ = 0.5.

The searches performed here explore final states with exactly three leptons using transverse

mass and lepton-pair invariant mass, two same-sign leptons, and two opposite-sign leptons

and two jets. The results of a published search for new physics in the final state of three or

more leptons are reinterpreted in the context of electroweak supersymmetry. No excesses

above the standard model expectations are observed. The results are used to exclude a

range of chargino and neutralino masses from approximately 200 to 500 GeV in the context

of models that assume large branching fractions of charginos and neutralinos to leptons

and vector bosons.
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x p0 p1 p2 p3 p4 p5 p6

pT(µ) -4.65 27.38 -14.64 -9.31 0.47 -849.3 0.

pT(e), 12.32 10.11 20.12 32.17 0.32 0.11 0.

Emiss
T 48.37 43.54 49.90 14.95 0.06 0.44 0.

MT 98.23 87.99 97.61 29.78 0.36 0.14 0.008

pT(b quark) 30.60 31.80 0.34 0. 0. 0. 0.

pT(c quark) 32.02 45.34 0.11 0. 0. 0. 0.

pT(udsg parton) 68.84 55.21 0.02 0. 0. 0. 0.

Table 7. The parameters of the efficiency function ε(x), where x represents pT(µ), pT(e), Emiss
T ,

MT, or pT(parton) for different quark flavors (udscb) and for gluons (g).

A Signal efficiency model for the three-lepton analysis with M`` and MT

In order to facilitate the interpretation of the three-lepton results with M`` and MT pre-

sented in section 3.2 within the context of other signal models that are not considered

here, we provide a prescription for emulating the event selection efficiency. This prescrip-

tion includes lepton reconstruction and identification efficiencies, Emiss
T and MT selection

efficiencies, as well as the b-jet identification probability. The latter can be used to param-

eterize the b-veto acceptance in case the model of interest contains such jets.

We perform a fit to efficiency curves for each selection using the parametric function

ε(x) = p6 + p4

[
erf

(
x− p0

p1

)
+ 1

]
+ p5

[
erf

(
x− p2

p3

)
+ 1

]
, (A.1)

where x represents the observable for which the efficiency is parametrized, and erf indicates

the error function. This includes the efficiency for electrons and muons to be reconstructed

and to satisfy the identification requirements as a function of the lepton pT; the probability

for an event to satisfy the requirements Emiss
T > 50 GeV and MT > 100 GeV as a function of

true Emiss
T and true MT; and the probability for a jet to be identified as a b jet separately for

the cases where the jet originates from a b-, c-, or light-flavor quark or gluon as a function

of jet pT. (The true Emiss
T observable is calculated with the stable generator-level invisible

particles, while the true MT is calculated using the true Emiss
T and the third lepton, i.e.,

the one not used in the M`` calculation.)

The parameters of the fitted functions are given in table 7. Using these parameters and

the values of x, a combined probability for a given event to pass the full event selection

can be obtained. We have tested the efficiency model in a signal sample and observed

consistent event yields compared to the full detector simulation within about 25%.
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de Physique Nucléaire de Lyon, Villeurbanne, France

S. Beauceron, N. Beaupere, O. Bondu, G. Boudoul, J. Chasserat, R. Chierici5, D. Contardo,

P. Depasse, H. El Mamouni, J. Fay, S. Gascon, M. Gouzevitch, B. Ille, T. Kurca,

M. Lethuillier, L. Mirabito, S. Perries, L. Sgandurra, V. Sordini, Y. Tschudi, P. Verdier,

S. Viret

Institute of High Energy Physics and Informatization, Tbilisi State University,

Tbilisi, Georgia

Z. Tsamalaidze15

RWTH Aachen University, I. Physikalisches Institut, Aachen, Germany

G. Anagnostou, C. Autermann, S. Beranek, M. Edelhoff, L. Feld, N. Heracleous, O. Hin-

drichs, R. Jussen, K. Klein, J. Merz, A. Ostapchuk, A. Perieanu, F. Raupach, J. Sammet,

S. Schael, D. Sprenger, H. Weber, B. Wittmer, V. Zhukov16

– 32 –



J
H
E
P
1
1
(
2
0
1
2
)
1
4
7

RWTH Aachen University, III. Physikalisches Institut A, Aachen, Germany

M. Ata, J. Caudron, E. Dietz-Laursonn, D. Duchardt, M. Erdmann, R. Fischer, A. Güth,
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H.J. Simonis, F.M. Stober, D. Troendle, R. Ulrich, J. Wagner-Kuhr, S. Wayand, T. Weiler,

M. Zeise

Institute of Nuclear Physics ”Demokritos”, Aghia Paraskevi, Greece

G. Daskalakis, T. Geralis, S. Kesisoglou, A. Kyriakis, D. Loukas, I. Manolakos, A. Markou,

C. Markou, C. Mavrommatis, E. Ntomari

University of Athens, Athens, Greece

L. Gouskos, T.J. Mertzimekis, A. Panagiotou, N. Saoulidou

– 33 –



J
H
E
P
1
1
(
2
0
1
2
)
1
4
7

University of Ioánnina, Ioánnina, Greece

I. Evangelou, C. Foudas, P. Kokkas, N. Manthos, I. Papadopoulos, V. Patras

KFKI Research Institute for Particle and Nuclear Physics, Budapest, Hungary

G. Bencze, C. Hajdu, P. Hidas, D. Horvath18, F. Sikler, V. Veszpremi, G. Vesztergombi19

Institute of Nuclear Research ATOMKI, Debrecen, Hungary

N. Beni, S. Czellar, J. Molnar, J. Palinkas, Z. Szillasi

University of Debrecen, Debrecen, Hungary

J. Karancsi, P. Raics, Z.L. Trocsanyi, B. Ujvari

Panjab University, Chandigarh, India

S.B. Beri, V. Bhatnagar, N. Dhingra, R. Gupta, M. Kaur, M.Z. Mehta, N. Nishu,

L.K. Saini, A. Sharma, J.B. Singh

University of Delhi, Delhi, India

Ashok Kumar, Arun Kumar, S. Ahuja, A. Bhardwaj, B.C. Choudhary, S. Malhotra,

M. Naimuddin, K. Ranjan, V. Sharma, R.K. Shivpuri

Saha Institute of Nuclear Physics, Kolkata, India

S. Banerjee, S. Bhattacharya, S. Dutta, B. Gomber, Sa. Jain, Sh. Jain, R. Khurana,

S. Sarkar, M. Sharan

Bhabha Atomic Research Centre, Mumbai, India

A. Abdulsalam, R.K. Choudhury, D. Dutta, S. Kailas, V. Kumar, P. Mehta,

A.K. Mohanty5, L.M. Pant, P. Shukla

Tata Institute of Fundamental Research - EHEP, Mumbai, India

T. Aziz, S. Ganguly, M. Guchait20, M. Maity21, G. Majumder, K. Mazumdar, G.B. Mo-

hanty, B. Parida, K. Sudhakar, N. Wickramage

Tata Institute of Fundamental Research - HECR, Mumbai, India

S. Banerjee, S. Dugad

Institute for Research in Fundamental Sciences (IPM), Tehran, Iran

H. Arfaei22, H. Bakhshiansohi, S.M. Etesami23, A. Fahim22, M. Hashemi, H. Hesari, A. Ja-

fari, M. Khakzad, M. Mohammadi Najafabadi, S. Paktinat Mehdiabadi, B. Safarzadeh24,

M. Zeinali
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M. Pimiä, D. Piparo, G. Polese, L. Quertenmont, A. Racz, W. Reece, J. Rodrigues Antunes,

G. Rolandi32, C. Rovelli33, M. Rovere, H. Sakulin, F. Santanastasio, C. Schäfer, C. Schwick,
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P. Piroué, X. Quan, A. Raval, B. Safdi, H. Saka, D. Stickland, C. Tully, J.S. Werner,

A. Zuranski

University of Puerto Rico, Mayaguez, USA

E. Brownson, A. Lopez, H. Mendez, J.E. Ramirez Vargas

Purdue University, West Lafayette, USA

E. Alagoz, V.E. Barnes, D. Benedetti, G. Bolla, D. Bortoletto, M. De Mattia, A. Everett,

Z. Hu, M. Jones, O. Koybasi, M. Kress, A.T. Laasanen, N. Leonardo, V. Maroussov,

P. Merkel, D.H. Miller, N. Neumeister, I. Shipsey, D. Silvers, A. Svyatkovskiy, M. Vidal

Marono, H.D. Yoo, J. Zablocki, Y. Zheng

Purdue University Calumet, Hammond, USA

S. Guragain, N. Parashar

Rice University, Houston, USA

A. Adair, C. Boulahouache, K.M. Ecklund, F.J.M. Geurts, W. Li, B.P. Padley, R. Redjimi,

J. Roberts, J. Zabel

University of Rochester, Rochester, USA

B. Betchart, A. Bodek, Y.S. Chung, R. Covarelli, P. de Barbaro, R. Demina, Y. Eshaq,

T. Ferbel, A. Garcia-Bellido, P. Goldenzweig, J. Han, A. Harel, D.C. Miner, D. Vishnevskiy,

M. Zielinski

The Rockefeller University, New York, USA

A. Bhatti, R. Ciesielski, L. Demortier, K. Goulianos, G. Lungu, S. Malik, C. Mesropian

Rutgers, the State University of New Jersey, Piscataway, USA

S. Arora, A. Barker, J.P. Chou, C. Contreras-Campana, E. Contreras-Campana, D. Dug-

gan, D. Ferencek, Y. Gershtein, R. Gray, E. Halkiadakis, D. Hidas, A. Lath, S. Panwalkar,

M. Park, R. Patel, V. Rekovic, J. Robles, K. Rose, S. Salur, S. Schnetzer, C. Seitz,

S. Somalwar, R. Stone, S. Thomas

University of Tennessee, Knoxville, USA

G. Cerizza, M. Hollingsworth, S. Spanier, Z.C. Yang, A. York

– 44 –



J
H
E
P
1
1
(
2
0
1
2
)
1
4
7

Texas A&M University, College Station, USA

R. Eusebi, W. Flanagan, J. Gilmore, T. Kamon58, V. Khotilovich, R. Montalvo, I. Os-

ipenkov, Y. Pakhotin, A. Perloff, J. Roe, A. Safonov, T. Sakuma, S. Sengupta, I. Suarez,

A. Tatarinov, D. Toback

Texas Tech University, Lubbock, USA

N. Akchurin, J. Damgov, C. Dragoiu, P.R. Dudero, C. Jeong, K. Kovitanggoon, S.W. Lee,

T. Libeiro, Y. Roh, I. Volobouev

Vanderbilt University, Nashville, USA

E. Appelt, A.G. Delannoy, C. Florez, S. Greene, A. Gurrola, W. Johns, P. Kurt, C. Maguire,

A. Melo, M. Sharma, P. Sheldon, B. Snook, S. Tuo, J. Velkovska

University of Virginia, Charlottesville, USA

M.W. Arenton, M. Balazs, S. Boutle, B. Cox, B. Francis, J. Goodell, R. Hirosky,

A. Ledovskoy, C. Lin, C. Neu, J. Wood

Wayne State University, Detroit, USA

S. Gollapinni, R. Harr, P.E. Karchin, C. Kottachchi Kankanamge Don, P. Lamichhane,

A. Sakharov

University of Wisconsin, Madison, USA

M. Anderson, D. Belknap, L. Borrello, D. Carlsmith, M. Cepeda, S. Dasu, E. Friis, L. Gray,

K.S. Grogg, M. Grothe, R. Hall-Wilton, M. Herndon, A. Hervé, P. Klabbers, J. Klukas,
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50: Also at University of Sydney, Sydney, Australia

51: Also at Utah Valley University, Orem, USA

52: Also at Institute for Nuclear Research, Moscow, Russia

53: Also at University of Belgrade, Faculty of Physics and Vinca Institute of Nuclear Sciences,

Belgrade, Serbia

54: Also at Argonne National Laboratory, Argonne, USA

55: Also at Erzincan University, Erzincan, Turkey

56: Also at Mimar Sinan University, Istanbul, Istanbul, Turkey

57: Also at KFKI Research Institute for Particle and Nuclear Physics, Budapest, Hungary

58: Also at Kyungpook National University, Daegu, Korea

– 46 –


	Introduction
	Detector, online selection, and object selection
	Searches in the three-lepton final state
	Searches with three leptons using MET shape
	Searches with three leptons using dilepton mass and transverse mass
	Background due to WZ production
	Background due to t bar-t production and other processes
	Observations in the three-lepton search with M(ll) and M(T)


	Searches in the same-sign two-lepton final state
	Searches in the WZ/ZZ + MET final state with two leptons and two jets
	Interpretations of the searches
	Limits on SMS from the search with three leptons using MET shape
	Limits on SMS from the search with three leptons, dilepton mass, and transverse mass, and from same-sign dilepton searches
	Limits on SMS and GMSB from the WZ/ZZ + MET final state with two or more leptons
	Limits on SMS with on-shell W and Z from WZ + MET  and three-lepton analyses
	Limits on a Z-enriched GMSB model from ZZ + MET  and four-lepton search

	Summary of excluded masses for chargino-neutralino pair production

	Summary
	Signal efficiency model for the three-lepton analysis with dilepton mass and transverse mass 
	The CMS collaboration

