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Abstract

A search for the direct production of charginos and neutralinos in final states with three

leptons (electrons or muons) and missing transverse momentum is presented. The analysis

is based on 20.7 fb−1 of proton-proton collision data delivered by the LHC at
√
s = 8TeV

and recorded by the ATLAS detector. No excess above the Standard Model expectation is

observed in six signal regions that are either enriched or depleted in Z-boson decays. Limits

are placed at the 95% confidence level on the masses of the charginos and neutralinos in

simplified supersymmetric models. Chargino and heavy neutralino masses are excluded up

to 600GeV if these particles decay through sleptons and up to 315GeV if they decay via

gauge bosons to a massless lightest neutralino.
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1 Introduction

Supersymmetry (SUSY) [1–9] postulates the existence of SUSY particles, or “sparticles”, with spin

differing by one-half unit with respect to that of their Standard Model (SM) partner. If R-parity [10–14]

is conserved, sparticles can only be pair-produced and each decays into final states with SM particles

and the lightest SUSY particle (LSP) which is stable. Charginos (χ̃
±
i , i = 1, 2) and neutralinos (χ̃

0
j ,

j = 1, 2, 3, 4), are the mass eigenstates formed from the linear superposition of the SUSY partners of the

Higgs and electroweak gauge bosons. Naturalness suggests the lightest χ̃
±
i and χ̃

0
j (and third-generation

squarks) have masses in the hundreds of GeV range [15, 16]. In scenarios where the masses of the first

two generations of squarks and the gluino are larger than a few TeV, the direct production of charginos

and neutralinos may be the dominant SUSY processes at the Large Hadron Collider (LHC). Charginos

can decay into leptonic final states via sneutrinos (χ̃
±
1,2 → ν̃ℓ± → χ̃

0
1νℓ
±), charged sleptons (denoted

sleptons in the following) (χ̃
±
1,2 → ℓ̃±ν → χ̃

0
1ℓ
±ν) or W-bosons (χ̃

±
1,2 → W±χ̃

0
1 → ℓ±νχ̃

0
1), while heavy

neutralinos can decay via sleptons (χ̃
0
2,3,4 → ℓ±ℓ̃∓ → ℓ±ℓ∓χ̃

0
1), Z-bosons (χ̃

0
2,3,4 → Z χ̃

0
1 → ℓ±ℓ∓χ̃

0
1) or

Higgs bosons (χ̃
0
2,3,4 → h χ̃

0
1 → ℓ±ℓ∓χ̃

0
1 + X, where X represents possible additional decay products of

the Higgs boson).

This note presents a search with the ATLAS detector for the direct production of charginos and

neutralinos decaying to a final state with three leptons (electrons or muons) and missing transverse mo-

mentum, the latter originating from the two undetected LSPs and the neutrinos. The analysis is based on

20.7 fb−1 of proton-proton collision data recorded by ATLAS at a centre-of-mass energy of
√
s= 8TeV.

The results are interpreted in simplified supersymmetric models (“simplified models” [17]) for the

associate production of χ̃
±
1 and χ̃

0
2, where the masses and the decay modes of the relevant particles (χ̃

±
1 ,

χ̃0
1, χ̃

0
2, ν̃, ℓ̃L) are the only free parameters. It is assumed that the χ̃

±
1 and χ̃

0
2 consist predominantly of the

wino component and are mass degenerate, while the χ̃
0
1 consists predominantly of the bino component.

Two different scenarios for the decay of the χ̃
±
1 and χ̃

0
2 are considered, where in both cases the decays are

prompt. In the first scenario, the χ̃
±
1 and χ̃

0
2 decay with a branching fraction of 1/6 through ẽL, µ̃L, τ̃L, ν̃e,

ν̃µ, and ν̃τ with masses mν̃ = mℓ̃L = (mχ̃01
+ mχ̃±

1
)/2. In the second scenario, all sleptons are assumed to

be very heavy so that the χ̃
±
1 and χ̃

0
2 decay via W and Z-bosons that may be on or off mass-shell. In the

simplified models of this analysis, the branching ratios for decays via the Higgs bosons are set to zero.

Diagrams for the considered χ̃
±
1
χ̃0
2 production and decay to final states with three leptons are shown in

Figure 1.

Previous searches for these processes are documented in Refs. [18–21] by ATLAS, and in Ref. [22]

by CMS. Similar searches have been conducted at the Tevatron [23,24]. At LEP [25], searches for direct

chargino production have set a model-independent lower limit of 103.5GeV at 95% confidence level

(CL) on the mass of promptly decaying charginos.

2 Detector Description

The ATLAS detector [26] is a multi-purpose particle physics detector with forward-backward symmetric

cylindrical geometry1. The inner tracking detector (ID) covers |η|< 2.5 and consists of a silicon pixel

detector, a silicon micro-strip detector, and a transition radiation tracker. The ID is surrounded by a

thin superconducting solenoid providing a 2 T axial magnetic field. A high-granularity lead/liquid-argon

(LAr) sampling calorimeter measures the energy and the position of electromagnetic showers within |η|<
1ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the

detector and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points

upward. Cylindrical coordinates (r, φ) are used in the transverse plane, φ being the azimuthal angle around the beam pipe. The

pseudorapidity is defined in terms of the polar angle θ as η = − ln tan(θ/2).
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Figure 1: Illustration of χ̃
±
1
χ̃0
2 production and decay to three lepton final states.

3.2. LAr sampling calorimeters are also used to measure hadronic showers in the end-cap (1.5< |η|< 3.2)
and forward (3.1< |η|< 4.9) regions, while an iron-scintillator tile calorimeter measures hadronic showers

in the central region (|η|< 1.7). The muon spectrometer surrounds the calorimeters and consists of three

large superconducting air-core toroid magnets, each with eight coils, a system of precision tracking

chambers (|η|< 2.7), and fast trigger chambers. A three-level trigger system [27] selects events to be

recorded for offline analysis.

3 Monte Carlo simulation

Several Monte Carlo (MC) generators are used to simulate SM processes and new physics signals relevant

for this analysis. SHERPA [28] is used to simulate the diboson processesWW,WZ and ZZ, where “Z” also

includes virtual photons. These diboson samples correspond to all SM diboson diagrams leading to the

ℓνℓ′ν′, ℓℓℓ′ν′, and ℓℓℓ′ℓ′ final states, where ℓ, ℓ′ = e, µ, τ and ν, ν′ = νe, νµ, ντ. Interference between the

diagrams is taken into account. ALPGEN [29] is used for the tt̄W, tt̄Z processes and MadGraph [30] is cho-

sen for the tt̄WW process. The triboson processes,WWW and ZWW are also simulated using MadGraph.

POWHEG [31] is chosen for the simulation of the pair production of top quarks (tt̄), ACERMC [32] is used

for the simulation of the t-channel, while MC@NLO [33] for the other single top production processes, and

ALPGEN is used to simulate W+jets and Z+jets processes. Additional samples are produced using the

POWHEG generator to assess systematic uncertainties related to the choice of MC generator for the WZ

and ZZ processes.

The choice of the parton distribution functions (PDF) depends on the generator. The CTEQ6L1 [34]

PDFs are used with MadGraph and ALPGEN, and the CT10 [35] PDFs with MC@NLO and SHERPA. Frag-

mentation and hadronisation for the ALPGEN and MC@NLO samples are performed with HERWIG [36]. For

MadGraph, POWHEG and ALPGEN single vector boson samples PYTHIA [37] is used instead. For SHERPA

samples, the fragmentation and hadronisation is performed internally. JIMMY [38] is interfaced to HERWIG

for simulation of the underlying event.

For all MC samples, the propagation of particles through the ATLAS detector is modelled with

GEANT4 [39] using the full ATLAS detector simulation [40] (except the tt̄ POWHEG sample which uses

fast detector simulation AtlFast-II [41]). The effect of multiple proton-proton collisions from the same

or different beam bunch crossings (pile-up) is incorporated into the simulation by overlaying additional

minimum-bias events generated with PYTHIA onto hard-scatter events. Simulated events are weighted
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to match the distribution of the number of interactions per bunch crossing observed in data, but are

otherwise reconstructed in the same manner as data.

Expected diboson yields are normalised using NLO QCD predictions obtained with MCFM [42, 43].

Triboson contributions are also normalised to NLO predictions [44]. The top-quark pair-production

contribution is normalised to approximate next-to-next-to-leading-order calculations (NNLO) [45] and

the tt̄W, tt̄WW, tt̄Z contributions are normalised to NLO predictions [46, 47]. The theoretical cross-

sections for W+jets and Z+jets are calculated with DYNNLO [48] with the MSTW 2008 NNLO [49] PDF

set.

The simplified model signal samples are produced with Herwig++ [50] using the CTEQ6L1 PDF

set. The cross-sections are calculated to next-to-leading order in the strong coupling constant using

PROSPINO2 [51]. The nominal cross-section and the uncertainty are taken from an envelope of cross-

section predictions using different PDF sets and factorisation and renormalisation scales, as described in

Ref. [52].

4 Event Reconstruction and Preselection

The data sample was collected with an inclusive selection of single and double electron/muon triggers

with asymmetric and symmetric transverse momentum (pT) thresholds. For events that are selected

by the single electron or single muon triggers, at least one signal electron or muon is required to have

pT > 25 GeV. For events that are selected by the symmetric di-muon trigger, at least two signal muons are

required to have pT > 14 GeV, while for the asymmetric trigger the requirements are pT > 18 GeV and

pT > 10 GeV. In the case of the symmetric di-electron trigger, at least two signal electrons are required

to have pT > 14 GeV, while for the asymmetric electron trigger the requirements are pT > 25 GeV and

pT > 10 GeV. For events that are selected using the electron-muon (muon-electron) trigger, at least

one signal electron is required to have pT > 14 GeV (10 GeV) and at least one signal muon to have

pT > 10 GeV (18 GeV). These thresholds are chosen such that the overall fiducial trigger efficiency is

high, typically in excess of 90%, and independent of the transverse momentum of the triggerable objects

within uncertainties. The trigger requirements and corresponding offline selection cuts are placed in both

data and MC simulation.

Events recorded during normal running conditions are analysed if the reconstructed primary vertex

has five or more tracks associated with it. The primary vertex of an event is identified as the vertex with

the highest Σp2
T
of associated tracks.

Electrons must satisfy “medium” identification criteria [53] and fulfill pT > 10GeV and |η|< 2.47,
where pT and η are determined from the calibrated clustered energy deposits in the electromagnetic

calorimeter and the matched ID track, respectively. Muons are reconstructed by combining tracks in the

ID and tracks in the muon spectrometer [54]. Reconstructed muons are considered as candidates if they

have transverse momentum pT > 10GeV and |η|< 2.4.
Jets are reconstructed with the anti-kt algorithm [55] with a radius parameter of R = 0.4 using topo-

logical clusters [56]. The clusters are calibrated using a local cluster calibration [27], which involves

weighting differently the energy deposits arising from electromagnetic showers and those from hadronic

showers. The final jet energy calibration includes the jet energy scale [57], which corrects the calorimeter

response to the jet energy at particle level. The correction factors were obtained from simulation and have

been refined and validated using data. Jets considered in this analysis have pT > 20GeV and |η|< 2.5.
For jets with tracks, the pT-weighted fraction of the tracks in the jet that are associated with the primary

vertex is required to be larger than 0.5. Events containing jets failing the quality criteria described in

Ref. [57] are rejected to suppress both SM and beam-induced backgrounds. Jets are identified as con-

taining b-hadron decays, and thus called “b-jets”, using a multivariate technique based on quantities such

as the impact parameters of the tracks associated with the jet. The chosen working point of the b-tagging
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algorithm [58] correctly identifies b-jets in simulated top-quark decays with an efficiency of 85% and

misidentifies light-flavour jets with a rate of about 10% for jets with pT > 20GeV and |η|< 2.5 [59].

The missing transverse momentum, Emiss
T

, is the magnitude of the vector sum of the transverse mo-

mentum or transverse energy of all pT > 10GeV muons, pT > 10GeV electrons, pT > 20GeV jets, and

calibrated calorimeter energy clusters with |η|< 4.9 not associated with these objects.

In this analysis, “tagged” leptons are leptons separated from each other and from candidate jets as

described below. If two candidate electrons are reconstructed with ∆R ≡
√

(∆φ)2 + (∆η)2 < 0.1, the lower

energy one is discarded. Candidate jets within ∆R= 0.2 of an electron candidate are rejected. To suppress

leptons originating from semi-leptonic decays of c- and b-quarks, all lepton candidates are required to

be separated from candidate jets by ∆R > 0.4. Muons undergoing bremsstrahlung can be reconstructed

with an overlapping electron candidate. To reject these, tagged electrons and muons separated from

jets and reconstructed within ∆R= 0.1 of each other are both discarded. Events containing one or more

tagged muons that have transverse impact parameter with respect to the primary vertex |d0|> 0.2mm

or longitudinal impact parameter with respect to the primary vertex |z0|> 1mm are rejected to suppress

cosmic muon background.

“Signal” leptons are tagged leptons that are required to be isolated: the scalar sum of the transverse

momenta of tracks within a cone of ∆R = 0.3 around the lepton candidate, and excluding the lepton can-

didate track itself, must be less than 16% (12%) of the lepton pT for electrons (muons). Tracks selected

for the electron (muon) isolation requirement defined above are those which have pT > 0.4 (1.0) GeV

and are associated with the primary vertex of the event. Contributions from the tracks of other tagged

electrons or muons are subtracted. To suppress leptons originating from secondary vertices, the distance

of closest approach of the lepton track to the primary vertex normalised to its uncertainty is required

to satisfy |d0|/σ(d0) < 5 (3), and |z0 sin θ| is chosen to be less than 0.4 (1)mm for electrons (muons).

Signal electrons must also pass “tight” identification criteria [53] and the sum of the energy deposits in

the calorimeter (corrected for pile-up effects) within a cone of ∆R = 0.3 around the electron candidate is

required to be less than 18% of the electron pT.

5 Signal Region Selection

Selected events must contain exactly three signal leptons. As the decays of χ̃
0
j through sleptons or Z-

bosons yield same-flavour opposite-sign (SFOS) lepton pairs, the presence of at least one such pair is

required. The invariant mass of any SFOS lepton pair must be above 12GeV to suppress background

from low-mass resonances. Events are further required not to contain any b-jets with pT > 20GeV to

suppress contributions from top quark production.

Six signal regions are then defined: three “Z-depleted” regions (“SRnoZa”, “SRnoZb” and “SRnoZc”),

with no SFOS pairs having an invariant mass within 10GeV of the Z-boson mass; and three “Z-enriched”

regions (“SRZa”, “SRZb” and “SRZc”), where at least one SFOS pair has an invariant mass within

10GeV of the Z-boson mass. The Z-depleted regions target neutralino decays via intermediate sleptons

or via off-shell Z-bosons while the Z-enriched regions target decays via an on-shell Z-boson.

“Loose”, “medium” and “tight” signal regions are defined for the Z-depleted and Z-rich regions. The

loose regions (SRnoZa and SRZa) are defined with an intermediate Emiss
T

requirement. SRnoZa targets

scenarios with small mass splitting between the lightest neutralinos, while the medium signal region

SRnoZb targets scenarios with mass splitting just below that of the Z-boson mass. The tight signal region

SRnoZc is designed to increase sensitivity to scenarios characterised by large mass splittings between

the lightest neutralinos by requiring the third-leading lepton to have pT > 30GeV. Events in SRnoZa and

SRnoZb are also required not to pass the SRnoZc selection so that these regions remain orthogonal. In

the tighter signal regions, the transverse mass variable mT =

√

2 · Emiss
T
· pℓ

T
· (1 − cos∆φℓ,Emiss

T
) must be
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Table 1: The selection requirements for the signal regions. All regions are mutually exclusive and

require exactly three signal leptons and a same-flavour opposite-sign (SFOS) lepton pair. Events with a

b-jet or a SFOS lepton pair with mass less than 12GeV are rejected. The mass of the SFOS lepton pair

closest to the Z-boson mass is denoted by mSFOS. The mT is calculated from the Emiss
T

and the lepton not

forming the SFOS lepton pair closest to the Z-boson mass.

Selection SRnoZa SRnoZb SRnoZc SRZa SRZb SRZc

mSFOS [GeV] <60 60–81.2 <81.2 or >101.2 81.2–101.2 81.2–101.2 81.2–101.2

Emiss
T

[GeV] >50 >75 >75 75–120 75–120 >120

mT [GeV] – – >110 <110 >110 >110

pT 3rd ℓ [GeV] >10 >10 >30 >10 >10 >10

SR veto SRnoZc SRnoZc – – – –

above 110GeV, where the lepton entering the mT calculation is the one which is not included in the

SFOS lepton pair with invariant mass closest to the Z-boson mass. The mT requirement is introduced

to suppress background from WZ events, as events with W → ℓν decays are characterised as having

mT ∼< mW . In SRZc, the Emiss
T

requirement is raised to 120GeV to further suppress the WZ background.

There is no requirement on the number of non-b-jets in any signal region. Table 1 summarises the

selection requirements for the signal regions.

6 Standard Model Background Estimation

Several SM processes contribute to the background in the signal regions. A background process is

considered “irreducible” if it leads to events with three real and isolated prompt leptons, referred to as

“real” leptons below. A “reducible” process has at least one “fake” object, that is either a lepton from a

semileptonic decay of a heavy-flavour quark, a lepton from a misidentified light flavour quark or gluon

jet, referred to as “light flavour”, or an electron from a photon conversion.

6.1 Reducible Background Processes

The reducible background includes single- and pair-production of top quarks, WW and single W or Z-

boson processes produced in association with jets or photons. The dominant component is the production

of top quarks, followed by Z+jets. The reducible background is estimated using a “matrix method”

similar to that described in Ref. [60] and which has been previously used in Refs. [18, 19, 21].

In this implementation of the matrix method, the signal lepton with the highest pT is taken to be

real, which is a valid assumption in 99% of three lepton events, based on simulation. The number of

observed events with one or two fake leptons is then extracted from a system of linear equations relating

the number of events with two additional signal or tagged candidates to the number of events with two

additional candidates that are either real or fake. The coefficients of the linear equations are functions of

the real-lepton identification efficiencies and of the fake-object misidentification probabilities.

The real identification efficiencies are obtained from MC simulation in the region of interest and

are scaled by correction factors to account for potential differences with respect to data. The real lepton

efficiency correction factors are obtained in a control region enriched in Z → e+e− and Z → µ+µ− decays
and are found to be 0.99 ± 0.01 for both electrons and muons.

Misidentification probabilities for each relevant fake type (light flavour, heavy flavour or conversion)

and for each reducible background process, parameterised with the lepton pT and η, are obtained using

simulated events with one signal and two tagged leptons. These misidentification probabilities are then
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corrected using the ratio (“fake correction factor”) of the misidentification probability in data to that

in simulation obtained from dedicated control samples. The fake correction factors are assumed to be

independent of selected regions and any potential composition or kinematic differences. Systematic

uncertainties are included to describe the accuracy of this assumption (Section 7) and the validity of

the assumption is confirmed by the agreement in the validation regions presented in Section 8. The

occurrence of light flavour fake leptons is rare compared to other types and the correction factor is

assumed to be 1.

For heavy-flavour fakes, the correction factor is measured in a bb̄-dominated control sample. This

is defined by selecting events with only one b-jet (containing a muon) and a tagged lepton, for which

the fake rate is measured. Contaminating backgrounds leading to the production of real leptons from

W decays include top-quark pair-production and W bosons produced in association with b-jets. A re-

quirement that Emiss
T

be less than 60GeV suppresses both the tt̄ and the W contamination, and requiring

mT < 50GeV (constructed using the tagged lepton) further reduces the W background. The remaining

(∼1% level) background is subtracted from data using MC predictions. The heavy flavour fake correction

factor is found to be 0.75 ± 0.04 (0.86 ± 0.03) for electrons (muons).

The fake correction factor for the conversion candidates is determined in a sample of photons radiated

from a muon in Z → µµ decays. These are selected by requiringmµµe to lie within 10GeV of the Z-boson

mass. The conversion fake correction factor for electrons is found to be 1.22 ± 0.27.
A weighted average misidentification probability is then calculated by weighting the corrected type-

and process-dependent misidentification probabilities according to their relative contributions in a given

signal or validation region, defined below.

6.2 Irreducible Background Processes

Irreducible processes include diboson (WZ and ZZ), triboson (WWW, ZZZ and ZWW) and tt̄W/Z pro-

duction, where the gauge bosons may be on or off mass shell. The WZ, ZZ, triboson, and tt̄W/Z con-

tributions are determined using the corresponding MC samples, for which lepton and b-jet selection

efficiencies are corrected to account for differences with respect to data. The MC simulation of the irre-

ducible processes, particularly WZ, is checked in multiple validation regions and is seen to agree well

with data (see Section 8).

In the previous preliminary result by ATLAS in Ref. [18], the WZ contribution was determined

using a semi-data-driven approach. The WZ background was fitted to data in a control region, with a

normalisation factor consistent with unity. When setting limits on specific new physics scenarios, the

signal contamination in the WZ control region was taken into account. This approach led to reduced

sensitivity to some scenarios that gave sizeable contamination in the WZ control region – even if the

corresponding yields in the signal regions were very large. To maximise sensitivity to new physics

scenarios, the normalisation of the WZ contribution is set to the MCFM predictions.

7 Systematic uncertainties

Several sources of systematic uncertainty are considered for the SM background estimates and signal

yield predictions. The systematic uncertainties affecting the simulation-based estimates (the yield of the

irreducible background, the cross-section weighted misidentification probabilities, and the signal yield)

include the theoretical cross-section uncertainties due to the choice of renormalisation and factorisation

scale and PDFs, the acceptance uncertainty due to PDFs, the choice of MC generator, the uncertainty

on the luminosity, the uncertainty due to the jet energy scale, jet energy resolution, lepton energy scale,

lepton energy resolution, lepton identification efficiency, Emiss
T

energy scale and resolution, and the un-

certainty due to b-tagging efficiency and mistag probability. The systematic uncertainty associated with

6



the simulation of pile-up (∼10%) is also taken into account. The theoretical cross-section uncertainties

for the non-WZ irreducible backgrounds used in this analysis are 30% for tt̄ + W/Z/WW [46, 47] and

5% for ZZ. A 100% uncertainty is assumed on the triboson contribution. The uncertainty on the WZ

yield, 12%, is obtained from the difference between the MCFM based cross-section and the ATLAS mea-

sured cross-section (8%) added in quadrature with the quoted uncertainty on the ATLAS measurement

(9%) [61].

In SRnoZa (b and c), the total uncertainty on the irreducible background is 14% (17% and 33%).

This is dominated by the uncertainties on the cross-sections, the jet energy resolution and the Emiss
T

energy scale (∼ 7–15% each). All the remaining uncertainties on the irreducible background in these

signal regions are below 5%. In SRZa (b and c), the total uncertainty on the irreducible background is

similar: 13% (24% and 21%). In the SRZ regions, the uncertainty on the WZ acceptance due to the

choice of MC generator (10–12%), determined by comparing the SHERPA and POWHEG estimates, and the

uncertainty on the cross-sections listed above dominate the total uncertainty. The uncertainty from the

limited number of simulated events in the tight signal regions SRnoZc and SRZc is ∼14%.

The uncertainty on the reducible background includes the MC uncertainty on the weights for the

misidentification probabilities from the sources listed in Section 6.1 (up to 10%) and the uncertainty due

to the dependence of the misidentification probability on Emiss
T

(0.5–20%). Also included in the uncer-

tainty on the reducible background is the uncertainty on the fake correction factors (5-8%). In SRnoZa

and SRnoZb, the uncertainty on the reducible background is dominated by the uncertainty due to the

dependence of the misidentification probability on Emiss
T

and is ∼40% in SRnoZa and ∼60% in SRnoZb.

In SRnoZc, the uncertainty on the reducible background is dominated by the statistical uncertainty from

the limited number of data events with three tagged leptons, of which at least one is a signal lepton, and

it is ∼40% (∼7% in SRnoZa and ∼12% in SRnoZb). The same source also dominates the uncertainty

on the reducible background component in SRZa, SRZb and SRZc, where it is ∼35%, ∼35% and ∼70%
respectively.

The uncertainties on the signal yields from experimental sources range from 5–20% and are dom-

inated by the uncertainty on the electron energy scale, the jet energy scale and the Emiss
T

energy scale

and resolution. The uncertainties from theoretical sources range from 5–10% and are dominated by the

uncertainty on the cross-sections.

For the 2012 data set the preliminary uncertainty on the luminosity is 3.6% based on the calibration

procedure described in Ref. [62]. A 5% uncertainty is applied to MC samples to cover differences in

efficiency seen between the trigger in data and the MC trigger simulation. Correlations of systematic

uncertainties between processes and regions are taken into account.

8 Background Model Validation

The background predictions have been tested in validation regions that are defined to be close, albeit or-

thogonal, to the signal region selections. For both types of signal regions, with and without a Z candidate,

two validation regions are defined that target different background processes. One requires low Emiss
T

and

no b-jet requirement and it is dominated by the Drell-Yan process (VRnoZa and VRZa); the other one

selects events with high Emiss
T

while requesting at least one b-jet and it is enriched in top production

processes (VRnoZb and VRZb). All validation regions select exactly three leptons and a SFOS lepton

pair. Table 2 summarises the selection requirements. Validation region VRnoZa is dominated by WZ∗,

Z∗Z∗ and Z∗+jets processes where the Z-bosons are off-shell. Top pair production dominates VRnoZb.

The main contributions in region VRZa are fromWZ and Z+jets, while WZ is dominant in VRZb.

In the validation regions, the data and SM expectation are in agreement within statistical and system-

atic uncertainties as shown in Table 3. The mT, number of b-jets, mSFOS, and third lepton pT distributions

in VRnoZa are shown in Figure 2, while the mT and number of b-jets in VRZa are plotted in Figure 3.
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Figure 4 shows the mT, E
miss
T

, mSFOS, and third lepton pT distributions in VRnoZb and Figure 5 shows

the distributions of mT and Emiss
T

.

Table 2: The selection requirements of the validation regions. All regions require exactly three signal

leptons and a same-flavour opposite-sign (SFOS) lepton pair. Events that contain a SFOS lepton pair

with a mass less than 12GeV are rejected. The mass of the SFOS lepton pair closest to the Z-boson mass

is denoted by mSFOS.

Selection VRnoZa VRnoZb VRZa VRZb

mSFOS [GeV] <81.2 or >101.2 <81.2 or >101.2 81.2–101.2 81.2–101.2

b-jet veto request veto request

Emiss
T

[GeV] 35–50 >50 30–50 >50

Dominant process WZ∗, Z∗Z∗, Z∗+jets tt̄ WZ, Z+jets WZ

Table 3: Expected numbers of events in the validation regions from SM backgrounds and observed

numbers of events in data for 20.7 fb−1. Both statistical and systematic uncertainties are included.

Selection VRnoZa VRnoZb VRZa VRZb

Tri-boson 1.4± 1.4 0.5± 0.5 0.6± 0.6 0.26± 0.26
ZZ (1.3± 0.9) ×102 4.5± 2.8 108± 23 6.9± 2.2
tt̄V 2.9± 1.2 21± 7 7.4± 2.6 26± 8
WZ 110± 21 34± 15 (5.5± 0.9) ×102 (1.4± 0.4) ×102

Σ SM irreducible (2.4± 0.9) ×102 60± 16 (6.6± 0.9) ×102 (1.7± 0.4) ×102

SM reducible (1.5± 0.6) ×102 (0.7± 0.4) ×102 (3.8± 1.4) ×102 27± 13

Σ SM (3.9± 1.1) ×102 (1.3± 0.5) ×102 (10.4± 1.7) ×102 (2.0± 0.4) ×102

Data 463 141 1131 171

8
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Figure 2: For events in VRnoZa the (a) mT, (b) b-jet multiplicity, (c) mSFOS and (d) third lepton pT
distributions are shown. The uncertainty band includes both statistical and systematic uncertainties on

the SM prediction. The last bin in each distribution does not include the overflow.
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Figure 3: For events in VRZa the (a) mT and (b) b-jet multiplicity distributions are shown. The uncer-

tainty band includes both statistical and systematic uncertainties on the SM prediction. The last bin in

each distribution does not include the overflow.
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Figure 4: For events in VRnoZb the (a) mT, (b) E
miss
T

, (c) mSFOS, and (d) the third lepton pT distribu-

tions are shown. The uncertainty band includes both statistical and systematic uncertainties on the SM

prediction. The last bin in each distribution does not include the overflow.
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Figure 5: For events in VRZb the (a) mT and (b) b-jet multiplicity distributions are shown. The uncer-

tainty band includes both statistical and systematic uncertainties on the SM prediction. The last bin in

each distribution does not include the overflow.
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9 Results and Interpretation

The numbers of observed events and the prediction for SM backgrounds in the six signal regions are

given in Table 4. Distributions of the missing transverse energy and the transverse mass in the signal

regions are presented in Figures 6 and 7.

Table 4: Expected numbers of events from SM backgrounds and observed numbers of events in data in

the signal regions, for 20.7 fb−1. Both statistical and systematic uncertainties are included. The discovery

p0-value of the background only hypothesis is shown. The number of signal events Nsignal and visible

cross-section σvisible that can be excluded with 95% CL are also shown.

Selection SRnoZa SRnoZb SRnoZc SRZa SRZb SRZc

Tri-boson 1.7± 1.7 0.6± 0.6 0.8± 0.8 0.5± 0.5 0.4± 0.4 0.29± 0.29
ZZ 14± 8 1.8± 1.0 0.25± 0.17 8.9± 1.8 1.0± 0.4 0.39± 0.28
tt̄V 0.23± 0.23 0.21± 0.19 0.21+0.30−0.21 0.4± 0.4 0.22± 0.21 0.10± 0.10
WZ 50± 9 20± 4 2.1± 1.6 235± 35 19± 5 5.0± 1.4

Σ SM irreducible 65± 12 22± 4 3.4± 1.8 245± 35 20± 5 5.8± 1.4

SM reducible 31± 14 7± 5 1.0± 0.4 4+5−4 1.7± 0.7 0.5± 0.4

Σ SM 96± 19 29± 6 4.4± 1.8 249± 35 22± 5 6.3± 1.5

Data 101 32 5 273 23 6

p0-value 0.41 0.37 0.40 0.23 0.44 0.5

Nsignal excluded (exp) 39.3 16.3 6.2 67.9 13.2 6.7

Nsignal excluded (obs) 41.8 18.0 6.8 83.7 13.9 6.5

σvisible excluded (exp) [fb] 1.90 0.79 0.30 3.28 0.64 0.32

σvisible excluded (obs) [fb] 2.02 0.87 0.33 4.04 0.67 0.31

No significant excess of events is found in any of the six signal regions. Upper limits on the visible

cross-section, defined as the production cross-section times acceptance times efficiency, are placed at

95% CL with the CLs prescription [63] for each signal region (Table 4). All systematic uncertainties and

their correlations are taken into account via nuisance parameters in a profile likelihood fit [64].

For each of the SUSY model points, the limit is calculated using a combined likelihood of all the

signal regions. For the exclusion limits shown in this section, the expected and observed limits are

calculated for each SUSYmodel point, taking into account the theoretical and experimental uncertainties

on the SM background and the experimental uncertainties on the signal. The impact of the uncertainties

on the signal cross-section is also shown for the observed limit only.
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Figure 6: The Emiss
T

distributions for events in signal regions (a) SRnoZa, (b) SRnoZb, (c) SRnoZc,

as well as (d) the mT distribution in SRnoZc are shown. The uncertainty band includes both statistical

and systematic uncertainty, while the uncertainties on the data points are statistical only. The yields of

simplified model scenarios are also shown for illustration purposes, where “χ̃
±
1
χ̃0
2 via slep x,y” (“χ̃

±
1
χ̃0
2

via WZ x,y”) are scenarios from the simplified models with decays via sleptons (via gauge bosons), and

x is the χ̃
0
2 , χ̃

±
1 mass and y is the χ̃

0
1 mass in GeV. The SUSY scenarios shown here produce negligible

contamination in the validation regions. The signal distributions are not stacked on top of the expected

background. The last bin in each distribution does not include the overflow.
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Figure 7: The mT distributions for events in signal regions (a) SRZa, (b) SRZb, (c) SRZc, as well as (d)

the Emiss
T

distribution in SRZc are shown. The uncertainty band includes both statistical and systematic

uncertainty, while the uncertainties on the data points are statistical only. The yields of simplified model

scenarios are also shown for illustration purposes, where “χ̃
±
1
χ̃0
2 via slep x,y” (“χ̃

±
1
χ̃0
2 via WZ x,y”) are

scenarios from the simplified models with decays via sleptons (via gauge bosons), and x is the χ̃
0
2 , χ̃

±
1

mass and y is the χ̃
0
1 mass in GeV. The SUSY scenarios shown here produce negligible contamination in

the validation regions. The signal distributions are not stacked on top of the expected background. The

last bin in each distribution does not include the overflow.
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Regions SRnoZa, SRnoZb and SRnoZc provide the best sensitivity to the simplified models with

intermediate slepton decays for which the interpretation is shown in Figure 8(a). In these models, degen-

erate χ̃
±
1 and χ̃

0
2 masses up to 600GeV are excluded for large mass differences with the χ̃

0
1.

The limit in the simplified model with charginos and neutralinos decaying via gauge bosons is shown

in Figure 8(b). The signal region SRnoZa has the best sensitivity for small mass differences between the

two lightest neutralinos, which corresponds to the area close to the diagonal. The signal regions SRnoZb,

SRZa/b/c are sensitive to the area close to the mχ̃0
2
− mχ̃0

1
=mZ line. Finally, SRZa, SRZb and SRZc are

sensitive to decays of χ̃
0
2 into on-mass-shell Z-bosons with high Emiss

T
, which corresponds to the area far

from the diagonal. In these models, degenerate χ̃
±
1 and χ̃

0
2 masses up to 315GeV are excluded for large

mass differences with the χ̃
0
1.

In scenarios with gauge coupling unification, the mχ̃0
2
= 2mχ̃0

1
relationship is expected to nearly hold.

This constraint is indicated in the plots of Figure 8. Under this assumption, degenerate χ̃
±
1 and χ̃

0
2 masses

of up to ∼580 (170)GeV are excluded when they decay via sleptons (via gauge bosons).
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Figure 8: Observed and expected 95% CL limit contours for chargino and neutralino production in

the simplified model scenario with (a) decay via sleptons and (b) decay via gauge bosons. The band

around the median expected limit shows the ±1σ variations on the median expected limit, including all

uncertainties except theoretical uncertainties on the signal cross-section. The dotted lines around the

observed limit indicate the sensitivity to ±1σ variations on these theoretical uncertainties. The blue

lines correspond to the 8 TeV, 13 fb−1 limits from the ATLAS three lepton analysis [18]. The limits are

calculated using the statistical combination of all signal regions for each of the model points. Linear

interpolation is used to account for the discrete nature of the signal grids.

10 Summary

Results from a search for direct production of charginos and neutralinos in the final state with three

leptons (electrons or muons) and missing transverse momentum are reported. The analysis is based on

20.7 fb−1 of proton-proton collision data recorded by ATLAS at
√
s =8TeV. No significant excess of

events is found in data above SM expectations. The null result is interpreted in simplified SUSY models.

For the simplified SUSY models with intermediate slepton decays, degenerate χ̃
±
1 and χ̃

0
2 masses up to

14



600GeV are excluded for large mass differences with the χ̃
0
1. For the simplified SUSY models with

gauge boson decays, degenerate χ̃
±
1 and χ̃

0
2 masses up to 315GeV are excluded for large mass differences

with the χ̃
0
1.
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A Cut flow for selected benchmark points

Table 5: Expected number of events from representative SUSY signal models in the signal regions with

high sensitivity. The decay modes of the charginos and neutralinos is indicated as well as the their masses

and production cross-sections. The number of events expected for a luminosity of 20.7 fb−1is quoted at

each step of the selection.

Model Simplified Simplified Simplified Simplified Simplified Simplified

Decay via ℓ̃L WZ ℓ̃L WZ WZ WZ

mχ̃0
1
, mχ̃0

2
[GeV] 157.5, 192.5 75, 150 0, 500 0, 100 0, 150 0, 250

σ(pp→ χ̃±1 χ̃
0
2) [pb] 0.83 ± 0.05 2.19 ± 0.14 0.0111 ± 0.0009 10.2 ± 0.8 2.19 ± 0.14 0.288 ± 0.018

Signal Region SRnoZa SRnoZb SRnoZc SRZa SRZb SRZc

Generated events (raw) 25000 20000 40000 15000 20000 20000

Events after selection cuts (weighted and normalised to 20.7 fb−1)

Lepton multiplicity 537.1 227.3 28.5 1071.4 259.8 40.0

SFOS requirement 536.3 226.5 28.1 1067.5 258.0 39.7

b veto 491.0 211.0 24.9 989.4 240.0 36.4

Z veto/request 476.3 196.6 24.1 912.7 227.1 34.4

Emiss
T

161.2 53.8 22.1 170.7 67.7 17.7

mSFOS 141.2 27.1 – – – –

mT – – 19.2 159.3 27.8 12.0

pT 3rd ℓ – – 18.4 – – –

SRnoZc veto 141.2 26.3 – – – –
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Figure 9: Observed and expected 95% CL limit contours for chargino and neutralino production in

the simplified model scenario with (a) decay via sleptons and (b) decay via gauge bosons. The band

around the median expected limit shows the ±1σ variations on the median expected limit, including all

uncertainties except theoretical uncertainties on the signal cross-section. The dotted lines around the

observed limit indicate the sensitivity to ±1σ variations on these theoretical uncertainties. The blue

lines correspond to the 8 TeV, 13 fb−1 limits from the ATLAS three lepton analysis [18]. The limits are

calculated using the statistical combination of all signal regions for each of the model points. Linear

interpolation is used to account for the discrete nature of the signal grids. The overlaid numbers give the

observed upper limit on the signal cross-section.
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