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Abstract

This document presents a search for the production of supersymmetric particles decaying
into final states with three electrons or muons and missing transverse momentum. The analy-
sis uses 2.06 fb~! of /s =7 TeV proton-proton collision data delivered by the Large Hadron
Collider and recorded with the ATLAS detector. Observations are consistent with Standard
Model expectations in two signal regions that are either depleted or enriched in Z-boson de-
cays. Upper limits at 95% confidence level are set in R-parity conserved phenomenological
minimal supersymmetric and simplified models for direct chargino and neutralino produc-
tion. For the simplified models, degenerate lightest chargino and next-to-lightest neutralino
masses up to 300 GeV are excluded for mass differences to the lightest neutralino up to
250 GeV.



1 Introduction

Supersymmetric (SUSY) extensions [1-9] of the Standard Model (SM) naturally address the gauge hier-
archy problem in the SM, by postulating the existence of supersymmetric bosonic (fermionic) partners
of the SM fermions (bosons). Charginos (¥ Jif) and neutralinos (¥ ?) are mass eigenstates formed from the
linear superposition of the SUSY partners of the electroweak gauge bosons (W, Z, y) and of the Higgs
bosons, called gauginos (winos, zinos, binos) and higgsinos. In many SUSY models, the /?Ji and )?,Q are

among the lightest SUSY particles, or sparticles, and the X (1) is the lightest sparticle (LSP). In R-parity
conserving models [10-14], the LSP is stable and sparticles are pair-produced. The production of light
charginos and neutralinos can be abundant at the Large Hadron Collider (LHC). Charginos can decay via
sleptons (7€), sneutrinos (£v) or W-bosons (W=*)¥), and neutralinos can decay to Z¢, #v, or Z*) ¥}. The
leptonic decays of the SM gauge bosons and of the sleptons can give rise to a low-background signature
with three SM leptons and sizable missing transverse momentum, the latter originating from the two
undetected LSPs. Searches described in this paper are the first performed with the ATLAS detector in
the final state with three leptons and missing transverse momentum. The results significantly extend the
current mass limits on charginos and neutralinos LEP [15-19].

This document focuses on the associated production and leptonic decays of charginos and neutrali-
nos. Here, leptons only comprise electrons and muons (£ = e, u), including those from 7 decays. The
analysis is based on 2.06fb~! of proton-proton collision data at a center-of-mass energy +/s=7TeV
collected between March and August 2011 with the ATLAS detector. Results are interpreted in a phe-
nomenological minimal supersymmetric SM (pMSSM [20]) and in simplified models [21,22]. In the
pMSSM the masses of the X ji and X ? depend on the gaugino masses M and M,, the Higgs mass param-
eter |u|, and tan B, the ratio of the expectation values of the two higgs doublets in the theory. The value of
tan $ has little impact on the phenomenology discussed here, and is fixed to 6, implying moderate mixing
in the lepton sector. Gluon partners, squarks and left-handed sleptons are chosen to be heavy while the
right-handed sleptons are assumed all to have m;, = (m)?g + m)?(l)) /2. In these scenarios, decays to sleptons

are favored. In the simplified models, the masses of the relevant particles (mass degenerate wino-like 7

and ¥3; bino-like ¥'; #; 71) are the only free parameters of the theory. The X7 and X5 are produced via
the s-channel exchange of a virtual gauge boson and decay via left-handed sleptons and sneutrinos of
mass my = my, = (m)?? + m);li) /2) with a branching ratio of 50% to each.

2 Detector and Object Reconstruction

ATLAS [23] is a multipurpose particle physics detector with forward-backward symmetric cylindrical
geometry. It consists of an inner tracker (ID) immersed in a 2T magnetic field providing precision
tracking of charged particles for pseudorapidities || <2.5 !. A calorimeter system with either liquid
argon (LAr) or scintillating tiles as the active media provides energy measurements over the range || <
4.9. The muon detector is installed on the barrel and endcap toroids and has trigger and high-precision
tracking capabilities in the ranges || < 2.4 and || < 2.7, respectively.

Electron candidates are clustered energy deposits in the electromagnetic calorimeter matched to an ID
track. They are required to have an associated cluster with || < 2.47 and transverse energy Et > 10 GeV,
and to satisfy a tight set of identification criteria [24]. Muons are reconstructed by combining tracks
in the ID and tracks in the muon spectrometer [25]. Reconstructed muons are considered as candidates

'ATLAS 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, ¢) are used in the transverse plane, ¢ being the azimuthal angle around the beam pipe. The
pseudorapidity is defined in terms of the polar angle 6 as 7 = — In tan(6/2).



if they have transverse momentum pt > 10GeV, |n| < 2.4, and an impact parameter with respect to the
primary vertex |dp| < 0.2 mm. Electrons and muons well separated from each other and from candidate
jets, for which a definition is given below, are referred to as “tagged” leptons. “Signal” leptons are tagged
leptons for which the total transverse momentum within a AR = +/(A¢)? + (An)? < 0.2 around the lepton
candidate is less than 10% of the E for electrons, and less than 1.8 GeV for muons. Jets are reconstructed
from calibrated clustered energy deposits using the anti-k; algorithm [26] with radius parameter of 0.4.
The jet energy is corrected to account for the non-compensating nature of the calorimeter using correction
factors obtained from Monte Carlo (MC) simulation and parameterized by jet n and Et [27]. Jets used
in this analysis have E1 >20GeV and |r| < 2.8. For a part of the data taking, a region in the second and
third layer of the LAr barrel calorimeter became inactive causing an average 30% loss of the incident
jet energy; events containing jets with Et >40 GeV in this area are rejected. Candidate electrons in the
same region are removed. Jets are identified as containing a b-quark, and thus called “b-tagged”, using
information from the transverse impact parameter significance of the tracks and the expected topology
of b- and c-quark decays. This algorithm [28] tags jets from b-quarks (light flavor quark or gluon) in
top decays with an average efficiency of 60% (< 1%) for jet || <2.5 and jet E1 > 20 GeV. The missing
transverse momentum (EITniSS) is the magnitude of the vector sum of the pr of reconstructed objects in
the event. Objects include muons (electrons) with pr (ET) above 10 GeV, jets with E1 >20GeV, and
calibrated calorimeter clusters with |r| < 4.5 not associated to these [29].

3 Monte Carlo Simulated Samples

Dedicated MC generators are used to simulate SM processes and SUSY signals relevant for this anal-
ysis. HERWIG [30] simulates diboson processes (WW, ZZ, WZ), while MADGRAPH [31] is used for 7V
processes (where V = Z, W). MC@NLO [32] is adopted for the simulation of single and pair production
of top quarks, while ALPGEN [33] is used to simulate V+jets. Expected diboson yields are normalized
using next-to-leading (NLO) QCD predictions obtained with MCFM [34, 35]. The top pair production
contribution is normalized to NNLO [36] while the 72V to NLO [37]. The QCD NNLO Fewz [38, 39]
and MCFM cross sections are used for NNLO normalization of the Z and Zbb processes, respectively.
The pMSSM and simplified model samples are produced with HERWIG and MADGRAPH, respectively,
normalized to the NLO cross-sections obtained from PROSPINO [40] using the PDF set CTEQ6.6 and
with the renormalization/factorization scales set to the average of the gaugino masses in the process.
Fragmentation and hadronization for the ALPGEN and MC@NLO (MADGRAPH) samples are performed with
HERWIG (Pythia [41]). The choice of the parton density functions (PDFs) depends on the generator in
question. MRST 2007 LO* [42] is used with HERWIG, CTEQ6L1 [43] with MADGRAPH and ALPGEN, and
CTEQ6. 6 [44] with MC@NLO. The propagation of the particles from the collision and the ATLAS detector
is modeled using GEANT4 [45]. The effect of multiple proton-proton collisions from the same or different
bunch crossing is incorporated into the simulation by overlaying additional minimum bias events onto
hard scatter events using JIMMY [46]. Simulated events are weighted to match the distribution of the
mean number of interaction per bunch crossing observed in data.

4 Event Selection

The data sample was collected with a single muon (electron) trigger with a pt (Et) threshold of 18 GeV
(20 or 22 GeV, depending on the instantaneous luminosity). At least one of the signal leptons is re-
quired to be within AR <0.15 of a trigger candidate lepton and have pt (ET) above 20 GeV (25 GeV) for
muons (electrons). Events are considered for analysis if the ATLAS detector was running under nominal
conditions, if at least one of the reconstructed primary vertices has four or more tracks associated to it



and if there are no jets with || <4.9 failing the quality criteria described in [27]. Selected events must
contain exactly three signal leptons. As leptonic decays of neutralinos yield same-flavor 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 20 GeV to suppress background from low mass resonances and the missing
transverse momentum must satisfy E%‘iss > 50 GeV.

Two signal regions are then defined: a “Z-depleted” one (SR1), with no SFOS pairs with invariant
mass within 10 GeV of the nominal Z-boson mass; and a “Z-enriched” one (SR2), where at least one
SFOS pair gives an invariant mass in the same window. Events in SR1 are further required not to contain
a b-tagged jet to suppress the backgrounds containing b-quarks. The SR1 (SR2) selection targets SUSY
events with intermediate slepton (on-mass-shell Z-boson) decays.

5 Standard Model Backgrounds

Several SM processes contribute to the background in SR1 and SR2. A background process is considered
“irreducible” if it leads to events with three real and isolated leptons, referred to as “real” leptons below.
These include diboson (WZ and ZZ) and #V production, where the gauge boson may be produced off-
mass-shell. Their contribution is measured using the corresponding MC samples. A “reducible” process
has at least one object, called “fake”, which is either an electron or muon from semileptonic decays of
heavy-flavor mesons, or an electron from an isolated photon. The contribution from misidentified light-
flavor quark is negligible. The reducible background includes single- and pair-production of top-quarks,
WW or V produced in association with jets or photons. The dominant component is due to semileptonic
decays of top-quarks, with contribution of 1% or less from V production. This is estimated using a
“matrix method” similar to that described in [47].

In this implementation of the matrix method, the signal lepton with the highest pt or Et is assumed
to be real, which is valid in 99% of the cases based on MC studies. The number of events with one or two
fakes is then extracted by solving a system of linear equations. Such a system establishes a relationship
between the number of events in which the other two candidates are either signal or tagged leptons and
those in which the candidates 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. Fake
objects are classified by fake type (heavy flavor, conversion) and the corresponding misidentification
probabilities are obtained from appropriate mixtures of MC samples. The identification efficiency is
obtained in data for electrons and muons separately in events with a single SFOS lepton pair having
invariant mass within 5GeV of the Z mass. The misidentification probability is estimated for each
process selecting events with one signal lepton and two tagged leptons. A weighted average of the
misidentification probabilities is then computed by rescaling each simulated process in proportion to
the corresponding cross-section. Correction factors depending on fake type are also applied in order to
account for differences between values measured in data and in MC simulation. These factors are given
by the ratio between the misidentification probability in data and that in MC simulation. For heavy flavor
fakes, the correction is measured in bb events, while for fakes from photon conversions it is determined
in a sample of photons radiated off a muon in Z — uu decays.

An additional source of background is due to virtual photons converting into muons for which an
upper limit is obtained from data as follows. The number of observed events with exactly two signal lep-
tons and E?iss >50GeV is rescaled by the probability that any of the signal leptons could have radiated
the converted photon. The probability is measured in events with E3"* <50 GeV as the ratio of number
of events with three signal muons to that with two signal muons, giving a dilepton or trilepton invariant
mass within 10 GeV of the nominal Z boson mass.

The background predictions have been validated in a control region dominated by Z/y* production
(VR1: 3 signal leptons, 30< E?iss <50GeV) and in one dominated by ¢ (VR2: 3 signal leptons, SFOS



lepton pairs vetoed, E‘T]fliss >50GeV). Data and predictions are in agreement within the quoted statistical
and systematic uncertainties as shown in Table 1.

6 Systematic Uncertainties

In SR1, the primary source of systematic uncertainty on the background is that on the reducible compo-
nent (17%). This originates from the uncertainty on the weighted average misidentification probability
as a consequence of the cross-section scale and PDF dependence (10-30%), of the dependence of the
misidentification probability on E%‘iss (0.4-17%), and of the data-to-MC correction factors (10-50%).
For the irreducible background we assume a theoretical uncertainty on the Monte Carlo simulation of
20-25% . An additional 10% is due to the limited number of simulated events . Other uncertainties,
such as jet energy scale and resolution, lepton energy scale and resolution, lepton efficiency, b-tagging
efficiency, event quality selection, range between 0.2-5%. A 3.7% [48] uncertainty on the luminosity is
also taken into account. In SR2, uncertainties are similar to those in SR1, except for a smaller uncertainty
(4%) due to the simulated sample statistics. Theoretical systematic uncertainties on the PROSPINO cross-
sections are evaluated by increasing and decreasing the renormalization and factorization scales by a
factor of two. The uncertainty on ag and the maximum uncertainty between the CTEQ6.6 and MSTW [49]
set are also included. The resulting signal uncertainties are in the 10-15% range, also including contri-
butions from all experimental sources considered for the irreducible background.

7 Results

The numbers of observed events and the prediction for SM backgrounds in SR1 and SR2 are reported
in Table 1. The probability that the background fluctuates to the observed number of events or higher
is calculated in the frequentist approach and found to be 19% (10%) in SR1 (SR2). The distributions
of the E%liss in the two signal regions are presented in Fig. 1. The yield for one of the simplified model
scenarios (m~f, M0, M, Mo = 150, 150, 100, 50 GeV) is also shown in SR1 for illustration purposes.

Table 1: Expected number of events from SM backgrounds (Bkg. in the table) and observed number of
events in data, for 2.06 fb~!, in control regions VR1 and VR2, and in signal regions SR1 and SR2. Both
statistical and systematic uncertainties are included.

Selection VRI1 VR2 SR1 SR2
vV 1.4+0.6 0.7+0.6 04+0.3 2.7%2.1
z7 6.7+1.8 0.03+0.04 0.7+0.2 3.4+09
wz 61+15 0.4+0.2 1143 58+14
Reducible Bkg.  56+35 1449 1444 7.5+3.9
Total Bkg. 125+38 15+9 26+5 72+15
Data 122 12 32 95

No significant excess of events is found in either signal region. An upper limit on the visible production
cross-section of 10.0 fb (26.1 fb) in SR1 (SR2) is placed at 95% confidence level (CL) with the modified
frequentist CL; prescription [50]. The corresponding expected limits are 7.3 fb and 16.7 fb. All sys-
tematic uncertainties and their correlations are taken into account via nuisance parameters. The limits
are interpreted in the pMSSM with M= 100 GeV and the simplified models for SR1, providing the best
sensitivity over the entire mass plane (Fig. 2). The acceptance for M= 100 GeV is higher than for larger
values of M due to the sizable mass splitting between ¥ and /\?(1). In the simplified models degenerate



> ||||||||||||||||||||||||||| ||||||||||||||||||||||||||||
> T T ]
° —e— Data 2011 - Vs=7TeV _[L dt=2.061b"
Al 60— 1T 7
= 2 ]
2 f 777 Total SM ] ATLAS Preliminary
L%) 5ol [] Reduc.bkgd _:_ 1
o Owz I
. :
wof . Oz T 7 1
v ] 7
] ] T 7
oL 1 % ==+SMSUSYref.point T = ;
| ] | ] T
| ] | ] T
u "% ]
20_ : : —_ +
L :{ L : _
./ / u -1
10 ¥4 ol 5
I % . ]
i T ]
0 Lagl ol Il '1

50 100 150 200 250 30C 50 100 150 200 250 300

ET* [GeV] ET* [GeV]

Figure 1: EIT’[liSS distributions for events in signal regions SR1 (left) and SR2 (right). The error band
includes both statistical and systematic uncertainty, while the errors on the data points are statistical only.
The SUSY reference point used in SR1 is the simplified model scenario with Mg, Mgy, Mg, , Mo = 150,
150, 100, 50 GeV.

X7 and )?(2) masses up to 300 GeV are excluded for large mass differences to the /\?(1). Care has to be taken
when interpreting the simplified model limit in the context of a pMSSM scenario, where in general the
the mass of the sneutrino is lighter than the mass of the left-handed slepton, leading to higher lepton
momenta from chargino decays but also to a change in the branching ratios of the X 2.

8 Conclusions

In summary, results from a search for charginos and neutralinos in the three lepton and missing transverse
momentum final states are reported. The analysis is based on 2.06 fb~! of 7 TeV proton-proton collision
data delivered by the LHC and recorded with the ATLAS detector in 2011. No significant excess of
events is found in data. The null result is interpreted in pMSSM and in simplified models. For the
simplified models, degenerate lightest chargino and next-to-lightest neutralino masses are excluded up
to 300 GeV for mass differences to the lightest neutralino up to 250 GeV.
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Figure 11: E?iss distribution for events in SR2 for data and SM predictions. The grey band represents
statistical and systematic uncertainties added in quadrature.
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