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Abstract

A search for physics beyond the standard model using events with at least three leptons
is presented. The data sample corresponds to 2.1 fb~! of integrated luminosity in pp colli-
sions at /s = 7 TeV collected by the CMS experiment at the LHC. Standard model back-
grounds are suppressed by requiring missing transverse energy, invariant mass of lepton
pairs inconsistent with that of the Z boson, or high jet activity. Control samples in data
are used to ascertain the robustness of background evaluation techniques and to minimize
the reliance on simulation. The observations are mostly consistent with expectations from
standard model processes. These results are used to exclude previously unexplored regions
of the supersymmetric parameter space assuming R-parity conservation with the lightest
supersymmetric particle being either a neutralino or gravitino.
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1 Introduction

Supersymmetry (SUSY) is a well known candidate for a theory beyond the standard model
(SM) because it solves the hierarchy problem, allows the unification of the gauge couplings,
and may provide a candidate particle for dark matter [1-3]. Hadronic collisions yielding three
or more electrons, muons, or tau leptons (defining the “multilepton” signature) serve as an
ideal hunting ground for physics beyond the SM, as leptonic SM processes are relatively rare
at hadron colliders.

Using 2.1 fb~! of LHC data collected with the Compact Muon Solenoid (CMS) detector at a
centre of mass energy of 7 TeV, we probe multiple new regions of the supersymmetric param-
eter space not yet excluded by previous multilepton searches [4-11]. The analysis described
in this paper is similar in structure to our previous analysis [11], but uses substantially larger
integrated luminosity. Although the search is not tailored to any particular SUSY scenario, we
use its results to study scenarios with neutralinos as well as gravitinos as the stable lightest
supersymmetric particle (LSP) assuming R-parity conservation. If the neutralino is the LSP the
results are analyzed in the context of the CMSSM [12, 13] scenario in which the superpartner
masses and gauge couplings become unified at the grand unification scale, resulting in com-
mon masses 1y (1) for all spin 0 (1/2) superpartners at this scale. The remaining CMSSM
parameters are Ag, tan 8, and the sign of u. If the gravitino is the LSP, the sleptons are assumed
to be the next-to-lightest supersymmetric particles (NLSPs). Scenarios of this type arise in a
wide class of theories of gauge mediation with split messengers (GMSM) [14, 15]. Multilepton
final states arise naturally in the subset of the GMSM parameter space where the right-handed
sleptons are flavor-degenerate, the so-called slepton co-NLSP scenario [6, 14-16].

2 Detector and Simulation

The data sample used in this search corresponds to an integrated luminosity of 2.1 fb~! recorded
in 2011 with the CMS detector at the LHC. The CMS detector has cylindrical symmetry around
the pp beam axis with tracking and muon detector pseudorapidity coverage to |7| < 2.4, where
n = —Intan(0/2) and 6 is the polar angle with respect to the counterclockwise beam. The az-
imuthal angle ¢ is measured in the plane perpendicular to the beam direction. Charged particle
tracks are identified with a 200 m?, fully silicon-based tracking system composed of a pixel de-
tector with three barrel layers at radii between 4.4 cm and 10.2 cm and a silicon strip tracker
with 10 barrel detection layers, of which four are double sided, extending outwards to a radius
of 1.1 m. Each system is completed by endcaps extending the acceptance of the tracker up to
a pseudorapidity of || < 2.5. The lead-tungstate scintillating crystal electromagnetic calori-
meter and brass/scintillator hadron calorimeter hermetically surrounding the tracking system
measure the energy of showering particles with || < 3.0. These subdetectors are placed inside
a 13 m long and 6 m diameter superconducting solenoid with a central field of 3.8 T. Outside
the magnet is the tail-catcher of the hadronic calorimeter followed by the instrumented iron
return yoke, which serves as a multilayered muon detection system in the range |n| < 2.4.
The CMS detector has extensive forward calorimetry, extending the pseudorapidity coverage
to || < 5.0. The performance of all detector components as measured with cosmic rays has
been reported in Ref. [17] and references therein. A much more detailed description of CMS
can be found elsewhere [18].

All detector simulations were performed with GEANT4 [19]. The important SM backgrounds
for this analysis (Z/9* + jets, tt quark pairs, and double vector boson production) were gen-
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erated using MADGRAPH [20]; QCD events were generated with PYTHIA 8.1 [21]. We use
the CTEQ6.6 parton distribution functions [22]. For the dominant WZ+jets contribution up to
two jets were selected at the matrix element level in MADGRAPH. The two-jet contribution,
although of higher order in the coupling constant of QCD, is still comparable to the zero and
one jet contribution, because even for a single quark flavor more than 2000 diagrams contribute
at leading order.

The data used for this search came from single and double-lepton triggers. The trigger thresh-
olds were different for the different triggers. Single lepton triggers have a pt threshold of 17
and 65 GeV for muons and electrons, respectively. The double-muon trigger has a pr cut-off
of 13(7) GeV, the double electron trigger of 17(8) GeV, the ey trigger 8(17) GeV/c and the pe
trigger 8(17) GeV, where the number in parenthesis is the threshold for the second lepton in the
trigger. The trigger efficiencies are measured directly using a data sample independently trig-
gered by the sum of hadronic energy in jets (Hr), assuming no correlations between these and
the signal triggers. The two most important double-electron and double-muon trigger have
efficiencies of 99+£2% and 93 & 3%, respectively. The single-electron and single-muon trigger
are less significant for this search and have efficiencies of 96+1% and 92.0 £ 0.5%, respectively.
We scale each simulated event by the probability for it to satisfy either the single-lepton or the
double-lepton triggers. The uncertainty in the correction to the simulation translates into a
systematic uncertainty in the irreducible backgrounds and signal efficiencies.

3 Lepton Identification

Leptons in this search can be either electrons, muons, or tau leptons. We use electrons and
muons with pr > 8 GeV and || < 2.1. They are reconstructed from measured quantities from
the tracker, calorimeter, and muon system. The matching candidate tracks must satisfy quality
requirements and spatially match with the energy deposits in the electromagnetic calorimeter
and the tracks in the muon detectors, as appropriate. Details of reconstruction and identifica-
tion can be found in Ref. [23] for electrons and in Ref. [24] for muons. Jets are reconstructed
using particles with || < 2.5 via the particle-flow (PF) algorithm [25].

T leptons can decay either leptonically (7/) to electrons or muons in which case they are selected
as such; or hadronically (7;,). The hadronic decays yield either a single charged track (one-
prong) or three charged tracks (three-prong) with or without additional electromagnetic energy
from neutral pion decays. In this analysis, we use only one-prong hadronic T decays. Two
selections are made: the track can have either no electromagnetic energy (expected e.g. from
T — mvr decay) or it has electromagnetic energy in a narrow cone of AR < 0.1 around the
track (expected e.g. from T — pv; decay). For the track without electromagnetic energy we
require pr > 8 GeV. For the track with electromagnetic energy we require the invariant mass
of the track and electromagnetic energy to be consistent with the visible mass expected from
hadronic T decays, and the visible pr of the hadronic T candidate to be greater than 15 GeV.
The last requirement ensures that the 7’s are in a kinematic region where the reconstruction
efficiency is well understood.

An isolation requirement strongly reduces the background from misidentified leptons, since
most of them occur inside jets, like e.g. leptons from punch-through into the muon system,
hadronic showers with large electromagnetic fractions, or photon conversions. For muons
and isolated tracks, we require I < 0.15, where the relative isolation I is defined as the
ratio of the sum of calorimeter energy and pr of any other tracks in the cone defined by



AR = /(An)? + (A¢)? < 0.3 around the candidate lepton to the pr of the lepton. The same re-
quirement applies to the electron, but with the cone size of 0.4. For the isolation of the hadronic
tau decays including electromagnetic energy the calorimeter tower Et is summed in an annu-
lus of 0.1 < R < 0.3 around the isolated track. The isolation parameter I in this case is the
isolation energy divided by the visible pr of the T candidate. For all leptons, in addition to the
Ie] requirement, the sum of calorimeter energy and track pr can not exceed 10 GeV.

Leptons from SUSY decays considered in this search originate from the collision point (“prompt”
leptons). After the isolation selection, the most significant background sources are residual
non-prompt leptons from heavy quark decays, where the lepton tends to be more isolated be-
cause of the high pt with respect to the jet axis. This background is reduced by requiring that
the leptons originate from within one centimeter of the primary vertex in z and that the impact
parameter d,, between the track and the event vertex in the plane transverse to the beam axis
be small: dy, < 0.02 cm. The isolation and promptness criteria would retain the SUSY signal
of prompt leptons, but restrict the background from misidentified leptons to the signal region
defined by I,¢ < 0.15 and dyy < 0.02 cm.

4 Search Strategy

Candidate events in this search must have at least three leptons, of which at least one must be
an electron or a muon. The thresholds on the transverse momenta of the leptons are chosen
such that triggers used are maximally efficient on these events. Events satisfying any of the
following lepton requirements are selected:

e for single lepton triggers: a leading muon (electron) with pr > 20(70) GeV;

e for same-flavor dilepton triggers: a leading muon (electron) with pr > 15(20) GeV and
a next to leading muon(electron) with pr > 10(10)GeV;

e for different-flavor dilepton triggers: a leading muon (electron) with pr > 20 GeV
and a leading electron (muon) with pr > 10 GeV.

We classify multilepton events into search channels on the basis of the number of leptons, lep-
ton flavor, and relative charges as well as charge and flavor combinations and other kinematic
quantities described below. In describing pairs of leptons, OS stands for opposite-sign, SS for
same-sign, and SF for same (lepton) flavor. To explicitly denote different lepton flavors in a
pair, we use the symbol ¢¢/, where the symbol ¢ stands for an electron or a muon.

For multilepton searches, the SM background is small and can be further reduced by minimal
requirements on either hadronic activity or missing energy above the typical SM values. The
presence of hadronic activity in an event is characterized by the variable Hr, defined as the
scalar sum of the transverse jet energies for all jets with Er > 40 GeV. Jets used for the Ht
determination must be well separated from any identified leptons; jets are required to have no
isolated lepton in a cone AR < 0.3 around the jet axis. The missing transverse energy, ETs°, is
defined as the magnitude of the vectorial sum of the momenta of all candidate particles recon-
structed with CMS’s Particle Flow [25] algorithm. Comparison between data and simulation
shows good modeling of EXss [26, 27] and is valid for our particular selection and data collect-
ing period as well, as will be shown later.

Both Hr and EM** are good discriminating observables for physics beyond the SM, as demon-
strated in Fig. 1. The signal expectations for two benchmark points are shown as well. The
CMSSM benchmark point, called “TeV3”, is characterized by my = 60 GeV/ 2, my /2 = 230GeV/ 2,
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Figure 1: The Hr (left) and E%ﬁss (right) distributions for SM background channels (Z+jets, tt,
and VV+jets, where V = W, Z, and two SUSY benchmark points for the simulated events that
pass all other requirements for the three-lepton events. The ML01 and TeV3 benchmark points
are defined in the text.
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Figure 2: Average Hr and EXS in the CMSSM (1,1 /) plane for fixed tan f = 3 and A = 0.
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Ao = 0,tanpB = 3,4 > 0 and a next-to-leading order (NLO) total production cross section
of 10 pb. The co-NLSP benchmark point, called MLO01, is characterized by a chargino mass
m,+ = 385GeV/c? and gluino mass mg, = 450GeV/c?. The other superpartner masses are
then given by the generic relationships n; = 0.3m,+,m0 = 0.5my=,m; = 0.8my+, and
mg = 0.8mg, . MLO1 has an estimated 45 pb NLO total production cross section. In specific
regions of parameter space one discriminating observable may be more effective than the other.
This is demonstrated for the CMSSM model in Fig. 2. In order to retain search sensitivity for as
broad a region of new physics as possible both EMi*$ and Hy selections have been used.

We exploit the background reduction ability of both EXsS and Hr as follows [11]. Events with
EF"* > 50GeV (Ht > 200 GeV) are said to satisfy the EF"** (Ht) requirement. The justification
for the values chosen is evident from Fig. 1. These variables are well described by the simu-
lation, as shown in Fig. 3 for events with two isolated and one lepton with isolation selection
removed.

Another criterion for background reduction is the “Z veto”, in which the invariant mass of
the OSSF lepton pairs is required to be outside the 75-105 GeV/c? window. Events with OSSF
lepton pairs must have M(2¢) > 12 GeV/c? for all combinations in order to reject low mass
Drell-Yan production and the J/i(1S) and Y resonances. A possible source of background is
from the final state radiation (FSR) in Z — 2/(¢ = e, ) events with a v — 2/ conversion and
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Figure 3: E%‘iss (left)and Hr (right) distributions for ¢¢ — u (top), £¢ — e (bottom), where two
leptons ¢/ are isolated but the third lepton is required to be non-isolated. VV, TT and DY refers
to the diboson, top-quark and Drell-Yan SM production, respectively.

one lepton failing to pass the selection criteria. Therefore, the Z veto requirement is applied to
the invariant mass M(3/) of three leptons universally. The contribution of FSR will be discussed
in more detail below, when we discuss a data driven technique for estimating this background.

In total 52 multilepton channels have been investigated with subdivisions based on the pres-
ence of hadronic energy (Hy > 200 or Hr < 200 GeV) or missing transverse energy (EMis > 50
or Ef"%% < 50 GeV) and the presence of an OSSF pair near the Z mass. The kinematic properties
of the event determine the extent of SM background for a given channel.

5 Background Estimation
5.1 Background from misidentified leptons

The largest background remaining after the basic three-lepton reconstruction originates from
the Z+jets process (including Drell-Yan production), in which the Z boson decays leptonically
and a third misidentified lepton is produced from a jet in the event. Since the QCD component
in such processes is difficult to simulate, we use data to estimate backgrounds from Z + jets —
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Figure 4: The isolation distribution of electrons (left) and muons (right) with large impact pa-
rameter (dy, > 0.02 cm, primarily from jets) in a data sample enriched in tf — (vbbjj. The last
bin includes the sum of all bins above this bin. The number of non-prompt isolated muons is
7, with an MC expectation of 7.5 £ 1.0.

2¢, as well as for WTW~ — 2/ + jets, and other N; < 3 processes.

The probability that an isolated track is misidentified as a lepton is measured in control sam-
ples where no signal is present, such as in dijet samples. We measure the probability for an
isolated track to produce a misidentified muon (electron) to be 1.4% =+ 0.2% (1.1% =% 0.2%). The
misidentification rate in events with three leptons is obtained by multiplying the number of
isolated tracks in the sample with two leptons by this probability. In a similar way we es-
timate the misidentified background for four-lepton events by examining two-lepton events
with two isolated tracks. The systematic uncertainty on this rate originates from the difference
in jet environment in QCD and Z+jets control samples. Such differences are expected to arise
from the variation of heavy quark content across the control samples and are accounted for by
determining the misidentification rate as function of the impact parameter distribution.

For channels with 7, reconstructed as isolated track, we extrapolate the isolation sideband 0.2 <
I;e1 < 1.0 to the signal region I < 0.15. The ratio of the number of isolated tracks in the two
regions is (15 £ 3)%. We study the variation of this ratio for a number of QCD samples and
assign a 30% systematic uncertainty for it. The ratio is applied to the 2/ event sample.

Our misidentification rate determination has been cross checked by two independent methods.
First, we use simulation of the underlying processes to estimate the background after verifying
the simulation in control regions devoid of possible signals. For this we use sidebands of the
isolation parameter and scale the simulation to agree with the data in the sidebands of control
regions for each underlying process. The scaling factors are consistent with one for all underly-
ing processes, indicating that the simulation describes the data well, as indicated before in Fig.
3 and so simulation can be used to estimate the background rate from SM processes.

Instead of extrapolating from the isolation sideband one can also extrapolate in the two-dimensional
isolation versus impact parameter plane, if one assumes these two variables I; and d, are un-
correlated, so both can be independently extrapolated. These two independent cross checks
gave consistent results with the data driven method discussed above.

5.2 Background from tf Production

This background is estimated from simulation after careful validation in the single lepton con-
trol region enriched to be primarily ¢f. The single lepton control region requires one isolated
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Figure 5: Trilepton invariant mass distributions after all other selections. Left: 4"y~ e channel;
right: 1"~y channel. Of note is the substantial Z peak in the p* 1~y channel due to the internal
conversion process y* — 'y~ where one of the muons is lost, as discussed in the text.

muon with pr > 30 GeV or electron with pr > 70 GeV, at least 3 jets, one of which must satisty
a high efficiency b-tag. Fig. 4 shows the relative isolation of additional non-isolated leptons in
the single lepton control region in comparison with the simulation. Despite limited statistics, a
good agreement between data and simulation, both in shape and normalization, is observed.

5.3 Irreducible Background from WZ production

The SM can produce 3 or more real, prompt leptons with ET* or Hy via diboson-+jets pro-
duction where both bosons decay leptonically. This class of background is referred to as “ir-
reducible” because its characteristics are too similar to the search signature. Since this back-
ground cannot be predicted directly from the data without invoking specific signal models, it
must be obtained from theory and Monte Carlo simulations. However, one can check the sim-
ulation against control samples. We verify the simulation by comparing with data samples en-
riched in WZ-production, the dominant contribution to trilepton signatures from diboson-+jets.
WZ samples can be selected by requiring three leptons, ET', and an on-shell Z. The simulation
describes such a pure sample of WZ events well within the statistical uncertainty of 15%, so no
rescaling of the simulation is needed to estimate the irreducible background.

5.4 Backgrounds From Asymmetric Photon Conversions

There are two different types of photon conversions that can give rise to backgrounds in mul-
tilepton analyses. The first type is an “external conversion” into an ¢ ¢~ pair in the external
magnetic field or material of the detector. This conversion is predominantly into ete™ pairs.
The second type of photon conversions are “internal conversions”, also known as Dalitz de-
cays, where the photon is virtual and can produce muons almost as often as electrons. In case
of asymmetric conversions, where one lepton does not pass the selection criteria, Drell-Yan
processes with such conversions can lead to a significant background for three lepton signa-
tures. Events with asymmetric conversion can be studied from data, since in this case the
3-body invariant mass of the ¢*¢~¢ will be close to the Z mass. Fig. 5 shows the invariant
mass of the three leptons in events where no OSSF dilepton pair forms an invariant mass of the



6 Results and their Interpretation

Channel L0+ Jet o+ tt VvV Total SM Data | Signal
OS(¢l)e 0.3340.08 0.424+042  1.5+0.8 3.3+1.3 6.0£1.7 10 76+19
OS(h)u 0.42+0.10 0.17£0.17 22411 43+1.7 7.5+2.1 14 106+21
oSt 28.4+4.4 0.35£0.35 29£15 45+1.7 63£16 71 202430
W't 24.616.0 1.7£1.7 38+19 7.5%£29 73120 88 29+10
SS(ee)t 0.4510.08 0.35+0.35 2.3+£1.1 0.4940.18 43+1.3 6 9.1+£54
SS(eh)t 39+£1.5 0.48+0.48 1.74+0.9 34+1.3 9.9+2.3 21 4.0+4.0
ltt 9618 NA 12.3+6.2 1.7+0.6 110419 88 | 24.0+9.1
Yi(l/T)(l/T) 154428 3.1+3.1 87+44 25.349.7 273+53 298 | 450449
eeee 0.000040.0006 ~ <0.0002 <0.006  0.016+0.005 | 0.016£0.006 ~ 1 | 14.6+7.4
Lt 0.00£0.07 <0.007 <0.07 0.1440.04 0.23£0.11 0 14.8£7.7
ltt 0.34+0.33 <0.005 0.27£0.13  0.14+0.04 0.89+0.40 0 7.845.6
Y/ T)(4/T) 0.3440.34 0.00£0.00 0.274+0.13  0.2940.08 1.144-0.42 1 37£12

Table 1: Summary of multilepton observations and expectations by lepton flavor for 2.1 fb~! of
luminosity with MET > 50 GeV requirement. Events with Z candidates have been removed.

Z boson. Contributions from various processes including conversions are also shown. Note
the different contributions for electrons and muons. For electrons the third electron originates
from radiation from the final state electrons. Since muons hardly radiate and external conver-
sions rarely yield muons, the main contribution originates from internal pair conversion at the
matrix element level. We do not use Monte Carlo approach for this background because the
simulation of such asymmetric internal conversions at the matrix element level is difficult and
so is the path-tracing of the conversion pair through the detector that follows. This motivates
data-based measurements of the photon to e/u conversion factors, measured assuming the
rate for the production of on-shell photons and virtual photons yielding asymmetric conver-
sions to be proportional to each other. We measure the conversion factors in a control region
devoid of new physics (low E%‘iss and low Hr). The ratio of the number of /¢~ ¢* on the Z
peak to the number of /¢~ on the Z peak defines the conversion factor, which is 0.35% + 0.1%
(1.1% =£ 0.2%) for muons (electrons). The uncertainties are statistical only. We assign systematic
uncertainties of 100% to these conversion factors from our underlying assumption of propor-
tionality between virtual and on-shell photons. The measured conversion factors are then used
to estimate the background in the signal regions from the observed number of /"¢~y events in
the signal regions. The background contribution from these converted photons is small after
the final selection cuts, as will be shown in the next section.

6 Results and their Interpretation

Tables 1 and 2 show the expected and observed numbers of three- and four-lepton events after
the EXss and Hr requirements, respectively. The different SM background contributions and
the expected number of signal events for the TeV3 CMSSM point (my = 60, m;,, = 230, tanf =
3, Ap = 0) are shown as well [11]. One observes that the SM background for the Hr > 200
GeV is considerably smaller than for the EX > 50 GeV requirement, as expected already
from Fig. 1. Table 3 shows the same observations with additional control regions, namely the
non-signal regions with EIN¢ < 50 GeV and/or Hr < 200 GeV combined with or without
a Z candidate in the event. Furthermore, the channels are classified according to the number
of T candidates (columns), which shows the larger background for events including hadronic
T decay candidates. The observed number of events in the channels we examine is largely
consistent with expectations. We show characteristics of 3¢ events which comprise the classic



Channel 00+ Jet 00+ oy tt VvV Total SM Data | Signal

OS(4l)e 0.214+0.06 0.5+0.5 0.144+0.07  0.6840.26 1.84+0.6 8 56+15

OS(L)u 0.2610.07 0.21+0.21 0.631+0.31 0.884+0.34 2.1+0.6 2 87+19
os(4t)t 28.5+4.3 0.2540.25 7.8+3.9 0.9840.37 37.445.8 31 154426
W't 3.6t1.6 0.6+0.6 12.3+6.2 1.61+0.6 18.6+6.6 29 25.61+9.8
SS(ee)e 0.1840.05 0.06+0.07 0.55+£0.27  0.1310.05 1.06+£0.38 3 6.7+4.7
SS(4e)T 2.0+0.9 0.2440.25 0.23+0.12 0.7240.27 3.3+1.0 4 4.0+4.0
{tt 29.6+5.3 NA 49425 0.524+0.19 35.245.9 34 24.04+9.1
Y4/ T)(0/T) 64+11 1.6+1.6 27413 5.5+2.1 100418 111 357+41
0eer 0.0000+0.0006  <0.0002 <0.002 0.00440.001 | 0.00440.002 0 18.0£8.2
0% 0.00+0.07 <0.004 <0.02 0.023+0.007 0.02+0.07 0 11.34+6.6
ltt 0.3340.26 <0.002 <0.08 0.04+0.01 0.484+0.27 0 4.0+4.0

Y 0e(l/t)(4/T) 0.3340.27 0.004+0.00 0.00+0.00 0.0740.02 0.50+0.28 0 33411

Table 2: Summary of multilepton observations and expectations by lepton flavor for 2.1 fb~! of
luminosity with Hr > 200 GeV requirement. Events with Z candidates have been removed.

Selection N(7)=0 N(7)=1 N(7)=2
obs  expected SM obs  expected SM obs expected SM
>FOUR Lepton Results
MET>50,Hr >200,n0Z 0 0.003 £ 0.002 0 0.01 4+ 0.05 0 0.30 +0.22
MET>50,Hr >200, Z 0 0.06 & 0.04 0 0.134+0.10 0 0.15+0.23
MET>50,Hr <200,n0Z 1 0.014 £ 0.005 0 0.22 +0.10 0 0.59 +£0.25
MET>50,Hr <200, Z 0 0.43 +0.15 2 0.91 +0.28 0 0.34 +0.15
MET<50,Ht >200,n0Z 0  0.0013 £ 0.0008 0 0.01 4+ 0.05 0 0.18 +0.07
MET<50,Hr >200, Z 1 0.28 £0.11 0 0.13 £0.10 0 0.52 £0.19
MET<50,Hy <200,n0Z 0 0.08 4 0.03 4 0.73 +0.20 6 6.9+38
MET<50,Hr <200, Z 11 9.5+£3.8 14 57+14 39 21 £11
THREE Lepton Results
MET>50,Ht >200,no-OSSF 2 0.87 £0.33 21 143 + 4.8 12 104 £2.2
MET>50,H7 <200,no-OSSF 4 37+£12 88 68 + 17 76 100 + 17
MET<50,Ht >200,n0-OSSF 1 0.50 4+ 0.33 12 77+£23 22 247 £4.0
MET<50,Ht <200,n0-OSSF 7 50£17 245 208 + 39 976 1157 £ 323
MET>50,Hr >200,n0Z 5 19+05 7 10.8 £3.3 - -
MET>50,Hr >200, Z 8 81+£27 10 112+25 - -
MET>50,Hr <200,n0Z 19 11.6 £3.2 64 52413 - -
MET<50,Hr >200,n0oZ 5 20+07 24 26.6 +3.3 - -
MET>50,Hr <200, Z 58 57 +21 47 441+7.0 - -
MET<50,Hr >200, Z 6 82+20 90 119 + 14 - -
MET <50,Ht <200,noZ 86 82 +21 2566 1965 + 438 - -
MET<50,Hr <200, Z 335 359 £ 89 9720 7740 & 1698 - -
Totals 4L 13.0 10.4 £3.8 20.0 78+ 15 45 30 +£12
Totals 3L 536 539 £+ 94 12894 10267 £1754 1086 1291 £ 324

Table 3: Results from 2.1 fb~! of 2011 data summed over electron and muon flavors. The labels
going down the side refer to whether or not there are OSSF pairs, whether or not Z — ¢7¢~
was excluded (noZ), and the Hr and MET requirements. Labels along the top of the table give
the number of T candidates, 0, 1, or 2. All channels are exclusive. The T channels serve as
“signal” channels for SUSY signals assuming high tan(g) values, for example.
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] Source of Uncertainty \ Uncertainty \
Luminosity 4.5%
PDF 14%
Renormalization Scale 10%
Muon ID 0.1 %
Electron ID 0.3%
TID 3.7 %

Muon isolation at 8 (100) GeV/c | 11% (0.2%)
Electron isolation at 8 (100) GeV/c | 14% (0.6%)

Single Muon trigger efficiency 0.5%

Single Electron trigger efficiency 0.7%

Double Muon trigger efficiency 2.5%
Double Electron trigger efficiency 2%

Electron-Muon trigger efficiency 3.7%
tf background 50%

WZ background 40%

77 background 40%

Table 4: The sources of systematic uncertainties associated with this analysis. Note that the
impact of these uncertainties on the result is not necessarily in proportion to their listed values.

“trilepton” signature of supersymmetry in more detail in Fig. 6.

We observe one four-lepton high MET, low Ht event in a bin with a low SM-background expec-
tation. We find that the dominant a-priori SM contribution to the bin is from di-Z production,
where one of the Z bosons is off-shell. The background estimate is calculated with MADGRAPH,
and an uncertainty of 40% is assigned based on differences in the estimate with MCFM [28].
Consistent predictions in control samples of the data that are on-shell or populate regions of
phase space yielding low-pr decay products are found; however, data is not available with
which to test the MC prediction for off-shell diboson production when the decay products
have high-pT.

6.1 Systematic uncertainties and statistical procedures

We discuss the sources of systematic uncertainty and how they impact the search sensitivity
before extracting upper limits on the contributions from physics outside the SM. Table 4 lists
the salient systematic effects and the resultant uncertainties. All channels share systematic
uncertainties for luminosity, renormalization scales, parton distribution functions, and trigger
efficiency. The precision of lepton selection efficiencies increases with lepton pr. For a typical
slepton co-NLSP signal scenario which has leptons with pt in excess of 20 GeV/c, the lepton
identification and isolation efficiency systematic uncertainty is ~ 1.5% per lepton. However,
CMSSM signals result in lower pr leptons, leading to a higher systematic uncertainty for the
efficiency of ~ 3% per lepton.

We utilize the broad agreement between the expected SM backgrounds and observations to
constrain new physics scenarios. The statistical model for the number of events in each channel
is a Poisson distribution with expected value, observed value, and log-normal distributions
for nuisance parameters. The significant nuisance parameters are the luminosity uncertainty,
trigger efficiency, lepton identification efficiencies and background uncertainties. The expected
value in the model is the sum of the signal and the expected backgrounds.
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Figure 6: The EIT’niss (top), Ht (middle), and jet multiplicity (bottom) distributions for three-
lepton events passing all selection criteria, except ET*® and Hr for the top and middle rows
respectively. Observed events (dots with uncertainties) and expected SM background (his-
togram with dotted uncertainties) are shown. Plots on the left have the Z-veto applied, while
plots on the right include leptons from Z decays.
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For comparison the expected limits are shown as well.

We set 95% confidence level (C.L.) upper limits on the signal parameters and cross sections
using the modified frequentist construction (usually referred to as CLs) [29-31]. We apply
these upper limits on the contribution of new physics for the SUSY scenarios outlined below.
All cross sections in the following exclusion plots include next-to-leading-order corrections
calculated using PROSPINO [32].

6.2 Exclusion in the Slepton co-NLSP Scenario

In supersymmetry, multilepton final states arise naturally in the subset of GMSM parameter
space where the right-handed sleptons are flavor-degenerate and at the bottom of the mini-
mal supersymmetric standard model (MSSM) mass spectrum. The Higgsinos are decoupled.
Supersymmetric production proceeds mainly through pairs of squarks and/or gluinos. Cas-
cade decays of these states eventually pass sequentially through the lightest neutralino (§, § —
X" + X), which decays into a slepton and a lepton (x° — 7+¢T). Each of the essentially degener-
ate right-handed sleptons promptly decays to the Goldstino component of the almost massless
and non-interacting gravitino and a lepton (¢! — G/) thus yielding events with four or more
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hard leptons and missing energy. Such scenarios have a high cross section with little back-
ground [16]. The 95% CL exclusion limits for the slepton co-NLSP model is shown in Fig. 7.
The exclusion curve asymptotes to the horizontal in regions dominated by strong superpart-
ner production, and to the vertical in regions dominated by weak superpartner production.
With strong superpartners decoupled, the production is dominated by wino-like chargino-
neutralino and chargino-chargino production, as well as pair production of sleptons with lower
masses that are set by the gauge ordered superpartner mass spectra.

6.3 Exclusion in the CMSSM scenario

For the CMSSM [12, 13] scenario, limits in the mg-m;/, plane are shown in Fig. 8 for Ay =
O,tanp = 3,10, and u > 0. They extend significantly the region excluded in our previous
analysis [11].

7 Conclusion

We have performed a search for physics beyond the SM using a variety of multilepton final
States. We see a good agreement between observations and expectations in channels with large
SM expectations both on-Z and off-Z. Taking advantage of the high center-of-mass energy at
the LHC, we were able to probe new regions of the MSSM parameter space. Our search com-
plements those at the Tevatron, which are mostly sensitive to electroweak gaugino production
via quark-antiquark interaction, while the result presented here is mostly sensitive to gluino
and squark production via quark-gluon or gluon-gluon interactions. The results of this search
are largely consistent with SM expectations and are used to exclude regions in the MSSM with
neutralinos as LSP and co-NLSP scenarios with gravitinos as LSP.
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Figure 9: 4-lepton search: Graphical channel-by-channel summaries of the predicted SM back-

grounds and observed events in data.

Appendix: Supporting material useful for presentations

Fig. 11 compares the invariant mass of the three leptons measured in data to those obtained
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Figure 10: 3-lepton search: Graphical channel-by-channel summaries of the predicted SM back-
grounds and observed events in data.
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Figure 11: Trilepton invariant mass distributions after a Z veto for OSSF dilepton pairs. Left:
0T~ + e channels; right: ¢*¢~ + u channels. The different contributions for electrons and
muons originate for the different probabilities for internal and external conversions , as dis-
cussed in the text. Note that the conversion background is estimated using Monte Carlo.

in simulation in events where no OSSF dilepton pair forms an invariant mass of the Z boson.
Note the different contributions for electrons and muons. For electrons the third electron orig-
inates from final state radiation from the final state electrons. Since muons hardly radiate after
production, the main contribution originates from internal pair conversion at the matrix ele-
ment level. Cuts at the matrix element level may not give the full contribution, since the data
is clearly above the prediction in the right panel, thus motivating a data driven measurement
of the photon conversion factor described in the main body.
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