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Introduction Motivation for searches in final states with many leptons

Motivation
Why look for SUSY in final states with many leptons?

R-parity conserving (RPC) scenarios
Strong production dominates at the LHC
⇒ q̃, g̃ decay products can include
charginos and neutralinos

g̃ → q̃q̄, q ¯̃q (1)

q̃ → qχ̃0
2, q
′χ̃±2 (2)

which in turn decay leptonically

χ̃0
2(→ ˜̀±`∓)→ χ̃0

1`
±`∓ (3)

⇒ Plenty of leptons in final state
(possibly opposite-sign same-flavor pairs)

R-parity violating (RPV) SUSY or
lepton flavor violating (LFV) decays of
Z ′-like particle

ν̃τ → e±µ∓ (4)

Z ′ → e±µ∓ (5)
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ATLAS & leptons

ATLAS & leptons

∼3000 physicists & engineers from 38 countries

∼45 pb−1 “ready”

recorded, 35 pb−1

usable for physics

analysis

Main lepton identification tools

Electrons: liquid Ar-based, finely segmented EM
calorimeter, and transition radiation tracker
(e/π separation)

Muons: Monitored Drift Tubes for precision
muon tracking, matched with inner detector
track for combined reconstruction
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Results 2`+Emiss
T , opposite sign & same sign

2`+Emiss
T , opposite sign & same sign - selections

Search for dilepton excess in the two charge configurations separately

Single-lepton trigger

Exactly two leptons (ee, eµ, µµ), each with pT > 20 GeV

m`` > 5 GeV

Opposite Sign (OS)

Signal region: Emiss
T > 150 GeV

Same Sign (SS)

Signal region: Emiss
T > 100 GeV
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Results 2`+Emiss
T , opposite sign & same sign

2`+Emiss
T , opposite sign & same sign - results

Fake-lepton background estimated
from Z → `±`∓ and QCD dijet control
samples and evaluating
P ( tight reco | loose real ) and
P ( tight reco | loose fake ),
respectively

Top bg normalized in control region

Expected and observed yields per channel

4 The ATLAS Collaboration: Search for SUSY in events with lepton pairs and Emiss
T with ATLAS

cal error on the MC samples. The estimated total number
of tt̄ events in the SR for the OS analysis is 2.9+1.4

−1.3. The
quoted uncertainties include the statistical uncertainty on
the number of events observed in the CR and the system-
atic uncertainty on the MC extrapolation to high Emiss

T .
The latter arise from MC modeling of top quark pro-
duction and decay (23%), and uncertainties in jet energy
scale [24] and resolution [25] (23%). The sources of un-
certainty in the Monte Carlo modeling considered were
the choice of the NLO generator, the choice of the parton
shower, and the modeling of initial and final state QCD
radiation. The resulting total systematic uncertainty on
the estimated number of tt̄ events in the OS analysis is
44%. The predicted tt̄ background contribution in the SR
for the OS analysis, broken down into the three possible
lepton flavour combinations, is given in Table 1.

A partially data-driven approach is adopted to esti-
mate the contribution from Z production in the e+e− and
µ+µ− channels of the OS analysis. A control region is de-
fined requiring Emiss

T < 20 GeV and 81 < m�� < 101 GeV,
where non-Z contributions are found to be negligible. A
normalisation factor between the CR and the SR is ob-
tained from this region using the MC. This factor is ap-
plied to the data in the CR in order to estimate the con-
tributions to the signal regions. The eµ contribution is
estimated solely using MC due to lack of events in the
control region. The resulting numbers are presented in Ta-
ble 1. The contributions from other SM processes such as
single-top and di-boson production are estimated using
MC samples and found to be small. The contribution of
events from cosmic ray interactions is considered only for
the eµ channels (arising from a single cosmic ray muon
in coincidence with a collision electron) and the opposite
sign µµ channels (arising from a single cosmic ray muon
traversing the detector which is reconstructed as two op-
posite sign muons). This contribution is extracted from
the number of selected muons which fail a tight cut on
the minimum distance in the transverse plane of the asso-
ciated inner detector track from the reconstructed primary
vertex. The method requires knowledge of the probabili-
ties for cosmic and collision muons to fail this cut. The
former is measured from a dedicated data sample selected
with a cosmic ray trigger, while the latter is extracted
from simulation.

The observed numbers of events and the expected num-
bers of SM background events in the signal regions for the
SS and OS analyses are shown in Table 1. The expected
total number of SM events is 0.28 ± 0.14 for the SS anal-
ysis compared with zero events observed in the data, and
3.7 ± 1.6 for the OS analysis compared with 9 events ob-
served in the data. The Emiss

T distributions measured with
data for both analyses and the expectations from Monte
Carlo simulation of Standard Model processes are shown
in Figure 1. For the SS channel the background expecta-
tions are found to be in agreement with the observation.
All of the 9 selected OS events were visually scanned, and
the highest Emiss

T µµ event (∼ 600 GeV, in overflow in Fig-
ure 1) was found to be a likely candidate for a cosmic ray
interaction in the detector. The number of observed events

in the OS analysis is larger but in reasonable agreement
with the background expectation. The channels with the
most significant deviation are eµ and µµ, for which the
probabilities of the background to exceed the number of
observed events are 12% and 13% respectively. The com-
bined probability of the ee, eµ and µµ channels is 12.8%.

Table 1. Total number of observed events in the SS and OS
signal regions together with background expectations for an
integrated luminosity of 35 pb−1. The negative numbers for
the fakes and the cosmics are an artifact of the matrix method
and are taken as zero when calculating the total number of
background events.

Same Sign, Emiss
T > 100 GeV

e±e± e±µ± µ±µ±

Data 0 0 0
Fakes 0.12 ± 0.13 0.030 ± 0.026 0.014 ± 0.010
Di-bosons 0.015 ± 0.005 0.035 ± 0.012 0.021 ± 0.009
Charge-flip 0.019 ± 0.008 0.026 ± 0.011 -
Cosmics - 0+1.17

−0 -
Total 0.15 ± 0.13 0.09 +1.17

−0.03 0.04 ± 0.01

Opposite Sign, Emiss
T > 150 GeV

e+e− e±µ∓ µ+µ−

Data 1 4 4

tt̄ 0.62+0.31
−0.28 1.24+0.62

−0.56 1.00+0.50
−0.45

Z+jets 0.19 ± 0.15 0.08 ± 0.08 0.14 ± 0.17
Fakes −0.02 ± 0.02 −0.05 ± 0.04 -
Single top 0.03 ± 0.05 0.06 ± 0.08 0.10 ± 0.07
Di-bosons 0.09 ± 0.03 0.06 ± 0.03 0.15 ± 0.03
Cosmics - −0.2 ± 1.18 −0.43 ± 1.27
Total 0.92+0.42

−0.40 1.43+1.45
−0.59 1.39+1.41

−0.53

Limits are set on the contributions to the considered
final states from new physics. The likelihood function used
to fit the event counts in the signal regions can be writ-
ten as L(n|s, b,θ) = PS × Csyst, where n represents the
number of observed data events, s is the new physics sig-
nal to be tested, b is the background and θ represents the
systematic uncertainties, which are treated as nuisance pa-
rameters with Gaussian probability density functions. PS

is the Poisson probability distribution for the event count
in the signal region and Csyst represents the constraints on
systematic uncertainties taking into account correlations.
The limits are then derived from the profile likelihood ra-

tio, Λ(s) = −2(ln L(n|s, ˆ̂b, ˆ̂θ) − ln L(n|ŝ, b̂, θ̂)), where ŝ, b̂

and θ̂ maximise the likelihood function and
ˆ̂
b and

ˆ̂
θ max-

imise the likelihood for a given choice of s. Only signal hy-
potheses which lead to a non-negative number of observed
events are considered. Exclusion p-values are obtained us-
ing pseudo-experiments with test statistic Λ(s) and one-
sided upper limits set [26]. Using the observed numbers
of data events and background expectations in the signal
region, 95% confidence upper limits on the cross section
times branching ratio times acceptance times efficiency are
obtained for new physics processes producing lepton pairs

mSUGRA/CMSSM 95% C.L. exclusion

limits (tan β = 3, A0 = 0, µ > 0)

95% upper limits on σ × acc.× eff. :

SS: 0.07 pb

OS: eµ: 0.22 pb, ee: 0.09 pb, µµ:
0.21 pb
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Results 2`+Emiss
T , opposite sign & same sign

2`+Emiss
T , opposite sign & same sign - results

Interpretations in more general 24-parameter MSSM framework (see back-up
slides for details)

Two grids

compressed particle spectrum ⇒ softer leptons
more favorable mass hierarchy ⇒ harder leptons

Same sign Opposite sign
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Results 2`+Emiss
T with flavor subtraction

2`+Emiss
T with flavor subtraction - idea & selections

Search for excess of same-flavor opposite-sign (SFOS) lepton pairs over
different-flavor opposite sign (DFOS) lepton pairs. Selection similar to same-sign
dilepton, i.e. Emiss

T > 100 GeV.

Possible flavor and charge correlations for leptons from
SUSY cascade decays: χ̃0

2 → ˜̀±`∓ → χ̃0
1`
±`∓

No excess of SFOS over DFOS pairs expected from SM
(except from Z/γ∗)

Expression S estimates excess of SFOS pairs over DFOS pairs:

S =
N(e±e∓)

β(1− (1− τe)2)
− N(e±µ∓)

1− (1− τe)(1− τµ)
+

βN(µ±µ∓)

1− (1− τe)2
(6)

where β = εe/εµ and τe and τe are the trigger efficiencies for e and µ, respectively
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Results 2`+Emiss
T with flavor subtraction

2`+Emiss
T with flavor subtraction - results

Evaluating S in signal region yields

Sobs. = 1.98± 0.15(β)± 0.02(τe)± 0.06(τµ)

Sbg = 2.06± 0.79(stat.)± 0.78(sys.)

⇒ Good agreement, no SFOS pair excess observed

Interpreted as limits in same
phenomenological 24-parameter MSSM
framework ⇒

Model-independent 95% CL limit on S̄s, the
average contribution to S from new physics:

S̄s < 8.8, assuming
B(ee) = B(µµ), B(eµ) = 0

S̄s < 12.6, assuming
B(ee) = B(µµ) = 2× B(eµ)

(Observed limit very similar to that of
same-sign selection, very good
agreement with expected median limit)
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Results ≥3`+Emiss
T + jets

≥3`+Emiss
T +jets - selections

Requiring ≥3` greatly reduces background - “Golden channel” at the Tevatron

Selection

≥3` with pT > 20 GeV
(10 GeV if third leading is µ)
- no requirements on sign/flavor

≥2 jets with pT > 50 GeV

Emiss
T > 50 GeV

Veto

m`+`− < 20 GeV (D-Y)
86 < m`+`− < 96 GeV (Z) Expected and observed yields before

m``-veto and cuts on jets and Emiss
T

Main background Z+jets in low-Emiss
T region, only low diboson/top bg in

signal region

Background from pure QCD jet production processes suppressed by high
lepton multiplicity and Emiss

T requirements
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Results ≥3`+Emiss
T + jets

≥3`+Emiss
T +jets - results

Breakdown of yields per flavor
configuration, before m``-veto
and cuts on jets and Emiss

T .

After final selection:

0 observed, 0.1 expected

been distinguished according to the flavour of the three leptons. The number of observed events in data

is also given in each channel. Reasonable agreement is seen between data and MC, within uncertainties.

Table 1: Number of SM trilepton events with leptons with pT above threshold expected in the various

channels, as predicted by the MC simulation, and corresponding number of observed events in data. No

cut on jets, /ET or SFOS pairs invariant mass is applied at this stage. Uncertainties shown correspond to

statistical and systematic uncertainties summed in quadrature. MC numbers are normalised to 34 pb!1.

Multilep. events All eee eeµ eµµ µµµ

tt̄ 0.68±0.16 0.032±0.016 0.24±0.07 0.31±0.08 0.096±0.030
Z backgrounds 15.6±1.3 3.8±0.8 1.60±0.34 7.9±1.0 2.4±0.4
Other backgrounds 0.28±0.13 0.02±0.14 0.03±0.06 0.21±0.09 0.01±0.11
Total SM 16.6±1.3 3.8±0.8 1.9±0.4 8.4±1.0 2.5±0.4
Data 19 2 1 10 6

The pT distribution of the three leading leptons in the 19 events can be seen in Figures 1(a)-1(c), while

the invariant mass of SFOS lepton pairs is displayed in Figure 1(d). The jet multiplicity is shown in

Figure 2(a), while the pT distributions of the two leading jets in multilepton events with jets can be seen

in Figures 2(b)-(c), respectively. Figure 2(d) shows the missing transverse energy /ET in multilepton

events with lepton pT above threshold. For all distributions, agreement between data and expected SM

backgrounds is observed within uncertainties. For reference, two SUSY benchmark scenarios are also

shown in the same plots: one (labelled mSGpt) is an mSUGRA scenario with parameters (m0,m1/2, A0) =

(80, 180, 0) GeV, tan ! = 3 and µ > 0; the second one (labelled PGpt1) is a point in the “light neutralino”

PhenoGrid3 scenario discussed below, with sparticle masses mg̃ = 510 GeV, mq̃ = 500 GeV, m"̃0
2
=

400 GeV, ml̃L = 250 GeV, and m"̃01
= 100 GeV. For the considered integrated luminosity, these two

scenarios would correspond to 6.1 ± 1.4 (mSGpt) or 10.9 ± 2.6 (PGpt1) signal events at the end of the
selection, including the cut on /ET . The dominant systematics for these signal points are the cross-section

("8-15%), PDF and scale ("10%), luminosity ("11%) and pile-up ("11%) uncertainties.
Limits on SUSY parameters are calculated using a profile-likelihood ratio method as detailed in [33]. The

likelihood function L is expressed as a convolution of a Poisson pdf describing the number of observed

events, with another pdf that represents the systematic uncertainties. The latter is a convolution of the

separate sources of systematic uncertainty, each one of them modelled with a Gaussian pdf. These are

the uncertainties on the jet energy scale, the electron energy scale and the luminosity, and then all other

systematic uncertainties on the background and all other uncertainties on the signal. Uncertainties on

jet energy scale, electron energy scale and luminosity act with 100% correlation on both signal and

background, while the other two act on background or signal only, respectively. Using the observed

numbers of data events and background expectations, we place an upper limit at 95% C.L. of 62 fb on

the cross section times branching ratio times acceptance of new physics processes producing multilepton

events with jets and /ET .

Within the mSUGRA/CMSSM framework, the results are interpreted as limits in the m0!m1/2 plane, for
the tan ! = 3, A0 = 0, µ > 0 slice of the model. A grid in a more general MSSM 24-parameter framework

is also studied. For this MSSM–based model the following parameters are fixed: mA = 1000 GeV, µ =

1.5min(mg̃,mq̃), tan ! = 4, At=µ/ tan !, Ab = µ tan !, and Al = µ tan !. The masses of third-generation

sfermions are set to 2 TeV, and common squark mass and slepton mass parameters are assumed for the

first two generations. The remaining free parameters are the three gaugino masses and the squark and

slepton masses. Two grids in the mg̃ !mq̃ plane are generated: one with a compressed spectrum yielding

4

mSUGRA/CMSSM -
similar to Tevatron limits

Phenomenological MSSM framework
(same as before)
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Results eµ resonance

e±µ∓ resonance - selections

Search for new heavy resonance
decaying to e±µ∓

Motivated by

RPV SUSY where ν̃ → e±µ∓

Additional gauge symmetry
featuring lepton flavor violation,
e.g. Z′ → e±µ∓

Selections

Single-lepton trigger
(e or µ ⇒ ε = 100%)
Exactly 1 e and 1 µ with opposite
charge and pT > 20 GeV
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Results eµ resonance

e±µ∓ resonance - results

Upper limits on
σ(pp→ ν̃τ )× B(ν̃τ → eµ)
and resulting mν̃τ limits for
two RPV SUSY scenarios.

Excludes mν̃τ < 750 GeV if λ′311 = 0.11
and λ312 = 0.07

Limits in mν̃τ -λ′311 space for various
λ312 values.

σZ′→eµ < 0.175 (0.183) pb−1 for
mZ′ = 700 GeV (1 TeV) in LFV models
at 95% C.L.
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Summary & conclusions

Summary & conclusions
The ATLAS detector is working very well and recording excellent data
efficiently
SUSY-inspired search analyses in final states with two or more leptons were
carried out with 2010 dataset of ∼34 pb−1:

2`+Emiss
T (same/opposite sign): arXiv

2`+Emiss
T (flavor subtraction): arXiv (accepted by EPJC Letter)

≥ 3`+MET (“multilepton”): CONF note
eµ resonance: arXiv

⇒ Already matching current Tevatron limits in many channels which shows
that detector works well and is quite well understood

2011 already looks like an exciting year for SUSY and other new physics!

ATLAS has already recorded
∼250 pb−1 in 2011!
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Back-ups

Back-up slides
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Back-ups Signal MC

Details on the phenomenological MSSM signal grids

Two grids PhenoGrid2:
m3rdgen = 2000 GeV, m˜̀

R
= m˜̀

L
, mq̃R = mq̃L , M = min{mq̃,mg̃}

“PhenoGrid2a”
Compressed particle spectrum ⇒
soft lepton spectra

mχ̃0
2

= M − 50 GeV
mχ̃0

1
= M − 150 GeV

m˜̀
L

= M − 100 GeV

“PhenoGrid2b”
More favorable scenario with
larger mass differences ⇒ harder
lepton pT etc

mχ̃0
2

= M − 100 GeV
mχ̃0

1
= M − 100 GeV

m˜̀
L

= M
2 GeV
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Back-ups Signal MC

Details on lepton identification & isolation criteria
General:

Electron reconstruction:

“medium”: requirements on track quality and lateral shower shape in
calorimeter ⇒ used for signal region in multilepton and eµ resonance searches
“tight”: in addition to the above, cuts are imposed on E/p and high-threshold
hits along the track in the transition radiation tracker ⇒ used for signal region
in SS/OS and flavor subtraction dilepton searches

Muon reconstruction:

Combined: matched tracks in ID+MS ⇒ used for signal region in all analyses
Segment-tagged: ID track matched with at least one track segment in the MS
⇒ used by dilepton and multilepton searches, in addition to the combined
muons

Isolation requirements are slightly different across analyses

Dilepton SS/OS, flavor subtraction and multilepton analyses

e:
∑

∆R<0.2 Ecalo
T

peT
< 0.15, µ:

∑
∆R<0.2 p

track
T < 1.8 GeV

eµ resonance search:

e:
∑

∆R<0.2 Ecalo
T

EeT
< 0.1, µ:

∑
∆R<0.2 ptrack

T

p
µ
T

< 0.1
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Back-ups Signal MC

More on statistical methods

2`+Emiss
T SS/OS & multilepton searches used a profile likelihood ratio method

Likelihood function
L(n|s, b,θ) = PS × Csyst. (7)

where n events are observed with a background expectation of b, s is the signal to be tested and θ
represents the uncertainties. PS is the Poisson probability and Csyst. constrains the systematics,
including correlations.

Exlcusion p-values though pseudo-experiments on likelihood ratio test
statistic:

Λ(s) = −2(lnL(n|s, ˆ̂b, ˆ̂θ))− lnL(n|ŝ, b̂, θ̂)) (8)

where ŝ, b̂ and θ̂ maximize L, and
ˆ̂
b and

ˆ̂
θ maximize L for a given s.
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