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Introduction/Motivation

If they are light, direct gaugino/slepton production could be the dominant
SUSY production process at the LHC→ potential discovery channel!

“Natural SUSY paradigm”- for SUSY to
stabilise the weak scale, the particles
that couple directly to the Higgs sector

must be relatively light (< 1 TeV)→
these are the electro-weakinos and

the third generation sfermions.

Typical signature: one or more leptons in the final state arising from the decay
of charginos/neutralinos decaying through intermediate sleptons, sneutrinos

or gauge bosons.

Sarah Williams (Cambridge University) PASCOS 2013 20th November 2013 2 / 22



Search strategy

Use dedicated searches targeting specific final states. Interpret results using
Simplified Models containing the process of interest.

Results based on the 2012 dataset:
∫
Ldt ≈ 20 fb−1,

√
s = 8 TeV.

1 Exactly 3 light leptons (l=e,µ)
ATLAS-CONF-2013-035 (3L)

Chargino-neutralino pair production (with
intermediate sleptons/ gauge bosons)

2 1 light lepton and 2 b-tagged jets
ATLAS-CONF-2013-093 (1L)

Chargino-neutralino pair production (with the
neutralino decaying through a Higgs boson)

3 2 hadronically decaying τ -leptons
ATLAS-CONF-2013-028 (2τ )

Chargino-neutralino and chargino-pair
production (with intermediate staus), direct
stau-pair production

4 Exactly 2 light leptons
ATLAS-CONF-2013-049 (2L)

Chargino-pair production (with intermediate
sleptons/ gauge bosons), direct
selectron/smuon-pair production

5 At least 4 light leptons
ATLAS-CONF-2013-036 (4L)

Neutralino-pair production (with intermediate
leptons)

Note: For a given production mode (e.g chargino-neutralino
production)- consider scenario with/without intermediate
sleptons separately. (Intermediate sleptons in decays chains
enhance the leptonic branching fraction→ increase sensitivity)
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Choosing the signal region(s)

Interesting note: variables initially designed to measure SUSY masses in the
case of discovery have proven useful in suppressing SM backgrounds when

designing signal regions searching for SUSY...

Emiss,rel
T =

{
Emiss

T if ∆φ`,j ≥ π/2
Emiss

T × sin ∆φ`,j if ∆φ`,j < π/2

mT2 = min
qT

[
max

(
mT(p`1

T , qT),mT(p`2
T , pmiss

T − qT)
)]

m2
CT(v1, v2) = [ET(v1) + ET(v2)]2 − [pT(v1)− pT(v2)]2

In the absence of a
finite W width, the
mT2 distribution for
well reconstructed
di-leptonic t t̄ and
WW events should
fall off rapidly above
the W boson mass.

 [GeV]T2m

0 20 40 60 80 100 120 140 160 180 200

D
a

ta
 /

 S
M

0
0.5

1
1.5

2

E
v
e
n
ts

 /
 1

0
 G

e
V

­110

1

10

210

310

410

510

610
Data 2012

WW

 + Wttt

Z+jets

ZV

Fake leptons

Higgs

Bkg. Uncert.

) = (350,0) GeV
1

0
χ∼,m

1

±
χ∼(m

>40 GeV
miss,rel

T
 nJets=0, Zveto, Eµe

=8 TeVs  
­1

 L dt=20.3 fb∫
ATLAS Preliminary

 [GeV]CTm

E
v
e
n
ts

0

500

1000

1500

2000

2500

3000

3500  = 8 TeVsData 
SM Total

tt
single top
W+jets

Z+jets

+W/Ztt
WW/WZ/ZZ
WH
ZH

ATLAS Preliminary

­1
L dt ~ 20.3 fb∫
 > 100 GeVTE

Preselection,

 [GeV]CTm
0 100 200 300 400 500 600D

a
ta

/S
M

0

0.5

1

1.5
2

2.5

When calculated
using the 2 b-jets in
the event the mCT
distribution t t̄ has an
expected endpoint
at 160 GeV.
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Standard Model background estimation

All SUSY searches rely on accurate modelling of the Standard Model backgrounds

Distinguish between reducible (fake leptons/hadronic taus) and irreducible
(sources of real isolated leptons) backgrounds.

Fake lepton backgrounds usually determined from data (method depends on
analysis).

For dominant irreducible backgrounds, Monte Carlo predictions are obtained
from NLO generators or renormalised by defining control regions that are
designed to be dominant in a particular background component.(

NSR
X

)
est

= (NCR
data − NCR

non−X )× T , T = NSR
MC,X/N

CR
MC,X

Predictions from these methods are tested in a number of representative
validation regions

Combined fits over signal regions and all control regions extract background
normalisation factors simultaneously by fitting to data.
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Chargino-neutralino production (3L)- ATLAS-CONF-2013-035

3-lepton channel has sensitivity to chargino-neutralino production with decays
through intermediate sleptons or gauge bosons.
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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 ! [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 → !ν 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

5

Sensitivity across parameter space achieved with signal regions requiring exactly 3
“light” leptons (e,µ), with/without a Z-veto on a same-flavour opposite-sign pair. Emiss

T

and mT used to suppress SM backgrounds.
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Chargino-neutralino production (3L)- ATLAS-CONF-2013-035

No excess above the Standard Model expectation
was observed→ calculate model independent
limits on the visible cross-section in the signal

regions, and model dependent exclusion contours.
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Chargino-neutralino production (1L)- ATLAS-CONF-2013-093

Hot off the press- this was the first LHC search for χ̃±
1 χ̃

0
2 production

with decays via Higgs- released August 2013!

Wino-like χ̃±
1 χ̃

0
2, bino-like χ̃0

1 → mass degenerate
χ̃±

1 χ̃
0
2

Assume 100% branching of χ̃±
1 via W± and χ̃0

2
via 125 GeV SM-like lightest higgs.

For on-shell Higgs: ∆m(χ̃0
2, χ̃

0
1) > 125 GeV

125 GeV SM-like Higgs has highest BR for h
→ bb̄
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Searched for events with one charged lepton (e,µ), missing transverse
momentum and 2 b-tagged jets consistent with a Standard Model Higgs

boson at mH = 125 GeV
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Chargino-neutralino production (1L)- ATLAS-CONF-2013-093

2 signal regions designed targeting large ∆m( χ̃0
2, χ̃

0
1)

Control regions defined for t t̄ and W+jets→ extract
background normalisation factors from

simultaneous fit.
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Chargino-neutralino production (1L)- ATLAS-CONF-2013-093

No excess above the Standard Model expectation observed
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Figure 5: Distributions of mb j and mbb, respectively, for (a) CR1 and (b) CR2 for data and MC events.
Also shown by the dotted and dashed lines are two representative signal models, added on top of the
background predictions. The simulated backgrounds are normalized to the results from the background-
only likelihood fit (see Section 8). The ratio between observed and predicted event yields are also shown.
The shaded bands around the expectations include statistical and systematic uncertainties.

SRAh SRBh
Observed �95

vis (Asymptotic) 0.32 fb 0.21 fb
Observed S 95

obs (Asymptotic) 6.5 4.4
Expected S 95

exp (Asymptotic) 7.0+3.1
�1.9 4.4+2.5

�1.5
Observed �95

vis (Pseudo-experiments) 0.34 fb 0.21 fb
Observed S 95

obs (Pseudo-experiments) 6.9 4.4
Expected S 95

exp (Pseudo-experiments) 7.0+2.8
�1.6 4.4+1.8

�0.8

Table 4: Model-independent limits in the signal region for the mbb signal bin (SRAh and SRBh). Shown
are the observed 95% CL upper limits on the visible cross section, �95

vis, for non-SM events, and on
the expected number of signal events, S 95

exp , for both the pseudo-experiment and asymptotic-formulae
approaches.

9 Interpretation of the Results

In the absence of a significant excess over the SM background expectations, 95% confidence level (CL)
exclusion limits are set.

Model-independent limits on the visible cross section, �vis, defined by the product of the production
cross section, e�ciency, and acceptance are derived from the number of observed and predicted events
in each mbb signal bin (SRAh and SRBh). The predicted events are extrapolated to the signal region from
the background-only fit results. Limits on the number of non-SM events in the signal regions, derived
using the CLs prescription [75], are divided by the integrated luminosity to obtain the limits on the visible
cross section. The limits at 95% CL are shown in Table 4. Results based both on pseudo-experiments
and asymptotic formulae for a profile-log-likelihood test statistic [76] are given. The non-SM signal is
assumed to contribute only to SRA and SRB in 105 < mbb < 135 GeV (SRAh and SRBh).

Limits can also be placed on specific models of physics beyond the SM. In this case, the fit is modified
in the following way:

11

Note: For model independent limits, for SRA/B consider only mbb= 105-135
GeV. For model dependent exclusion limits consider mbb > 50 GeV and

statistically combine regions.
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Chargino-neutralino production (2τ )- ATLAS-CONF-2013-028

First search for electroweak production with taus in ATLAS
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2-lepton analysis based on
reconstructing hadronically
decaying taus.

2 signal regions defined
based on mT2 , with and
without a b-jet veto.

Signal region requirements
OS mT2 at least 1 OS tau pair

jet veto
Z-veto

Emiss
T > 40 GeV

mT2> 90 GeV
OS mT2-nobjet at least 1 OS tau pair

b-jet veto
Z-veto

Emiss
T > 40 GeV

mT2> 100 GeV

Table 1: Definition of the signal regions.

5 SM Background determination

Two types of SM backgrounds are considered, according to the origin of the tau: fake taus from mis-
identified jets (the contribution of real taus from heavy-flavour decays in jets is negligible) and real taus
from prompt boson decays.

The reducible background consists of events containing one or more fake taus, primarily multi-jet
and W+jets events. The irreducible background consists of events containing real taus. These include
diboson, Z+jets or top production (tt̄, single top and tt̄+V). There may be contributions from fake taus
also in these processes, however these are subdominant with respect to the real tau contribution. The
contribution from real taus exceeds 90% in Z+jets and diboson production, and ranges from 45% to 75%
in backgrounds containing top quarks.

5.1 Reducible background estimation

The dominant background in the SRs originates from fake taus (75-80%). The fake tau rate modelling
in the MC is not accurate. Moreover the available MC samples for both multi-jet and W+jets production
are insu�cient to provide a precise estimate of these contributions. The latter are therefore derived from
data using the “ABCD” method.

Four exclusive regions, labelled as A, B, C (the control regions) and D (the SR), are selected in a
plane defined by two weakly correlated variables. For uncorrelated variables, the ratio of the numbers of
events in the control regions A and B equals that of SR D to control region C: the number of events in the
SR D, ND, can therefore be calculated from that in control region A, NA, multiplied by a normalization
factor NC/NB.

The tau identification criterion (tau-id) and mT2 are chosen as discriminating variables to define the
regions A, B, C and D. The control and signal regions are defined in the same way except that in the A and
B control regions we require taus satisfying a “loose” but failing “tight” selection criteria (tight veto),
which is orthogonal to the signal region criterion. In control regions B and C we require furthermore
mT2 < 40 GeV. In the signal regions at least one tight tau and one medium tau are required, and mT2 > 90
GeV for SR OS-mT2 (mT2 > 100 GeV for SR OS-mT2-nobjet). The main contribution to the CRs comes
from by multi-jet and W+jets events (� 90%). The W+jets contribution in the CRs ranges from 2% to
10%. Contributions from other SM processes are small and subtracted using the MC simulation. The
definitions of the control and signal regions are summarized in Table 2. Furthermore two validation
regions E and F are defined. The validation region E (F) has the same definition as the control region A

6
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Chargino pair-production (2τ )- ATLAS-CONF-2013-028
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Chargino pair-production (2L)- ATLAS-CONF-2013-049
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Table 1: Signal region definitions of events satisfying the selection of Section 4. ‘Z veto’ refers to
|m`` � mZ | > 10 GeV.

SR-mT2,90 SR-mT2,110 SR-WWa SR-WWb SR-WWc
lepton flavour e+e�, µ+µ�, e±µ⌥ e±µ⌥

p`1T — > 35 GeV
p`2T — > 20 GeV
m`` Z veto < 80 GeV < 130 GeV —
pT,`` — > 70 GeV < 170 GeV < 190 GeV
��`` — < 1.8 rad

Emiss,rel
T > 40 GeV > 70 GeV —
mT2 > 90 GeV > 110 GeV — > 90 GeV > 100 GeV

boosted than the neutrinos from the background sources. Two di↵erent requirements, mT2 > 90 GeV and
mT2 > 110 GeV, are defined for SR-mT2,90 and SR-mT2,110, respectively. The former provides a better
sensitivity to cases in which the slepton or chargino mass is close to the LSP mass, and the latter has a
better coverage at larger slepton/chargino-LSP mass di↵erences.

Figure 1 shows the distributions of Emiss,rel
T and mT2 satisfying the event selection of Section 4, and

requiring Emiss,rel
T > 40 GeV and the Z veto. Good agreement between data and Monte Carlo is observed

for all variables and samples.

5.2 SR-WW

Three signal regions, SR-WWa, SR-WWb and SR-WWc, are designed to provide sensitivities to direct
chargino and neutralino production with �̃±1 ! W± + �̃0

1 in three di↵erent areas of the m�̃±1 vs. m�̃0
1

plane.
Only the e±µ⌥ combinations are used in these signal regions.

Since the signal is assumed to produce a pair of on-shell W bosons, the signal-to-background ratio
can be improved by requiring larger lepton pT without large loss in acceptance. This would not be the
case in the slepton scenarios with small slepton-neutralino mass di↵erences or if the W boson is o↵-shell.
The leading lepton is required to have pT > 35 GeV and the other lepton to have pT > 20 GeV.

Figure 2 shows the data to Monte Carlo agreement in the distributions of mT2, Emiss,rel
T , m`` and

pT,`` (the transverse momentum of the dilepton system) after the selection described in Section 4 and
the additional requirements on the the lepton pT. The four variables are used to define the three signal
regions.

The first region, SR-WWa, is designed for scenarios in which either the chargino mass is small
(m�̃±1 < 120 GeV) or the W boson is produced close to the threshold (mW < m�̃±1 � m�̃0

1
< 100 GeV). In

this signal region, Emiss,rel
T > 70 GeV and pT,`` > 70 GeV are required. These thresholds are found to be

optimal to reject SM WW production e�ciently while retaining SUSY signal events, characterised by
larger transverse momentum of the LSPs. The sensitivity is further increased by requiring m`` < 80 GeV,
and the opening angle between the two leptons in the transverse plane ��`` to be smaller than 1.8 radians.

The second and third regions, SR-WWb and SR-WWc, are sensitive to higher chargino masses
(m�̃±1 > 120 GeV), and larger boost of the W boson (m�̃±1 � m�̃0

1
> 100 GeV). These regions rely on

the mT2 variable, which is required to be greater than 90 GeV and 100 GeV in SR-WWb and SR-WWc,
respectively. Also required are pT,`` < 170 GeV and < 190 GeV in SR-WWb and SR-WWc, respectively.
The di↵erences in the thresholds make SR-WWc more sensitive to larger chargino masses and larger W
boost than SR-WWb. For SR-WWb, m`` < 130 GeV is also required. Finally, the same ��`` < 1.8 rad
cut as SR-WWa is applied to both signal regions.

6

All regions also included a jet-veto on all jets with pT > 20 GeV and |η| <
2.4 or pT > 30 GeV and |η| < 4.5, as well as a veto on b-jets with pT > 20
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Chargino pair-production (2L)- ATLAS-CONF-2013-049

No excess above SM expectation observed in any signal region

 [GeV]
miss,rel

TE

50 100 150 200 250 300

D
a
ta

 /
 S

M

0
0.5

1
1.5

2

E
v
e
n
ts

 /
 2

0
 G

e
V

2

4

6

8

10
Data 2012

WW

 + Wttt
Z+jets

ZV

Fake leptons

Higgs

Bkg. Uncert.

) = (251,10) GeV
0

1
χ∼,ml

~
(m

) = (350,0) GeV
1

0
χ∼,m

1

±
χ∼(m

>90 GeV
T2

>40 GeV, m
miss,rel

T
ee nJets=0, Zveto, E

=8 TeVs  
-1

 L dt=20.3 fb∫
ATLAS Preliminary

E
v
e
n
ts

 /
 5

 G
e
V

­110

1

10

210

310
Data 2012

WW

 + Wttt

Z+jets

ZV

Fake leptons

Higgs

MC Stat+Syst Uncert

)=(100,0)GeV
0

1
χ∼,m

±

1
χ∼(m

ATLAS Preliminary

 = 8 TeVs 
­1

 Ldt = 20.3 fb∫
 channel (SR­WWa)µe

<1.8
ll

φ<80GeV,d
ll

>70GeV,m
ll

T
>70GeV,p

miss,rel

T
>20GeV,E

l2

T
>35GeV,p

l1

T
 nJets=0,pµe

[GeV]
miss,rel

TE

70 80 90 100 110 120 130 140 150 160 170

D
a

ta
/S

M

0
0.5

1

1.5
2Table 5: Observed and expected numbers of events in SR-WWa, b and c. The first three rows of the

signal expectation are simplified models, and the last row is the GMSB model of Ref. [40]. Also shown
are the observed and expected 95% CL upper limits on the visible cross-section, �95

vis, for non-SM events.
N/A means not applicable.

SR-WWa SR-WWb SR-WWc
Observed 123 16 9
Background total 117.9 ± 14.6 13.6 ± 2.3 7.4 ± 1.5

Top 15.2 ± 6.6 2.7 ± 1.1 1.0 ± 0.7
WW 98.6 ± 14.6 10.2 ± 2.1 5.9 ± 1.3
ZV (V = W or Z) 3.4 ± 0.8 0.26+0.31

�0.26 0.29 ± 0.14
Higgs 0.76 ± 0.14 0.21 ± 0.06 0.10 ± 0.04
fake 0.02+0.33

�0.02 0.26+0.30
�0.26 0.12+0.17

�0.12
Signal expectation
(m�̃±1 ,m�̃0

1
) = (100, 0) GeV 31 N/A N/A

(m�̃±1 ,m�̃0
1
) = (140, 20) GeV N/A 8.2 N/A

(m�̃±1 ,m�̃0
1
) = (200, 0) GeV N/A N/A 3.3

(m�̃±1 ,m�̃0
1
) = (110, 113) GeV 18 4.3 N/A

Observed �95
vis (fb) 1.94 0.58 0.43

Expected �95
vis (fb) 1.77+0.66

�0.49 0.51+0.21
�0.15 0.37+0.18

�0.11

10 Summary

This note presented searches for slepton and chargino pair production in final states with two leptons,
missing transverse momentum, and no jets performed using 20.3 fb�1 of proton-proton collision data atp

s = 8 TeV recorded with the ATLAS experiment at the Large Hadron Collider.
No significant excesses over the Standard Model predictions are observed. In scenarios where slep-

tons decay directly into the lightest neutralino and a charged lepton, a common value for left and right-
handed slepton masses between 90 GeV and 320 GeV is excluded at 95% confidence level for a massless
neutralino. In the scenario of chargino pair production, with wino-like charginos decaying into the light-
est neutralino via an intermediate slepton, chargino masses between 130 GeV and 450 GeV are excluded
at 95% confidence level for a 20 GeV neutralino. In the scenario of chargino pair production followed
by the �̃±1 ! W±�̃0

1 decay, the excluded cross-section is above the model cross-section by a factor 1.9–
2.8 in the �̃±1 mass range 100–190 GeV and then degrades gradually to 4.7 when reaching a �̃±1 mass of
250 GeV. Best sensitivity is obtained for the (m�̃±1 ,m�̃0

1
) = (100, 0) GeV mass point where�/�SUSY = 1.8

In the case of the GMSB model point, the observed 95% CL limit on �/�SUSY is 2.9.
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Direct slepton-pair production (2L)- ATLAS-CONF-2013-049

Used SR-mT2,90 and SR-mT2,110 to calculate exclusions for left-handed and
right-handed sleptons separately.
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Neutralino pair production (4L)- ATLAS-CONF-2013-036

4-lepton channel- powerful search channel for many SUSY
scenarios- very low SM background. Analysis contained 5
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effects) within a cone of ∆R = 0.3 around the electron candidate must be less than 18% of the electron

pT. Signal taus must pass “medium” identification criteria [31].

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

with asymmetric and symmetric pT thresholds. The overall trigger efficiency is in the range of 90–100%

for the four-lepton events selected in the analysis and is independent of the lepton transverse momenta

within uncertainties. The same requirements are applied to the MC simulated events using the results of

the trigger simulation.

5 Signal region selection

Selected events must contain four or more signal leptons, where only combinations with at least three

light leptons are considered. The invariant mass of all same-flavour opposite-sign (SFOS) light lepton

pairs, mSFOS, must be above 12 GeV to suppress backgrounds from low-mass resonances. The dominant

SM process contributing to this selection is the ZZ production, where both Z-bosons decay leptonically.

Two signal regions are defined for each allowed tau multiplicity: one vetoing Z candidates and one

requiring Z candidates. Z-boson candidates are vetoed by removing events with pairs, triplets or quadru-

plets of light leptons with an invariant mass inside the [81.2, 101.2] GeV interval. This requirement is

labelled as “extended veto” in Tables 1 and 2. Pairs and triplets considered for the Z-veto must contain a

SFOS light lepton pair, while quadruplets must consist of two SFOS light lepton pairs. Z-boson candi-

dates are requested by selecting events with SFOS light leptons with an invariant mass inside the [81.2,

101.2] GeV interval. Signal is discriminated from the backgrounds using the Emiss
T

and the effective mass

defined as

meff = Emiss
T +

∑

µ

p
µ
T
+
∑

e

pe
T +
∑

τ

pτT +
∑

j

p
j
T
, (3)

where p
µ
T

(pe
T
, pτ

T
) is the transverse momentum of the signal muons (electrons, taus) and p

j
T

is the

transverse momentum of jets with pT > 40 GeV. In signal regions vetoing Z candidates, high-Emiss
T

or

high-meff is required, while for regions requiring Z candidates, high-Emiss
T

is required. An additional

signal region with four light leptons, a Z veto and a loosened Emiss
T

requirement is also defined to increase

sensitivity to the RPC χ̃
0
2
χ̃0

3 models.

The definition of the signal regions is summarised in Table 1. Events that have four or more signal

leptons and additional tagged leptons failing the “signal” requirements are used in the data-driven back-

ground method described in Section 6.3 to estimate the background contribution for events with five or

more signal leptons, and they are not considered in the signal regions.

Table 1: The table summarises the selection requirements for the signal regions. The Z candidate request

and extended veto are defined in Section 5.

SR N(# = e, µ) N(τ) Z Candidate Emiss
T [GeV] meff[GeV] Scenario

SR0noZa ≥4 ≥0 extended veto >50 RPC
SR0noZb ≥4 ≥0 extended veto >75 or >600 RPV
SR1noZ =3 ≥1 extended veto >100 or >400 RPV
SR0Z ≥4 ≥0 request >75 GGM
SR1Z =3 ≥1 request >100 GGM
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The results released so far based
on the 2012 dataset have
excluded large areas of
parameter space in the models
under consideration.

Although no evidence of SUSY
has been observed so far- the
story is far from over!

There’s still lots to be done - increase the sensitivity of our existing
searches, explore new channels, and prepare for the 2015 run at√

s = 13 TeV!

Light gauginos are favoured by naturalness, so, perhaps electroweak SUSY
could be just around the corner...
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Backup- ATLAS-CONF-2013-035 (3L)

Signal region results:

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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Validation region definitions:

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

The irreducible “fake lepton” background was
evaluated using a data-driven “matrix method”.

Standard Model Background
Modelling:

Dominant backgrounds were
irreducible top/WZ
contributions.

All irreducible backgrounds
were taken directly from
NLO Monte Carlo which was
checked in a number of
validation regions..
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Backup- ATLAS-CONF-2013-028 (2τ )

Signal region results:

Figure 5 shows the mT2 distribution for data and SM backgrounds in SR OS-mT2 and SR OS-mT2-
nobjet. The SM background distributions are taken from MC, except for the multi-jet and W+jets con-
tribution, which is estimated using the ABCD method.

SM process SR OS mT2 SR OS mT2 -nobjet
top 0.2 ± 0.5 ± 0.1 1.6 ± 0.8 ± 1.2

Z+jets 0.28 ± 0.26 ± 0.23 0.4 ± 0.3 ± 0.3
diboson 2.2 ± 0.5 ± 0.5 2.5 ± 0.5 ± 0.9

multi-jet & W+jets 8.4 ± 2.6 ± 1.4 12 ± 3 ± 3
SM total 11.0 ± 2.7 ± 1.5 17 ± 4 ± 3

data 6 14
SUSY Ref. point 1 6.8 ± 1.0 9.2 ± 1.2
SUSY Ref. point 2 7.5 ± 0.7 8.9 ± 0.7

Table 5: Expected number of events from SM processes in the signal regions, normalized to 20.7 fb�1,
and the number of events observed in data. The first (second) uncertainty in each case is the statistical
(systematic) uncertainty. The “top” contribution includes the single top, tt̄, and tt̄+V processes. The
expected event yields for the two SUSY reference points are also shown.
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Figure 5: mT2 distribution for (a) SR OS-mT2 and (b) SR OS-mT2-nobjet. The stacked histograms
show the expected backgrounds. The white histogram represents the multi-jet and W+jets contribution
obtained from data using the ABCD method. The SM backgrounds are normalized to 20.7 fb�1. The
lower plots show the distributions of data over SM backgroud ratio.

The observed numbers of events in the signal regions are used to place model-independent upper
limits at 95% confidence level (CL) on the visible cross-section. In addition, model-dependent exclusion
limits at 95% CL are provided for the pMSSM and the Simplified Models described in Section 2. The
exclusion limits are calculated using the CLs prescription [71] by comparing the number of observed
events in data with the SM expectation using the profile likelihood ratio as test statistic. All systematic
uncertainties are taken into account via nuisance parameters.
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Irreducible backgrounds (Z+jets,
diboson, top)- taken from directly
from MC prediction.

Reducible background- 1-2 fake taus-
evaluated using data-driven ABCD
method.

Regions used for ABCD method:

tau-id 
1 loose  
1 medium 
(tight veto) 

1 medium  
1 tight 

  mT2 

[GeV] 

0 

40 

QCD+W 
CR-B 

QCD+W  
CR-C 

W 
VR-E 

90/100 

QCD+W 
CR-A 

W 
VR-F 

SR D 

Used for nominal  
ABCD method 

Used for alternative  
ABCD method 

Used for validation  
and systematics 

W 
CR-A 

W 
CR-B 

  2 loose 
(tight veto)  

Model independent limits:

Signal Region h✏�i95
obs[fb] S 95

obs S 95
exp CLB p(s = 0)

SR-OSmT2 0.27 5.6 8.9+2.7
�3.2 0.14 0.42

SR-OSmT2-nobjet 0.50 10.4 10.4+0.6
�1.7 0.48 0.39

Table 6: Left to right: 95% CL upper limits on the visible cross section (h✏�i95
obs) and on the number of

signal events (S 95
obs ). The third column (S 95

exp) shows the expected 95% CL upper limit on the number of
signal events, determined by using the expected background contribution. The last two columns indicate
the confidence level for the background-only hypothesis (CLB) and the compatibility of the data with the
background-only expectation (p(s = 0)).
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Figure 6: 95% CL exclusion limits for Simplified Models with (a) chargino-neutralino and (b) chargino-
chargino production. The SR with the best expected limit at each point is used. The dashed lines show
the 95% CL expected limits. The solid band around the expected limit shows the ±1� result where
all uncertainties, except those on the signal cross-sections, are considered. The ±1� lines around the
observed limit represent the results obtained when moving the nominal signal cross-section up and down
by the ±1� theoretical SUSY signal uncertainty.

7.1 Model-independent upper limits

Model-independent upper limits at 95% CL are placed on the visible cross section of new physics pro-
cesses defined as �vis = � ⇥ ✏, where ✏ is the acceptance ⇥ e�ciency. Results are shown in Table 6.

7.2 Simplified Models: chargino-neutralino and chargino-chargino production

The observed and expected numbers of events in the signal regions are used to place limits in the (m(�̃±1 ),
m(�̃0

1)) parameter space for the Simplified Model with chargino-neutralino production and the Simplified
Model with chargino-chargino production with intermediate staus. The corresponding exclusion limits
are shown in Figure 6. For each point in parameter space, the SR with the best expected limit is used.

Chargino masses up to 350 GeV are excluded for a massless lightest neutralino in the scenario of
direct production of chargino pairs. In the case of pair production of degenerate charginos and next-to-
lightest neutralinos, masses up to 330 (300) GeV are excluded for lightest neutralino masses below 50
(100) GeV.

12

Sarah Williams (Cambridge University) PASCOS 2013 20th November 2013 19 / 22



Backup- ATLAS-CONF-2013-049 (2L)

Signal region estimates for
SR-mT2,90and SR-mT2,110:

Table 4: Observed and expected numbers of events in regions SR-mT2,90 and SR-mT2,110 separated by
lepton flavour. The first two rows of the signal expectation are direct slepton production with degenerate
left- and right-handed sleptons masses, and the last two rows are chargino production with intermediate
sleptons and sneutrinos. Also shown are the observed and expected 95% CL upper limits on the visible
cross-section, �95

vis, for non-SM events.

SR-mT2,90 e+e� e±µ⌥ µ+µ� all
Observed 15 19 19 53
Background total 16.6 ± 2.3 20.7 ± 3.2 22.4 ± 3.3 59.7 ± 7.3

WW 9.3 ± 1.6 14.1 ± 2.2 12.6 ± 2.0 36.1 ± 5.1
ZV (V = W or Z) 6.3 ± 1.5 0.8 ± 0.3 7.3 ± 1.7 14.4 ± 3.2
Top 0.9+1.1

�0.9 5.6 ± 2.1 2.5 ± 1.8 8.9 ± 3.9
Higgs 0.11 ± 0.04 0.19 ± 0.05 0.08 ± 0.04 0.38 ± 0.08
Fake 0.00+0.18

�0.00 0.00+0.14
�0.00 0.00+0.15

�0.00 0.00+0.28
�0.00

Signal expectation
(m ˜̀,m�̃0

1
) = (191, 90) GeV 21.6 0 21.6 43.2

(m ˜̀,m�̃0
1
) = (251, 10) GeV 12.2 0 12.5 24.7

(m�̃±1 ,m�̃0
1
) = (350, 0) GeV 11.7 16.6 10.5 38.8

(m�̃±1 ,m�̃0
1
) = (425, 75) GeV 4.3 6.7 4.4 15.4

Observed �95
vis (fb) 0.44 0.51 0.47 0.81

Expected �95
vis (fb) 0.50+0.22

�0.15 0.57+0.25
�0.17 0.58+0.25

�0.17 1.00+0.41
�0.28

SR-mT2,110 e+e� e±µ⌥ µ+µ� all
Observed 4 5 4 13
Background total 6.1 ± 2.2 4.4 ± 2.0 6.3 ± 2.4 16.9 ± 6.0

WW 2.7 ± 1.5 3.6 ± 2.0 2.9 ± 1.6 9.1 ± 4.9
ZV (V = W or Z) 2.7 ± 1.4 0.2 ± 0.1 3.4 ± 1.8 6.3 ± 3.3
Top 0.7 ± 0.7 0.6 ± 0.4 0.0 ± 0.0 1.3 ± 1.0
Higgs 0.05 ± 0.03 0.12 ± 0.04 0.05 ± 0.02 0.22 ± 0.05
Fake 0.00+0.09

�0.00 0.00+0.13
�0.00 0.00+0.12

�0.00 0.00+0.28
�0.00

Signal expectation
(m ˜̀,m�̃0

1
) = (191, 90) GeV 12.3 0 12.0 24.3

(m ˜̀,m�̃0
1
) = (251, 10) GeV 10.5 0 11.2 21.7

(m�̃±1 ,m�̃0
1
) = (350, 0) GeV 9.5 14.0 8.7 32.2

(m�̃±1 ,m�̃0
1
) = (425, 75) GeV 3.7 1.1 3.8 8.5

Observed �95
vis (fb) 0.27 0.35 0.28 0.54

Expected �95
vis (fb) 0.33+0.16

�0.10 0.33+0.16
�0.09 0.33+0.16

�0.10 0.62+0.23
�0.16

excluded cross-section is above the model cross-section by a factor 1.9–2.8 in the range 100–190 GeV
and then degrades gradually to 4.7 when reaching a �̃±1 mass of 250 GeV. The best sensitivity is obtained
for the (m�̃±1 ,m�̃0

1
) = (100, 0) GeV mass point where �/�SUSY = 1.79.

GMSB model point The CLs value is also calculated for the GMSB model point where the chargino
is the NLSP [m(�̃±1 ) = 110 GeV, m(�̃0

1) = 113 GeV and m(�̃0
2) = 130 GeV] [40]. The observed CLs value

is found to be 0.52 using the SR-WWa region, which the most sensitive signal region for this point. The
expected and observed 95% CL limit on �/�SUSY are 2.6 and 2.9, respectively.
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Table 4: Observed and expected numbers of events in regions SR-mT2,90 and SR-mT2,110 separated by
lepton flavour. The first two rows of the signal expectation are direct slepton production with degenerate
left- and right-handed sleptons masses, and the last two rows are chargino production with intermediate
sleptons and sneutrinos. Also shown are the observed and expected 95% CL upper limits on the visible
cross-section, �95

vis, for non-SM events.

SR-mT2,90 e+e� e±µ⌥ µ+µ� all
Observed 15 19 19 53
Background total 16.6 ± 2.3 20.7 ± 3.2 22.4 ± 3.3 59.7 ± 7.3

WW 9.3 ± 1.6 14.1 ± 2.2 12.6 ± 2.0 36.1 ± 5.1
ZV (V = W or Z) 6.3 ± 1.5 0.8 ± 0.3 7.3 ± 1.7 14.4 ± 3.2
Top 0.9+1.1

�0.9 5.6 ± 2.1 2.5 ± 1.8 8.9 ± 3.9
Higgs 0.11 ± 0.04 0.19 ± 0.05 0.08 ± 0.04 0.38 ± 0.08
Fake 0.00+0.18

�0.00 0.00+0.14
�0.00 0.00+0.15
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Signal expectation
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) = (191, 90) GeV 21.6 0 21.6 43.2
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�0.17 1.00+0.41
�0.28

SR-mT2,110 e+e� e±µ⌥ µ+µ� all
Observed 4 5 4 13
Background total 6.1 ± 2.2 4.4 ± 2.0 6.3 ± 2.4 16.9 ± 6.0

WW 2.7 ± 1.5 3.6 ± 2.0 2.9 ± 1.6 9.1 ± 4.9
ZV (V = W or Z) 2.7 ± 1.4 0.2 ± 0.1 3.4 ± 1.8 6.3 ± 3.3
Top 0.7 ± 0.7 0.6 ± 0.4 0.0 ± 0.0 1.3 ± 1.0
Higgs 0.05 ± 0.03 0.12 ± 0.04 0.05 ± 0.02 0.22 ± 0.05
Fake 0.00+0.09

�0.00 0.00+0.13
�0.00 0.00+0.12

�0.00 0.00+0.28
�0.00

Signal expectation
(m ˜̀,m�̃0

1
) = (191, 90) GeV 12.3 0 12.0 24.3
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) = (251, 10) GeV 10.5 0 11.2 21.7
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Expected �95
vis (fb) 0.33+0.16

�0.10 0.33+0.16
�0.09 0.33+0.16

�0.10 0.62+0.23
�0.16

excluded cross-section is above the model cross-section by a factor 1.9–2.8 in the range 100–190 GeV
and then degrades gradually to 4.7 when reaching a �̃±1 mass of 250 GeV. The best sensitivity is obtained
for the (m�̃±1 ,m�̃0

1
) = (100, 0) GeV mass point where �/�SUSY = 1.79.

GMSB model point The CLs value is also calculated for the GMSB model point where the chargino
is the NLSP [m(�̃±1 ) = 110 GeV, m(�̃0

1) = 113 GeV and m(�̃0
2) = 130 GeV] [40]. The observed CLs value

is found to be 0.52 using the SR-WWa region, which the most sensitive signal region for this point. The
expected and observed 95% CL limit on �/�SUSY are 2.6 and 2.9, respectively.
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SM background modelling:

Dominant irreducible MC backgrounds- renormalised
Monte Carlo predictions to data in control regions.

Others taken directly from MC.

Reducible fake background (1/2 fake leptons)- used
data-driven “Matrix method”.

Control region definitions:

Table 2: Control region definitions of events satisfying the selection of Section 4. ‘Z veto’ and ‘Z select’
refer to |m`` � mZ | > 10 GeV and < 10 GeV, respectively.

SR SR-mT2,90 SR-mT2,110 SR-WWa SR-WWb SR-WWc
WW CR

lepton flavour e±µ⌥ e±µ⌥

m`` Z veto —
��`` — < 1.8 rad
Emiss,rel

T > 40 GeV < 70 GeV —
mT2 50–90 GeV — < 90 GeV

Top CR
b-tagged jets � 1 � 1
signal jets � 2 � 1
lepton flavour e+e�, µ+µ�, e±µ⌥ e±µ⌥

m`` Z veto < 80 GeV < 130 GeV
pT,`` — > 70 GeV < 170 GeV < 190 GeV
��`` — < 1.8 rad
Emiss,rel

T > 40 GeV > 70 GeV —
mT2 — — > 90 GeV > 100 GeV

ZV CR
lepton flavour e+e�, µ+µ� not defined
m`` Z select
Emiss,rel

T > 40 GeV
mT2 > 90 GeV > 110 GeV

ically as close as possible to a corresponding signal region. Hence each signal region has its own set of
two or three control regions; these are defined in Table 2. The simulation is normalised to data in that
control region and a normalization factor for the MC is extracted. The simulation and the scale factors
are used to obtain the background expectation, NSR

B (B = WW, tt̄, ZV) in the signal regions

NSR
B =

2666664
NCR � NCR

other

NCR
B,MC

3777775 ⇥ NSR
B,MC,

where NCR is the number of events observed in the CR, NCR
other is the estimated contamination in the

CR from sources other than the background considered. The background “scale factor” is defined as
(NCR � NCR

other)/N
CR
B,MC, which equals unity if the estimated NSR

B equals the MC prediction. The actual
calculation is performed using the combined likelihood fit approach described in Section 6.3.

Contributions from other, less abundant, sources of background are estimated with Monte-Carlo
simulation, except for those arising from hadronic jets reconstructed as signal leptons. The latter type
of background, referred to as “fake-lepton” background, is estimated using a data-driven method as
described in Section 6.2.

The WW control region for SR-mT2 is defined by requiring Emiss,rel
T > 40 GeV and 50 < mT2 <

90 GeV. The events must also pass the Z veto and contain no jets. Only the e±µ⌥ sample is used in this
CR because the corresponding regions in the e+e� and µ+µ� samples su↵er from contamination from
Z/�⇤+ jets background. The e+e� and µ+µ� components are therefore evaluated using the e±µ⌥ CR, with
appropriate ratios of electron and muon e�ciencies. The contamination due to non-WW sources in this
CR is dominated by the top (13%) and ZV (3%) events, both of which are corrected by the scale factors
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Table 2: Control region definitions of events satisfying the selection of Section 4. ‘Z veto’ and ‘Z select’
refer to |m`` � mZ | > 10 GeV and < 10 GeV, respectively.

SR SR-mT2,90 SR-mT2,110 SR-WWa SR-WWb SR-WWc
WW CR

lepton flavour e±µ⌥ e±µ⌥

m`` Z veto —
��`` — < 1.8 rad
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b-tagged jets � 1 � 1
signal jets � 2 � 1
lepton flavour e+e�, µ+µ�, e±µ⌥ e±µ⌥
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pT,`` — > 70 GeV < 170 GeV < 190 GeV
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Emiss,rel
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mT2 — — > 90 GeV > 100 GeV
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lepton flavour e+e�, µ+µ� not defined
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T > 40 GeV
mT2 > 90 GeV > 110 GeV

ically as close as possible to a corresponding signal region. Hence each signal region has its own set of
two or three control regions; these are defined in Table 2. The simulation is normalised to data in that
control region and a normalization factor for the MC is extracted. The simulation and the scale factors
are used to obtain the background expectation, NSR

B (B = WW, tt̄, ZV) in the signal regions

NSR
B =

2666664
NCR � NCR

other

NCR
B,MC

3777775 ⇥ NSR
B,MC,

where NCR is the number of events observed in the CR, NCR
other is the estimated contamination in the

CR from sources other than the background considered. The background “scale factor” is defined as
(NCR � NCR

other)/N
CR
B,MC, which equals unity if the estimated NSR

B equals the MC prediction. The actual
calculation is performed using the combined likelihood fit approach described in Section 6.3.

Contributions from other, less abundant, sources of background are estimated with Monte-Carlo
simulation, except for those arising from hadronic jets reconstructed as signal leptons. The latter type
of background, referred to as “fake-lepton” background, is estimated using a data-driven method as
described in Section 6.2.

The WW control region for SR-mT2 is defined by requiring Emiss,rel
T > 40 GeV and 50 < mT2 <

90 GeV. The events must also pass the Z veto and contain no jets. Only the e±µ⌥ sample is used in this
CR because the corresponding regions in the e+e� and µ+µ� samples su↵er from contamination from
Z/�⇤+ jets background. The e+e� and µ+µ� components are therefore evaluated using the e±µ⌥ CR, with
appropriate ratios of electron and muon e�ciencies. The contamination due to non-WW sources in this
CR is dominated by the top (13%) and ZV (3%) events, both of which are corrected by the scale factors
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effects) within a cone of ∆R = 0.3 around the electron candidate must be less than 18% of the electron

pT. Signal taus must pass “medium” identification criteria [31].

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

with asymmetric and symmetric pT thresholds. The overall trigger efficiency is in the range of 90–100%

for the four-lepton events selected in the analysis and is independent of the lepton transverse momenta

within uncertainties. The same requirements are applied to the MC simulated events using the results of

the trigger simulation.

5 Signal region selection

Selected events must contain four or more signal leptons, where only combinations with at least three

light leptons are considered. The invariant mass of all same-flavour opposite-sign (SFOS) light lepton

pairs, mSFOS, must be above 12 GeV to suppress backgrounds from low-mass resonances. The dominant

SM process contributing to this selection is the ZZ production, where both Z-bosons decay leptonically.

Two signal regions are defined for each allowed tau multiplicity: one vetoing Z candidates and one

requiring Z candidates. Z-boson candidates are vetoed by removing events with pairs, triplets or quadru-

plets of light leptons with an invariant mass inside the [81.2, 101.2] GeV interval. This requirement is

labelled as “extended veto” in Tables 1 and 2. Pairs and triplets considered for the Z-veto must contain a

SFOS light lepton pair, while quadruplets must consist of two SFOS light lepton pairs. Z-boson candi-

dates are requested by selecting events with SFOS light leptons with an invariant mass inside the [81.2,

101.2] GeV interval. Signal is discriminated from the backgrounds using the Emiss
T

and the effective mass

defined as

meff = Emiss
T +

∑

µ

p
µ
T
+
∑

e

pe
T +
∑

τ

pτT +
∑

j

p
j
T
, (3)

where p
µ
T

(pe
T
, pτ

T
) is the transverse momentum of the signal muons (electrons, taus) and p

j
T

is the

transverse momentum of jets with pT > 40 GeV. In signal regions vetoing Z candidates, high-Emiss
T

or

high-meff is required, while for regions requiring Z candidates, high-Emiss
T

is required. An additional

signal region with four light leptons, a Z veto and a loosened Emiss
T

requirement is also defined to increase

sensitivity to the RPC χ̃
0
2
χ̃0

3 models.

The definition of the signal regions is summarised in Table 1. Events that have four or more signal

leptons and additional tagged leptons failing the “signal” requirements are used in the data-driven back-

ground method described in Section 6.3 to estimate the background contribution for events with five or

more signal leptons, and they are not considered in the signal regions.

Table 1: The table summarises the selection requirements for the signal regions. The Z candidate request

and extended veto are defined in Section 5.

SR N(# = e, µ) N(τ) Z Candidate Emiss
T [GeV] meff[GeV] Scenario

SR0noZa ≥4 ≥0 extended veto >50 RPC
SR0noZb ≥4 ≥0 extended veto >75 or >600 RPV
SR1noZ =3 ≥1 extended veto >100 or >400 RPV
SR0Z ≥4 ≥0 request >75 GGM
SR1Z =3 ≥1 request >100 GGM
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9 Results

The numbers of observed and expected events in the five signal regions are reported in Table 4. No

significant excess of events is found in the signal regions. It should be noted that SR0noZa and SR0noZb

are not mutually exclusive.

Upper limits are calculated on the visible cross-section of new physics processes, defined by the

product of production cross-section, acceptance and efficiency, and placed at 95% confidence level (CL)

with the modified frequentist CLs prescription [57]. All systematic uncertainties and their correlations

are taken into account via nuisance parameters in a profile likelihood fit [58]. Observed 95% CL limits on

the visible cross-section are shown in Table 4, along with the calculated probabilities that the signal-free

background fluctuates to the observed number of events or higher (p0-value).

The Emiss
T

and meff distributions for both signal topologies and when requiring and vetoing a Z,

respectively, are shown in Figure 6. No significant excess over the background expectation is observed

in data.

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

the signal regions. The uncertainties quoted include statistical and systematic effects. The quoted p0-

values show the probability of the background fluctuating to the observed number of events or higher.

Upper limits on the observed and expected number of events and visible production cross-section of new

physics processes at 95% CL, Nsignal and σvisible, are also shown.

Sample SR0noZa SR0noZb SR1noZ SR0Z SR1Z

ZZ 0.6 ± 0.5 0.50 ± 0.26 0.19 ± 0.05 1.2 ± 0.4 0.49 ± 0.10

ZWW 0.12 ± 0.12 0.08 ± 0.08 0.05 ± 0.05 0.6 ± 0.6 0.13 ± 0.13

tt̄Z 0.73 ± 0.34 0.75 ± 0.35 0.16 ± 0.12 2.3 ± 0.9 0.29 ± 0.24

Higgs 0.26 ± 0.07 0.22 ± 0.07 0.23 ± 0.06 0.58 ± 0.15 0.14 ± 0.05

Irreducible Bkg. 1.7 ± 0.8 1.6 ± 0.6 0.62 ± 0.21 4.8 ± 1.8 1.1 ± 0.4

Reducible Bkg. 0+0.16
−0 0.05+0.14

−0.05
1.4 ± 1.3 0+0.14

−0 0.3+1.0
−0.3

Total Bkg. 1.7 ± 0.8 1.6 ± 0.6 2.0 ± 1.3 4.8 ± 1.8 1.3+1.0
−0.5

Data 2 1 4 8 3

p0-value 0.29 0.5 0.15 0.08 0.13

Nsignal Excluded (exp) 3.9 3.6 5.3 6.7 4.5

Nsignal Excluded (obs) 4.7 3.7 7.5 10.4 6.5

σvisible Excluded (exp) [fb] 0.19 0.17 0.26 0.32 0.22

σvisible Excluded (obs) [fb] 0.23 0.18 0.36 0.50 0.31
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SM background
modelling:

Irreducible
backgrounds from
ZZ, t t̄+V, VVV,
higgs- taken from
MC and checked in
validation regions.

Reducible
background- 1 or 2
fake leptons-
evaluated using
data-driven
“weighting method”.
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Validation region definitions:
Table 2: Summary of the selection requirements for the background validation regions. The Z candidate

request and extended veto are defined in Section 5.

VR N(! = e, µ) N(τ) Z Candidate Emiss
T [GeV] meff[GeV] Dominant Background

VR0noZ ≥4 ≥0 extended veto <50 and <400 Z∗Z∗

VR1noZ =3 ≥1 extended veto <50 and <400 Z∗Z∗, WZ∗, Z∗+jets
VR0Z ≥4 ≥0 request <50 ZZ

VR1Z =3 ≥1 request <50 ZZ, WZ, Z+jets

Table 3: Expected number of events from SM backgrounds and observed number of events in data in

validation regions. The uncertainties quoted include statistical and systematic sources. The CLb value is

also given for each region [57].

Sample VR0noZ VR1noZ VR0Z VR1Z

ZZ 7.2 ± 3.6 1.45 ± 0.30 167 ± 38 8.0 ± 1.2

ZWW 0.031 ± 0.031 0.027 ± 0.027 0.35 ± 0.35 0.10 ± 0.10

tt̄Z 0+0.05
−0 0+0.10

−0 1.5 ± 0.7 0.18 ± 0.14

Higgs 0.17 ± 0.05 0.23 ± 0.05 4.5 ± 0.9 0.64 ± 0.16

Irreducible Bkg. 7.4 ± 3.6 1.70 ± 0.34 173 ± 39 8.9 ± 1.4

Reducible Bkg. 0.3+0.7
−0.3 7.9 ± 3.6 2.0+2.6

−2.0 28 ± 10

Total Bkg. 7.7 ± 3.4 9.6 ± 3.6 175 ± 37 37 ± 10

Data 3 10 201 31

CLb 0.10 0.54 0.51 0.30

E
ve

n
ts

 /
 5

0
 G

e
V

-110

1

10

210

310

410 Data

Total SM

Reducible Bkg.

ZZ

Higgs

ZWW

Ztt

Preliminary ATLAS
-1L dt = 20.7fb∫  = 8TeVs

 [GeV]
eff

m
0 100 200 300 400 500 600 700 800 900 1000

D
a
ta

 /
 S

M

0

0.5
1

1.5
2

(a) VR0Z

E
ve

n
ts

 /
 5

0
 G

e
V

-310

-210

-110

1

10

210

310

410 Data

Total SM

Reducible Bkg.

ZZ

Higgs

ZWW

Ztt

Preliminary ATLAS
-1L dt = 20.7fb∫  = 8TeVs

 [GeV]
eff

m
0 100 200 300 400 500 600 700 800 900 1000

D
a
ta

 /
 S

M

0

0.5
1

1.5
2

(b) VR1Z

Figure 4: Distribution of meff in VR0Z (a) and VR1Z (b). The ratio of data to the SM prediction is

also shown. The uncertainty band includes both statistical and systematic uncertainties. The reducible

background can be negative in individual bins due to negative terms in Eq. 4.
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Figure 4: Distribution of meff in VR0Z (a) and VR1Z (b). The ratio of data to the SM prediction is

also shown. The uncertainty band includes both statistical and systematic uncertainties. The reducible

background can be negative in individual bins due to negative terms in Eq. 4.
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