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Typical features of events

• Many jets — large effective mass 

• b-jets (target 3rd generation squark 
models, favoured by naturalness) 

• MET (in R-parity conserving models) 

• Opportunities for forming like-sign 
lepton pairs (due to gluinos being 
Majorana fermions) 

• Three lepton signatures from longer 
decay chains
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Targeting simplified models
g̃ t t̃1

t χ̃0
1 gluino-mediated top squark → t χ̃0

1

b χ̃±
1
W±(∗) χ̃0

1 gluino-mediated top squark → b χ̃±
1

c χ̃0
1 gluino-mediated top squark → c χ̃0

1

b s gluino-mediated top squark → b s (RPV)

g̃ q q̃(∗)

q̃ q′ χ̃±
1

W±(∗)χ̃0
2

Z(∗)χ̃0
1 gluino-mediated (or direct) squark → q′ W Z χ̃0

1

W±(∗)χ̃0
1 gluino-mediated squark → q′W χ̃0

1

l̃±ν, l±ν̃

l̃l, ν̃ν
gluino-mediated (or direct) squark → sleptons

g̃ q q̃(∗)

q̃ q χ̃0
2

b̃1 t χ̃±
1

W±(∗)χ̃0
1 direct bottom squark → t χ̃±

1

RPV = R-parity violating



Signal regions

Simultaneous maximum likelihood fit

Model-independent  
cross section limits

Model-dependent  
limits in parameter 

space
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SR0b SR1b SR3b SR3Llow SR3Lhigh
SS

Emiss
T > 150GeV
� 1 b-jets

SS / � 3 lep
�

� 3 b-jets

� 3 leptons

50 < Emiss
T < 150GeV

�

� 3 leptons

Emiss
T > 150GeV
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Signal regions

Simultaneous maximum likelihood fit
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are constant in the phase space of interest. The trigger threshold for Emiss

T

is 80 GeV. The214

p
T

thresholds for single-lepton triggers are 60 GeV and 36 GeV for electrons and muons,215

respectively. The di-lepton triggers feature lower thresholds in p
T

, down to 12 GeV for216

electrons and 8 GeV for muons, allowing to record events with multiple soft leptons. The217

efficiencies of Emiss

T

-only triggers in the phase space of interest are close to 100%. The218

electron triggers reach efficiencies above 95% and muon triggers have efficiencies between219

75% and 100%, depending on the pseudorapidity region.220

For the offline selection, a primary vertex consistent with the beam spot envelope and221

made of at least five tracks with p
T

> 0.4 GeV is required. Events from non-collision222

background are rejected using dedicated quality criteria [57]. Events of interest are selected223

if they contain at least two leptons passing the requirements described in Sec. 4 and if the224

leading lepton satisfies p
T

> 20 GeV. Events with a pair of leptons having opposite-charge,225

same-flavor and invariant mass m`` < 12 GeV are removed. This requirement rejects events226

with pairs of energetic leptons from decays of heavy hadrons such as J/ ! `+`� and has227

negligible impact on the signal acceptance.228

Signal regions229

The signal regions are determined with an optimisation procedure using simulated events230

from the simplified models illustrated in Fig. 1. The data is divided in two mutually231

exclusive SS and 3L samples. In the 3L sample, the three leading leptons must ful-232

fil p
T

> [20,15,15] GeV, respectively. In the SS sample, the two leading leptons must233

have the same electric charge and fulfil p
T

> [20,15] GeV, and there must be no other234

signal lepton with p
T

> 15 GeV. Good sensitivity to all the signal models is obtained235

by defining five non-overlapping signal regions with selection requirements based on the236

following kinematic variables: Emiss

T

; jet and b-jet multiplicities (Njets and Nb�jets); ef-237

fective mass m
e↵

computed from all signal leptons and selected jets as m
e↵

= Emiss

T

+238 P
p`
T

+

P
pjet
T

; transverse mass computed from the leading lepton (`
1

) and Emiss

T

as239

mT =

q
2p`1

T

Emiss

T

(1� cos[��(`
1

, p miss

T

)]); and invariant mass m`` computed with opposite-240

charge same-flavour leptons.241

SR Leptons Nb�jets Other variables Additional requirement
on m

e↵

SR3b SS or 3L �3 Njets � 5 m
e↵

>350 GeV
SR1b SS �1 Njets � 3, Emiss

T

> 150 GeV, m
T

>100 GeV, veto SR3b m
e↵

>700 GeV
SR0b SS = 0 Njets � 3, Emiss

T

> 150 GeV, m
T

> 100 GeV, veto SR3b m
e↵

>400 GeV
SR3Llow 3L - Njets � 4, 50 < Emiss

T

< 150 GeV, Z veto, veto SR3b m
e↵

>400 GeV
SR3Lhigh 3L - Njets � 4, Emiss

T

> 150 GeV, veto SR3b m
e↵

>400 GeV

Table 1. Definition of the signal regions. The jet multiplicity (Njets) may include b-jets. The
additional requirement on m

e↵

is used to define the final signal regions, but is relaxed in the
model-dependent limit setting procedure described in Sec. 7.2.

As detailed in Tab. 1, the selection requirements of the five signal regions are:242

• SR3b: SS or 3L events with at least five jets and at least three b-jets;243
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Model-independent  
cross section limits

Model-dependent  
limits in parameter 

space
Shape fit in meff

SR Leptons Nb�jets

Other variables Additional requirement
on m

e↵

SR3b SS or 3L �3 N
jets

� 5 m
e↵

>350 GeV
SR0b SS = 0 N

jets

� 3, Emiss

T

> 150 GeV, m
e↵

>400 GeV
m

T

> 100 GeV
SR1b SS �1 N

jets

� 3, Emiss

T

> 150 GeV, m
e↵

>700 GeV
m

T

>100 GeV, SR3b veto
SR3Llow 3L - N

jets

� 4, 50 < Emiss

T

< 150 GeV, m
e↵

>400 GeV
Z boson veto, SR3b veto

SR3Lhigh 3L - N
jets

� 4, Emiss

T

> 150 GeV, SR3b veto m
e↵

>400 GeV

Table 1. Definition of the signal regions. The additional requirement on m
e↵

is used to define
the final signal regions, but is relaxed in the model-dependent limit-setting procedure described in
section 7.2.

signal regions with selection requirements based on the following kinematic variables: Emiss

T

;213

jet and b-jet multiplicities (N
jets

and Nb�jets

); effective mass m
e↵

computed from all signal214

leptons and selected jets as m
e↵

= Emiss

T

+

P
p`
T

+

P
pjet
T

; transverse mass computed215

from the highest-p
T

lepton (`
1

) and Emiss

T

as m
T

=

q
2p`1

T

Emiss

T

(1� cos[��(`
1

, pmiss

T

)]); and216

invariant mass m`` computed with opposite-charge same-flavour leptons.217

As detailed in table 1, the selection requirements of the five signal regions are:218

• SR3b: SS or 3L events with at least five jets and at least three b-jets;219

• SR0b: SS events with at least three jets, zero b-jets, large Emiss

T

and large m
T

;220

• SR1b: similar to SR0b, but with at least one b-jet;221

• SR3Llow: 3L events with at least four jets, small Emiss

T

and Z boson veto;222

• SR3Lhigh: 3L events with at least four jets and large Emiss

T

.223

The Z boson veto in SR3Llow rejects events with any opposite-charge same-flavour lepton224

combination of invariant mass 84 < m`` < 98 GeV. An additional m
e↵

requirement is applied225

to maximise the expected significance of selected SUSY models in each signal region. The226

signal regions are all mutually exclusive. An SR3b veto, which rejects events satisfying the227

SR3b selection, is included in the definition of other signal regions that would otherwise228

have a small overlap with SR3b.229

Each signal region is motivated by different SUSY scenarios and different SUSY pa-230

rameter settings. The SR3b signal region targets gluino-mediated top squark scenarios231

resulting in signatures with four b-quarks. This signal region does not require large values232

of Emiss

T

or m
T

, hence it is sensitive to compressed scenarios with small mass differences or233

to unstable LSPs. SR0b is sensitive to gluino-mediated and directly produced squarks of234

the first and second generations, which do not enhance the production of b-quarks. SR1b235
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Backgrounds to same-sign signature

tt̄+ V

WZ,ZZ

tt̄+H

… and reducible components!
 with fake or charge-flipped!

leptons

6

Very low SM background — allows loose MET requirement, gaining 
sensitivity to compressed SUSY & RPV scenarios



Fake leptons: ‘matrix method’ estimation

Lepton Jet Jet faking lepton

well isolated well isolatedpoorly isolated

Loose

Tight

Isolation of Real leptons is better than Fakes

Methodology Recap of matrix method

What is the matrix method?

Given a set of nR real and nF fake leptons, the expected measurements of nT

tight and nL loose leptons are

✓
nT

nL

◆
=

✓
✏r ✏f

1� ✏r 1� ✏f

◆✓
nR

nF

◆
.

This relation is then inverted to give us the expected real & fake components
given measurements of nT and nL:

✓
nR

nF

◆
=

1

✏r � ✏f

✓
1� ✏f �✏f
✏r � 1 ✏r

◆✓
nT

nL

◆
.

Thomas Gillam (University of Cambridge) Generalised matrix method 10/09/2013 7 / 32

extend to more leptons by taking 
outer product of these matrices

Methodology Recap of matrix method

E�ciencies

From now on, we assume that we only work with baseline leptons, so that all
leptons are either loose or tight. We quantify the e�cacy of the tighter quality
requirements with the real and fake e�ciencies, ✏r and ✏f :

Definition of e�ciencies

P (Tight|Real) = P (T |R) = ✏r

P (Tight|Fake) = P (T |F ) = ✏f

P (Loose|Real) = P (L|R) = 1� ✏r

P (Loose|Fake) = P (L|F ) = 1� ✏f

There are known methods for measuring e�ciencies, but are dependent on
selection and will not be discussed here.

Thomas Gillam (University of Cambridge) Generalised matrix method 10/09/2013 6 / 32

January 1, 2014 – 12 : 46 DRAFT 56

To obtain an estimate for the expected fake component n0T in single lepton events, the usual procedure
is

 
nR
nF

!
=

1
" � ⇣

 
1 � ⇣ �⇣
" � 1 "

!  
nT
nL

!

 
n0T
n0L

!
=

 
" ⇣

1 � " 1 � ⇣

!  
0

nF

!
,

which can be written in the above notation as

t0⌫ = �
µ
⌫ !

�
µ �
�1 ↵
� t↵.

This is typically computed as a weight, event by event, such that one of nT and nL is 1 and the other 0.
The ! represents the action of selecting only the expected fake component at the intermediate step – here
we have

! =

 
0 0
0 1

!
.

In this compacted notation, we see that for an event with N loose leptons, we can write down

t0⌫1···⌫N = �
µ1
⌫1 · · · �

µN
⌫N !

�1···�N
µ1···µN �

�1 ↵1
�1
· · · ��1 ↵N

�N
t↵1···↵N .

It is implied that each � is computed with the appropriate " and ⇣ for the lepton index being contracted
over. The ‘real/fake configuration selector’, !, in general looks like

! �1···�N
µ1···µN = �

�1
µ1 · · · �

�N
µN f (�1, . . . , �N , ⌫1, . . . , ⌫N),

where the function f takes values 0 or 1 to pick out the sets of indices �i that correspond to components841

we wish to count as fake background. In general it will depend on the output tight/loose configuration842

being computed, and we choose it such that the number of real leptons (out of the N in the event) in the843

intermediate configuration {�} is less than the number of tight leptons in the output configuration {⌫}.844

For each event with N leptons and a measured tight/loose combination {↵}, this method hence gives845

a weight for each output tight/loose combination {⌫}. Since, for each of these combinations, di↵erent846

leptons will be defining the event, each combination is propagated through the final channel selection847

and trigger matching procedure separately, with the leptons being treated as tight or loose according to848

the output of the matrix method. Variables such as me↵ are also computed using the appropriate leptons.849

For example, if one measures an event with three loose and tight leptons, e+e�µ+, with configuration
TLL, then the matrix method will produce the following

Input Output

e+e�µ+,T LL �!

8>>>>>>>>>>><
>>>>>>>>>>>:

LLL wLLL e+Le�Lµ
+
L Fails cuts

· · · · · ·
TT L wTT L e+T e�Tµ

+
L Fails cuts

T LT wT LT e+T e�Lµ
+
T 2 lepton SS

LTT wLTT e+Le�Tµ
+
T Fails cuts

TTT wTTT e+T e�Tµ
+
T > 2 lepton

Of the possible combinations, only two pass the channel selection cuts, presuming trigger matching and850

other requirements are also satisfied.851
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Charge-flipped electrons

tt̄+CF

Detector

e- γ

e-

e-

e+

Prompt electron
Sometimes we 

observe an 
electron of the 

opposite charge

Invariant mass of ee pair [GeV]
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410

510 -1Data 2012, 20. fb
Opp.-sign pairs
Same-sign pairs

Charge-flip background: flip rate

I Control region: electron pairs with 75 < mll < 105GeV

I We include bins in p
T

and ⌘, in one of two ways:
1. Require both electrons to be in same ⌘ bin

✏ =
NSS

NSS + 2NOS

2. Tag-and-probe. Tag in barrel (|⌘| < 1.37), probe not (|⌘| > 1.37)

✏ =
NSS

NSS +NOS

I Tag-and-probe used, except when both electrons in barrel, when
method 1 is used

Thomas Gillam 2lep SS+jets+X Approval 13 / 69
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• Measure flip rate in data CR 
(Z peak) with likelihood fit 

• Reduced uncertainties cf. 
tag-and-probe 

• Estimate formed by 
reweighting OS data

ATLAS Work in progress
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Validation region distributions
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How can we keep SUSY?

• Heavier LSP: compressed spectra => reduced effective mass, MET 

• Stealth SUSY: light LSP, near degenerate fermion/boson pairs => low MET 

• RPV signals: no LSP => low MET
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Conclusions

• Except in compressed scenarios, rule out gluinos to ~1 TeV 

• Assumptions of “simple” SUSY or naturalness under strain 

!

• We hope to see significant increase in reach in Run 2!
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