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Scope of this talk 
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•  Leptons appear naturally in the decay chain of strongly produced gluinos/squarks: 
•  In decays of top quarks from (virtual) top squark decays. 
•  In decays involving sleptons. 
•  In decays from W/Z/H bosons from chargino/neutralino decays. 

•  In this talk, I’ll cover the multilepton final states: ≥ 2 charged leptons. 
•  The 1ℓ final state will be covered in the plenary session: Claudia Seitz (Thursday). 
•  I won’t talk about leptonic searches for 3rd gen. squarks: Caroline Collard (Wednesday). 



2ℓ: oppositely-charged, same flavor 
•  Search in two distinct signatures: 

1.  Z boson production (+ additional ET
miss) 

2.  Dilepton mass edge  

Selection: 
•  Mℓℓ within Z mass window 
•  Large ET

miss and hadronic HT 
•  Binned in N(b-)jets (2-3, 4-5, ≥6 jets X 0-b, ≥1-b) 

•  Additional binning in ET
miss 

•  MT2
ℓℓ > 80/100 GeV (reduce tt̄  →2ℓ ) 

•  Sharp decline around W mass for tt̄  
 

Background estimation: 
•  Flavor-symmetric: mostly tt̄  →2ℓ 

•  Estimated from an eµ data control sample. 
•  RSF/OF corrects for flavor dependent trigger/ID 

efficiencies 
 

•  SM Z+jets production: 
•  Estimated using γ+jets data control sample: γ 

emulates Z→2ℓ (see backup for MT2
ℓℓ). 

•  Binned in Nb 
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2ℓ: oppositely-charged, same flavor 
•  Search in two distinct signatures: 

1.  Z boson production  
2.  Dilepton mass edge (through 

virtual Z or slepton decay) 

Selection: 
•  High ET

miss and ≥ 2 jets 
•  Binned in Mℓℓ  
•  MT2

ℓℓ > 80 GeV (reduce tt̄  →2ℓ ) 
•  A tt̄   likelihood for additional 

discrimination against tt̄  →2ℓ. 

Background estimation: 
•  Flavor-symmetric: mostly tt̄  →2ℓ 

•  Estimated from an eµ data 
control sample. 
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No significant excesses found. 
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2ℓ: oppositely-charged, same flavor 

Interpretation for  
dilepton mass  
edge search. 
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2ℓ: equally-charged 
•  Two “same-sign” leptons are rarely produced in the SM. 
•  However, can appear natural in SUSY scenarios. 

Selection: 
•  Two equally charged lepton. 
•  Large ET

miss. 
•  Large HT and multiple jets. 
•  Selection on min(MT

ℓ): for tt̄  →1ℓ have MT
ℓ ≲ MW. 

•  Creates signal regions with low non-prompt bkg 
•  Selection on ++ vs. ––:  

•  The SM is asymmetric in charge.  

•  Use variables to cover a large variety of signals: 
•  100 signal regions 
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2ℓ: equally-charged 
Backgrounds: 
 
1.  Non-prompt leptons: mostly tt̄  →1ℓ with 

semileptonic heavy flavor decay. 
•  Estimated with “tight-to-loose” method 

from a data sideband where lepton passes 
only loose identification/isolation criteria. 

2.  SM production of equally charged leptons: 
mostly WZ and tt̄  W/tt̄  Z. 

•  Estimated using 3ℓ data, with 2 lepton 
compatible to be from a Z boson decay. 

3.  Charge misidentification: only for e±. 
•  Comparison of data yield within the Z 

mass window of  e±e±  vs.  e±e∓. 
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2ℓ: equally-charged 
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Results: 
•  No significant excess. 
•  Beyond usual simplified model  
•  interpretation, this analysis provides 
•  model independent interpretations 
•  on production cross section. 
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≥3ℓ 
•  ≥3ℓ processes are rare in the SM, but can be natural 

to SUSY production. 

Selection: 
•  ≥3ℓ, with or without Z→2ℓ  boson candidate.   boson candidate. 
•  Large ET

miss and HT. 
•  Multiple (b-tagged) jets. 
•  Selection on MT

ℓ: for WZ have MT
ℓ ≲ MW. : for WZ have MT
ℓ ≲ MW. 

•  Uses lepton not from Z or the one that gives min(MTℓ) 

Define multiple (46) search regions. 
 

Backgrounds: 
1.  Non-prompt leptons, 
2.  WZ/ttZ: 

•  Estimated as in the “same-sign” analysis 
3.  Other rare backgrounds: ZZ, ttW, VVV: 

•  Estimated from simulation. 
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≥3ℓ 
•  “Off-Z signal regions” have no excess, the observation is slightly above the 

background prediction in the “on-Z signal regions” but within systematic precision. 
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≥3ℓ 
Interpretation: 
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Summary 
•  No evidence for physics beyond the SM found in searches for strongly-produced 

sparticles in final states with multiple leptons. 
•  2ℓ - same-sign; opposite-sign same-flavor (on- and off-Z) 
•  ≥3ℓ 

•  For results for strong SUSY searches in other final states, please go to  
•  in hadronic channel (Kin Ho Lo, earlier this session),  
•  the 3rd generation (Caroline Collard, parallel Wednesday), and 
•  the general [incl. 1ℓ final state] (Claudia Seitz, plenary Thursday). 
 

•  The CMS SUSY analyses presented (and most other) provide  
•  aggregated signal regions (order of 5-10 signal regions instead of 50-100+) 
•  and/or background correlation/covariance matrices 

•  for easier reinterpretation by phenomenologists, see 
•     http://cms-results.web.cern.ch/cms-results/public-results/publications/SUS/. 

 

2017/05/16 12 



Backup 

2017/05/16 13 



2ℓ SFOS: MT2 definition 
•  Generalization of transverse mass MT: 

•  Split ET
miss so that don’t overshoot 

•  “true MT”. 

•  For the γ data control sample emulate dilepton final state, by assuming photon 
decays into a ℓ+ℓ– as expected from a Z boson. 
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2ℓ SFOS: tt likelihood 

•  Inputs to likelihood (PDFs determined 
from opposite flavor data sample): 
•  ET

miss  → double exponential 

•  pT(ℓ+ℓ–)  → crystal-ball 
•  |Δϕ(ℓ+ℓ–)|  → 2nd-order polynomial 
•  ∑Mℓb  → crystal-ball 

•  The negative logarithm of the likelihood 
is taken as discriminant: 
•  Non-tt̄ -like region defined as being 5% 

efficient in tt̄  →2ℓ. 

2017/05/16 15 

 (GeV)miss
TE

150 200 250 300 350 400 450 500

Ev
en

ts
 / 

( 4
.6

66
67

 G
eV

 )

0

200

400

600

800

1000

1200

1400
data  (OF) fit data (OF)

CMS
Preliminary

 (13 TeV)-135.9 fb

 / ndof = 0.752χ

Pu
ll

3−
2−
1−
0
1
2
3

 (GeV)ll
T

p
100 200 300 400 500 600

Ev
en

ts
 / 

( 7
.6

66
67

 G
eV

 )

0

200

400

600

800

1000

1200
data  (OF) fit data (OF)

CMS
Preliminary

 (13 TeV)-135.9 fb

 / ndof = 0.562χ

Pu
ll

3−
2−
1−
0
1
2
3

ll
φ∆

0 0.5 1 1.5 2 2.5 3

Ev
en

ts
 / 

( 0
.0

41
86

67
 )

0

50

100

150

200

250

300

350

data  (OF) fit data (OF)

CMS
Preliminary

 (13 TeV)-135.9 fb

 / ndof = 1.632χ
Pu

ll

3−
2−
1−
0
1
2
3

 (GeV)lb mΣ
0 100 200 300 400 500 600 700 800 900 1000

Ev
en

ts
 / 

( 1
3.

33
33

 G
eV

 )

0

200

400

600

800

1000

1200

data  (OF) fit data (OF)

CMS
Preliminary

 (13 TeV)-135.9 fb

 / ndof = 1.332χ

Pu
ll

3−
2−
1−
0
1
2
3



2ℓ SFOS: edge mass fit 
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of e+e�, µ+µ�, and e±µ⌥ events. The likelihood model contains three components: a) a FS
background component, b) a DY background component, and c) a signal component.

The FS background component is described using a Crystal-Ball [53] function: PCB(m``):

PCB(m``) =

8
<

:
exp

⇣
� (mll�µCB)2

2s2
CB

⌘
if mll�µCB

sCB
< a,

A(B + mll�µCB
sCB

)�n if mll�µCB
sCB

> a,
(1)
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A =

✓
n
|a|

◆n

exp
✓
� |a|2

2

◆
and B =

n
|a| � |a|. (2)

The FS background model has five free parameters: the overall normalization, the mean µCB
and width sCB of the Gaussian part, the transition point a between the Gaussian part and the
power law tail, and the power law parameter n.

The DY background component is modeled with the sum of an exponential function, which
describes the low-mass rise, and a Breit–Wigner function with a mean and width set to the
nominal Z boson values [54], which accounts for the on-Z lineshape. To account for the experi-
mental resolution, the Breit–Wigner function is convolved with a double-sided Crystal-Ball [53]
function PDSCB(m``):

PDSCB(m``) =

8
>><

>>:

A1(B1 � mll�µDSCB
sDSCB

)�n1 if mll�µDSCB
sDSCB
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sDSCB
> a2,

(3)

The full model for the on-Z DY lineshape is thus:

PDY, on-Z(m``) =
Z

PDSCB(m``)PBW(m`` � m0)dm0. (4)

The signal component is described by a triangular shape, convolved with a Gaussian distribu-
tion to account for the experimental resolution:

PS(m``) µ
1p

2ps``

Z medge
``

0
y · exp

 
� (m`` � y)2

2s2
``

!
dy. (5)

As a first step, a fit is performed separately for electrons and muons in the DY-enriched control
region with Njets � 2 and Emiss

T < 50 GeV to determine the shape of backgrounds containing a
Z boson. The parameters of the DY shape are then fixed and only the normalizations of these
backgrounds are free parameters in the fit. The final fit is performed simultaneously to the
dilepton invariant mass distributions in the e+e�, µ+µ�, and e±µ⌥ samples in the baseline
signal region. Therefore the model for the FS background is the same for the SF and OF events.

The RSF/OF factor is treated as a nuisance parameter, parameterized by Gaussian distributions
with a mean value and standard deviation given by the value of RSF/OF and its uncertainties
(see Section 6.1).

The signal model has two free parameters: the fitted signal yield and the position of the edge.
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backgrounds are free parameters in the fit. The final fit is performed simultaneously to the
dilepton invariant mass distributions in the e+e�, µ+µ�, and e±µ⌥ samples in the baseline
signal region. Therefore the model for the FS background is the same for the SF and OF events.

The RSF/OF factor is treated as a nuisance parameter, parameterized by Gaussian distributions
with a mean value and standard deviation given by the value of RSF/OF and its uncertainties
(see Section 6.1).

The signal model has two free parameters: the fitted signal yield and the position of the edge.
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6.1 Flavor-symmetric backgrounds 7

Table 1: Summary of all signal region selections.

Strong on-Z Signal Regions

Region Njets Nb-jets HT MT2(``) Emiss
T binning [GeV]

SRA b-veto 2–3 = 0 > 500 GeV > 80 GeV [100,150,250,•]
SRB b-veto 4–5 = 0 > 500 GeV > 80 GeV [100,150,250,•]
SRC b-veto � 6 = 0 - > 80 GeV [100,150,•]
SRA b-tag 2–3 � 1 > 200 GeV > 100 GeV [100,150,250,•]
SRB b-tag 4–5 � 1 > 200 GeV > 100 GeV [100,150,250,•]
SRC b-tag � 6 � 1 - > 100 GeV [100,150,•]

Electroweak on-Z Signal Regions

Region Njets Nb-jets dijet mass MT2 Emiss
T binning [GeV]

VZ � 2 = 0 mjj < 110 GeV MT2(``) > 80 GeV [100,150,250,350,•]
HZ � 2 = 2 mbb < 150 GeV MT2(`b`b) > 200 GeV [100,150,250,•]

Edge Signal Regions

Region Njets Emiss
T MT2(``) tt likelihood m`` binning [GeV]

Edge Fit � 2 > 150 GeV > 80 GeV - > 20
tt like � 2 > 150 GeV > 80 GeV < 21 [20,60,86],[96,150,200,300,400,•]
non-tt like � 2 > 150 GeV > 80 GeV > 21 [20,60,86],[96,150,200,300,400,•]

6.1 Flavor-symmetric backgrounds

The method of estimating the FS backgrounds relies on the fact that for such processes, SF and
OF are produced at the same rate at particle level. This allows for prediction of the background
yields in the SF sample from those of the OF sample by application of an appropriate transla-
tion factor estimated from control regions in data. For cases where the OF contribution is of
sufficient statistical power to make an accurate prediction in the SF channel, this translation
factor corrects for different flavor-dependent reconstruction and identification efficiencies, and
from flavor-dependent trigger efficiencies, which might be different for electrons and muons.

A background estimate in the SF channel can therefore be obtained by applying a multiplicative
correction factor, RSF/OF, to the OF channel yield. This factor is determined in two independent
ways: purely on collision data and then using the weighted average of the two independent
measurements according to their uncertainties. One approach uses a direct measurement of
this translation factor in a control region outside of the baseline signal region, and the second
involves a factorized approach of measuring the effects of reconstruction, identification, and
trigger separately.

The direct measurement is performed in the region with Njets = 2 and 100 < Emiss
T < 150 GeV,

excluding the mass range 70 < m`` < 110 GeV to reduce contributions from DY backgrounds.
Here, RSF/OF is evaluated using the observed yield of SF and OF events, RSF/OF = NSF/NOF. A
validation is performed in tt simulated events in the signal region where the obtained values of
RSF/OF differs by 1% with respect to the value obtained in data. Further dependencies of RSF/OF
on the most relevant observables of the analysis are also checked and a systematic uncertainty
of 4% is assigned to cover for them. The measured value of RSF/OF is 1.107±0.046.

For the factorized approach, the ratio of muon to electron reconstruction and identification
efficiencies, rµ/e, is measured in a DY-enriched region with Njets � 2 and Emiss

T < 50 GeV and
requiring 60 < m`` < 120 GeV. This results in a large sample of e±e⌥ and µ±µ⌥ events with
similar kinematics to the signal region in terms of jet multiplicity. Assuming the factorization
of lepton efficiencies in an event, the efficiency ratio is measured as rµ/e =

q
Nµ+µ�/Ne+e� .

This ratio depends on the lepton pT and a parameterization as a function of the pT of the less
energetic lepton is chosen:
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6 4 Event selection and search strategy

Table 2: Signal region definitions for the HH selection. Regions split by charge are indicated
with (++) and (--).

Nb mmin
T (GeV) Emiss

T (GeV) Njets HT < 300 GeV HT 2 [300, 1125] GeV HT 2 [1125, 1300] GeV HT 2 [1300, 1600] GeV HT > 1600 GeV

0

< 120
50 � 200 2-4 SR1 SR2

SR46 (++) / SR47 (--) SR48 (++) / SR49 (--) SR50 (++) / SR51 (--)

�5

SR3

SR4

200 � 300 2-4 SR5 (++) / SR6 (--)
�5 SR7

> 120
50 � 200 2-4 SR8 (++) / SR9 (--)

�5
SR10200 � 300 2-4

�5

1

< 120
50 � 200 2-4 SR11 SR12

�5

SR13 (++) / SR14 (--)

SR15 (++) / SR16 (--)

200 � 300 2-4 SR17 (++) / SR18 (--)
�5 SR19

> 120
50 � 200 2-4 SR20 (++) / SR21 (--)

�5
SR22200 � 300 2-4

�5

2

< 120
50 � 200 2-4 SR23 SR24

�5

SR25 (++) / SR26 (--)

SR27 (++) / SR28 (--)

200 � 300 2-4 SR29 (++) / SR30 (--)
�5 SR31

> 120
50 � 200 2-4 SR32 (++) / SR33 (--)

�5
SR34200 � 300 2-4

�5

�3
< 120 50 � 200 �2 SR35 (++) / SR36 (--) SR37 (++) / SR38 (--)

200 � 300 SR39

> 120 50 � 300 �2 SR40 SR41

inclusive inclusive 300 � 500 �2 - SR42 (++) / SR43 (--)
> 500 - SR44 (++) / SR45 (--)

Table 3: Signal region definitions for the HL selection. Regions split by charge are indicated
with (++) and (--).

Nb mmin
T (GeV) Emiss

T (GeV) Njets HT < 300 GeV HT 2 [300, 1125] GeV HT 2 [1125, 1300] GeV HT > 1300 GeV

0 < 120
50 � 200 2-4 SR1 SR2

SR38 (++) / SR39 (--) SR40 (++) / SR41 (--)

�5
SR3

SR4

200 � 300 2-4 SR5 (++) / SR6 (--)
�5 SR7

1 < 120
50 � 200 2-4 SR8 SR9

�5
SR10 (++) / SR11 (--)

SR12 (++) / SR13 (--)

200 � 300 2-4 SR14 (++) / SR15 (--)
�5 SR16 (++) / SR17 (--)

2 < 120
50 � 200 2-4 SR18 SR19

�5
SR20 (++) / SR21 (--)

SR22 (++) / SR23 (--)

200 � 300 2-4 SR24 (++) / SR25 (--)
�5 SR26

�3 < 120 50 � 200 �2 SR27 (++) / SR28 (--) SR29 (++) / SR30 (--)
200 � 300 SR31

inclusive > 120 50 � 300 �2 SR32 SR33

inclusive inclusive 300 � 500 �2 - SR34 (++) / SR35 (--)
> 500 - SR36 (++) / SR37 (--)

Table 4: Signal region definitions for the LL selection. All SRs in this category require Njets � 2.
Nb mmin

T (GeV) HT (GeV) Emiss
T 2 [50, 200] GeV Emiss

T > 200 GeV
0

< 120
> 300

SR1 SR2
1 SR3 SR4
2 SR5 SR6

� 3 SR7
Inclusive > 120 SR8



2ℓ SS: signal regions 

2017/05/16 21 

6 4 Event selection and search strategy

Table 2: Signal region definitions for the HH selection. Regions split by charge are indicated
with (++) and (--).

Nb mmin
T (GeV) Emiss

T (GeV) Njets HT < 300 GeV HT 2 [300, 1125] GeV HT 2 [1125, 1300] GeV HT 2 [1300, 1600] GeV HT > 1600 GeV

0

< 120
50 � 200 2-4 SR1 SR2

SR46 (++) / SR47 (--) SR48 (++) / SR49 (--) SR50 (++) / SR51 (--)

�5

SR3

SR4

200 � 300 2-4 SR5 (++) / SR6 (--)
�5 SR7

> 120
50 � 200 2-4 SR8 (++) / SR9 (--)

�5
SR10200 � 300 2-4

�5

1

< 120
50 � 200 2-4 SR11 SR12

�5

SR13 (++) / SR14 (--)

SR15 (++) / SR16 (--)

200 � 300 2-4 SR17 (++) / SR18 (--)
�5 SR19

> 120
50 � 200 2-4 SR20 (++) / SR21 (--)

�5
SR22200 � 300 2-4

�5

2

< 120
50 � 200 2-4 SR23 SR24

�5

SR25 (++) / SR26 (--)

SR27 (++) / SR28 (--)

200 � 300 2-4 SR29 (++) / SR30 (--)
�5 SR31

> 120
50 � 200 2-4 SR32 (++) / SR33 (--)

�5
SR34200 � 300 2-4

�5

�3
< 120 50 � 200 �2 SR35 (++) / SR36 (--) SR37 (++) / SR38 (--)

200 � 300 SR39

> 120 50 � 300 �2 SR40 SR41

inclusive inclusive 300 � 500 �2 - SR42 (++) / SR43 (--)
> 500 - SR44 (++) / SR45 (--)

Table 3: Signal region definitions for the HL selection. Regions split by charge are indicated
with (++) and (--).

Nb mmin
T (GeV) Emiss

T (GeV) Njets HT < 300 GeV HT 2 [300, 1125] GeV HT 2 [1125, 1300] GeV HT > 1300 GeV

0 < 120
50 � 200 2-4 SR1 SR2

SR38 (++) / SR39 (--) SR40 (++) / SR41 (--)

�5
SR3

SR4

200 � 300 2-4 SR5 (++) / SR6 (--)
�5 SR7

1 < 120
50 � 200 2-4 SR8 SR9

�5
SR10 (++) / SR11 (--)

SR12 (++) / SR13 (--)

200 � 300 2-4 SR14 (++) / SR15 (--)
�5 SR16 (++) / SR17 (--)

2 < 120
50 � 200 2-4 SR18 SR19

�5
SR20 (++) / SR21 (--)

SR22 (++) / SR23 (--)

200 � 300 2-4 SR24 (++) / SR25 (--)
�5 SR26

�3 < 120 50 � 200 �2 SR27 (++) / SR28 (--) SR29 (++) / SR30 (--)
200 � 300 SR31

inclusive > 120 50 � 300 �2 SR32 SR33

inclusive inclusive 300 � 500 �2 - SR34 (++) / SR35 (--)
> 500 - SR36 (++) / SR37 (--)

Table 4: Signal region definitions for the LL selection. All SRs in this category require Njets � 2.
Nb mmin

T (GeV) HT (GeV) Emiss
T 2 [50, 200] GeV Emiss

T > 200 GeV
0

< 120
> 300

SR1 SR2
1 SR3 SR4
2 SR5 SR6

� 3 SR7
Inclusive > 120 SR8
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6 5 Background Estimation

value of HT (greater and lower than 400 GeV) and Emiss
T (greater and lower than 150 GeV).

Three additional SR with significant amount of HT (SR 14,15) and Emiss
T (SR 16), respectively

have been defined since various noncompressed SUSY model can yield events with very high
Emiss

T or HT. These regions are inclusive in the number of b jets. The split in Mmin
T greater

or lower than 120 GeV is done for 0 b-tag jet category and as well for 3 regions with high
number of hadronic activity and Emiss

T . Motivated by the low expected yield of events with 3
or more b jets, one inclusive SR with Emiss

T < 300 and HT < 600 has been defined for high b jet
multiplicities � 3 (SR 13).

Table 2: Summary of the definition of the signal regions. The minimum Emiss
T requirement is

raised from 50 to 70 GeV only for on-Z SR1 and SR5. The dagger sign indicates signal regions
that are further subdivided at Mmin

T = 120 GeV. The search regions are mirrored in on- and
off-Z region.

Njets Nb jets HT (GeV) 50(70) GeV  Emiss
T < 150 GeV 150 GeV  Emiss

T < 300 GeV Emiss
T � 300 GeV

� 2

0 60 � 400 SR1 † SR2 †

SR16 †

400 � 600 SR3 † SR4 †

1 60 � 400 SR5 SR6
400 � 600 SR7 SR8

2 60 � 400 SR9 SR10
400 � 600 SR11 SR12

� 3 60 � 600 SR13
inclusive � 600 SR14 † SR15 †

In order to provide a simplified version of the analysis for easier interpretation and repro-
ducibility, a small set of aggregate signal regions has been defined, providing a compromise
between simplicity and analysis sensitivity. The definition of the super signal regions is de-
scribed in Table 3.

Table 3: Definition of super signal regions. A simpler classification is proposed for reinter-
pretations, depending on the presence of a Z candidate and the number of b jets, along with
additional simultaneous requirements on Mmin

T , Emiss
T and HT.

Mmin
T � 120 GeV

on-Z Nb jets  2 Nb jets � 3
HT � 200 GeV Emiss

T � 250 GeV HT � 60 GeV Emiss
T � 50 GeV

No SSR1 SSR2
Yes SSR3 SSR4

5 Background Estimation

Backgrounds for the multi-lepton final state can be divided in three categories:

• Nonprompt or misidentified leptons are leptons from heavy-flavor decays, misiden-
tified hadrons, muons from light-meson decays in flight, or electrons from uniden-
tified photon conversions. For this analysis tt events can enter the signal regions if
nonprompt leptons are present in addition to the prompt leptons from the W decays.
Top quark pair production is characterized by low HT and low Emiss

T and therefore
predominately populate signal regions 1 and 5, with 0 and 1 b jet respectively. Apart
from tt, Drell-Yan events can enter the baseline selection, however they are largely
supressed by the Emiss

T > 50 GeV selection and additional rejection is achieved by in-
creasing the Emiss

T requirement to 70 GeV for on-Z regions with low HT and low Emiss
T .

Processes which yield only one prompt lepton in addition to nonprompt ones like
W+jets and various single top channels are effectively suppressed by the three lep-
ton requirement because of the low probability that two nonprompt leptons satisfy
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