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Supersymmetry (SUSY)
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❖ standard model (SM) has several open questions

✦ hierarchy problem, flavor mixing, dark matter, dark energy, …

❖ need a theory beyond the SM

❖ supersymmetry (SUSY) one of them, able to deliver answers to many questions

✦ hierarchy problem, dark matter candidate, unification?, …

❖ minimal-supersymmetric SM (MSSM) doubles the particle spectrum of SM 

❖ SUSY searches

✦ direct: search for new particles

✦ indirect: deviations from SM (e.g. cross sections different to SM prediction)

❖ SUSY not yet experimentally observed



❖ what is electroweak SUSY?

✦ production of particles interacting via the electroweak force

✦ here: search for pair production of charginos (C1) and neutralinos (N2)

❖ why search for electroweak SUSY?

✦ if gluinos / squarks are very massive, electroweak SUSY may dominate

✦ naturalness: gaugino mass is of the order of H boson mass 

❖ why conducting a leptonic search?
✦ C1 and N2 may have significant branching ratios to W, Z or sleptons, which can decay to leptons

✦ depending on the specific model, can have a number of hard and isolated leptons in the final state

✦ low standard model backgrounds producing these leptonic final states

✦ expect less additional hadronic activity than for gluino-gluino production (clean leptonic final states)

❖ what do we look for?
✦ 3 principal final states: 2 leptons of same sign, 3 leptons or more than 3 leptons

4

C1N2 production

What do we Look for?



8TeV Results - Benchmark for 13TeV Scenario
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❖ 2009-2012 center-of-mass energy √s = 8TeV

❖ search for EWK SUSY already done:
✦ combination with results from other analyses

✦ no evidence for SUSY found (pity!)

✦ exclusion of sparticle masses up to ~700GeV

❖ since 2015: √s = 13TeV

❖ early searches focus on strong SUSY production  
(due to larger xsec)

❖ 2016 is the interesting period for EWK SUSY

✦ more data gives sensitivity to low-xsec models

✦ early 2016 data: already presented at ICHEP2016

✦ full 2016 dataset: being analyzed now!



LHC Accelerator Chain
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CERNfaq
LHC
the guide

1.
Linear Accelerator 2

50MeV
31.4%c

2.  
Booster
1.4GeV
91.6%c

3.  
Proton Synchrotron

25GeV
99.93%c

4.  
Super Proton Synchrotron

450GeV
99.9998%c

5.  
Large Hadron Collider

7TeV
99.9999991%c
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CMS Detection Principle
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EWK SUSY Signature
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Typical signature of a leptonic SUSY process:

❖ multiple hard and isolated charged leptons in the central part of the detector

❖ these leptons are prompt, i.e. produced by W, Z or sparticles

❖ large missing energy in the plane transverse to the beam (MET) due to unidentifiable particles

e-

μ+

e.g. chargino-neutralino (C1N2) production

νe

μ-

assuming R-parity conservation



Three „Classes“ of Models

10

C1N2 production

flavor-democratic decay 
via W and Z bosons 

to all three lepton flavors

sensitive to Wino  
component of sleptons

C1N2 production

decay only to taus 
 

assume right-handed 
sleptons (which would 
prefer to decay to taus)

N2N3 production

flavor-democratic decay 
via Z bosons 

to all three lepton flavors

sensitive to Higgsino  
component of sleptons

largest sensitivity:  
3 light flavor leptons

largest sensitivity:  
1 light lepton + 2 tau

largest sensitivity:  
4 leptons any flavor
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leading models: already sensitive with early data

C1N2→WZ C1N2→SlepSneu  
(flavor-democratic, x=0.5)

C1N2→SlepSneu  
(tau-dominated decay, x=0.5)

C1N2→WH C1N2→SlepSneu  
(tau-enriched, x=0.5)

N2N3→ZZ

All Models Considered in this Analysis

C1N2→SlepSneu  
(flavor-democratic, x=0.05)

C1N2→SlepSneu  
(flavor-democratic, x=0.95)

C1N2→SlepSneu  
(tau-enriched, x=0.05)

C1N2→SlepSneu  
(tau-enriched, x=0.95)

subleading models: becoming important for full dataset

N2N3→HZ N2N3→HH



Search Strategy
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❖ so-called „cut-and-count analysis“

❖ define important kinematic objects:

✦ electrons, muons, jets, MET

❖ define regions of phase space (~150 „signal regions“, SR) according to key observables:

✦ MET (missing energy), Mll (invariant mass of lepton pair), MT (transverse mass), MT2(two hardest 
leptons)

❖ count the number of events in each SR

❖ compare to the expected number of background events per SR

❖ hypothesis test: could background alone produce the observed number of events?

❖ result either significance (observation) or upper limit (exclusion) at 95% confidence level  



Lepton Identification

❖ sources of leptons

✦ prompt = a lepton produced at primary vertex in a decay of W or Z boson (or sparticle decay)

✦ nonprompt = due to misreconstruction of the leptons in the detector

❖ source of nonprompt leptons depends on the flavor

✦ nonprompt electron = mostly light-flavor jets (pions)

✦ nonprompt muons = mostly genuine muon within a  
heavy-flavor jet

✦ nonprompt taus = mostly jets

❖ designed an Multivariate Analysis method (MVA)  
to distinguish prompt leptons from nonprompt leptons

✦ significant gain in signal acceptance / background  
rejection w.r.t. „conventional“ identification of leptons

❖ residual nonprompt lepton background needs to be  
estimated with dedicated method

13
5.1 Lepton Identification 21

Figure 14: The lepton MVA ROCs are shown from top left to bottom right for electrons with
10 < pT < 25, electrons with pT > 25, muons with 10 < pT < 25, muons with pT > 25.
CMSSW 76X MC is used for this plot.

5.1.8 Loose, Fakeable Object, Tight definitions365

Three different selections are used both for the electron and the muon objects identification: the366

Loose, the Fakeable Object, the Tight selection. In the description of the analysis strategy it will be367

explained for which purposes the different criteria are used. Due to the different background368

composition of the different final states targetted in this search, slightly different definitions369

of the Fakeable Object and Tight selection are used for the same-sign (2lss) and the multi-lepton370

(3l/4l) channels. The selection used for the same-sign category is tighter than the one used in the371

rest of the categories, as this channels has a larger contribution from fake-lepton backgrounds.372

For reasons that will explained in the data-driven background prediction session, for the Fake-373

able Object selections the lepton pT is modified using the pT of jet associated to the lepton as374

defined for the jet-related variables computation. The definition depends on the lepton flavour375

and on the used lepton MVA working point and are explained in Table 6376

In Table 7 and Table 8 all the criteria on the variables previously described are listed.377

Table 6: Correction applied to the pT of the Fakeable Object

channel muon electron
3l/4l 0.75 ⇥ pT(jet) 0.85 ⇥ pT(jet)
2lss 0.80 ⇥ pT(jet) 0.90 ⇥ pT(jet)



Background Composition

14

)τSignal Region A (3l,0
5 10 15 20 25 30 35 40

Ev
en

ts

1−10

1

10

210

310

410
A: OSSF

FD (500/475)
FD (1100/1)
WZ
nonprompt
ZZ/H
Conversions
VVV

Xtt
total bkg. unc.

 (13 TeV)-135.0 fbCMSPreliminary

 (GeV)llM

 (GeV)TM

< 
75

75
 - 

10
5

> 
10

5

< 
10

0

10
0 

- 1
60

> 
16

0

< 
10

0

10
0 

- 1
60

> 
16

0

< 
10

0

10
0 

- 1
60

> 
16

0

)τSignal Region D (3l,1
01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16

Ev
en

ts

2−10

1−10

1

10

210

310

410
τ

±

µ±D: e
TD (200/150)
TD (500/1)
WZ
nonprompt
ZZ/H
Conversions
VVV

Xtt
total bkg. unc.

 (13 TeV)-135.0 fbCMSPreliminary

 (GeV)T2M

 (GeV)llM

< 
10

0

> 
10

0

< 
60

60
 - 

10
0

off-Z

)τSignal Region G (4l,0
01 02 03 04 05

Ev
en

ts

1−10

1

10

210

310
G: 2 OSSF

ZZ (400/1)
HZ (400/1)
HH (400/1)
WZ
ZZ/H
VVV

Xtt
total bkg. unc.

 (13 TeV)-135.0 fbCMS Preliminary

3 light leptons

2 light leptons 
1 tau

4 leptons

❖ expected background 
composition in different  
final states 
(taken from simulated  
events)

❖ behold of the log scale!



Background Estimation
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❖ most important backgrounds:

✦ 3 light leptons: standard model WZ

✦ 3 leptons with taus: residual nonprompt lepton background

✦ 4 leptons: standard model ZZ

❖ WZ estimation

✦ estimate from simulated events

✦ assess normalization in WZ control region

✦ systematic uncertainties extracted from  
the Wɣ shape

❖ ZZ estimation

✦ estimate from simulated events

52 7 Background estimation methods

50 100 150 200

 e
ve

n
ts

 /
4

0
G

e
V

1−10

WZ

γW

√s = 13TeVCMS Simulation

 + MET) (GeV)µ(TM
50 100 150 200

γ
W

Z
/W

0

0.5

1

1.5
 / ndf 2χ  8.338 / 3

p0        0.0260± 0.9877 

50 100 150

 e
ve

n
ts

 /
6

.2
5

G
e

V

0.05

0.1

0.15

0.2 WZ

γW

√s = 13TeVCMS Simulation

) (GeV)µ(TP
50 100 150

γ
W

Z
/W

0

0.5

1

1.5
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Muon channel MET shapes (MC)
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Muon channel MET shapes (MC)
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(c)

Figure 39: Emiss
T shape comparison in the muon channel with a different kinematical selection

to suppress FSR: (a) DR(`, g) > 0.3, (b) Df(`, g) > 1.0, (c) additionally lepton pT reweighting
is applied.

40. Note that the overlap between the Wjets and Wg samples has been removed by using767

generator information. In particular, any Wjets event in which a generator photon coming768

from a boson, quark or lepton, with a pT greater than 10 GeV was found was vetoed. So it769

will not be necessary to subtract the Wjets contribution from the lepton + photon data when770

validating the WZ MC’s MT shape prediction.771

7.3.3 Method systematics772

Comparing WZ and Wg shapes in data allows to see the convoluted effects from the possible773

mismodeling of the W shape in simulation and from different Emiss
T resolution between data774

and MC.775

Several sources of the systematic uncertainties contribute to the final result of this method. The776

most important source is the effect of the kinematical selection designed to suppress FSR in Wg777

events. Since the FSR cannot be fully suppressed it might lead to the distortion of the measured778



Background Estimation
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❖ most important backgrounds:

✦ 3 light leptons: standard model WZ

✦ 3 leptons with taus: residual nonprompt lepton background

✦ 4 leptons: standard model ZZ

❖ nonprompt backgrounds

✦ data-driven „tight-to-loose method“

✦ measure probability for a nonprompt lepton to be  
identified as a „good lepton“ in a dedicated measurement region

✦ use this probability in order to estimate background contribution

✦ „closure test“: compare data-driven estimation to estimation using generator information

❖ other backgrounds (photon conversion, rare SM processes)

✦ estimate from simulated events (partially using control regions for normalization)

46 7 Background estimation methods
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F (`thth) events. Except for a b-veto, no further kinematic requirements are imposed; e/µ are
gen-matched to prompt leptons. The closure test is performed as a function of pT, h, Emiss

T , M``

and MT2 as they are computed in relevant search regions.



Results With Early 2016 Data

❖ Physics Analysis Summary (PAS) available: http://cds.cern.ch/record/2205168?ln=en

✦ paper in preparation, to be out soon

❖ presented at ICHEP2016
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Figure 2: Comparison of the expected and observed yields in trilepton signal regions: three
light leptons (top) with and (bottom) without an OSSF pair. The lower panel shows the ratio
between the observed and expected yields in all signal regions, with the dark blue band indi-
cating the statistical background uncertainty, and the light blue band corresponding to the total
background uncertainty propagated to the ratio.
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Figure 5: Comparison of the expected and observed yields in four lepton signal regions. The
left plot shows the events with no taus and at least 2 OSSF pairs, the center plot shows events
with no taus and less than 2 OSSF pairs while the right plot contains events with at least one
th. The lower panel shows the ratio between the observed and expected yields in all signal
regions, with the dark blue band indicating the statistical background uncertainty, and the
light blue band corresponding to the total background uncertainty propagated to the ratio.
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Figure 6: Expected yields and observed counts for the search regions defined in the same-sign
dilepton category. The blue line represents the yield in the flavor-democratic scenario of ec0
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1

production with mec0
2
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of 5. The lower panel shows the ratio between the observed and expected yields in all signal
regions, with the dark blue band indicating the statistical background uncertainty, and the light
blue band corresponding to the total background uncertainty propagated to the ratio.
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❖ no evidence for EWK SUSY found in early 2016 data

❖ setting exclusion limits on sparticle masses and model xsec
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Summary and Future Plans

❖ SUSY is a promising candidate to answer open questions of SM

❖ searching for EWK production of SUSY with multiple leptons

✦ different simplified models available targeting different slepton scenarios

✦ discussed search strategy and critical points

✦ results with early 13TeV data exclude sparticle masses up to 1TeV

❖ search is repeated with full 2016 data set

✦ will be sensitive to Higgsino models

✦ combine results with other analyses (as done for 8TeV search)

✦ push exclusion limits even higher (or finally find SUSY?)
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EWK SUSY vs. Strong Production
❖ different signatures in EWK SUSY w.r.t. strong production

❖ e.g.  compare T1tttt (leading model for RA5 SSDL analysis) to TChiNeuWZ (one of 
the leading models for EWK SUSY trilepton analysis)

P1

P2

g̃

g̃

t

t

χ̃0
1

χ̃0
1

t

t

gluino-gluino production 
❖ up to 4 hard, isolated, central leptons  

from W decays
❖ also a number of hard, central (b-) jets
❖ large MET from stable LSP (+ ν from W)

chargino-neutralino production 
❖ 3 hard, isolated, central leptons from  

W and Z decays
❖ no additional jets
❖ large MET from stable LSP (+ ν from W)



24

Nonprompt Background Estimation

❖ fake leptons

✦ TT+Jets, DY+Jets or WW+Jets produces 1-2 jets passing lepton ID (=fake lepton)

✦ use data-driven technique „fake ratio method“ to estimate this background

✦ fake ratio (FR): probability for a fake to pass the tight lepton ID given it has passed the fakable ID

✦ measure the number of loose leptons in a control region → gives estimate of the fakes in SR

✦ we can benefit from many improvements in this method for RA5 and RA7 analyses (e.g. cone 
correction)

Solution 2: modify denominator
We can modify the denominator to improve the extrapolation
IF we can define a denominator that does not depend on mother parton pT
THEN the kinematics of the measurement region become irrelevant
• flavor composition is still important

Try creating such a denominator using RelIso and pTlepton
Standard rectangular cuts (20-25 GeV bin): 
• Num:  pTlepton [20, 25], RelIso [0.0, 0.1]
• Den:    pTlepton [20, 25], RelIso [0.1, 1.0]

Proposed diagonal cuts:
• Num:  same as above
• New Den: pTlepton*(1+RelIsoExtra) [20, 25], RelIso [0.1, 1.0]

• RelIsoExtra = RelIso - RelIsoCut = RelIso - 0.1 in this case

Different ways to see the diagonal region:
“Compensating for extra energy in isolation cone by looking at lower pT leptons”
“Using the low pT leptons as a sideband”
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