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Supersymmetry

❖ Standard Model (SM) has several open questions	


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


❖ need 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 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
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Why Same-Sign Dileptons?

❖ look for decays of new particles (direct SUSY search)	


❖ final states with two leptons of the same charge	


❖ advantages	


✦ small cross sections for SM backgrounds	


✦ different SUSY production and decay modes accessible in one analysis	


✦ larger signal-selection efficiency than in SUSY searches with 3 or more leptons in the final state	


❖ disadvantages	


✦ estimation of backgrounds and signal selection not easy (see later)	


✦ only sensitive to SUSY production and decay modes with two leptons
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Outline

❖ The CMS Experiment at the CERN LHC	


❖ Signatures of „Leptonic SUSY“	


❖ Search Strategy and Background Estimation	


❖ Expectations for LHC Run 2
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LHC Accelerator Chain
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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

Our Experiment!
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Signatures of „Leptonic SUSY“
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Typical signature of a leptonic SUSY process:	


❖ two hard, isolated leptons of same charge in the central part of the detector	


❖ a number of hard, central jets (e.g. several b-tagged jets from top decays)	


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



Search Strategy

❖ cut-and-count analysis	


❖ define important kinematic objects:	


✦ electrons, muons, jets, MET	


❖ define regions of phase space (64 „signal regions“, SR) according to 4 key observables:	


✦ MET, HT (sum of jet energies), number of jets, number of b-jets	


❖ 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
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HH search regions
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Physics Related Backgrounds

❖ rare SM processes	


✦ TTbar+H	


✦ TTbar+V (V=W,Z)	


✦ WZ, …	


❖ also produce hard, isolated leptons and a number of jets	


❖ number of events estimated from Monte Carlo simulations	


❖ present in many signal regions:
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Experimental Backgrounds

❖ charge mis-identification of an opposite-sign (OS)  
lepton pair 	


✦ Drell-Yan	


✦ TTbar	


❖ mis-identification of jets as leptons („fake leptons“)	


✦ W+Jets	


✦ TTbar	


❖ data-driven estimation methods:	


✦ measure probability of mis-identification in control region	


✦ from this, compute expected number of events in SR
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Figure 22: Data to simulation comparisons for the isolation distribution for non-prompt lep-
tons. The Z + ` control region is displayed on the left and W + ` on the right.

Figure 23: The muon (left) and electron (right) fake-rate as a function of the cone-corrected
muon and electron pT, after applying the correction for prompt-lepton contamination. The
hatched area represents the systematic uncertainty associated to this correction.

a function of the cone-corrected pT (the lepton pT is corrected by the energy of the isolation cone588

to better reproduce the mother parton pT) measured in data and compared to simulated QCD589

multijet events. The measured values are corrected for contamination from prompt leptons590

from W + jets and Z + jets processes. Uncertainties on this correction is propagated to the fake591

rate as systematic uncertainty.592

10.3 Measurement of the electron charge misidentification probability593

The charge misidentification probability for electrons varies depending on the electron pT and594

h. Since the momentum of high pT electrons can be measured reliably by the calorimeter even595

when the charge is misidentified, it is possible to measure the charge misidentification prob-596

ability in data by selecting same-sign dielectron events with an invariant mass close to that597

of an on-shell Z bosons. Figure 24 (left) illustrates this by comparing the di-electron mass in598

opposite-sign and same-sign events. The measured number of same-sign Z bosons is some-599

what higher than simulated, but still quite small. With this amount of data, the measurement is600

performed for barrel and endcap regions and the measured values in data are (1.6 ± 0.8) · 10�4
601

and (3.0 ± 1.2) · 10�3 respectively, which are in agreement with MC measured values within602

the current statistical uncertainty.603

An alternative method uses truth information from a MC mixture of tt and Z + jets. A closure604

test is performed by applying the measured charge misidentification probability (from MC605
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Figure 24: Left: Opposite-sign and same-sign di-electron events that are used to extract the
charge mis-identification probability. Electrons in both EE and EB are included, but the full
procedure for energy calibration has not yet been applied. Right: Closure test on the charge
misidentification probability, where the charge misidentification probability determined in
simulation is applied to opposite-sign events in a Z+jets enriched data sample and compared
to the observed same-sign events.
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Figure 25: Data to simulation comparison in the tt control region. From left to right: the pT of
the trailing lepton and the transverse mass of the W ! `n.

truth) to a opposite-sign events in a Z+ jets sample in data and comparing them to the observed606

same-sign events. This is shown in Fig. 24 (right). The above-mentioned difference is visible607

but due to the small size of this background the effect has no significant impact on the analysis.608

10.4 Same-sign Kinematic variables at 13 TeV609

Selecting events with two loosely identified leptons leptons and an invariant mass outside the610

Z mass window, two jets with pT > 40 GeV and at least one reconstructed central jet with pT >611

25 GeV satisfying the medium working point of the CSV b-tagging discriminator, a sample612

dominated by dileptonic tt will be selected, these sample will be kinematically very similar613

to the baseline region. MC modelling can therefore being checked by comparing the shapes614

in data with the expected from simulation for the main sources of background. A data/MC615

comparison is performed in such region as shown in Fig. 25.616
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Expectations for LHC Run 2

❖ after 2 years of maintenance and upgrades, started data taking with design conditions 
(13TeV, 25ns) this year (= begin of LHC Run 2)	


❖ not enough data yet to do SSDL analysis	


❖ expectations from Monte Carlo simulated  
events with different mass points at 10/fb	


❖ compare to 8TeV upper limits on signal  
strength	


✦ expected upper limits pushed well above 8TeV  
results	


✦ two orders of magnitude gain in sensitivity	


❖ soon enough data is taken for driving  
conclusions towards discovery or exclusion
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Figure 5. Exclusion regions at 95% CL in the planes of (left) m(χ̃0
1) versus m(g̃) (model A1),

and (right) m(̃t1) versus m(g̃) (model A2). The excluded regions are those within the kinematic
boundaries and to the left of the curves. The effects of the theoretical uncertainties in the NLO+NLL
calculations of the production cross sections [39] are indicated by the thin black curves; the expected
limits and their ±1 standard-deviation variations are shown by the dashed red curves.

W boson pairs in the final state. In this model there are three parameters: mg̃, mχ̃±
1
, and

mχ̃0
1
. Signal samples are produced for each bin in the (mχ̃0

1
,mg̃) plane. Chargino mass is

defined through a parameter x as mχ̃±
1
= xmχ̃0

1
+ (1− x)mg̃. In the limit x → 0, there is

no observable hadronic activity in the event. At the other extreme, x → 1, the chargino

and LSP are degenerate and the chargino decays through an off-shell W boson yielding

very soft leptons. In either cases, the analysis loses sensitivity. For intermediate values

of the parameter x, the W boson is either on- or off-shell depending on the values of mχ̃0
1

and mg̃, giving rise to either high- or low-pT leptons. We examine x values of 0.5 and

0.8. The former value ensures that the W boson is on-shell in the sparticle mass range

considered, while the latter yields mostly off-shell W bosons. In this model, no enrichment

of heavy-flavour jets is expected. Therefore, the search regions SR01-SR08, with both the

low- and high-pT lepton selection, are used for cross section upper limit calculation. The

limits are presented in figure 7. In this model, gluino masses up to 900GeV are probed.

Most of the sensitivity to this model is obtained from signal region SR08.

These results extend the sensitivity obtained in the previous analysis [11] on gluino and

sbottom masses. For the gluino-initiated models (A1, A2, B2, and C1), we probe gluinos

with masses up to about 1050GeV, with relatively small dependence on the details of the

models. This is because the limits are driven by the common gluino pair production cross

section. In the case of the direct bottom-squark pair production, model B1, our search

shows sensitivity for bottom-squark masses up to about 500GeV.

These models are also probed by other CMS new physics searches in different decay

modes. Other searches are usually interpreted in the context of model A1 but not A2,

B1, or B2. For model A1, the limits given here are complementary to the limits from the

searches presented in refs. [44–47]. In particular, they are less stringent at low m(χ̃0
1) but

– 16 –
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Conclusion

❖ SUSY a promising candidate to answer open questions of SM	


❖ direct search for SUSY in the same-sign dilepton analysis 	


❖ several different SUSY production and decay modes accessible 	


❖ established search strategy and methods of background estimation	


❖ use of both Monte Carlo simulations and data driven methods	


❖ significant gain in sensitivity for search for leptonic SUSY	


❖ soon enough data taken to conclude either towards discovery or exclusion
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Hopefully LHC Run 2 data will let us find Supersymmetry eventually!



End
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Backup
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CMS Detection Principle
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Background Composition

❖ expected background composition for high-energy lepton search:	


!

!

!

!

!

!

!

❖ fake background (TTbar, W+Jets) is dominant!

17

HH search regions
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32

ev
en

ts

0

50

100

150 tt
W+jets
DY+jets
WZ

ZZ→W/Z/H,ZZ,Htt
T1tttt(1.2)
T1tttt(1.5)
T5tttt(1.0/0.3/0.285/0/.28)

 (13 TeV)-110.0 fbCMS Simulation



Challenges in SSDL Analysis

❖ lepton identification	


✦ How do we know, if what we measure is a lepton?	


✦ How do we know, it is a „good“ lepton from SUSY?	


❖ experimental resolution	


✦ detector noise	


✦ reconstruction of kinematic objects (leptons, jets, MET)	


✦ jet-energy scale and resolution	


❖ background estimation	


✦ definition of control regions and extrapolations in data-driven methods  	


✦ Can the Monte Carlo simulations be trusted?	


❖ and many more …
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