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CMSCMS
Hunting for SUSYHunting for SUSY

● Various supersymmetric scenariosVarious supersymmetric scenarios  can explain  can explain 
● low value of the Higgs boson mass and low value of the Higgs boson mass and 
● provide a dark matter candidateprovide a dark matter candidate

● Review of first SUSY searches in the LHC run 2Review of first SUSY searches in the LHC run 2
● CMS data collected CMS data collected inin 2015 – 2015 –  2.2/fb at 13 TeV2.2/fb at 13 TeV
● inclusiveinclusive  analysesanalyses, focused  on the , focused  on the pair productionpair production of  of gluinosgluinos, , 

for which for which σ increases the most fromσ increases the most from 8 TeV (Run 1) to 13 TeV (Run 2) 8 TeV (Run 1) to 13 TeV (Run 2)

– in all-hadronic channel, based on complementary approaches using in all-hadronic channel, based on complementary approaches using 
the kinematic variables the kinematic variables MHTMHT, , MT2MT2, the , the razorrazor variables, and  variables, and alphaTalphaT

– additionally searched with additionally searched with one one oror two leptons  two leptons 

● Simplified Model Spectra interpretation  Simplified Model Spectra interpretation    

OUTLINE: OUTLINE: 
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CMSCMS
Motivation → Early searchesMotivation → Early searches

RUN 1 at 8 TeV:    RUN 1 at 8 TeV:    Limits on gluino mass up to ~1.4 TeVLimits on gluino mass up to ~1.4 TeV

● Large increase in signal cross sections from 8→13 TeV at Run 1 gluino mass limitsLarge increase in signal cross sections from 8→13 TeV at Run 1 gluino mass limits

● Strong (gluino) SUSY decaying to hadrons Strong (gluino) SUSY decaying to hadrons 
→ largest cross sections, branching fractions → early sensitivity→ largest cross sections, branching fractions → early sensitivity
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CMSCMS
Early CMS searches    Early CMS searches    

4 jets, 1 b-jet
1.3 TeV of MHT

Fully hadronic SUSY event candidate at 13 TeV Fully hadronic SUSY event candidate at 13 TeV 

  Final states and approaches at 13 TeV:Final states and approaches at 13 TeV:
●   Fully hadronic – 0 leptons Fully hadronic – 0 leptons 

● MHMHTT, H, HT  T  (SUS-15-002) (SUS-15-002) 

● MT2        (SUS-15-003) MT2        (SUS-15-003) 

● Razor     (SUS-15-004) Razor     (SUS-15-004) 

● alpha alpha TT (SUS-15-005) (SUS-15-005) 

● 1 lepton 1 lepton 

● Sum of jet masses MSum of jet masses MJ J (SUS-15-007) (SUS-15-007) 

● Razor   (SUS-15-004) Razor   (SUS-15-004) 

●   Same-sign dilepton (SUS-15-008) Same-sign dilepton (SUS-15-008) 
● Rare SM signature Rare SM signature 

● Oposite-sign dilepton (SUS-15-011) Oposite-sign dilepton (SUS-15-011) 
● Excess in Run 1 ← Excess in Run 1 ← 

In this presentation
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CMSCMS
Simplified Model Spectra  (SMS)Simplified Model Spectra  (SMS)

● SUSY STRONG production, SUSY STRONG production, gluino decays to:gluino decays to:

● JetsJets +  + METMET (missing energy) (missing energy)
● Jets from squark – anti-quark pairJets from squark – anti-quark pair

– Many can be a b-quark Many can be a b-quark 
● MET from the LSP neutralinoMET from the LSP neutralino

T1tttt
(high Njets, high Nb-jets)

T1bbbb
(low Njets, high Nb-jets)

T1qqqq
(low Njets, low Nb-jets)
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CMSCMS
Multijet and MET channelMultijet and MET channel

● Inclusive fully-hadronic analysis targeting Inclusive fully-hadronic analysis targeting 
strong production of gluino pairs →  jets + METstrong production of gluino pairs →  jets + MET
      

● Search binned in simple variables: Search binned in simple variables: MHT, HT, Njets, MHT, HT, Njets, andand Nb-jets Nb-jets

● SM backgrounds estimated with data-driven methodsSM backgrounds estimated with data-driven methods

● Analysis is sensitive to a wide range of strong SUSY models;  Analysis is sensitive to a wide range of strong SUSY models;  
interpreted in interpreted in T1qqqqT1qqqq, , T1bbbbT1bbbb, , T1ttttT1tttt
        

● HTHT: Scalar sum of the transverse energy of jets

● MHTMHT: Magnitude of the vector sum of the transverse momenta of jets

[SUS-15-002]
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CMSCMS
Baseline selection in MHT/HTBaseline selection in MHT/HT

[SUS-15-002]
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CMSCMS
Search in binsSearch in bins

● Search bins chosen to cover wide range of topologies and help Search bins chosen to cover wide range of topologies and help 
characterize a potential excesscharacterize a potential excess

● 3 (Njets) x 4 (Nb-jets) x 6 (HT/MHT) = 72 bins total3 (Njets) x 4 (Nb-jets) x 6 (HT/MHT) = 72 bins total

[SUS-15-002]

NNb-jet      b-jet      0b          1b        2b      ≥0b          1b        2b      ≥3b3b

≥ ≥ 99
jetsjets
7-87-8
jetsjets
4-64-6
jetsjets
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CMSCMS
Background predictionsBackground predictions

● SM bkg determined using data-driven techniques:SM bkg determined using data-driven techniques:
● Top and W+jets: estimated from single-lepton control samplesTop and W+jets: estimated from single-lepton control samples

● Z→νν (invisible): from γ + jets and Z→μμZ→νν (invisible): from γ + jets and Z→μμ

Observed numbers Observed numbers 
of events in DATA and of events in DATA and 
corresponding SM corresponding SM 
background predictionsbackground predictions
→ → good agreementgood agreement

[SUS-15-002]
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CMSCMS Results TResults T11qqqqqqqq

● Good expected/observed agreementGood expected/observed agreement
● Exclude up to Exclude up to mg̃ ≈ 1.45mg̃ ≈ 1.45 TeV for low m TeV for low mLSPLSP

[SUS-15-002]

NNb-jetb-jet = 0 = 0  
channelchannel
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CMSCMS Results TResults T11bbbbbbbb

● Exclude up to Exclude up to mg̃ ≈ 1.65mg̃ ≈ 1.65 TeV for low m TeV for low mLSPLSP

→ → Strongest exclusionStrongest exclusion in T1bbbb channel in T1bbbb channel

[SUS-15-002]

NNb-jet b-jet ≥ ≥ 3 3 
channelchannel
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CMSCMS
RAZOR variablesRAZOR variables

● Razor variablesRazor variables  R (~MET)R (~MET)  andand  MMRR (has a peak) (has a peak)  
SUSY signal well separated from the SM background SUSY signal well separated from the SM background 

● Selection:Selection:
Group all final state objects (jets, leptons) Group all final state objects (jets, leptons) 
into into two mega-jetstwo mega-jets

[SUS-15-004]
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CMSCMS
RAZOR  RegionsRAZOR  Regions

● 3  analysis CATEGORIES - boxes:3  analysis CATEGORIES - boxes:  
      

11stst  : Multijet             : Multijet           22nd nd : MU                       3: MU                       3rdrd : ELE  : ELE 
● At least 4 jets with pT > 40 GeV and |η|<3At least 4 jets with pT > 40 GeV and |η|<3

● Tight muon/electron with pT > 20/ 25 GeV Tight muon/electron with pT > 20/ 25 GeV 

MMRR > 500 GeV  > 500 GeV 
RR22 > 0.25 > 0.25 MMRR > 400 GeV  and  R > 400 GeV  and  R22 > 0.15 > 0.15

[SUS-15-004]
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CMSCMS
Background EstimationBackground Estimation

● SM background shape is modelled by a parametric 2D functioSM background shape is modelled by a parametric 2D function in n in MMRR & &  RR22  

● The The fit is performed using only the data in the sidebandfit is performed using only the data in the sideband , , 
and the and the functional form is extrapolatedfunctional form is extrapolated   to the full to the full MMRR & &  RR2 2  plane plane

● 2D fits of distributions separately for events with 0, 1, 2,≥3 b-tags2D fits of distributions separately for events with 0, 1, 2,≥3 b-tags

→→ 12 fits12 fits  (3 boxes x Nbjets) for 2D bins  (3 boxes x Nbjets) for 2D bins

2D bins 2D bins 

[SUS-15-004]
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CMSCMS
Muiltijet BOXMuiltijet BOX

NNb-jet b-jet ≥ ≥ 33

NNb-jet b-jet = 1= 1NNb-jet b-jet = 0= 0

NNb-jet b-jet = 2= 2

No significant deviations found in dataNo significant deviations found in data
[SUS-15-004]
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CMSCMS
Signal Injection (toy study)Signal Injection (toy study)

● What happens when a signal is present?What happens when a signal is present?

● Events corresponding to a T1bbbb signal are injected and Events corresponding to a T1bbbb signal are injected and 
a background-only sideband fit is performeda background-only sideband fit is performed

● In signal sensitive region,In signal sensitive region,
 we would observed fluctuation (n we would observed fluctuation (nσσ) above background) above background

[SUS-15-004]
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CMSCMS
LIMITSLIMITS

● For a massless LSP, For a massless LSP, 
gluino is excluded gluino is excluded 
below massesbelow masses

● T1bbbb: T1bbbb: mg̃ < 1.65 TeVmg̃ < 1.65 TeV
● T1tttt:    T1tttt:      mg̃ < 1.60 TeVmg̃ < 1.60 TeV  

(0L+1L combined)(0L+1L combined)

● T1qqq:    T1qqq:    mg̃ < 1.35 TeVmg̃ < 1.35 TeV

● Results complementary Results complementary 
to the MHT/HT search to the MHT/HT search [SUS-15-002][SUS-15-002]

[SUS-15-004]
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CMSCMS
SUSY with alphaTSUSY with alphaT

● AlphaTAlphaT: : For events with 2 (pseudo-) jets:For events with 2 (pseudo-) jets:

less energetic jet              transverse mass of di-jet systemless energetic jet              transverse mass of di-jet system
● discriminatordiscriminator between events with  between events with misreconstructed and genuine misreconstructed and genuine MET MET 

[SUS-15-005]

ααTT is greater than 0.5 is greater than 0.5
when the two jets are 
not back-to-back
and balancing genuine MET

ααTT = 0.5 = 0.5
For a perfectly measured dijet event 
with ETj1 = ETj2 jets are back-to-back in φ
in the limit of large jet momenta 
compared to their masses 

ααTT is smaller than 0.5 is smaller than 0.5
in the case of an imbalance in
the measured ETs of back-to-back jets
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CMSCMS
AlphaT analysis strategyAlphaT analysis strategy

●  SensitivitySensitivity
●    Discriminating variables:    Discriminating variables:    
  nnjetjet,n,nbb,H,HTT,MHT,MHT

●  Give Give sensitivity to a wide variety  sensitivity to a wide variety  
●  of modelsof models, decays and , decays and topologies topologies 

● Inclusive searchInclusive search
● jets+MET signaturesjets+MET signatures
● all jet/b-tag multiplicitiesall jet/b-tag multiplicities
● low trigger thresholdslow trigger thresholds

● Robust analysisRobust analysis
● Suppress QCD multi-jet Suppress QCD multi-jet 

to a negligible level to a negligible level 
● Rely heavily on Rely heavily on 

multiple control samples multiple control samples 
for background estimation for background estimation 
and systematicsand systematics

[SUS-15-005]
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CMSCMS
Baseline selectionBaseline selection

Selection:Selection:

● njet ≥ 1njet ≥ 1

● pT,j1 > 100 GeV, |ηj1| < 2.5pT,j1 > 100 GeV, |ηj1| < 2.5
● pT,j2 > 40 GeV, |ηj2| < 3pT,j2 > 40 GeV, |ηj2| < 3

● HT > 200 GeVHT > 200 GeV

● MHT > 130 GeVMHT > 130 GeV

● Forward jet vetoForward jet veto
 pT,j > 40 GeV, |ηj| > 3 pT,j > 40 GeV, |ηj| > 3

● Isolated track vetoIsolated track veto
pT,t > 10 GeV, |ηt| < 2.5pT,t > 10 GeV, |ηt| < 2.5

CategorizationCategorization

Based on 2nd jetBased on 2nd jet

● MonojetMonojet
 pT,j2<40 GeV pT,j2<40 GeV

● AsymmetricAsymmetric
40<pT,j2<100 GeV40<pT,j2<100 GeV

● SymmetricSymmetric  
pT,j2>100 GeVpT,j2>100 GeV  

BinningBinning::

● 191 (njet,nb,HT) bins x 191 (njet,nb,HT) bins x 
MHT bins (6-14) MHT bins (6-14) 
→Total of ~850 bins →Total of ~850 bins 

[SUS-15-005]
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CMSCMS
Background suppressionBackground suppression

QCD QCD multi-jet is a key background for hadronic multi-jet is a key background for hadronic searchessearches
●  Reduction of this Reduction of this background to a negligible level background to a negligible level achieved with very achieved with very 
tight cuts on:tight cuts on:
●    ααT > 0.65 to 0.52,T > 0.65 to 0.52,
●    ΔΔɸɸ* > 0.5 ,* > 0.5 ,
●  MHT/MET > 1.25MHT/MET > 1.25

  ΔΔɸɸ* – * – Minimum Δɸ between jet and Minimum Δɸ between jet and 
the MHT the MHT vector computed without that jet, vector computed without that jet, 
peak in low values for mis-reco jets and jets w/ υs

Remaining backgrounds stem mainly from: tt +jets, W + jets, Z→inv
Predicted in the signal region from observed counts in control regions

[SUS-15-005]
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CMSCMS AlphaT results and TAlphaT results and T11bbbb limitbbbb limit
● Expected/observed exclusion are in reasonable agreementExpected/observed exclusion are in reasonable agreement

● At low LSP mass,  At low LSP mass,  mg̃ ≃ 1.6 TeVmg̃ ≃ 1.6 TeV is excluded  is excluded 
→ similar result to previous searches→ similar result to previous searches

Fit MHT distributionsFit MHT distributions

[SUS-15-005]
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CMSCMS
Opposite-sign dileptons at 8 TeVOpposite-sign dileptons at 8 TeV

    Excesses in Run 1Excesses in Run 1
● EdgeEdge::  CMS saw CMS saw 2.62.6σσ excess excess  in low Mll,   in low Mll, 

no excess in ATLASno excess in ATLAS

● On-Z:On-Z:  ATLAS saw ATLAS saw 3.03.0σσ excess excess  
in high HT region, no excess in CMSin high HT region, no excess in CMS

e.g.e.g. T5ZZgmsb T5ZZgmsb

e.g.e.g. T6bbslep T6bbslep
[SUS-15-011]



2424M. KazanaM. Kazana ““SUSY at CMS”, Epiphany Conference, Cracov,  7.01.2016SUSY at CMS”, Epiphany Conference, Cracov,  7.01.2016

CMSCMS

● Search with Search with 2 OSSF2 OSSF same-flavor leptons (ee, μμ)  same-flavor leptons (ee, μμ) + jets + MET+ jets + MET
● 2 search strategies: 2 search strategies: onon and  and off(edge) off(edge) the Z-peakthe Z-peak

● Tight selection for Tight selection for leptonsleptons pT > 20 GeV, |η|<2.4, Mll > 20 GeV pT > 20 GeV, |η|<2.4, Mll > 20 GeV
● Loose selection for Loose selection for jetsjets              pT > 35 GeV, |η|<2.4pT > 35 GeV, |η|<2.4

● Data driven prediction for 2 main backgrounds: DY and FS(eμ data), Data driven prediction for 2 main backgrounds: DY and FS(eμ data), 
for others – MC for others – MC 

● Perform Perform cut and count analysis in regionscut and count analysis in regions  binned in  binned in 
Njets,Njets,  Nb-tags, Nb-tags, HT, HT, and and METMET

● On-ZOn-Z: 17 bins with : 17 bins with new one like ATLAS for high HT new one like ATLAS for high HT 
● EdgeEdge: 30 bins with 5 bins on Mll: 30 bins with 5 bins on Mll

Opposite-sign dileptons at 13 TeVOpposite-sign dileptons at 13 TeV
[SUS-15-011]
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CMSCMS
On-Z OS dileptons – Results On-Z OS dileptons – Results 

● ATLAS-like search bin:ATLAS-like search bin:
no excess seenno excess seen

● Observed limit improved by Observed limit improved by 
50-150 GeV in gluino mass 50-150 GeV in gluino mass 
wrt 8 TeV resultwrt 8 TeV result

[SUS-15-011] T5ZZgmsbT5ZZgmsb
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CMSCMS
Edge OS dileptons – Results  Edge OS dileptons – Results  

● Any significant excessAny significant excess  
in the kinematic edge in in the kinematic edge in 
13 TeV data is observed13 TeV data is observed

bkg

err

Scaled Run 1 
excess 

In all signal regions,In all signal regions,  
data - background data - background 
agreementagreement

[SUS-15-011]
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CMSCMS
Early SUSY Searches – Summary Early SUSY Searches – Summary 

T1ttttT1bbbbT1qqqq

● Limits set on Limits set on SUSY gluino productionSUSY gluino production  models,  models, 
extendingextending Run 1 sensitivity by  Run 1 sensitivity by ~300 GeV ~300 GeV inin m mGluinoGluino  up toup to 1.7 TeV 1.7 TeV
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CMSCMS
ConclusionsConclusions

● No evidenceNo evidence  of of SUSY particles found… SUSY particles found… yetyet
● No significant excess in dataNo significant excess in data  in first look for SUSYin first look for SUSY

● Run 1 excess in OS dilep channel cancelled by Run 2 Run 1 excess in OS dilep channel cancelled by Run 2 
● butbut  aa  ~2.5~2.5σσ bump in X→  bump in X→ γγγγ  observedobserved

                                                           (more in Exotica talk on Sat)            (more in Exotica talk on Sat) 

● Run2Run2 data data  constrains strongerconstrains stronger  (by 300 GeV) (by 300 GeV) 
gluino masses up to 1.7 TeVgluino masses up to 1.7 TeV
in many SUSY-simplified modelsin many SUSY-simplified models

● 2016 pp @ 13 TeV 2016 pp @ 13 TeV →  →  hunting for new physics be restartedhunting for new physics be restarted  
→ → more results in  spring and summermore results in  spring and summer

    

Work supported by Polish National Science CentreWork supported by Polish National Science Centre
UMO-2014/14/M/ST2/00428 & UMO-2014/15/B/ST2/03998UMO-2014/14/M/ST2/00428 & UMO-2014/15/B/ST2/03998



2929M. KazanaM. Kazana ““SUSY at CMS”, Epiphany Conference, Cracov,  7.01.2016SUSY at CMS”, Epiphany Conference, Cracov,  7.01.2016

CMSCMS

BackupBackup
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CMSCMS
ReferencesReferences

● - CMS-PAS-SUS-15-002- CMS-PAS-SUS-15-002 Search for supersymmetry in the multijet and missing Search for supersymmetry in the multijet and missing 
transverse momentum channel in pp collisions at 13 TeVtransverse momentum channel in pp collisions at 13 TeV

● CMS-PAS-SUS-15-003 CMS-PAS-SUS-15-003 Search for new physics in the all-hadronic final state with Search for new physics in the all-hadronic final state with 
the MT2 variablethe MT2 variable

● - CMS-PAS-SUS-15-005 - CMS-PAS-SUS-15-005 Search for new physics in final states with jets and Search for new physics in final states with jets and 
missing transverse momentum in √s= 13 TeV pp collisions with the αT variablemissing transverse momentum in √s= 13 TeV pp collisions with the αT variable

● - CMS-PAS-SUS-15-004 - CMS-PAS-SUS-15-004 Inclusive search for supersymmetry using the razor Inclusive search for supersymmetry using the razor 
variables at √s= 13 TeVvariables at √s= 13 TeV

● CMS-PAS-SUS-15-007 CMS-PAS-SUS-15-007 Search for supersymmetry in pp collisions at √s= 13 TeV Search for supersymmetry in pp collisions at √s= 13 TeV 
in the single-lepton final state using the sum of masses of large radius jetsin the single-lepton final state using the sum of masses of large radius jets

● CMS-PAS-SUS-15-008 CMS-PAS-SUS-15-008 Search for SUSY in same-sign dilepton events at √s= 13 TeVSearch for SUSY in same-sign dilepton events at √s= 13 TeV

● - CMS-PAS-SUS-15-011 - CMS-PAS-SUS-15-011 Search for new physics in final states with two opposite-Search for new physics in final states with two opposite-
sign same-flavor leptons, jets and EmissT in pp collisions at √s= 13 TeVsign same-flavor leptons, jets and EmissT in pp collisions at √s= 13 TeV



3131M. KazanaM. Kazana ““SUSY at CMS”, Epiphany Conference, Cracov,  7.01.2016SUSY at CMS”, Epiphany Conference, Cracov,  7.01.2016

CMSCMS
Systematics in MHT/HT searchSystematics in MHT/HT search

[SUS-15-002]
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CMSCMS
Razor systematicsRazor systematics

[SUS-15-004]
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CMSCMS
AlphaT systematicsAlphaT systematics [SUS-15-005]
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