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OUTLINE 

q Supersymmetry (SUSY) – Symmetry of the Nature? 

q SUSY Production at Colliders 
q The Strategy 

q The Large Hadron Collider (LHC) Experiment 

q The Compact Muon Solenoid (CMS) Detector 

q SUSY Analyses in the CMS Collaboration 
q Hadronic SUSY Searches 

q Leptonic SUSY Searches 

q  Interpretation of the Physics Results 

q  Summary 
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SUPERSYMMETRY 

q Standard Model (SM) describes known particles/
forces. Extremely successful at low energy, but 
several problems: 
q  Hierarchy problem 

q  Gauge coupling and non-unification 

q  Dark matter (DM): preferred explanation WIMP mass  

O(100 GeV) -> no SM candidate 

q  SUSY: popular extension to SM, introduces 
“super-partners” to each SM particle 
q  Solves many problems intrinsic to SM 

q  Lightest SUSY particle (LSP): stable, weakly-interacting 
particle EWSB scale~100 GeV -> natural DM candidate 

q  Implies DM may be produced at LHC. 

Intro to SUperSYmmetry!
•  Standard Model (SM) describes known 

particles/forces. Extremely successful at 
low energy, but several problems:!
–  hierarchy problem!
–  gauge coupling non-unification!
–  dark matter (DM): preferred explanation 

WIMP with mass O(100 GeV)                 
no SM candidate!

•  SUSY: popular extension to SM, 
introduces “superpartners” to each SM 
particle !
–  Solves many problems intrinsic to SM!
–  Lightest SUSY particle (LSP): stable, 

weakly-interacting particle at EWSB scale 
~100 GeV  natural DM candidate!

–  Implies DM may be produced at LHC!!

August 10th, 2011! DPF2011! 3 

SM particles!

SUSY particles!
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SUSY PRODUCTION AT COLLIDERS 

q Many SUSY models postulate conserved quantum number: 

            “R-Parity” 

q SUSY particles produced in pairs (usually strongly produced squarks/gluinos) 

q LSP is stable 

q Squarks/gluinos decay via cascade, producing jets, (leptons), LSP’s  
spectacular events with several high pT jets + (leptons) + ET

miss! 

q Strategy: search for excess of events w/ large ET
miss, HT (sum of jet pT’s)! 

+1 for SM particles 
- 1 for SUSY particles 

SUSY Production at Colliders!
•  Many SUSY models postulate conserved quantum number:                              !

!
–  SUSY particles produced in pairs (usually strongly produced squarks/gluinos)!
–  LSP is stable!

•  Squarks/gluinos decay via cascade, producing jets, (leptons), 2 LSP’s  
spectacular events with several high pT jets + (leptons) + MET!

•  Strategy: search for excess of events w/ large MET, HT (sum of jet pT’s)!

August 10th, 2011! DPF2011! 4 

hadronic jets! leptons!

LSP  WIMP!

+1 for SM particles!
 -1 for SUSY particles!“R-parity” =  !{!

jet!

jet!

muon!

electron!
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R = (-1) 2S –L + 3B  
where S = spin, L = lepton #, B = baryon # 
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THE LARGE HADRON COLLIDER 

q  27km circumference ring on French-Swiss border 

q  Provides proton-proton collider at 7 TeV center-of-mass-energy 

q  Data collected by four experiments : CMS, ATLAS, LHCb, ALICE 

The LHC!
•  27 km circumference ring on French-Swiss border!
•  Provides proton-proton collisions at √s = 7 Trillion eV (TeV)!
•  Data collected by 1 of 4 experiments: !

–  CMS, ATLAS, LHCb, ALICE!
•  Total integrated lumi presented in this talk: 0.98 fb-1 2011 data!

August 10th, 2011! DPF2011! 6 
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THE LARGE HADRON COLLIDER: Detectors 

  
                       99 

Begin of a  new era in particle physics    

CMS 

ALICE 

LHCb 

ATLAS 
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THE CMS EXPERIMENT: Design  

J. Cuevas, XXXV Winter meeting on fundamental physics, 
Santiago de Compostela, May 2007

12
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The Compact Muon Solenoid (CMS) design

Tracking + Ecal + Hcal + Muons for | |<2.4



Altan CAKIR |  Searches Supersymmetry with the CMS Experiment |  December 2011  |  Page 8 
 

Ankara YEF Gunleri 2011, Ankara University, Ankara                                  

THE CMS EXPERIMENT AND LEPTON-ID CMS detector and Lepton ID!

August 10th, 2011! DPF2011! 7 
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•  Most particles are hadrons  electrons/muons very rare!
•  Electrons: electromagnetic shower in EM calorimeter  deposit full energy!
•  Muons: minimum ionizing  penetrate deeply into muon system!
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PHYSICS AT THE LHC 

                         13

Scattering processes at a hadron collider  

Dominant hard scattering processes: qq, qg and gg “scattering”  

Leading order some NLO contributions 
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Scattering processes at a hadron collider  

Dominant hard scattering processes: qq, qg and gg “scattering”  

Leading order some NLO contributions 

2835 x 2835 proton bunches
 distance: 7.5 m [25 ns] 

1011 protons/bunch
 bunch crossing rate: 40 MHz 

109 pp-collisions/sec
 [i.e.: 23 pp-interactions/bunch crossing.] 

Dominant Interactions:
 gluon-gluon, quark-quark and

 quark-gluon scattering 

Some Numbers
The LHC

relevant for ATLAS and CMS

Jet multiplicity
0 0.5 1 1.5 2 2.5 3 3.5 4

Ev
en

ts

1

10

210

310

Jet multiplicity
0 0.5 1 1.5 2 2.5 3 3.5 4

Ev
en

ts

1

10

210

310
Data

tt
 (+ light jets)!l"W

Vc(c)+X

Vbb+X
 (+ light jets)-l+l"*#Z/

+jets#QCD/

QCD uncertainty
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CMS Preliminary
 = 7 TeVs at -10.84 pb

 1$
b-tags

+jets, Nµe/

Rediscovery of the Top

Muon: ! pT > 20 GeV
[exactly one isolated muon]

Electron: !pT > 20 GeV
[exactly one isolated electron]

or

Jets from calorimeter 
information only

_

                         34

Jet reconstruction and energy measurement  

• A jet is NOT a well defined object 
  (fragmentation, gluon radiation, detector response)  
 
• The detector response is different for particles 
   interacting electromagnetically (e, ) and for 
   hadrons 
    for comparisons with theory, one needs to 
   correct back the calorimeter energies to the  
   „particle level“ (particle jet)  
   Common ground between theory and experiment  
 
•  One needs an algorithm to define a jet and to  
    measure its energy 
    conflicting requirements between experiment and 
    theory (exp. simple, e.g. cone algorithm, vs.  
    theoretically sound (no infrared divergencies)) 

•   Energy corrections for losses of fragmentation products 
     outside jet definition and underlying event or pileup 
     energy inside  

                         13

Scattering processes at a hadron collider  

Dominant hard scattering processes: qq, qg and gg “scattering”  

Leading order some NLO contributions 
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SUSY ANALYSES IN THE CMS COLLABORATION 

q   In the SUSY processes: 

q   mB drives the xsections 

q   Δmbc  drives the hadronic scale  

q Δmca  drives the leptonic pT  

q   A drives ET
miss 

q  The experimental techniques: 
q   Topology based searches,  

not optimized for any particular SUSY model 

q   ET
miss considered the basis for all the searches 

q    Try to cover as much phase space as possible  

q  Keep the pT`s as low as possible? 

q  Estimate backgrounds from data (data-driven bkg estimate) ➞ minimize reliance on MC 
q Especially important for bkg’s with detector (mis)reconstruction effects! 

M. Chiorboli - SUSY searches in CMS Moriond QCD and High Energy Interactions - La Thuile, March 20-27 2011

SUSY Searches in 2010 run: the strategy
In the SUSY processes:

mB drives the cross sections

ΔmBC drives the hadronic scale (HT, jets)

ΔmCA drives the lepton’s pT

A drives the MET

Strategy for the searches

we don’t know if SUSY exists

if it exists, we don’t know where and how

� don’t follow the models

we look everywhere

topology based searches

MET considered the basis for all the searches

try to cover as much phase space as possible

keep the pt’s as low as possible

2

M. Chiorboli - SUSY searches in CMS Moriond QCD and High Energy Interactions - La Thuile, March 20-27 2011
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2

SUSY Searches in the CMS Collaboration  
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HADRONIC SUSY SEARCHES 

Jet+ET
miss  analyses:  

Ø  Jets+ET
miss  inclusive: inclusive search – relies on precise determination of all SM backgrounds with robust data-driven 

techniques 

Ø  Razor: uses kinematic variables to characterise SUSY pair- production 

Ø  The kinematic variable αT:   Reduces QCD background substantially  

Motivation 

2 S. Paramesvaran (UC Riverside)             DPF 2011                         9th August 2011 

• Consider R-Parity conserving 
SUSY 
• Strongly interacting sparticles 
dominate 
• Cascade decay of squarks/
gluinos       stable LSP(   ) 
• Leads to signature of missing 
transverse energy (MET) and 
Jets ! 

"
~

1
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q   Consider R-Parity conserving SUSY 
q   Strongly interacting sparticles dominate 
q   Cascade decay of squarks/ gluinos stable LSP 
q   Leads to signature of ET

miss and Jets 

Motivation 
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HADRONIC SUSY SEARCHES 

Jets+ET
miss analyses:  

Ø  Jets+ET
miss  inclusive: inclusive search – relies on precise determination of all SM backgrounds with robust data-driven 

techniques 

Ø  Razor: uses kinematic variables to characterize SUSY pair- production 

Ø  The kinematic variable αT:   Reduces QCD background substantially (2011, 1.1fb-1) 
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 Effective QCD reduction by using kinematic variable: 

αT method: Overview 
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• Effective QCD reduction by using 
kinematic variable: 

! 

"T =
pT , j2 / pT , j1
2(1# cos$%)

QCD : cosΔΦ!-1, αT"0.5 

Processes with genuine Missing Transverse Energy:αT > 0.5 

(SUSY MC) 

αT method: Overview 
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• Effective QCD reduction by using 
kinematic variable: 

! 

"T =
pT , j2 / pT , j1
2(1# cos$%)

QCD : cosΔΦ!-1, αT"0.5 

Processes with genuine Missing Transverse Energy:αT > 0.5 

(SUSY MC) 

SUSY Low Mass (LM) Benchmark Points 
         m0: unified scalar mass 
         m1/2: unified gaugino mass 
         A0: trilinear soft couplings 
         tanβ:  <H0

2> / <H0
1>, sign µ parameter 

LM4: 210, 285, 0, 10, +  /  1.879pb   (KNLO=1.35) 
LM6:  85, 400, 0, 10, +   /  0.3104pb (KNLO=1.3)  

SUSY-PAS-11-003 



Altan CAKIR |  Searches Supersymmetry with the CMS Experiment |  December 2011  |  Page 13 
 

Ankara YEF Gunleri 2011, Ankara University, Ankara                                  

Jets+ET
miss analysis with the kinematic variable αT : 

   Background estimation  

αT method: Background estimation 

13 S. Paramesvaran (UC Riverside)             DPF 2011                         9th August 2011 
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QCD – mismeasured jets, jet 
resolution increases with pT – ratio 
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estimate W, top, from W        l! 
Z background from Gamma
+Jets Shape analysis is performed over the entire HT > 

275 GeV region to estimate SM background 

Jets + MET: Overview 

4 S. Paramesvaran (UC Riverside)             DPF 2011                         9th August 2011 

 (GeV)TH
0 200 400 600 800 1000

Ev
en

ts
 / 

10
 G

eV

-210

-110

1

10

210

310

410

510

610
CMS 

 = 7 TeVs
-1L = 36 pb Data

QCD

! ! "Z 

W

tt 

LM1

 (GeV)TH
0 200 400 600 800 1000

Ev
en

ts
 / 

10
 G

eV

-210

-110

1

10

210

310

410

510

610

 (GeV)TH
0 200 400 600 800 1000

Ev
en

ts
 / 

10
 G

eV

-210

-110

1

10

210

310

410

510

610

 (GeV)TH
500 1000 1500 2000

Ev
en

ts
 / 

40
 G

eV
-210

-110

1

10

210

CMS 
 = 7 TeVs

-1L = 36 pb Data

QCD

! ! "Z 

W

tt 

LM1

 (GeV)TH
500 1000 1500 2000

Ev
en

ts
 / 

40
 G

eV
-210

-110

1

10

210

 (GeV)TH
500 1000 1500 2000

Ev
en

ts
 / 

40
 G

eV
-210

-110

1

10

210

• Sensitive variables 
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(Missing) Transverse Hadronic Energy
(MHT/HT) 

•   >= 3 jets, pT >50 GeV 
• Jets not collinear with MHT vector 
(QCD suppression) 
(LM – low mass SUSY test point) 
• Define 2 search regions: 

• HT >300 GeV, MHT>250 GeV 
• HT > 500 GeV, MHT >150 GeV 

36.1pb-1 

36.1pb-1 

MHT 

HT 

2.2 HT Dependence of RαT 5
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(a) Comparison of HT between data and MC for the

hadronic selection for HT ≥ 375 GeV and H/T >
100 GeV.
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(b) Comparison of the jet multiplicity between data

and MC for the hadronic selection, for HT ≥ 375 GeV

and H/T > 100 GeV.
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(c) Comparison of the αT distribution between data

and MC for the hadronic selection, for HT ≥ 375 GeV

and H/T > 100 GeV.

Figure 1: Comparisons of basic quantities before the αT selection cuts.

2.2 HT Dependence of RαT

The ratio RαT
= N

αT>θ/N
αT<θ exhibits no dependence on HT if θ is chosen such that the nu-

merator of the ratio in all HT bins is dominated by tt, W +jets and Z → νν̄+jets events (referred

to in the following as EWK) and there is no significant contribution from events from QCD

multi-jet production [1]. This is demonstrated in Figure 3, using MC simulations for the cut

value θ = 0.55 over the range 275 < HT < 975 GeV.

One important ingredient in the RαT
method is the scaling of the jet pT thresholds in the low HT

bins to maintain jet multiplicities and thus comparable event kinematics and topologies in the

different HT bins. This is especially important in the case of the tt background, which have on

Ø  Electroweak backgrounds: real ET
miss – flat RαT  

 
 
Ø    QCD – there is no significant contribution from events 

from QCD 
 
Ø    Data – ratio consistent with SM background predictions 
Use data-driven techniques to estimate W, top, from W -> lν, 
Z background from Gamma +Jets 

αT method: Background estimation 
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QCD 
Use data-driven techniques to 
estimate W, top, from W        l! 
Z background from Gamma
+Jets Shape analysis is performed over the entire HT > 

275 GeV region to estimate SM background 

ü  The comparisons between data and MC simulation for the 
HT variable and the number of reconstructed jets per event, 
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ü  The ratio  RαT exhibits no dependence on HT if 0.55 is 
chosen such that the numerator of the ratio in all HT bins 
is dominated by tt, W +jets and Z → νν+jets events  

2.3 Estimation of Background from tt and W + Jets Events using a Muon Control Sample 7
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Figure 3: (Left) The dependence of RαT
on HT for events with Njet ≥ 2. (Right) Dependence of

RαT
on HT when varying the effective cross-section of the four major EWK background compo-

nents individually by ±15%. (Markers are artificially offset for clarity.)

no evidence in the 2011 data that would invalidate the QCD free hypothesis, which in turn is

assumed to lead to RαT
being constant with HT.

Figure 3 (right) demonstrates the independence of RαT
on HT, based on MC simulations, even

when varying the effective cross-section of the four major EWK background components in-

dividually by as much as ±15%, which reflects our current knowledge of the cross sections

for these backgrounds [15, 16]. In each case, the behaviour is always consistent with the flat

hypothesis, with a p-value of at least 0.47. Studies with larger variations of ±50% also lead to p-

values that are consistent with the flat hypothesis. This is how the assumption of flat behaviour

is tested against the systematic uncertainties associated with the cross-section measurements

of the different EWK backgrounds.

In 2010, a cut-based approach was used, in which an extrapolation from a low-HT control region

(250 GeV < HT < 350 GeV) into the HT signal region (HT > 350 GeV) was performed in order

to estimate the SM background. In the current analysis of the 2011 data, a shape analysis over

the entire HT > 275 GeV region is carried out.

2.3 Estimation of Background from tt and W + Jets Events using a Muon Control
Sample

An estimate of the backgrounds from unidentified leptons and hadronic tau decays originating

from high-pT W bosons is obtained through the use of a muon control sample. In this sample

we explicitly select W’s decaying to a muon and a neutrino in the phase-space of the signal.

This is performed in the same HT bins as for the hadronic signal selection.

All cuts on jet-based quantities are consistent with those applied in the hadronic search region.

In order to select W events we have the following additional cuts:

• One isolated muon with pT > 10 GeV and |η| < 2.5.

• MT > 30 GeV, where MT is the transverse mass of the W candidate.

• ∆R(jet,muon) > 0.5

• H/T/HT > 0.4

• No second isolated muon in the event. This reduces Z → µµ.

SUSY-PAS-11-003 
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Jets+ET
miss analysis with the kinematic variable αT :       

 Interpretation of Physics Results 2011 

αT method: Results 2011  

14 S. Paramesvaran (UC Riverside)             DPF 2011                         9th August 2011 
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14 6 Summary

Table 5: Fit Results for 1.1fb−1. Since the QCD fit parameters are compatible with zero (see
text), the listed QCD contributions in this table are also compatible with zero.

HT Bin (GeV) 275–325 325–375 375–475 475–575

W + tt̄ background 363.7 152.2 88.9 28.8
Z → νν̄ background 251.4 103.1 86.4 26.6

QCD background 172.4 55.1 26.9 5.0
Total Background 787.4 310.4 202.1 60.4

Data 782 321 196 62
HT Bin (GeV) 575–675 675–775 775–875 875–∞

W + tt̄ background 10.6 3.1 0.6 0.6
Z → νν̄ background 8.7 4.3 2.5 2.2

QCD background 1.0 0.2 0.1 0.0
Total Background 20.3 7.7 3.2 2.9

Data 21 6 3 1

Figure 8 shows the observed and expected 95% CL exclusion limits in the m0-m1/2 plane for
tan β = 10 and A0 = 0 GeV calculated with a two-sided profile likelihood method. Squark and
gluino masses of 1.25 TeV can be excluded for values of the common scalar mass at the GUT
scale m0 < 530 GeV. When calculating the observed limit using the CLs method [23], squark
and gluino masses of 1.1 TeV can be excluded for m0 < 500 GeV.

6 Summary
In this note we have presented a search for supersymmetry in dijet and multijet events using
the αT variable. The analysis presents an update of the published paper [1] with some further
refinements. The study is currently based on an integrated luminosity of 1.1 fb−1, correspond-
ing to a factor 30 increase in analysed data compared to the 2010 analysis. The observed HT
distribution for events with αT > 0.55 is in good agreement with the SM expectation obtained
from data control samples. In the absence of a signal, limits on the allowed parameter space in
the CMSSM were set which exceed those set by previous analyses. Squark and gluino masses
of 1.1 TeV can be excluded for values of the common scalar mass at the GUT scale m0 < 0.5 TeV.
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SUSY-PAS-11-006 

2 2 Detector and Trigger

Figure 1: Schematic diagram indicating the various event samples used for background eval-

uation. SIG refers to signal regions, SB to the sideband region 150 < E
miss

T
< 200 GeV, LSB to

the low-sideband region 50 < E
miss

T
< 100 GeV, and LDP to the low ∆φmin

N
region ∆φmin

N
< 4.0.

The diagram illustrates the loose selection, which requires HT > 350 GeV for all SB and SIG

regions and E
miss

T
> 200 GeV for the SIG regions. The tight selection is the same except with

HT > 500 GeV and E
miss

T
> 300 GeV, respectively. Beside the standard method to evaluate the

top and W+jets background, indicated in the diagram, we have a cross-check method based on

different procedures.

calorimeter. Muons are detected with gas-ionization chambers embedded in the steel flux-

return yoke outside the solenoid. The tracker covers the region |η| < 2.5 and the calorimeters

|η| < 3.0. The region 3 < |η| < 5 is instrumented with a forward calorimeter. The near-

hermeticity of the detector permits accurate measurement of energy balance in the transverse

plane.

The principal trigger used in the analysis is based on cross-object requirements for HT and

MHT, where HT is the scalar sum of the transverse energy of jets and MHT is the modulus of the

corresponding vector sum. The trigger is found to be 100% efficient for the offline requirements

HT > 400 GeV and E
miss

T
> 150 GeV. Our loosest analysis requirement is HT > 350 GeV and

E
miss

T
> 150 GeV, for which the trigger is about 99% efficient. A correction is applied to account

for this small inefficiency. As part of the evaluation of the QCD and Z+jets background, we

also employ a pre-scaled pure HT trigger and specialized lepton triggers, respectively. A cross-

object muon and HT trigger is used as part of our cross-check analysis of the top and W+jets

background.

Schematic diagram indicating the various event samples used for background evaluvation 
6 5 The ∆φmin

N Variable

Figure 3: Illustration of variables used to calculate ∆φmin

N
in the case of an event with exactly

three jets. The light-shaded (light gray) solid arrows show the true pT values of the three jets i,

j, and k. The dark-shaded (black) solid arrows show the reconstructed jet pT values. αj and αk

are the angles of jets j and k with respect to jet i. The E
miss

T
for the event is shown by the dotted

(red) arrow. The component of E
miss

T
perpendicular to jet i, denoted Ti, is shown by the dotted

(red) line. ∆φi is the angle between E
miss

T
and jet i.

its direction, and that most E
miss

T
in a QCD event arises from the mismeasurement of a single

jet. The situation is depicted in Fig. 3 for the case of an event with exactly three jets i, j, and k.

The pT mismeasurements of jets j and k cause E
miss

T
to point away from jet i’s axis and thus

∆φi to deviate from zero. Let Ti be the component of E
miss

T
perpendicular to jet i. Then T

2

i
≈

(∑n σpT,n sin αn)2, where the sum is over all other jets in the event with pT > 30 GeV. Our

estimate of the ∆φ resolution is σ∆φ,i = arctan(Ti/E
miss

T
). For the pT resolution, we use the

approximate result σpT
= 0.10 pT [10].

Figure 4 (a) shows the distribution of ∆φmin in intervals of E
miss

T
for a QCD MC sample with ≥ 1

b-jets selected with our loose criteria except for the ∆φmin

N
requirement. The strong correlation

between ∆φmin and E
miss

T
is evident. Figure 5 (a) shows the ratio of the number of QCD MC

events with ∆φmin < 0.3 to the number with ∆φmin > 0.3, based on the same event selection.

(The requirement ∆φmin > 0.3 or similar is commonly used to reject QCD background, see,

e.g., Ref. [6].) The corresponding results for ∆φmin

N
are shown in Figs. 4 (b) and 5 (b). For the

latter figure we choose ∆φmin

N
= 4.0 in place of ∆φmin = 0.3, which yields a similar selection

efficiency for E
miss

T
> 100 GeV. For E

miss

T
> 30 GeV, the distributions based on ∆φmin

N
are seen

to be far less dependent on E
miss

T
than those based on ∆φmin.

Figure 5 (c) shows the ratio N(∆φmin

N
≥ 4)/N(∆φmin

N
< 4) for a QCD MC sample in which

there are zero tagged b-jets. By requiring that there not be a b-jet, we reduce the contribution of

top events. It is seen that N(∆φmin

N
≥ 4)/N(∆φmin

N
< 4) is not significantly different between

Figs. 5 (b) and (c), i.e., this ratio has an approximately constant value of about 0.13 (for E
miss

T

values larger than about 30 GeV) irrespective of the number of b-jets. The measured result for

N(∆φmin

N
≥ 4)/N(∆φmin

N
< 4) with zero b-jets is shown in Fig. 6 in comparison to MC predic-

tions. These data are collected with a pre-scaled HT trigger, which allows us to select events

at low E
miss

T
without introducing a trigger bias. At low E

miss

T
, the distribution is dominated by

QCD.

SIG: Signal Regions 

SB:  Side Band 

LSB: Low Side Band 
LDP: Low Delta Phi 
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Jets+ET
miss analysis with b-quark Jets  3
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(d)

Figure 2: Distribution of Emiss

T
for the (a,b) loose and (c,d) tight signal selections in compar-

ison to MC for (a,c) ≥ 1 b-jets and (b,d) ≥ 2 b-jets. The hatched bands show the statistical

uncertainty on the total standard model MC prediction.

3 Event Selection
Physics objects are defined using the particle flow (PF) method [8], which reconstructs and

identifies charged and neutral hadrons, muons, electrons (with associated bremsstrahlung pho-

tons), and photons, using an optimized combination of information from CMS subdetectors.

The PF objects serve as input for jet reconstruction, based on the anti-kT algorithm [9] with

resolution scale 0.5. pT- and η-dependent jet corrections [10] account for residual effects of

non-uniform detector response. The missing transverse energy Emiss

T
is defined as the mag-

nitude of the vector sum of the transverse momenta of all PF objects. The Emiss

T
vector is the

negative of that same vector sum. Henceforth, the jet, lepton, and Emiss

T
results in this note refer

to the corresponding PF quantities.

The basic event selection criteria are:
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Jets+ET
miss analysis with b-quark Jets: Summary  

23

Table 15: SM background estimates from the procedures of Sects. 6.1-6.4 in comparison with the
observed number of events in data. Our final SM background estimates are given in Table 16.
Top and W+jets cross-check results are not available for the loose selection because of trigger
restrictions. The first uncertainties are statistical and the second systematic.

Loose search region Tight search region
≥ 1 b ≥ 2 b ≥ 1 b ≥ 2 b

QCD 9 ± 1 ± 9 0.0 ± 0.4+5.8
−0.0 0.2 ± 0.2+0.5

−0.2 0.1 ± 0.1+0.4
−0.1

top and W+jets 108 ± 18 ± 13 24 ± 7 ± 5 13 ± 5 ± 4 7 ± 4 ± 3
top and W+jets cross-check — — 17.0 ± 5.7 ± 2.1 5.9 ± 3.5 ± 1.3
Z → νν 24 ± 11 ± 4 2.6 ± 2.9 ± 2.0 5.0 ± 1.6 ± 2.0 0.2 ± 0.4 ± 0.5
Total SM 141 ± 21 ± 16 25.8 ± 7.4+7.8

−5.2 18.2 ± 5.3 ± 4.5 7.3 ± 4.0 ± 4.3
Data 155 30 20 5

Table 16: SM background estimates from the likelihood fit, in comparison with the observed
number of events in data. The uncertainties are the combined statistical and systematic terms.
95% CL upper limits on the number of observed CMSSM LM9 signal events evaluated with the
CLs method are also shown.

Loose search region Tight search region
≥ 1 b ≥ 2 b ≥ 1 b ≥ 2 b

QCD 9.7 +10.1
−8.4 0.0 +3.7

−0.0 0.2 +0.8
−0.2 0.1 +0.6

−0.1
top and W+jets 115 ± 15 24.5 ± 5.5 13.9 +4.6

−4.3 5.0 +2.4
−1.9

Z → νν 29 +14
−11 5.2 +4.6

−2.9 5.3 +3.6
−2.7 0.6 +0.9

−0.6
Total SM (LH) 152.8 29.7 19.5 5.7
Data 155 30 20 5
LM9 95% CL upper limit 91 21 20 7.3
LM9 MC 145 58 27 9.3

consistent manner.

The data are divided into 12 mutually exclusive bins corresponding to the boxes of Fig. 1, which
are the 12 observables of the analysis. The likelihood model provides a prediction for the mean
expected value of each observable in terms of the parameters of the signal and background
components. The likelihood is the product of 12 Poisson probability distribution functions
(PDF), one for each observable, and log-normal PDFs that account for systematic uncertainties
and uncertainties on external parameters.

NP can contribute significantly to six of the 12 observables, corresponding to the four boxes
labeled “Signal selection” and the two labeled “Single lepton” in Fig. 1. In our likelihood anal-
ysis, the relative contributions of NP to these six boxes are taken from the NP model under
consideration. The NP yield in the SIG box is a free parameter. Thus the NP contribution to the
other five boxes is tied to that of the SIG box. We perform MC exercises for both the loose and
tight selections by setting the 12 observables to either the SM-only predicted values (based on
MC) or to the SM+SUSY (LM9) values. The fitted yields in both cases agree with the true MC
values for all the individual SM and NP terms.

95% confidence level (CL) upper limits are evaluated with the CLs [25] method, taking into
account the effects of variation of the external parameters and their correlations. We perform
cross-checks (not presented below) using the profile likelihood technique. The upper limits we
obtain with the latter method are slightly more conservative than those found with CLs.

26 9 Summary
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Figure 14: Observed 95% CL upper limits in the CMSSM m1/2 versus m0 mass plane, evaluated

with the CLs method. The fixed CMSSM parameters are tan β = 40, A0 = −500 GeV, and µ > 0.

Note that for the ≥ 2 b tight case, statistical fluctuations in the observed limits, combined with

a conservative approach to drawing the exclusion curve, lead to a steep drop in the excluded

region for m0 ≈ 800 GeV.

expected limit is chosen. Because the best expected result is dominated by two of the selection

options, we simplify the procedure by selecting only from these two options, ≥ 1 b tight and

≥ 2 b loose. Figure 18 shows the signal efficiency for the selection that yields the best expected

result, and the best expected selection itself. We do not present results for points near the mg̃ =
mLSP diagonal because we neglect uncertainties from initial-state radiation, which are large in

this region. Signal contamination is treated in the same manner as for the rest of the analysis,

but because the T1bbbb model contains no leptons, the pattern of signal contamination differs

compared to the CMSSM study.

9 Summary
In this note, we present a search for an anomalous rate of events with three or more jets, at

least one b-quark jet, no leptons, and large missing transverse energy Emiss

T
. The principal

standard model backgrounds, due to top and W+jets, Z+jets, and QCD events, are evaluated

with data-based techniques. We introduce a variable ∆φmin

N
that allows us to address the QCD

multi-jet background with a simple approach. Our analysis is performed in a comprehensive

likelihood framework, which permits us to account for new physics contamination of the signal

and control regions in a consistent and unified manner.

We find no evidence for an excess of events above the expectation from the standard model and

set limits on new physics in the context of the constrained minimal supersymmetric extension

of the standard model, and also in the context of the generic simplified model T1bbbb, in which

new particles decay to two b-quark jets plus an undetected particle.
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plane for the ≥ 1 b tight selection, evaluated with the CLs method. The fixed CMSSM parame-

ters are tan β = 40, A0 = −500 GeV, and µ > 0. The 1-standard deviation uncertainties of the

expected result are also indicated.
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Figure 16: Diagram for the b-enriched simplified model T1bbbb.
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LEPTONIC SUSY SEARCHES 

q Same-Sign pairs extremely rare in SM, but appear naturally in many Beyond 
the Standard Model (BSM) scenarios. 

q  SUSY, Universal Extra Dimensions, SS top pair production, Heavy Majorana neutrinos. 

q Dominant SM backgrounds: 
q  ttbar with “fake” leptons (b/c <-> e/µ)            à  fake ratio / isolation extrapolation 

q Charge mis-reconstruction                              à  use Z`s for charge 

q Rare SM processes: qq àq’q’W+/-W+/-, ttW     à  estimate from MC 

Jets+Lepton(s) +ET
miss  analysis: Same-Sign Di-Lepton Search (2011, L = 0.98 fb-1)   

From Data 

Intro: Same-Sign Dilepton Search!
•  SS lepton pairs extremely rare in SM, but appear naturally in many 

BSM scenarios!
–  SUSY, universal extra dimensions, SS top pair production, heavy 

Majorana neutrinos!
•  Dominant SM backgrounds:!

–  tt with “fake” leptons (b/c  e/μ)!
–  Charge misreconstruction!
–  Rare SM processes: qq q’q’W±W±, ttW!

August 10th, 2011! DPF2011! 13 

dominant background: !
tt with fake lepton!

!"#$%&'()*"&)+(%,$-"
."//0"."1/"

example signal: !
SUSY with 2 χ± decays!

!"#$%&'(%)*(+(,(+--+.-.%./01%2+-%

estimate from data:!
fake rate / iso extrapolation!
same-sign Z’s!
estimate from MC!

SUSY-PAS-11-010 
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Same-Sign Di-Lepton Search: Search Regions   

q Search for new physics in three complementary samples 
q  High-pT leptons: search for high lepton pT 

q Inclusive leptons: extend search to low lepton pT à compensate trigger rate by increasing HT cut 

q Τau – hadrons: improve sensitivity to 3rd generation 

q Define pre-selection regions in ET
miss- HT plane (veto shaded regions) 

q Validate data-driven background estimates with ~10-100 events  

q Define search regions by adding ET
miss, HT requirements ->Data Driven techniques 

5

2. medium-HT high-E
miss

T with HT > 200 GeV and E
miss
T > 120 GeV, targets models with

moderate mass-splittings between g̃/q̃ and χ̃+
1 /χ̃0

2;

3. high-HT low-E
miss

T with HT > 400 GeV and E
miss
T > 50 GeV, providing a high expected

sensitivity to CMSSM with high values of m0;

4. low-HT high-E
miss

T with HT > 80 GeV and E
miss
T > 100 GeV, providing a high expected

sensitivity to models predicting low hadronic activity with a high E
miss
T , like those with

sneutrino LSP in the context of phenomenological MSSM (pMSSM) [23, 24].

The thresholds on HT and E
miss
T used to define the search regions are chosen not only to ac-

commodate trigger thresholds and to probe distinct regions of the parameter space, but also to
both limit and diversify our exposure to the standard model backgrounds. When comparing
the search regions to the baseline selections, one will readily observe that search region 4 is
only accessible to the high-pT dileptons, and that the τ-dileptons component of this analysis can
only probe search region 1.
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Figure 2: HT versus E
miss
T scatter plots for the three baseline regions in data: inclusive dileptons

(left), high-pT dileptons (center), and τ-dileptons (right).

Figure 2 shows the events observed in data on the HT–E
miss
T plane for the three baseline se-

lection categories. The gray shaded area in each plot represents the phase space that is not
considered for a baseline or a search region, as it is dominated by background and is typically
outside of the trigger acceptance. The dashed and solid lines denote the boundaries of the
respective search regions. Most of events observed in data have rather low values of HT and
E

miss
T , and do not fall into any of the search regions.

6 Background Estimation
Standard model sources of same-sign dilepton events with both leptons coming from a W or
Z decay are very small in our data sample. Simulation-based predictions of the combined
yields for qq → WZ and ZZ, double “W-strahlung” qq → q�q�W±W±, double parton scattering
2× (qq → W±), and ttW comprise a fraction of about 10% to 40% of the total background in the
final states considered, the smallest in the baseline selections and the largest in search region
1 (high-HT and high-Emiss

T ). As these processes have never been measured in proton-proton
collisions, apart from WZ [25], and their background contributions are very small, we evaluate
them using simulation,1 assigning a 50% systematic uncertainty. The background contribution

1We have ignored the triple-boson WWW or alike contributions.
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q Search regions: good agreement between observed yields and predicted 
background. 
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Figure 3: Summary of background predictions and observed yields in the baseline region for

the inclusive (left), high-pT (right), and τ dilepton (bottom) selections. For the inclusive selections,
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each channel, respectively. For the high-pT selections, the results of method (A2) are compared

with those from method (A1) in the left and right bar for each channel, respectively. Predictions

for events with one and two fakes (prompt-fake and fake-fake), contributions from simulated

backgrounds (SS prompt-prompt), and those from events with a lepton charge misreconstruc-

tion (OS prompt-prompt) are reported separately.
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Table 4: Observed number of events in data compared to the predicted background yields for

the τ dilepton search region. The uncertainties include the statistical and systematic components

added in quadrature. The last column (95% CL UL yield) represents the observed upper limit

on event yields from new physics.

Search Region eτ µτ ττ Total 95% CL

(minimum HT/E
miss

T
) UL yield

Region 1 (400/120)

Predicted background 1.1 ± 0.4 1.8 ± 1.4 0.0 ± 0.2 2.9 ± 1.7

Observed 1 2 0 3 5.8
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Figure 4: Summary of background predictions and observed yields in the search regions for

the inclusive and τ (left), and high-pT dilepton (right) selections. For the inclusive selections, the

results of method (B) are compared with those from method (A1) in the left and right bar for

each channel, respectively. For the high-pT selections, the results of method (A2) are compared

with those from method (A1) in the left and right bar for each channel, respectively. Predictions

for events with one and two fakes (prompt-fake and fake-fake), contributions from simulated

backgrounds (SS prompt-prompt), and those from events with a lepton charge misreconstruc-

tion (OS prompt-prompt) are reported separately.

Inclusive & τau-dilepton selections High-pT selections 

Predictions for events with one and two fakes, contributions from simulated backgrounds, and 
those from events with a lepton charge misreconstruction are shown separately. 
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16 10 Summary and Conclusions

As a reference to other searches for SUSY, we interpret results in search region 1 in the context of

CMSSM model. The observed upper limits on the number of signal events reported in Section 8

are compared to the expected number of events in the CMSSM model in a plane of (m0, m1/2)
for tan β = 10, A0 = 0, and µ > 0. All points with mean expected values above this upper

limit are interpreted as excluded at the 95% CL. The observed exclusion region for the high-pT

dilepton selection is displayed in Fig. 5. The shaded region represents the uncertainty on the

position of the limit due to an uncertainty on the production cross section of CMSSM resulting

from PDF uncertainties and the NLO cross section uncertainty estimated from varying the

renormalization scale by a factor of two. The expected exclusion region is approximately the

same as the observed one. An exclusion region based on our previous analysis [9] is also shown

for a comparison. The new result extends to gluino masses of 825 GeV in the region with similar

values of squark masses and extends to gluino masses of 675 GeV for higher squark masses.

This can be compared to the exclusion of just around 500 GeV in the previous analysis. The

result for the inclusive dilepton selection is also shown in Fig. 6.
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Figure 5: Exclusion region in the CMSSM corresponding to the observed upper limit of 3.0

events in the search region 1 of the high-pT dilepton selections. The result of the previous analy-

sis [9] is shown to illustrate the improvement since.

10 Summary and Conclusions
We have searched for new physics with same-sign dilepton events in the ee, µµ, eµ, eτ, µτ, and

ττ final states, and have seen no evidence for an excess over the background prediction. The τ
leptons referred to here are reconstructed via their hadronic decays.

17
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Figure 6: Exclusion region in the CMSSM corresponding to the observed upper limit of 3.7

events in the search region 1 of the inclusive dilepton selections. The result of the previous

analysis [9] is shown to illustrate the improvement since.

The dominant background processes in all final states except ττ involve events with one fake

lepton. In the ττ final state, events with two fake τ dominate. We have presented methods to

derive estimates for all major background sources from the data. We have set 95% CL upper

limits on the number of signal events within |η| < 2.4 at 0.98 fb
−1

in the range of 3.0 to 8.9

events, depending on signal search region. As a reference to other SUSY searches, we report

exclusion regions in the CMSSM parameter space.
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q Signature: Opposite-Sign (OS) leptons + ≥2 jets + Et
miss 

q Dominant background: tt à di-lepton 

 

q Perform pre-selection to reject non-tt backgrounds: 
q  ≥2 isolated leptons: (e or µ) pT > (20,10) GeV 

q  Reject same-flavor pairs consistent with Z-mass 

q  ≥2jets (pT >30GeV, |η|<3.0), HT >100GeV, ET
miss > 50 GeV 

q Pre-selection region results 
q  Background is > 90% tt (from MC) 

q  Reasonable Data/MC agreement in yields, kinematic  

distributions  
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Figure 1: Distributions of (top left) missing tranverse energy E
miss
T , (top right) scalar sum of

jet transverse energies (HT), (bottom left) dilepton invariant mass m(��), and (bottom right)
dilepton transverse momentum pT(��) for SM MC and data after preselection. The last bin
contains the overflow. The MC has been normalized to match the data by applying a scale
factor of 1.13. Here VV indicates the sum of WW, WZ, and ZZ. The MC distributions for the
LM6 benchmark point are also shown.

4 Search for a Kinematic Edge
Any new physics process which produces leptons via a cascade decay chain will lead to final
states containing same-flavor (SF) ee or µµ lepton pairs only, provided that lepton flavor is
conserved. In contrast, for the dominant background tt as well as other SM processes such
as W

+
W

− and DY → τ+τ−, the 2 lepton flavors are uncorrelated, and the rates for SF and
opposite-flavor (OF) eµ lepton pairs are therefore the same. Hence we can search for new
physics in the SF final state, and model the backgrounds using events in the OF final state.

In Sec. 5 we search for an excess of events with SF with respect to OF lepton pairs, accompanied
by large E

miss
T and HT. In this section, we search for a kinematic edge in the dilepton mass

distribution for same-flavor events. This edge is a characteristic feature of, for example, SUSY
scenarios in which the opposite-sign leptons are produced via the decay χ0

2 → ��̃ → χ0
1�

+�−.
The tt background shape is extracted from events with OF lepton pairs, and we perform a fit to

4 4 Search for a Kinematic Edge

data

tt

DY

VV

single top

W+jets

LM6

 (GeV)miss
TE

0 50 100 150 200 250 300

1

10

210

310

CMS Preliminary
-1Ldt = 0.98 fb! = 7 TeV, s

µ/eµµEvents with ee/

 (GeV)TH
0 100200300400500600700800 9001000

1

10

210

310

410 CMS Preliminary
-1Ldt = 0.98 fb! = 7 TeV, s

µ/eµµEvents with ee/

m(ll) (GeV)
50 100 150 200 250 3000

100

200

300

400

500
CMS Preliminary

-1Ldt = 0.98 fb! = 7 TeV, s
µ/eµµEvents with ee/

(ll) (GeV)
T

p
0 50 100 150 200 250 3000

100

200

300

400

500

600
CMS Preliminary

-1Ldt = 0.98 fb! = 7 TeV, s
µ/eµµEvents with ee/

Figure 1: Distributions of (top left) missing tranverse energy E
miss
T , (top right) scalar sum of

jet transverse energies (HT), (bottom left) dilepton invariant mass m(��), and (bottom right)
dilepton transverse momentum pT(��) for SM MC and data after preselection. The last bin
contains the overflow. The MC has been normalized to match the data by applying a scale
factor of 1.13. Here VV indicates the sum of WW, WZ, and ZZ. The MC distributions for the
LM6 benchmark point are also shown.

4 Search for a Kinematic Edge
Any new physics process which produces leptons via a cascade decay chain will lead to final
states containing same-flavor (SF) ee or µµ lepton pairs only, provided that lepton flavor is
conserved. In contrast, for the dominant background tt as well as other SM processes such
as W

+
W

− and DY → τ+τ−, the 2 lepton flavors are uncorrelated, and the rates for SF and
opposite-flavor (OF) eµ lepton pairs are therefore the same. Hence we can search for new
physics in the SF final state, and model the backgrounds using events in the OF final state.

In Sec. 5 we search for an excess of events with SF with respect to OF lepton pairs, accompanied
by large E

miss
T and HT. In this section, we search for a kinematic edge in the dilepton mass

distribution for same-flavor events. This edge is a characteristic feature of, for example, SUSY
scenarios in which the opposite-sign leptons are produced via the decay χ0

2 → ��̃ → χ0
1�

+�−.
The tt background shape is extracted from events with OF lepton pairs, and we perform a fit to

4 4 Search for a Kinematic Edge

data

tt

DY

VV

single top

W+jets

LM6

 (GeV)miss
TE

0 50 100 150 200 250 300

1

10

210

310

CMS Preliminary
-1Ldt = 0.98 fb! = 7 TeV, s

µ/eµµEvents with ee/

 (GeV)TH
0 100200300400500600700800 9001000

1

10

210

310

410 CMS Preliminary
-1Ldt = 0.98 fb! = 7 TeV, s

µ/eµµEvents with ee/

m(ll) (GeV)
50 100 150 200 250 3000

100

200

300

400

500
CMS Preliminary

-1Ldt = 0.98 fb! = 7 TeV, s
µ/eµµEvents with ee/

(ll) (GeV)
T

p
0 50 100 150 200 250 3000

100

200

300

400

500

600
CMS Preliminary

-1Ldt = 0.98 fb! = 7 TeV, s
µ/eµµEvents with ee/

Figure 1: Distributions of (top left) missing tranverse energy E
miss
T , (top right) scalar sum of

jet transverse energies (HT), (bottom left) dilepton invariant mass m(��), and (bottom right)
dilepton transverse momentum pT(��) for SM MC and data after preselection. The last bin
contains the overflow. The MC has been normalized to match the data by applying a scale
factor of 1.13. Here VV indicates the sum of WW, WZ, and ZZ. The MC distributions for the
LM6 benchmark point are also shown.

4 Search for a Kinematic Edge
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conserved. In contrast, for the dominant background tt as well as other SM processes such
as W
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− and DY → τ+τ−, the 2 lepton flavors are uncorrelated, and the rates for SF and
opposite-flavor (OF) eµ lepton pairs are therefore the same. Hence we can search for new
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In Sec. 5 we search for an excess of events with SF with respect to OF lepton pairs, accompanied
by large E

miss
T and HT. In this section, we search for a kinematic edge in the dilepton mass

distribution for same-flavor events. This edge is a characteristic feature of, for example, SUSY
scenarios in which the opposite-sign leptons are produced via the decay χ0
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+�−.
The tt background shape is extracted from events with OF lepton pairs, and we perform a fit to

3

the calorimeters) and the transverse momentum (as measured in the silicon tracker) of all ob-
jects within this cone, excluding the lepton, and dividing by the lepton transverse momentum.
The resulting quantity is required to be less than 0.15, rejecting the large background arising
from QCD production of jets.

We require the presence of at least two jets with pT > 30 GeV/c and |η| < 3.0, separated by
∆R > 0.4 from leptons passing the analysis selection with pT > 10 GeV/c. The anti-kT clustering
algorithm [16] with ∆R = 0.5 is used for jet clustering. The jets and E

miss
T are reconstructed with

the Particle Flow technique [17]. The event is required to satisfy HT > 100 GeV, where HT is
defined as the scalar sum of the transverse energies of the selected jets. In addition, the E

miss
T in

the event is required to exceed 50 GeV.

The data yields and corresponding MC predictions after this event preselection are given in
Table 1. The MC yields are normalized to 0.98 fb−1 using next-to-leading order (NLO) cross
sections. At the current LHC luminosity, the mean number of interactions in a single beam
crossing is approximately 5. In the MC, multiple interactions are superimposed on the hard
collision, and the MC is reweighted such that the distribution of reconstructed primary vertices
matches that in data. As expected, the MC predicts that the sample passing the preselection is
dominated by dilepton tt̄. The data yield is in reasonable agreement with the prediction. We
also quote the yields for the LM1, LM3 and LM6 benchmark scenarios.

Table 1: Data yields and MC predictions after preselection, using the quoted NLO production
cross sections σ. The tt̄ → �+�− corrresponds to dilepton tt̄, including t → W → τ → �;
tt̄ → fake includes all other tt̄ decay modes. The samples of MC tt̄, W

± + jets, and single-
top events were generated with MADGRAPH. The Drell–Yan sample (which includes events
with invariant masses as low as 10 GeV/c

2) was generated using a mixture of MADGRAPH and
PYTHIA and includes decays to the τ+τ− final state. All other samples were generated with
PYTHIA. The LM1, LM3 and LM6 benchmark scenarios are defined in the text; the quoted σ
values refer to the total production cross section for SUSY particles in these scenarios. Uncer-
tainties are statistical only.

Sample σ [pb] ee µµ eµ total
tt̄ → �+�− 17 412.8 ± 8.9 465.4 ± 9.0 1095.6 ± 14.2 1973.8 ± 19.0
tt̄ → fake 141 12.6 ± 1.6 3.7 ± 0.8 22.7 ± 2.0 39.0 ± 2.7
DY→ �+�− 16677 18.6 ± 5.0 26.6 ± 6.0 37.6 ± 7.1 82.8 ± 10.6
W

+
W

− 43 4.0 ± 0.5 4.3 ± 0.4 9.5 ± 0.7 17.7 ± 0.9
W

±
Z

0 18 0.8 ± 0.1 1.0 ± 0.1 1.9 ± 0.1 3.8 ± 0.2
Z

0
Z

0 5.9 0.3 ± 0.0 0.4 ± 0.0 0.4 ± 0.0 1.2 ± 0.1
single top 102 12.6 ± 0.6 14.0 ± 0.6 33.2 ± 1.0 59.9 ± 1.3
W + jets 96648 12.6 ± 5.4 0.0 ± 0.0 7.8 ± 4.6 20.5 ± 7.1
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preselection. As an illustration, we also show the MC distributions for the LM6 benchmark
point. We find that the SM MC reproduces the properties of the bulk of data.
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Table 2: Summary of the observed and predicted yields in the 2 signal regions. The uncertainty
in the MC prediction is statistical only. The systematic uncertainties on the ABCD’ and pT(��)
method predictions are discussed in the text. The background yield Nbkg is the error-weighted
average of the 2 data-driven predictions. The non-SM yield UL is a CLS 95% confidence level
upper limit. The LM1, LM3 and LM6 yields include uncertainties from MC statistics, trigger
efficiency, lepton selection efficiency, hadronic energy scale and integrated luminosity.

high E
miss
T signal region high HT signal region

observed yield 8 4
MC prediction 7.3 ± 2.2 7.1 ± 2.2
ABCD’ prediction 4.0 ± 1.0 (stat) ± 0.8 (syst) 4.5 ± 1.6 (stat) ± 0.9 (syst)
pT(��) prediction 14.3 ± 6.3 (stat) ± 5.3 (syst) 10.1 ± 4.2 (stat) ± 3.5 (syst)
Nbkg 4.2 ± 1.3 5.1 ± 1.7
non-SM yield UL 10 5.3
LM1 49 ± 11 38 ± 12
LM3 18 ± 5.0 19 ± 6.2
LM6 8.1 ± 1.0 7.4 ± 1.2

Table 3: Summary of the opposite-flavor subtraction results. The quantity ∆ is defined in Eq. 4.
The CLS 95% CL upper limit on this quantity, as well as the predicted values in the LM1, LM3
and LM6 scenarios, are also summarized. The LM1, LM3 and LM6 uncertainties are from MC
statistics, trigger efficiency, lepton selection efficiency, hadronic energy scale and integrated
luminosity.

high E
miss
T signal region high HT signal region

observed ∆ 3.6 ± 2.9 (stat) ± 0.4 (syst) -0.9 ± 1.8 (stat) ± 1.1 (syst)
UL 7.9 3.6
LM1 27 ± 6.0 24 ± 7.6
LM3 3.2 ± 0.9 3.3 ± 1.1
LM6 2.0 ± 0.2 1.9 ± 0.3

Et
miss >  275 GeV  

HT     >  300 GeV 
Et

miss >  200 GeV  
HT     >  600 GeV 

q  Estimate background in signal regions with two data-driven 
techniques: 
q  Factorization (ABCD) method using 2 weakly  
correlated variables: y = ET

miss 
q   pT(ll): use  pT(ll) to model  pT(νν) ~ ET

miss 
q   Nbckg : error-weighted average of 2 predictions 

q  Observed yields consistent with MC, data-driven background 
estimates à no evidence for SUSY  

q  Extract 95% CL upper limits on non-SUSY yields 
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Figure 7: The observed 95% CL exclusion contour at NLO (solid red line) and the expected

exclusion contour (dashed blue line) with ±1σ variation (shaded blue region) in the CMSSM

(m0, m1/2) plane for tan β = 10, A0 = 0 and µ > 0. The area below the curve is excluded

by this measurement. Exclusion limits obtained from previous experiments are presented as

filled areas in the plot. Thin grey lines correspond to constant squark and gluino masses. This

exclusion is based on the results of the high HT signal region, for which the observed yield is 4

events and the expected background yield is 5.1 ± 1.7 events. The exclusion contour based on

34 pb−1 2010 data is also displayed.
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to the predicted values in the LM1, LM3 and LM6 scenarios. For the specific benchmark SUSY
processes considered in this note, the results of the inclusive search achieve higher sensitivity
than the results of the correlated flavor search. These results significantly extend the sensitivity
of our previous 2010 results [2].

The results of the counting experiments in the high E
miss
T and high HT signal regions are also

used to place model-dependent limits on the quantity σ × A for the benchmark processes LM1,
LM3 and LM6. Here σ is the NLO cross-section and the acceptance is defined by the following
requirements, applied to the generator-level quantities. We require the presence of at least 2
opposite-sign leptons (electrons or muons) with pT > 10 GeV and |η| < 2.5; at least 1 of the
leptons must have pT > 20 GeV, and same-flavor lepton pairs with 76 < m(��) < 106 GeV are
vetoed. We require at least 2 generator-level jets with pT > 30 GeV and |η| < 3.0, separated
by ∆R > 0.4 from any lepton passing the above selection; the generator-level HT is the scalar
sum of the transverse energies of these selected jets. The generator-level E

miss
T is the vector

sum of the transverse momenta of the invisible neutrinos and LSP’s. For each signal region we
include the corresponding requirements on the generator-level E

miss
T and HT. The efficiency is

defined with respect to events passing this acceptance selection. We place CLS 95% UL’s on
the quantity σ × A, and compare these limits to the expected values of this quantity for the 3
benchmark SUSY scenarios. The results are summarized in Table 4, which indicates that all 3
benchmark SUSY scenarios are ruled out by these results.

We also quote the result more generally in the context of the CMSSM. The CLS 95% CL limit
in the (m0, m1/2) plane, for tan β = 10, A0 = 0 and µ > 0 is shown in Figure 7. The high
E

miss
T and high HT signal regions have similar sensitivity to the CMSSM; here we choose to

show results based on the high HT signal region. The SUSY particle spectrum is calculated
using SoftSUSY [23], and the signal events are generated at leading order (LO) with PYTHIA
6.4.22. NLO cross sections, obtained with the program Prospino [24], are used to calculate the

Invariant mass spectrum assuming tri-angular shaped signal 
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Candidate events in this search must have at least three leptons, of which at least one must be an electron or a muon. 

Ø  for single lepton triggers: a leading muon (electron) with pT > 20(70) GeV; 

Ø  for same-flavor dilepton triggers: a leading muon (electron) with pT > 15(20) GeV and a next to leading muon(electron) 
with pT > 10(10)GeV; 

Ø  for different-flavor dilepton triggers: a leading muon (electron) with pT > 20 GeV 

    and a leading electron (muon) with pT > 10 GeV. 

Jets+Lepton(s): Multi-Lepton Search (2011, L = 2.1 fb-1)  
SUSY-PAS-11-013 
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Figure 1: The HT (left) and E
miss

T
(right) distributions for SM background channels (Z+jets, tt,

and VV+jets, where V = W, Z, and two SUSY benchmark points for the simulated events that

pass all other requirements for the three-lepton events. The ML01 and TeV3 benchmark points

are defined in the text.

Figure 2: Average HT and E
miss

T
in the CMSSM (m0,m1/2) plane for fixed tan β = 3 and A0 = 0.

A0 = 0, tan β = 3, µ > 0 and a next-to-leading order (NLO) total production cross section

of 10 pb. The co-NLSP benchmark point, called ML01, is characterized by a chargino mass

mχ± = 385 GeV/c
2 and gluino mass mg̃L

= 450 GeV/c
2. The other superpartner masses are

then given by the generic relationships m�̃R
= 0.3mχ± , mχ0

1

= 0.5mχ± , m�̃L
= 0.8mχ± , and

mq̃L
= 0.8mg̃L

. ML01 has an estimated 45 pb NLO total production cross section. In specific

regions of parameter space one discriminating observable may be more effective than the other.

This is demonstrated for the CMSSM model in Fig. 2. In order to retain search sensitivity for as

broad a region of new physics as possible both E
miss

T
and HT selections have been used.

We exploit the background reduction ability of both E
miss

T
and HT as follows [11]. Events with

E
miss

T
> 50 GeV (HT > 200 GeV) are said to satisfy the E

miss

T
(HT) requirement. The justification

for the values chosen is evident from Fig. 1. These variables are well described by the simu-

lation, as shown in Fig. 3 for events with two isolated and one lepton with isolation selection

removed.

Another criterion for background reduction is the “Z veto”, in which the invariant mass of

the OSSF lepton pairs is required to be outside the 75–105 GeV/c
2 window. Events with OSSF

lepton pairs must have M(2�) > 12 GeV/c
2 for all combinations in order to reject low mass

Drell–Yan production and the J/ψ(1S) and Υ resonances. A possible source of background is

from the final state radiation (FSR) in Z → 2�(� = e, µ) events with a γ → 2� conversion and
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Figure 3: E
miss

T
(left)and HT (right) distributions for �� − µ (top), �� − e (bottom), where two

leptons �� are isolated but the third lepton is required to be non-isolated. VV, TT and DY refers

to the diboson, top-quark and Drell-Yan SM production, respectively.

one lepton failing to pass the selection criteria. Therefore, the Z veto requirement is applied to

the invariant mass M(3�) of three leptons universally. The contribution of FSR will be discussed

in more detail below, when we discuss a data driven technique for estimating this background.

In total 52 multilepton channels have been investigated with subdivisions based on the pres-

ence of hadronic energy (HT > 200 or HT < 200 GeV) or missing transverse energy (Emiss

T
> 50

or E
miss

T
< 50 GeV) and the presence of an OSSF pair near the Z mass. The kinematic properties

of the event determine the extent of SM background for a given channel.

5 Background Estimation
5.1 Background from misidentified leptons

The largest background remaining after the basic three-lepton reconstruction originates from

the Z+jets process (including Drell-Yan production), in which the Z boson decays leptonically

and a third misidentified lepton is produced from a jet in the event. Since the QCD component

in such processes is difficult to simulate, we use data to estimate backgrounds from Z + jets →
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Figure 9: 4-lepton search: Graphical channel-by-channel summaries of the predicted SM back-
grounds and observed events in data.

Appendix: Supporting material useful for presentations

Fig. 11 compares the invariant mass of the three leptons measured in data to those obtained
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Interpretation of the Physics Results for Summer 2011 

Observed exclusion limits from several 2011 CMS SUSY searches plotted in the CMSSM 
(m0, m1/2) plane 
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BSM Problems for the LHC Era 

q  Search in all the Right Places 

q  Present search results so that useful limits can be extracted 

q  If new physics is seen, characterize it as much as possible, describe observed 
properties of New Physics with minimal reliance on untested assumptions. 
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Simplified Models (OSETs) 
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Simplified Models (OSETs) 
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Simplified Models (OSETs) 
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Organizing Process Sets Organizing Process Sets
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=
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} distributions

most invariant correlations

predictive power!
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can be varied by 

reweighting events13dg 
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Examples 

Lepton Cascade Simplified Models

From gluon partner:

q

q
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q q
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q
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q
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Masses

From quark partner:

q q q

*

Q

Q

Q Q Q
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q
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BW /BZBLSP B�� B�νσQ

Q
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*on or off-shell

18

physical parameters 

directly connected to 

observables (rates, 

kinematics, 

efficiencies).

–!What color-singlet (weak) decays are present, in what fractions?

–!Which colored particles dominate production?
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Interpretation of the Physics Results for OSETs 
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Summary 

q  L = 1 fb-1 of data analyzed (summer) by the CMS Collaboration  
q   Unfortunately, no evidence of Supersymmetry 

q  Extended previously explored range of model parameters  

q  Results are presented in the cMSSM scenario just for reference with previous limits. 

q  Road-map for SUSY discoveries 
q  Many final states, many different analyses, complementarity between analyses, 

cross-checks 

q  Data-Driven estimation methods and multiple techniques for different analyses and 
for different backgrounds 

q  Aim is to set up robust analyses for discoveries and define larger limits 

q  Prospects for 2011: analyzed L= ~5 fb-1 data. Results coming soon! 
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BACKUP SLIDES 
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CMSSM 

q SUSY related fermion and bosons 

q Minimal Field Content:  
q Chiral superfields, Gauge (vector) superfields, Higgs superfields 

q Gauge interactions as SM plus SUSY “equivalents” 

q Superpotential: 

q The Soft SUSY breaking Lagrangian 

 

Soft SUSY Breaking parameters can be 
simplified at the GUT scale: The CMSSM  
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interactions communicate SUSY breaking to 
MSSM e.g. gravity 
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The kinematic variable αT   

q  Event Selections: 
q   Events with two or more high-pT jets, reconstructed using the anti-kT algorithm (ΔR=0.5) 

q  Jets are required to have ET > 50 GeV, |η| < 3 

q The pseudo-rapidity of the jet with the highest ET (leading jet) is required to be within |η| < 2.5, and the transverse 
energy of each of the two leading jets must exceed 100 GeV. 

q Events in which an isolated lepton (electron or muon) with pT > 10 GeV is identified are rejected to suppress 
events with genuine missing energy from neutrinos. 

q To select a pure multi-jet topology, events are vetoed in which an isolated photon with pT > 25 GeV is found. 

q Events are required to satisfy HT > 275 GeV.  

3

of the trigger over the period of data collection, a small inefficiency of 0.99+0.01
−0.02 is encountered

in the lowest HT = 275 GeV bin and corrected for. In the HT = 325 GeV (375 GeV) bins, the
trigger is fully efficient with a statistical uncertainty of 3.4% (3.2%).

A suite of prescaled HT triggers is used to select events which stem mainly in QCD multi-jet
production. A photon control sample to constrain the background from Z → νν̄ events is
selected with a single object photon trigger.

The analysis follows closely Ref. [1]. Events with two or more high-pT jets, reconstructed using
the anti-kT algorithm [10] with a size parameter of 0.5 are selected. Jets are required to have
ET > 50 GeV, |η| < 3 and to pass jet identification criteria [11] designed to reject spurious
signals and noise in the calorimeters. The pseudorapidity of the jet with the highest ET (leading
jet) is required to be within |η| < 2.5, and the transverse energy of each of the two leading jets
must exceed 100 GeV.

Events with jets passing the ET threshold but not satisfying the jet identification criteria or the
η acceptance requirement are vetoed, as this deposited energy is not accounted for in the event
kinematics. Similarly, events in which an isolated lepton (electron or muon) with pT > 10 GeV
is identified are rejected to suppress events with genuine missing energy from neutrinos. The
electron and muon selection requirements are described in [12] and [13], respectively. Further-
more, to select a pure multi-jet topology, events are vetoed in which an isolated photon [14]
with pT > 25 GeV is found.

Events are required to satisfy HT > 275 GeV. As the main discriminator against QCD multijet
production the variable αT, defined for di-jet events as:

αT =
ET

jet2

MT
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,

is used and events are required to have αT > 0.55. In events with jet multiplicity n > 2, two
pseudo-jets are formed following Ref. [1] and Eq. 2 is applied to the pseudo-jets.

To protect against multiple jets failing the ET > 50 GeV selection requirement, the jet-based
estimate of the missing transverse energy, H/T, is compared to the calorimeter tower-based esti-
mate, E/T

calo, and events with Rmiss = H/T/E/T
calo > 1.25 are rejected.

Finally, to protect against severe energy losses, events with significant jet mismeasurements
caused by masked regions in the ECAL (which amount to about 1% of the ECAL channel
count), or by missing instrumentation in the barrel-endcap gap, are removed with the follow-
ing procedure. The jet-based estimate of the missing transverse energy, H/T, is used to identify
jets most likely to have given rise to the H/T as those whose momentum is closest in φ to the
total �H/T which results after removing them from the event. The azimuthal distance between
this jet and the recomputed H/T is referred to as ∆φ∗ in what follows. Events with ∆φ∗ < 0.5 are
rejected if the distance in the (η, φ) plane between the selected jet and the closest masked ECAL
region, ∆RECAL, is smaller than 0.3. Similarly, events are rejected if the jet points within 0.3 in η
of the ECAL barrel-endcap gap at |η| = 1.5.

To increase the sensitivity to higher-mass states, we carry out a shape analysis over the entire
HT > 275 GeV region. This requires that the Standard Model background estimation methods
which are based on data control samples, provide an estimate of the background for each of the
HT bins in the signal region with HT > 275 GeV. The background estimation methods based on
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Figure 3: (Left) The dependence of RαT
on HT for events with Njet ≥ 2. (Right) Dependence of

RαT
on HT when varying the effective cross-section of the four major EWK background compo-

nents individually by ±15%. (Markers are artificially offset for clarity.)

no evidence in the 2011 data that would invalidate the QCD free hypothesis, which in turn is

assumed to lead to RαT
being constant with HT.

Figure 3 (right) demonstrates the independence of RαT
on HT, based on MC simulations, even

when varying the effective cross-section of the four major EWK background components in-

dividually by as much as ±15%, which reflects our current knowledge of the cross sections

for these backgrounds [15, 16]. In each case, the behaviour is always consistent with the flat

hypothesis, with a p-value of at least 0.47. Studies with larger variations of ±50% also lead to p-

values that are consistent with the flat hypothesis. This is how the assumption of flat behaviour

is tested against the systematic uncertainties associated with the cross-section measurements

of the different EWK backgrounds.

In 2010, a cut-based approach was used, in which an extrapolation from a low-HT control region

(250 GeV < HT < 350 GeV) into the HT signal region (HT > 350 GeV) was performed in order

to estimate the SM background. In the current analysis of the 2011 data, a shape analysis over

the entire HT > 275 GeV region is carried out.

2.3 Estimation of Background from tt and W + Jets Events using a Muon Control
Sample

An estimate of the backgrounds from unidentified leptons and hadronic tau decays originating

from high-pT W bosons is obtained through the use of a muon control sample. In this sample

we explicitly select W’s decaying to a muon and a neutrino in the phase-space of the signal.

This is performed in the same HT bins as for the hadronic signal selection.

All cuts on jet-based quantities are consistent with those applied in the hadronic search region.

In order to select W events we have the following additional cuts:

• One isolated muon with pT > 10 GeV and |η| < 2.5.

• MT > 30 GeV, where MT is the transverse mass of the W candidate.

• ∆R(jet,muon) > 0.5

• H/T/HT > 0.4

• No second isolated muon in the event. This reduces Z → µµ.

The dependence of RαT on HT when varying the 
effective cross-section of the four major EWK 
background components individually by ±15%. 
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The kinematic variable αT: Estimation of Background from tt and W + Jets 
Events using a Muon Control Sample 

q  An estimate of the backgrounds from unidentified leptons and hadronic tau decays originating from high-pT W bosons is 
obtained through the use of a muon control sample. 

q  In this sample, it is explicitly selected W’s decaying to a muon and a neutrino in the phase-space of the signal. This is 
performed in the same HT bins as for the hadronic signal selection. 

 

q  The number of events from W+jet events in the hadronic selection Whad/data can be estimated from data the event yield, 
Wµ

data, of these type of events. The value of this ratio is extracted from the MC simulation. 
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hypothesis, with a p-value of at least 0.47. Studies with larger variations of ±50% also lead to p-

values that are consistent with the flat hypothesis. This is how the assumption of flat behaviour

is tested against the systematic uncertainties associated with the cross-section measurements

of the different EWK backgrounds.

In 2010, a cut-based approach was used, in which an extrapolation from a low-HT control region

(250 GeV < HT < 350 GeV) into the HT signal region (HT > 350 GeV) was performed in order

to estimate the SM background. In the current analysis of the 2011 data, a shape analysis over

the entire HT > 275 GeV region is carried out.

2.3 Estimation of Background from tt and W + Jets Events using a Muon Control
Sample

An estimate of the backgrounds from unidentified leptons and hadronic tau decays originating

from high-pT W bosons is obtained through the use of a muon control sample. In this sample

we explicitly select W’s decaying to a muon and a neutrino in the phase-space of the signal.

This is performed in the same HT bins as for the hadronic signal selection.

All cuts on jet-based quantities are consistent with those applied in the hadronic search region.

In order to select W events we have the following additional cuts:

• One isolated muon with pT > 10 GeV and |η| < 2.5.

• MT > 30 GeV, where MT is the transverse mass of the W candidate.

• ∆R(jet,muon) > 0.5

• H/T/HT > 0.4

• No second isolated muon in the event. This reduces Z → µµ.

8 2 Trigger, Event Selection and Analysis

The number of events from W+jet events in the hadronic selection W
had

data
can be estimated from

the event yield, W
µ
data

, of these type of events. This is done using the expected relative ratio

of those two types of events. The value of this ratio is extracted from the MC, and thus the

estimated number of W events in the hadronic analysis is calculated by

W
had

data
= W

µ
data

×
W

had

MC

W
µ
MC

.

In the lowest two HT bins, the value of
W

had

MC

W
µ
MC

is extracted separately. However, due to low Monte

Carlo statistics in the highest HT bins, one value for the ratio is used for HT > 375 GeV. The MC

translation factor, which is listed in Table 2, is expected to exhibit only a weak dependence on

HT Table 2 shows the split of the muon control sample numbers and the corresponding back-

ground prediction in the different HT bins. The errors quoted on the predictions correspond

to statistical errors and to an additional systematic uncertainty of 30%, as used in the previous

analysis [1]. There is good agreement between data and MC, as shown both before (Figure 4)

and after (Figure 5) the αT cut.

Table 2: Muon sample predictions with 1.1fb
−1

. Errors quoted on predictions correspond to

statistical errors and an additional conservative systematic uncertainty of 30%, as used in the

previous analysis.

HT Bin (GeV) 275–325 325–375 375–475 475–575

MC W + tt̄ 463.0 ± 16.0stat 171.2 ± 9.5stat 116.3 ± 8.3stat 43.7 ± 5.1stat

MC µ+ jets 407.5 ± 14.5stat 179.1 ± 9.6stat 131.6 ± 8.8stat 48.7 ± 5.5stat

MC Ratio 1.14 0.96 0.90 0.90

Data µ+ jets 389 156 113 39

W + tt̄ Prediction 442.0 ± 22.4stat ± 132.6syst 149.1 ± 11.9stat ± 44.7syst 101.9 ± 9.6stat ± 30.6syst 35.2 ± 5.6stat ± 10.6syst

HT Bin (GeV) 575–675 675–775 775–875 875–∞

MC W + tt̄ 17.5 ± 3.2stat 5.1 ± 1.8stat 1.1 ± 0.7stat 1.8 ± 1.0stat

MC µ+ jets 13.3 ± 2.9stat 8.0 ± 2.3stat 3.2 ± 1.4stat 0.9 ± 0.7stat

MC Ratio 0.90 0.90 0.90 0.90

Data µ+ jets 17 5 0 0

W + tt̄ Prediction 15.3 ± 3.7stat ± 4.6syst 4.5 ± 2.0stat ± 1.4syst 0.0 ± 1.0stat 0.0 ± 1.0stat

2.4 Estimation of Background from Z → νν̄+ Jets from Photon + Jets Events

Z → νν̄ +jet events form an irreducible background. An estimate of this background can be

obtained from the γ + jets process, which has a larger cross section but kinematic properties

similar to those of Z → νν̄ events when the photon is ignored (see e.g. [7] and [17]). The γ + jet

sample is selected by requiring photons, i.e. localized electromagnetic depositions satisfying

tight isolation criteria , with pT greater than 100 GeV, |η| less than 1.45 and ∆R(γ, jet) > 1.

Ignoring the photon, the same hadronic final state selection as in the signal selection is applied.

Table 3 shows the observed counts in the photon control sample and the corresponding back-

ground predictions. As in [1], we use a 40% total systematic uncertainty on the method. Fig-

ure 6 shows the αT and jets multiplicity distributions for the selected photon control sample.

2.5 Background Cross-Check: Estimation of W → µν+ Jets Events from Photon
+ Jets Events

To verify that our background estimation method for Z → νν̄ events is performing as expected,

and that the assigned systematic uncertainties are adequate, we use the photon + jets sample to
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New Physics with Leptons Why Search for New Physics with Leptons?!

•  Isolated leptons are very rare  reduction of huge QCD background!
–  Provides clean environment to search for new physics!

•  Leptons provide additional kinematic info related to SUSY particle masses!
–  eg. search for kinematic edge in OS dilepton M(ll) (see talk D. Barge)!
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4.7 Light lepton isolation186

A combined relative lepton isolation has been used. The isolation uses information from both calorimeters and
the silicon tracker. The isolation value (Iso) is given by the ratio of the sum of all pT objects within a cone in
η-φ-space of ∆R =

�
∆η2 +∆φ2 < 0.3 around the lepton and the lepton pT . It has been pre-calculated in PAT

using

Iso =

�
�

Ecal

ET +
�

HCAL

ET +
�

Tracker

pT

�

dR<0.3

pT
(2)

where the first sum runs over the transverse momentum of all ECAL entries, the second sum runs over the trans-187

verse momentum of all HCAL entries and the third sum runs over the transverse momentum deposited as charged188

tracks within the cone. The cut value for both electrons and muons is placed at Iso < 0.15.189

4.8 Taus190

The acceptence of τ leptons is restricted to pT > 20 GeV and |η| < 2.1. We reject jets faking hadronic τ decays
with a summed charge �= 1. Tight light lepton rejection cuts are applied as desribed in [32]. In order to perform
consistent electron rejection, candidates are also restricted to the fiducial volume of the ECAL ( 1.4442 < |η| <
1.566). A two-tiered particle-based isolation is employed in a cone of ∆R < 0.5 around the τ candidate: the sum
of charged hadron pT is required to be less than 4 GeV to mimic a similar HLT level cut at 6 GeV. The second
isolation is the combined particle-based isolation:

rel. PF Iso =




�

γ

ET +
�

neutral hadrons

ET +
�

charged hadrons

pT





pT
< 0.5 (3)

The combined isolation is used to suppress any bias of the fake prediction by differences in the hadronic environ-191

ment. The HPS algorithm is applied to find τ candidates and the loose isolation working point is applied. All cuts192

are summarised in Table 5.193

Table 5: Overview of the tau selection.

Name Pat memberfunction Cut
pT pt() ≥ 20.
|η| abs(eta()) ≤ 2.1

τ charge abs(charge()) == 1
tight electron rejection tauID(’againstElectronTight’) > 0.5
tight muon rejection tauID(’againstMuonTight’) > 0.5

HPS decay mode finding tauID(’byDecayModeFinding’ ) > 0.5
abs. chraged Hadron Isolation chargedHadronIso() < 4

rel. PF Isolation (chargedHadronIso() + photonIso() + neutralHadronIso()) / pt() < 0.5
loose HPS Isolation tauID( ’GlobalMuonPromptTight’ ) > 0.5

4.9 Jets and missing transverse energy194

The anti-kt jet algorithm [6] with a cone size of 0.5 in ∆R is used. Jets are clustered from all reconstructed195

particle flow particles. We remove jets that are within ∆R < 0.4 to a lepton passing our full lepton selection.196

Thus we obtain fully lepton cleaned jets in our final selection. The jets are corrected up to level 3 using MC jet197

energy corrections [17] from the Summer11 (GlobalTag: GR R 42 V12, START42 V12) production. To correct198

for PileUp the L1FastJet subtraction using the latest JetMET prescription is applied.199

Each corrected jet is required to have a pT above 30 GeV and the jet axis has to be within |η| < 3. This relatively200

tight η cut is used to be able to include tracker information in the jet identification for a large part of the η acceptance201

and not to rely on the hadronic calorimeter only. Thus, one is able to fully profit from the particle flow algorithm.202

8
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SS – Dilepton Search: Triggers 3 Trigger

The following triggers have been used in this study:
Leptonic datasets:

• ee channel:
HLT Ele17 CaloIdL CaloIsoVL Ele8 CaloIdL CaloIsoVL v* OR
HLT Ele17 CaloIdT TrkIdVL CaloIsoVL TrkIsoVL Ele8 CaloIdT TrkIdVL CaloIsoVL TrkIsoVL v*
OR
HLT Ele17 CaloIdT CaloIsoVL TrkIdVL TrkIsoVL Ele8 CaloIdT CaloIsoVL TrkIdVL TrkIsoVL v*
OR

• µµ channel: HLT DoubleMu7 v* OR HLT Mu13 Mu8 v*

• eµ channel: HLT Mu17 Ele8 CaloIdL v* OR HLT Mu8 Ele17 CaloIdL v*

Control regions:

• µ: HLT Mu8 Jet40 v*

• e: HLT Ele8 CaloIdL CaloIsoVL Jet40 v*

Turn-on curves: common effort in RA5.

4 Object definitions and basic event selection

For the common object definition and event selection criteria within RA5, see also
https://twiki.cern.ch/twiki/bin/viewauth/CMS/SameSignDilepton2011

4.1 Electron selection

• pT > 10 GeV, |η| < 2.4 (exclude region where η of the supercluster of the electron is between 1.4442
and 1.566)

• EcalSeeded electrons above 10 GeV.

• VBTF ID 80 :

– σiηiη < 0.01 in barrel and 0.03 in endcap
– |∆φIn| < 0.06 in barrel and < 0.03 in endcap
– |∆ηIn| < 0.004 in barrel and < 0.007 in endcap
– H/E < 0.04 in barrel only

• |d0| < 0.02 (measured with respect to the first DA primary vertex).

• No isolated muons (as defined below) within ∆R < 0.1

• Hit pattern and conversion rejections:

– No missing hits in the inner layers
– Distance to conversion partner track: |dcot| < 0.02 and dist < 0.02

• Three charge consistency requirement using CTF, GSF and SuperCluster measurements.

• Relative isolation within cone of 0.3 < 0.15
Endcap relative isolation = (trackIso + ecalIso + hcalIso)/pt
Barrel relative isolation = (trackIso + max(0., (ecalIso() -1.)) + hcalIso)/pt

• When using double lepton trigger (with online IsoVL) : additionally dr03EcalRecHitSumEt/pT <

0.2

3
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SS –Dilepton Search: Fake Ratio Method 

other selection criteria (like jet multiplicity, MET, HT ...) are the same between the loose and the tight
selections. The ratio of fake leptons passing the tight criteria over fake leptons passing the loose criteria
is called the ”fake ratio”, f . The similar tight-to-loose ratio for prompt leptons is called the ”prompt
ratio” p.

The fake ratio f can be determined from abundantly produced QCD events as a function of the lepton
kinematics (pT and η). It is assumed that, once the lepton kinematics is taken into account, the same
”universal” fake ratios can be applied to the other backgrounds to extract the signal. (a refinement can
be made by including different fake ratios for different backgrounds, as is described in [1]. This is for the
future.)

The prompt ratio p can be measured in Z + jets events by using a tag-and-probe like method.
To estimate the events with one or two fake leptons within the signal selection, we define the following

quantities:
Nl is the number of events where both leptons pass the loose selection (as mentioned earlier: all other
selection cuts are the same between the loose and the tight selection). Nt2 is the number of events
where both leptons, after having passed the loose selection, also pass the tight selection. Similarly, Nt1

is the number of events where one of the leptons passes the tight selection and one fails. Nt0 is then
the number of events where both leptons fail the tight criteria (still, while having passed the loose ones).
These measurable quantities can be related to the ”true” number of events containing two prompt, one
prompt/one fake, or two fake leptons. Therefore, we define the number of events with both prompt
leptons passing the loose criteria as Npp, the number of events with one lepton prompt and one fake as
Nfp and the number of events where both leptons are fake within the loose criteria as Nfp. We then can
write

Nl = Npp + Nfp + Nff = Nt2 + Nt1 + Nt0

Nt0 = (1− p)2Npp + (1− p)(1− f)Nfp + (1− f)2Nff

Nt1 = 2p(1− p)Npp + [f(1− p) + p(1− f)]Nfp + 2f(1− f)Nff

Nt2 = p
2
Npp + pfNfp + f

2
Nff (1)

These equations assume that the prompt and the fake ratios for different leptons are independent of each
other. The factors p and (1− p) are weighting (or are averaged over) the distribution of prompt leptons
and f and (1− f) are weighing (or are averaged over) the distributions of fake leptons.

After inverting this set of equations, one obtains for the number of events with two prompt leptons:

Npp =
1

(p− f)2
�
(1− f)2Nt2 − f(1− f)Nt1 + f

2
Nt0

�
(2)

with the number of signal events (i.e. within the tight selection cuts) being given by Nsignal = p
2
Npp.

Similarly, one can derive for the number of events with 1 prompt and 1 fake lepton and the number of
events with both fake leptons:

Nfp =
1

(p− f)2
[−2fpNt0 + [f(1− p) + p(1− f)]Nt1 − 2(1− p)(1− f)Nt2]

Nff =
1

(p− f)2
�
p
2
Nt0 − p(1− p)Nt1 + (1− p)2Nt2

�
(3)

Failing leptons are weighted by f or p and passing leptons by (1− f) or (1− p). As we do not know
for Nt0 which lepton was prompt and which one fake, we weight alternatively lepton 1 with f and 2 with
p and lepton 1 with p and 2 with f , adding the weights (hence the factor 2). The same is done with
(1−f) and (1−p) for Nt2. For Nt1, the failing lepton gets alternatively a weight f and p and the passing
lepton simultaneously (1− p) and (1− f).

The corresponding backgrounds remaining in the tight selection cuts are then respectively pfNfp and
f

2
Nff . The first one corresponds to the dominant tt̄ background, where the prompt lepton comes from

a top decay and the fake lepton from the leptonic b decay of the other top. It might also include a
contribution from W + jets. The second expression then mainly gives a handle on the remaining QCD
contribution.

7.2 Fake ratio measurement for muons

For muons, the difference between tight and loose lies only in the value of the isolation cut. The tight
cuts are defined as described above, i.e. we cut on the relative isolation smaller than 0.15. ”Loose” muons
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selection cuts are the same between the loose and the tight selection). Nt2 is the number of events
where both leptons, after having passed the loose selection, also pass the tight selection. Similarly, Nt1

is the number of events where one of the leptons passes the tight selection and one fails. Nt0 is then
the number of events where both leptons fail the tight criteria (still, while having passed the loose ones).
These measurable quantities can be related to the ”true” number of events containing two prompt, one
prompt/one fake, or two fake leptons. Therefore, we define the number of events with both prompt
leptons passing the loose criteria as Npp, the number of events with one lepton prompt and one fake as
Nfp and the number of events where both leptons are fake within the loose criteria as Nfp. We then can
write

Nl = Npp + Nfp + Nff = Nt2 + Nt1 + Nt0

Nt0 = (1− p)2Npp + (1− p)(1− f)Nfp + (1− f)2Nff

Nt1 = 2p(1− p)Npp + [f(1− p) + p(1− f)]Nfp + 2f(1− f)Nff

Nt2 = p
2
Npp + pfNfp + f

2
Nff (1)

These equations assume that the prompt and the fake ratios for different leptons are independent of each
other. The factors p and (1− p) are weighting (or are averaged over) the distribution of prompt leptons
and f and (1− f) are weighing (or are averaged over) the distributions of fake leptons.

After inverting this set of equations, one obtains for the number of events with two prompt leptons:

Npp =
1

(p− f)2
�
(1− f)2Nt2 − f(1− f)Nt1 + f

2
Nt0

�
(2)

with the number of signal events (i.e. within the tight selection cuts) being given by Nsignal = p
2
Npp.

Similarly, one can derive for the number of events with 1 prompt and 1 fake lepton and the number of
events with both fake leptons:

Nfp =
1

(p− f)2
[−2fpNt0 + [f(1− p) + p(1− f)]Nt1 − 2(1− p)(1− f)Nt2]

Nff =
1

(p− f)2
�
p
2
Nt0 − p(1− p)Nt1 + (1− p)2Nt2

�
(3)

Failing leptons are weighted by f or p and passing leptons by (1− f) or (1− p). As we do not know
for Nt0 which lepton was prompt and which one fake, we weight alternatively lepton 1 with f and 2 with
p and lepton 1 with p and 2 with f , adding the weights (hence the factor 2). The same is done with
(1−f) and (1−p) for Nt2. For Nt1, the failing lepton gets alternatively a weight f and p and the passing
lepton simultaneously (1− p) and (1− f).

The corresponding backgrounds remaining in the tight selection cuts are then respectively pfNfp and
f

2
Nff . The first one corresponds to the dominant tt̄ background, where the prompt lepton comes from

a top decay and the fake lepton from the leptonic b decay of the other top. It might also include a
contribution from W + jets. The second expression then mainly gives a handle on the remaining QCD
contribution.

7.2 Fake ratio measurement for muons

For muons, the difference between tight and loose lies only in the value of the isolation cut. The tight
cuts are defined as described above, i.e. we cut on the relative isolation smaller than 0.15. ”Loose” muons
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OS – Dilepton Search: Triggers 

• HLT DoubleEle8 CaloIdL TrkIdVL HT150 v*233

• HLT DoubleMu3 HT160 v*234

• HLT DoubleMu3 HT150 v*235

• HLT Mu3 Ele8 CaloIdL TrkIdVL HT160 v*236

• HLT Mu3 Ele8 CaloIdL TrkIdVL HT150 v*237

We check that the prescale of each trigger is set to one for all run ranges.238

We measure the leptonic efficiency in event selection using events triggered by purely hadronic (HT ) triggers.239

Only triggers with an HT threshold of at least 160 GeV are used to ensure that the hadronic threshold of the240

cross trigger is exceeded. The hadronic efficiency is measured using events collected by di-lepton triggers. The241

HT turnon curve for the di-electron, di-muon and electron-muon trigger can be found in Figures 1(a), 1(b) and242

1(c). We fit the turnon with an error function. The measured efficiency does not rise as fast as the fitted function243

from 90% to 100%, because the trigger uses a different jet collection (Calo) for the calculation of HT than we do244

in this analysis (PF). Thus we show the fit only for reference and measure efficiencies directly from the data values.245
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Figure 1: HT turnon curves for di-electron-HT (a), di-muon-HT (b) and electron-muon-HT cross trigger (c).

We assume no correlation between the hadronic and leptonic part of the trigger and give the total efficiency as246

a product of both. The measured efficiencies are listed in Table 7. We obtain an efficiency of (93.9+1.2
−2.4)%,247

((89.9+2.4
−7.5)%, (83.1+3.7

−6.2)%) for the ee (eµ, µµ) trigger with respect to the final di-lepton selection with an HT cut248

of 350 GeV, respectively.249

10

Each jet has to pass the ”FIRSTDATA” ”LOOSE” Particle Flow Jet ID criteria, which are used to suppress fake,203

noise, and badly reconstructed jets, while still retaining as much real jets as possible [18].204

The missing transverse energy (MET) is based on the sum of all particle momenta reconstructed using the particle205

flow event reconstruction (pfMET).206

4.10 Trigger207

We collect events using three different trigger streams:208

• (20,10) GeV ee, eµ, µµ events are selected using the lepton trigger selection.209

• (10,10), (10,5), (5,5) GeV ee, eµ, µµ events are selected using the lepton HT cross object trigger selection.210

• (20,20), (20,20), (20,20) GeV µτ , eτ , ττ events are selected using the leptonic tau trigger selection.211

4.10.1 Lepton trigger selection212

To collect events for the (20,10) GeV di-lepton selection we use an OR of the following double lepton high level213

trigger (HLT) paths214

• HLT Ele17 CaloIdL CaloIsoVL Ele8 CaloIdL CaloIsoVL v*215

• HLT Ele17 CaloIdT TrkIdVL CaloIsoVL TrkIsoVL Ele8 CaloIdT TrkIdVL CaloIsoVL TrkIsoVL v*216

• HLT Mu8 Ele17 CaloIdL v*217

• HLT Mu17 Ele8 CaloIdL v*218

• HLT Mu10 Ele10 CaloIdL v*219

• HLT DoubleMu6*220

• HLT DoubleMu7 v*221

• HLT Mu13 Mu7 v*222

• HLT Mu13 Mu8 v*223

• HLT Mu17 Mu8 v*224

We check that the prescale of each trigger is set to one for all run ranges.225

The efficiencies of the double-lepton triggers have been measured on an HT -triggered data sample. The results226

are listed in Table 6. With respect to our final di-lepton selection, we measure an efficiency of about 99 % (92 %,227

89 %) for ee (eµ, µµ) events.228

Table 6: Double lepton high level trigger efficiencies.

HLT path � [%]

ee paths 99.3+0.2
−0.9

eµ paths 92.1+2.5
−6.7

µµ paths 89.2+2.7
−5.1

4.10.2 Lepton HT cross trigger trigger selection229

To collect events for low lepton pT range (e 10, µ 5) GeV di-lepton plus HT cross-object triggers are used. We230

use an OR of the following double lepton HT HLT paths231

• HLT DoubleEle8 CaloIdL TrkIdVL HT160 v*232
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