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Without any loss of generality, 
this talk uses CMS results 

whenever possible to make 
my point. 

(Most of you are from ATLAS. Why would you 
invite me to present to you your own results ?) 
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7 TeV Theory prediction
8 TeV Theory prediction

1-lepton & MET cross section  
~ x106 smaller than all hadronic 

Dilepton same-sign & MET 
~ x1012 smaller than all hadronic. 

W & jets 
Z & jets 

top & jets 

Higgs ~x1010 smaller 
than all hadronic Leptons, MET, Z, h, … 

are excellent probes in  
search for BSM physics 
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7 TeV Theory prediction
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Cross sections decrease  
exponentially  

with jet pT and # of jets. 

W & jets 
Z & jets 

top & jets 

Define: 
HT = Σ pT of jets above threshold 
meff = HT + MET 
ST = meff + Σ pT of leptons above threshold 
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1ℓ, ≥2 jets,"
MET > 50GeV"

Simulation 

keep 
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Boosted V Topology 
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•   Low pT boson 

–  Large opening angle 

•   Energetic boson 

–  Mresonance = 2 TeV  

–  pT,V ~ 1 TeV 

–  MV ~ 100 GeV  

V 

€ 

ΔRqq

min
≈ 0.2

quark 

anti-quark 

Y V 

ΔR ~ 0.2 

€ 

ΔRqq

min
≈ Δθqq

min
≈ 2

MV

pT ,V
Vqq decay: 

Jet Merging 

Jet Substructure 
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pT ,V
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Jet Merging 

For W,Z,h Bosons of M ~ 100GeV 
and jet cones of ΔR < 0.5 

=> cones start merging at p > ~ 200GeV 
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Jet Substructure 

•  1) Jet trimming, pruning, filtering, … 

–   Remove soft component of jet, reducing

 effects of pileup and UE 

•  2) Substructure variables 

–  Built from subjets after jet declustering  
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Momentum Balance 

Plenty of alternatives at CMS-JME-13-006 and ATL-PHYS-PUB-2014-004    
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Background Signal 

CMS-JME-13-006 



Typical Search Strategy 
•  Define “low bkg” signal regions using the ingredients 

from previous slides. 
•  Extrapolate expected bkg yields from carefully chosen 

bkg rich samples. 
–  Derive extrapolation factors from mix of data and simulation. 

•  Measure accuracy of extrapolation in independent 
control regions in data and simulation. 
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2014 
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Brains 
(Strategy) 

Brawn 
(Execution) =>  Success + 



Three guiding principles 
•  Broadly search where noone has 

searched before. 

•  Detailed but narrowly focused searches 
when there is excellent theoretical 
motivation. 

•  Be mindful of any “gaps” in sensitivity 
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To set the scale @ 8TeV 

•  “threshold” for producing ~ 40 events 
–  Gluinos @ ~ 1300 GeV 
–  Stop/sbottom @ ~ 850 GeV 
–  Chargino/neutralino @ ~ 700GeV 

8/3/14 9 

SUSY particle mass [GeV]
200 400 600 800 1000 1200 1400

 S
U

SY
) [

pb
]

!
(p

p
"

-310

-210

-110

1

10

210
 = 8 TeV, SUSY production cross sectionss

g~g~

q~q~

1t
~

1t
~

 (wino)0
2
#$±

1
#$

 (wino)-
1
#$

+
1
#$

-
el
~+

el
~

SUSY Cross Sections & Yields!

Feb 25th, 2013! Wilson Fellowship Interview! 12 

events in 20 fb-1!
8 TeV data sample!
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Kramer et. al.!
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•  SUSY production cross sections fully specified by:!
–  Parton distribution functions!
–  Gauge couplings � same as SM particles!
–  SUSY particle mass (x-axis) and spin!
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No New Physics Found !!! 
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What to expect in 2015 
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1350GeV gluinos: x30 
1000GeV gluinos: x20  
  750GeV squarks: x9 
  350GeV X+-X0:     x3 
           top pairs:     x4 

increase in cross section 

Reach new territory with  
1-6/fb of 13TeV luminosity  

Signal grow much faster than SM bkg. 



To set the scale 

•  “threshold” for producing ~ 40 evts in 20/fb @ 8TeV 
–  Gluinos @ ~ 1300 GeV 
–  Stop/sbottom @ ~ 850 GeV 
–  Chargino/neutralino @ ~ 700GeV 

8/3/14 12 US-ATLAS Physics Workshop 
2014 

•  “threshold” for producing ~ 40 evts in 10/fb @ 13TeV 
–  Gluinos @ ~ 1700 GeV 
–  Stop/sbottom @ ~ 1050 GeV 
–  Chargino/neutralino @ ~ 850GeV 



Lesson 1 

If SUSY was right around the corner 
then we might see some evidence 

for it already early in Run 2. 
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Broadly Search where noone 
has searched before. 

2 Example inclusive SUSY Analyses 
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All Hadronic MT2 

SUS-13-019 
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Count jets with pT > 40GeV 
Leading 2 jets pT > 100GeV 

MET Δϕ > 0.3 with 4 leading jets 
| HT

miss – MET | < 70GeV 
Veto events with e,µ (τ) with pT > 10(20)GeV 

Minimum MT2 cut of 100-200GeV 



MT2 = stransverse mass 
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Signal Regions in MT2 are chosen  
to make QCD multijet bkg subdominant. 

Pascal Nef

introduction

2

! at the LHC, assuming R-Parity conservation, SUSY 
events give rise to two decay chains (legs) with an 
unobserved child (c1 and c2) at each end. 

! the “STransverse Mass” MT2 was introduced as an 
extension of the transverse mass MT for the SUSY case 
of one unobserved particle from each decay chain.
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•  The stransverse mass MT2 is a generalization of the transverse mass MT for the case of 
two decay chains with each an unobserved particle. 
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The MT2 variable 

MT2(mc) = min!pT
c (1)+

!pT
c (2 )=

!pT
miss
max MT

(1),MT
(2)( )!

"
#
$

•  If the visible systems are correctly 
chosen and LSP mass is known  
! MT2 has endpoint at parent mass. 

•  The two visible systems are separated 
by an hemisphere algorithm. 

17 December 2013 

Cluster visible particles into 
two megajets V1 and V2 

Partition MET vector into all 
possible combinations c1,c2 
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•  If the visible systems are correctly 
chosen and LSP mass is known  
! MT2 has endpoint at parent mass. 

•  The two visible systems are separated 
by an hemisphere algorithm. 

17 December 2013 

Form transverse masses MT(ci,Vi) 



How MT2 suppresses QCD 
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MT2 for dijet events: 
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The MT2 variable 
•  The virtue of MT2 can be seen if we simplify the 

formula for the case of no ISR and zero masses: 

•  MT2 ! ET
miss for symmetric SUSY-like topologies 

•  MT2 = 0 for back-to-back topologies. 
•  MT2 " ET

miss highly suppressed for nearly back-to-
back QCD mismeasurements. 

! MT2 is a QCD killer. 
 
MT2 is a very good discriminator between SM and 
SUSY-like events, and is used as a discovery variable. 

MT 2
2 = 2pT

V (1)pT
V (2)(1+ cos!1.2 )

SUSY 

QCD 

twiki 

twiki 

17 December 2013 

MT2 ≈ MET for X to Y + LSP 
          pair production. 
MT2 << MET for near 
   back-to-back topologies. 

SUSY QCD tt → lν2b2 j

MET 

MT2 

MT2 is a robust QCD killer 



Search Strategy 
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Bin the data in bins of #jets, #b-tags, and MET, HT, and MT2. 
Search for excess yield above data driven bkg predictions. 



Example MT2 distributions 
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Medium HT integrated 
over all jet, b-tag bins 

Low HT for Njet ≥ 4 
b-tags ≥ 2 

High HT for Njet ≥ 4 
b-tags ≥ 2 

Background sources differ considerably! 

However, bkg without MET from neutrinos  
are negligible at large MT2. 



Data driven bkg estimation  
•  Classify 3 categories of bkg as follows: 

–  “Lost lepton” background 
•  W jets & top where W decays to lepton neutrino 
•  Lepton is not found, and event thus passes lepton veto. 
•  Estimate bkg from lepton found sample & eff. measured. 

–  Irreducible Z to neutrinos background 
•  Estimate from photon sample with Z/γ from MC. 

– Background from QCD multijet production 
•  Entirely instrumental. Estimate from data control sample 

with mismeasured jets. 

8/3/14 US-ATLAS Physics Workshop 
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Observed & Predicted Yields 

8/3/14 US-ATLAS Physics Workshop 
2014 

21 Overall, no significant excess observed. 



≥3 leptons Analysis (I) 
•  20/10 pT ee/eµ/µµ dilepton trigger 
•  Additional e/µ (tau) with pT>10 (20)GeV 
•  At most one hadronic tau out of 3(4) leptons 
•  All leptons are prompt and isolated 
•  Distinguish 3 (4) leptons with/without tau 

–  Allow at most 1 tau 

•  Distinguish DY to dilepton events 
–  Distinguish below Z, on-Z, and above Z 

•  Distinguish ≥ 1 b-tag events 

8/3/14 22 

=> 36 different multilepton categories 
US-ATLAS Physics Workshop 

2014 



≥3 leptons Analysis (II) 
•  Now take these 36 different lepton categories and 

use them to search for either: 
•  RP Conserving SUSY 

–  Bin in 2x3 bins of HT and MET 
•  HT > or < than 200GeV 
•  MET ranges of [0,50[, [50,100[, [100,infty[ 

•  RP Violating SUSY 
–  Distinguish up to 5 different ST ranges 

•  [0,300[, [300,600[, [600,1000[, [1000,1500[, [1500,infty[ 
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=> Very broad Multilepton Search Strategy 

US-ATLAS Physics Workshop 
2014 

SUS-13-002 

SUS-13-003 



Different Bins Probe Different Bkg’s 
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One of 64 MET distributions has 
a sizable excess 
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Observe 22 
Expect 10.1 +- 2.4 
=> ~1% probability 

However, to find at least 1 out of 64 with such a low prob. 
should happen in about half of all experiments. 



General Problem of SUSY Searches 

•  SUSY can be anywhere. 
⇒  We don’t know where to look! 
⇒  So we look everywhere. 
⇒  We must see some large fluctuations 

somewhere. 
⇒  How do we reasonably quantify LEE ?? 

 (LEE = Look Elsewhere Effect) 
•  When does “excess” become “evidence” ? 

8/3/14 US-ATLAS Physics Workshop 
2014 
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Lesson 2 

Even 3σ excesses are useful only when 
we use them to define a LEE free 

selection for data not yet analyzed. 

8/3/14 US-ATLAS Physics Workshop 
2014 
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Corollary:  
Use excesses seen in 2015 to refine searches  

for potential discoveries with 2016 data? 



Be mindful of any gaps in 
sensitivity 

2 Examples from “Natural SUSY” 
with Dark Matter 
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Anti-social: pp -> nothing 
 
Semi-social: compressed spectra, … 
 
Social: DM at the end of cascades  

Dark Matter 

Our Program of searches MUST seamlessly 
interpolate between these three scenarios! 
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1 Introduction

Supersymmetry (SUSY) [1–9] is a theoretically favoured candidate for physics beyond the Standard

Model (SM). It naturally solves the hierarchy problem and provides a possible candidate for dark mat-

ter in the universe. SUSY doubles the SM spectrum of particles by introducing a new supersymmetric

partner (sparticle) for each particle in the SM. In particular, a new scalar field is associated with each

left- and right-handed quark state, and two squark mass eigenstates q̃1 and q̃2 result from the mixing of

the scalar fields. In some SUSY scenarios, a significant mass difference between eigenstates in the top

squark (stop) sector can occur, leading to a rather light stop t̃1 mass state. In addition, naturalness argu-

ments suggest that the third generation sfermions should be light with masses below 1 TeV. In a generic

minimal supersymmetric extension of the SM (MSSM) that assumes R-parity conservation, sparticles are

produced in pairs and the lightest supersymmetric particle (LSP) is stable and identified as the lightest

neutralino χ̃
0
1.

For a mass difference ∆m = mt̃ − mχ̃0
1
> mt, and depending on the SUSY parameters and mass

hierarchy, the dominant decay channels are t̃ → t + χ̃01 or t̃ → b + χ̃
±
1 , where the latter involves the

presence of charginos (χ̃
±
1 ) which subsequently decay into the lightest neutralino via a W

(∗) emission. If

the chargino is heavier than the stop and mW + mb < ∆m < mt, the dominant decay mode is expected

to be the three-body Wbχ̃
0
1 decay. Several searches on 2011 data have been carried out in these decay

channels in 0 to 2 lepton final states [10–12] and have been extended in 2012 [13–16]. In the scenario

for which ∆m < mW + mb, the dominant decay mode can be a stop decay to a charm quark and the LSP

(t̃ → c+ χ̃01), which proceeds via a loop decay (see Fig. 1). The corresponding final state is characterized
by the presence of two jets from the hadronization of the charm quarks and missing transverse momentum

(denoting its magnitude by Emiss
T
) from the two undetected LSPs. However, given the relatively small

mass difference (∆m), both the transverse momenta of the two charm jets and the Emiss
T
are too low to

extract this signal from the large multijet background.

In this study, the event selection makes use of the presence of initial-state radiation (ISR) jets to

identify signal events. Two different approaches are used to target the different ∆m regions. For small ∆m,

Figure 1: Feynman diagram for the pair production of top squarks with subsequent decay to charm quarks

and two LSP’s.

the approach follows closely the “monojet” analysis of Ref. [17], where events with low jet multiplicity

and large missing transverse momentum are selected. For moderate ∆m the charm jets receive a large

enough boost to be detected. In addition to the requirements on the presence of ISR jets, charm tagging

1

E.g. stop to charm X0 
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Mono jet analysis 

Δm   As Δm increases, mono-jet  
search becomes insensitive. 

Dedicated Search w. charm tags  
required to fill the gap 

Charm Tag Analysis 

arXive: 1407.0608 
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Supersymmetry (SUSY) [1–9] is a theoretically favoured candidate for physics beyond the Standard

Model (SM). It naturally solves the hierarchy problem and provides a possible candidate for dark mat-

ter in the universe. SUSY doubles the SM spectrum of particles by introducing a new supersymmetric

partner (sparticle) for each particle in the SM. In particular, a new scalar field is associated with each

left- and right-handed quark state, and two squark mass eigenstates q̃1 and q̃2 result from the mixing of

the scalar fields. In some SUSY scenarios, a significant mass difference between eigenstates in the top

squark (stop) sector can occur, leading to a rather light stop t̃1 mass state. In addition, naturalness argu-

ments suggest that the third generation sfermions should be light with masses below 1 TeV. In a generic

minimal supersymmetric extension of the SM (MSSM) that assumes R-parity conservation, sparticles are

produced in pairs and the lightest supersymmetric particle (LSP) is stable and identified as the lightest

neutralino χ̃
0
1.

For a mass difference ∆m = mt̃ − mχ̃0
1
> mt, and depending on the SUSY parameters and mass

hierarchy, the dominant decay channels are t̃ → t + χ̃01 or t̃ → b + χ̃
±
1 , where the latter involves the

presence of charginos (χ̃
±
1 ) which subsequently decay into the lightest neutralino via a W

(∗) emission. If

the chargino is heavier than the stop and mW + mb < ∆m < mt, the dominant decay mode is expected

to be the three-body Wbχ̃
0
1 decay. Several searches on 2011 data have been carried out in these decay

channels in 0 to 2 lepton final states [10–12] and have been extended in 2012 [13–16]. In the scenario

for which ∆m < mW + mb, the dominant decay mode can be a stop decay to a charm quark and the LSP

(t̃ → c+ χ̃01), which proceeds via a loop decay (see Fig. 1). The corresponding final state is characterized
by the presence of two jets from the hadronization of the charm quarks and missing transverse momentum

(denoting its magnitude by Emiss
T
) from the two undetected LSPs. However, given the relatively small

mass difference (∆m), both the transverse momenta of the two charm jets and the Emiss
T
are too low to

extract this signal from the large multijet background.

In this study, the event selection makes use of the presence of initial-state radiation (ISR) jets to

identify signal events. Two different approaches are used to target the different ∆m regions. For small ∆m,

Figure 1: Feynman diagram for the pair production of top squarks with subsequent decay to charm quarks

and two LSP’s.

the approach follows closely the “monojet” analysis of Ref. [17], where events with low jet multiplicity

and large missing transverse momentum are selected. For moderate ∆m the charm jets receive a large

enough boost to be detected. In addition to the requirements on the presence of ISR jets, charm tagging
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E.g. stop to charm X0 
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Mono jet analysis 

Δm   As Δm increases, mono-jet  
search becomes insensitive. 

Dedicated Search w. charm tags  
required to fill the gap 

Charm Tag Analysis 

arXive: 1407.0608 



… but that’s not enough … 
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1 Introduction

Supersymmetry can protect the scale of electroweak symmetry breaking
from destabilising quantum corrections provided the masses of the Standard
Model (SM) superpartners are not too large [1]. The most important states
in this regard are those that couple the most strongly to the Higgs fields,
namely the scalar top quarks (stops). To give the desired protection, the two
stop mass eigenstates should be considerably lighter than a TeV [2].

A light stop can also play an important role in cosmology. The baryon
asymmetry can be created within the minimal supersymmetric standard
model (MSSM) by the process of electroweak baryogenesis (EWBG) if at
least one of the stops is lighter than the top quark [3, 4, 5]. A light stop
can help to produce the observed dark matter relic density as well. When
the lightest superpartner (LSP) is a mostly-Bino neutralino, the mechanism
of thermal freeze-out tends to create too much dark matter. However, a
light stop that is close in mass to the neutralino LSP can reduce its thermal
abundance to the observed value by coannihilation [6, 7, 8, 9].

For these many reasons, an intense search for light stops is underway at
the Large Hadron Collider (LHC), and a broad range of theoretical studies
have been performed recently to find the most promising search channels [10,
11, 12, 13, 14, 15, 16, 17, 18, 19]. The two decay channels that have been
studied in the most detail are

t̃1 ! t�0
1, t̃1 ! b�+

1 (2B) , (1)

where �0
1 is the lightest neutralino and �+

1 is the lightest chargino. When the
stop is too light to decay in these channels, the dominant decay modes can
involve three- or four-body final states such as [20, 21, 22]

t̃ ! b�0
1W

+(⇤) (3B, 4B) , (2)

or have flavour violation [20, 21],

t̃ ! c�0
1 (FV) . (3)

Of these, the two-body FV mode has been studied the most extensively [23,
24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37], and is typically assumed
to be the exclusive decay channel when the three-body decay is kinematically
forbidden.
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The relative BR of: 

is completely model dependent. 

We must prepare a combined search strategy  
for these two final states! 

Any relative BR is possible for most of the relevant Δm   



“The stop gaps” 
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“Closing the gaps” 
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Near mDM ~ 0 precision top 
measurements are needed. 

At larger mDM ,  
ISR boost and increased luminosity will close the gap. 

  

(e.g. arXive: 1406.5375) 



Lesson 3 

ISR boost is a powerful tool that we 
should exploit more consciously 
beyond just the monojet search. 
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What else are we missing ? 

A Case Study 
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Hundreds of GeV of unexplored territory 
between gluino mass and LSP mass. 

Much of it comes with  
Xsections of 10fb to 1pb. 

Some simple math: 
100fb * 20/fb * 1% * 2 = 40 

We are sensitive to O(1%) BR  
decay chains if they provide  

sufficiently striking signatures. 



Consider squark pair production 
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* Direct squark production:  

* sensitivity around 650-750 GeV 

23rd July 2014 Henning Flaecher - SUSY 2014 Manchester 35 

* 

* Gluino pair production:  

* sensitivity around 1.0-1.3 TeV 

1st & 2nd generation 

* Direct squark production:  

* sensitivity around 650-750 GeV 
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* 

* Gluino pair production:  

* sensitivity around 1.0-1.3 TeV 

sbottoms 
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A squark mass of 400-600 GeV can not be ruled out if  
LSP mass is large enough and/or not all squarks are degenerate.  



Can we get an “edge” on squarks? 
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squark 

If C,D are leptons, then we may be able to probe squark  
pair production that would otherwise be invisible, even for  

squarks that predominantly decay into all hadronic final states. 

E.g. m=4-6e2 GeV => σ ~ O(pb)  => 20,000 squark pairs in 20/fb 

Sweetspot: BR of O(%) into dileptons is too small to see  
with 4 leptons but still large enough for dilepton edge. 

quark 
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Use eµ data to 
predict ee+µµ. 

Search for excess in same-flavor opposite sign dileptons. 
Do so for modest HT and MET requirements,  

targetting unexplored region in squark/gluino production. 



The Selection 

•  Lepton (e,µ) pT > 20GeV 
•  Jet pT > 40GeV 
•  Signal region: 

–  (Njets > 1 .AND. MET > 150 GeV)  
                  .OR. 
–  (Njets > 2 .AND. MET > 100 GeV) 

•  Control region: 
–  100GeV < MET < 150GeV .AND. Njets = 2 
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12 / 44

Event selection

2 leptons (pT > 20 GeV, |⌘| < 2.4)(
e±e⌥

µ±µ⌥ signal
n

e±µ⌥ control

2 regions in lepton-⌘:
Central: |⌘| < 1.4
Forward: at least one |⌘| > 1.6
This excludes EB-EE transition
region

2 regions mll :
Cut & Count experiment:
20 GeV < mll < 70 GeV
Edge search: mll > 20 GeV

  

Drell-Yan enriched

N
Jets

E
T

miss

50 

100 

150 

1 2 3 4 

Signal

Control

Regions

Signal region:
Emiss

T > 100 GeV & Njets >=3 or
Emiss

T > 150 GeV & Njets >=2
Control region:
100 GeV < Emiss

T < 150 GeV & Njets =2
Drell-Yan control region:
Emiss

T < 50 GeV & Njets >=2

Jan-Frederik Schulte 22.7.2014 12 / 41



Background Estimation (I) 

•  Top, WW, …, flavor symmetric bkg 
– Use eµ data with corrections measured via 

either control region or reco & trigger eff. 
measurements in data. 

 
•  DY bkg: 

– Predict Z peak bkg via MET-templates and JZB. 
– Predict off peak from in peak via Rin/out 
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Background Estimation (II) 
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Distinguish central & forward. 
Central has smaller systematics, 
and larger expected signal yield. 

4% systematics for  
eµ based bkg prediction  



Results (I) 
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Results (II) 
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Yield in 20GeV < mll < 70GeV signal region. 



Results (III) 
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Fitted Edge across 20GeV < mll < 300GeV region. 



Lesson 4 

We have enough luminosity accumulated 
to make searches for rare signatures in 

decay chains worthwhile. 
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Summary & Conclusion 

Rather than summarizing let me conclude 
with my personal opinion on what I will 

want to see to believe a discovery. 
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Requirements for Discovery 

•  A LEE free 5σ excess. 
•  Background predictions from both MC and data 

driven. 
–  Our MCs are good enough that we can’t ignore them.  
–  At the same time, there are discrepancies between data 

and MC, and we are likely to see more of them with 
more luminosity. 

•  Kinematic distributions of the excess events that 
show a clear distinction from bkg and are not yet 
already used in the search strategy. 
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Backup 
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Are our Searches too much 
influenced by Simplified Models? 
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We have searched for WW, WZ, Wh, Zh, ZZ, and hh plus MET. 
When we do so, we search for one final state at a time. 
 

Are we prepare for something like this: 

Wino (C2,N3) BRs 

4/21/14 100TeV Collider Workshop 14 

WW, WZ, Wh, ZZ, and hh all present at significant rates. 

C2,N3 are pure wino with masses of 640.5GeV and 640.2GeV 

50% X+ to W X0 

25% X0 to Z X0 

21% X0 to h X0 

23% X+ to h X+ 

26% X+ to Z X+ 

53% X0 to W X+ 

Di-boson + MET present at large rate, but none dominates. 



Lost lepton bkg 
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•  W+jets and ttbar enter our signal region if a W decays 
leptonically ! The charged lepton must be lost. 

•  Lost Lepton contribution estimated from one lepton 
sample, separately for e, %, &h: 

•  *l: Lepton reconstruction efficiency (incl. acceptance). 
•  *MT: MT cut efficiency. 

•  MT < 100 GeV required to limit potential signal 
contamination. 

•  Method is applied separately on e, %, and &h. 

Hannsjörg Weber (ETH Zürich) 19 

The Lost Lepton background 

Nl
lost = (Nl

reco ! Nl
bg )1!!l
!l!MT

,   l = e,µ,! h
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Estimated from 1-lepton sample plus lepton finding efficiency 

Estimated separately for each lepton flavor. 

For 1-lepton sample, require MT < 100GeV  
to limit possible signal contamination. 
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Dominates for large jet and b-jet multiplicity. 



Z to neutrinos background 
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Dominates for small jet and b-jet multiplicity. 

γ + jets events used to predict this background. 
Physics difference between γ and Z plus jets taken from MC.  

Purity obtained via fit to 
Shower shapes in data. 
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, low H!1 -1 = 8 TeV, L = 19.50 fbsCMS Preliminary, 

•  The Z())) background has a SUSY-like signature 
and is irreducible. 

•  ++jets events are used for predicting this background: 
•  Photon is added to ET

miss to mimic Z())). 
•  True ET

miss < 100 GeV to minimize possible signal 
contamination. 

•  Z())) estimated via 

•  Purity obtained from fit to shower shape variable 
,i-i- separately for EB/EE. 
•  Example of fits in backup. 

Hannsjörg Weber (ETH Zürich) 21 

The Z())) background 
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QCD Multijet background 
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MC estimate 

Data estimate 

MC estimate  
low by up to x2 

Only consider MT2 regions for which  
QCD Multijets bkg is < 10% of total bkg. 

Extrapolate bkg from data regions 
for which MET points in direction of 
one of 4 leading jets. 

Systematics depends on signal region: 
    10-50%    for MT2 < 200GeV 
     50-100% for MT2 > 200GeV  
Higher MT2 have less stats in data control  
regions, thus larger syst on projections. 



MT2 Signal Region Definitions 
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6.1 Data-driven determination of the multijet background 7

Table 1: Signal bin definitions of the inclusive MT2 analysis.

low HT region medium HT region high HT region
MT2 bin [GeV] MT2 bin [GeV] MT2 bin [GeV]

2 jets,
0 b jets

200-240 350-420 570-650 125-150 220-270 425-580 120-150 260-350
240-290 420-490 � 650 150-180 270-325 580-780 150-200 350-550
290-350 490-570 180-220 325-425 � 780 200-260 � 550

2 jets,
� 1 b jets

200-250 310-380 450-550 100-135 170-260 � 450 100-180
250-310 380-450 � 550 135-170 260-450 � 180

3-5 jets,
0 b jets

200-240 420-490 160-185 300-370 � 800 160-185 350-450
240-290 490-570 185-215 370-480 185-220 450-650
290-350 570-650 215-250 480-640 220-270 � 650
350-420 � 650 250-300 640-800 270-350

3-5 jets,
1 b jets

200-250 310-380 450-550 150-175 210-270 380-600 150-180 230-350
250-310 380-450 � 550 175-210 270-380 � 600 180-230 � 350

3-5 jets,
2 b jets

200-250 325-425 130-160 200-270 � 370 130-200
250-325 � 425 160-200 270-370 � 200

� 6 jets,
0 b jets

200-280 � 380 160-200 250-325 � 425 160-200 � 300
280-380 200-250 325-425 200-300

� 6 jets,
1 b jets

200-250 � 325 150-190 250-350 150-200 � 300
250-325 190-250 � 350 200-300

� 6 jets,
2 b jets

200-250 � 300 130-170 220-300 120-200
250-300 170-220 � 300 � 200

� 3 jets,
� 3 b jets

200-280 � 280 125-175 175-275 � 275 1� 125

MT2 bins of the signal region, a small contribution of order  10% from multijet events is
expected.

In the signal regions with events containing exactly two jets or events with 0 b jets, the dom-
inant background is Z(nn̄)+jets production, followed by leptonic W(ln)+jets production, with
only a small contribution of tt̄+ jets production. In the regions with 1 b jet all three processes
(Z(nn̄)+jets, W(ln)+jets, and tt̄+jets production) are important. For all regions having with
multiple b jets, tt̄+jets events are the dominant source of backgrounds. The tt̄+jets component
typically increases with higher jet multiplicity and is important for all selections with Nj � 6,
regardless of the b-jet selection. In addition to the features described, the relative contribution
of tt̄+jets production decreases for higher MT2 by the virtue of the MT2 variable. Contributions
from other backgrounds, such as g+jets, Z(ll)+jets and diboson production, are found to be
negligible. These observations apply to all three HT regions.

6.1 Data-driven determination of the multijet background

From studies with simulation, we have determined that the multijet background is negligible
in the tail of the MT2 distribution. Nevertheless, a data-driven method is designed to verify
that this is indeed the case.

We use a method based on MT2 and Dfmin. The background in the signal region, defined by
Dfmin � 0.3 and large MT2, is predicted from a control region with Dfmin  0.2. The two
variables are strongly correlated, but a factorization method is applied since the functional


