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MOTIVATION 

§  Higgs boson at ~126 GeV exists and top quark plays important role 
 ➞ interesting to search for 3rd generation squarks 
§  Naturalness ➞ light top squark 
§  Bottom squark may also be light 

§  Overwhelming evidence for dark matter 
 ➞ include dark matter candidate   

 Assume R-parity conservation 
           LSP (χ1

0) ET
miss signature  

    sparticle pair production 
 

   Search for signatures of top/bottom  
  squarks decaying to LSP 
 ➞ top/bottom quarks + ET

miss  
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Papucci, Ruderman, Weiler, arXiv:1110.6926 [hep-ph] 



TOP/BOTTOM SQUARK PRODUCTION  

Top squark pair production mostly via gg (dominant) and qq 

 

 

 

 

 

 

 

 

 

b tagging important to distinguish signal ➞ Main issue is the tt background  
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OVERVIEW OF SIGNATURES 
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TOP SQUARK DECAY 
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 Signal looks like “t t + ET
miss” from the invisible LSPs 

 Signature depends on tt decay modes 
 Fully hadronic channel 
    1ℓ channel  
    2ℓ channel 

Branching 
fraction Backgrounds 



1ℓ SELECTION & BACKGROUNDS 
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§  Event pre-selection 
§  1 high pT isolated e orμ 
§  ≥ 4 jets with ≥ 1 b-jet 
§  Veto events with a second 

lepton  
§  Moderate ET

miss 

§  Search in MT tail                  
MT(ℓ,ET

miss) >> MW 

 

§  Main backgrounds 

§  tt➞ ℓℓ dominant in MT tail 

 

§  Single lepton backgrounds:         
tt➞ℓ+jets & single top s/t-
channel (1ℓ top), W+jets 

§  Rare processes:                   
mainly tt+W/Z/γ, tW 

P1

P2

t̄

t

W�

W+

l

⌫

b̄

b

⌫

l

1

e/μ 

ET
miss 

ET
miss 

‘missed’	

g

g

1

g

MT [GeV] 

N
or

m
. E

nt
rie

s 

Dominant backgrounds:  
tt ➞ ℓ+jets, W+jets     
➞ MT(ℓ,ν) < MW 

Signal: 2 LSP’s  
➞ MT > MW 

_ 

1ℓ top squark search 
hep-ex/1308.1586  



SIGNAL DISCRIMINATION 

Multiple signal regions target range of signal 
kinematics 

 
Main analysis combines several variables in BDTs 
➞ signal regions defined by cuts on BDT output 

Cross checked with cut-based analysis 
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BACKGROUND ESTIMATION AND VALIDATION 
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Sample BDT1 Loose BDT1 Tight BDT2 BDT3 BDT4 BDT5 

Total Expected 763 ± 102 124 ± 21 85 ± 16 13 ± 4 2.9 ± 1.1 87 ± 18 

Data 728 104 56 8 2 76 

RESULTS: BDT ANALYSIS tχ0 

Several BDTs trained to target different regions of parameter space 
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Data yields consistent with 
background predictions in 

signal regions 

No evidence for top squarks 
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Sample BDT1 Loose BDT1 Tight BDT2 BDT3 BDT4 BDT5 

Total Expected 763 ± 102 124 ± 21 85 ± 16 13 ± 4 2.9 ± 1.1 87 ± 18 

Data 728 104 56 8 2 76 

RESULTS: BDT ANALYSIS tχ0 
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Tighter BDT signal regions target high mstop and large Δm 
 
 



INTERPRETATION: BDT ANALYSIS tχ0  

Set limits using results from BDT signal regions 
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RAZOR ANALYSIS 

§  Razor kinematic variables study 
dijet topology of two squarks 
decaying to a quark and neutralino 

§  Reconstruct decay of two chains  
➞ cluster all objects in an event 
into two ‘megajets’  

§  Discriminate peaking signal on a 
falling background in razor 
variables R2 vs. MR 

14 November 11th, 2013 SUSY at the Near Energy Frontier, FNAL 

SUS-13-004 

[GeV]RM
500 1000 2000 3000

2 R
1

0

5

10

15

20

25

30

35

40

45

50
 = 8 TeVsCMS Simulation 

-1 L = 19.3 fb∫Razor MultiJet Box 
+jets, W/Z+jets tSM Backgrounds t

0.8

0.5

0.3

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

 [GeV]RM
500 1000 2000 3000

2 R

1
0.8

0.5

0.3

 = 8 TeVsCMS Simulation 
-1 L = 19.3 fb∫Razor MultiJet Box 

 = 0.01 pbσ, 0
χ∼ t→t~, t~t~→pp

 = 25 GeV
χ∼

 = 800 GeV, mt~m

Signal 

Background 



RAZOR ANALYSIS 

§  Events classified based on nℓ and njets 
and a simultaneous fit of R2 and MR 
is used to estimate the background 
for each category 

§  Use b-jet multiplicity information   
➞ enhance sensitivity to 3rd 
generation signatures 
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INTERPRETATION: RAZOR tχ0  

Sensitivity mainly from:  0ℓ + ≥1 bjet + ≥4 jets, 0ℓ + ≥2 bjets +2-3 jets, 1μ+ jets 

16 

Results probe m( t ) ≲ 710 GeV for m(χ0) ≲ 150 GeV 
Sensitive to higher mstop regions than 1ℓ search 
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TOP SQUARK RESULTS 
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TOP SQUARK SCENARIOS 
Alternative decay modes possible if a light chargino exists 

 
 
 
 
  

 
 
 
 
 
 
 

Two decay modes have the same objects in the final state 
 

Signal looks like “t t + ET
miss” from the invisible χ0 LSPs 
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1ℓ INTERPRETATION: BDT ANALYSIS bχ± 

Dedicated search in 1ℓ analysis targeting alternative scenario 
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Results probe m( t ) ≲ 660 GeV for m(χ0) ≲ 225 GeV 

  [GeV]t~ m
300 400 500 600 700 800

  [
G

eV
]

10 χ∼
m

0

50

100

150

200

250

300

350

400

 u
pp

er
 li

m
it 

[p
b]

σ

-310

-210

-110

1

10

210

BDT analysis

+
1
χ∼ b → t~*, t~ t~ →pp )theory

σ1±Observed (
)σ1±Expected (

0
1
χ∼

 + 0.5 mt~  = 0.5 m±

1
χ∼

m

-1Ldt = 19.5 fb∫ = 8 TeV, sCMS                                      

W

 = 
m

0
1χ∼

 - m±
1χ∼m

t̃ ! t�̃0

t̃ ! b�̃±

t̃t̃⇤ ! tt̄�̃0�̃0

t̃t̃⇤ ! tt̄�̃0�̃0 ! bb̄W+W��̃0�̃0

t̃t̃⇤ ! bb̄�̃+�̃� ! bb̄W+W��̃0�̃0

7

1" 1"1" 1"

 ̃  ̃ 

 ̃ 

November 11th, 2013 SUSY at the Near Energy Frontier, FNAL 

SUS-13-011 

 t

 χ1
0

 χ1
±

W 

b 



1ℓ INTERPRETATION: BDT ANALYSIS bχ± 
Limits for medium/heavy charginos are qualitatively similar to the top-neutralino 

scenario but sensitivity degrades as the chargino gets lighter 

20 

 ̃ 

November 11th, 2013 SUSY at the Near Energy Frontier, FNAL 

m
χ1
+ = 0.5mt + 0.5m χ10

medium chargino 

 t

 χ1
0

 χ1
±

W

b 

light chargino 
m
χ1
+ = 0.25mt + 0.75m χ10

 t

 χ1
0

 χ1
±

W

b 

  [GeV]t~ m
300 400 500 600 700 800

  [
G

eV
]

10 χ∼
m

0

50

100

150

200

250

300

350

400

 u
pp

er
 li

m
it 

[p
b]

σ

-310

-210

-110

1

10

210

BDT analysis

+
1
χ∼ b → t~*, t~ t~ →pp )theory

σ1±Observed (
)σ1±Expected (

0
1
χ∼

 + 0.5 mt~  = 0.5 m±

1
χ∼

m

-1Ldt = 19.5 fb∫ = 8 TeV, sCMS                                      

W

 = 
m

0
1χ∼

 - m±
1χ∼m

  [GeV]t~ m
200 300 400 500 600 700 800

  [
G

eV
]

10 χ∼
m

0

50

100

150

200

250

300

350

400

 u
pp

er
 li

m
it 

[p
b]

σ

-310

-210

-110

1

10

210

BDT analysis

+
1
χ∼ b → t~*, t~ t~ →pp )theory

σ1±Observed (
)σ1±Expected (

0
1
χ∼

 + 0.75 mt~  = 0.25 m±

1
χ∼

m

-1Ldt = 19.5 fb∫ = 8 TeV, sCMS                                      

W

 = 
m

0
1χ∼

 - m±
1χ∼m



1ℓ INTERPRETATION: BRANCHING FRACTION 

In spectrum with nearly mass-degenerate chargino/neutralino,  
limits depend strongly on BF( t → t χ0 ) 
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BOTTOM SQUARK DECAY 

Signal looks like “bb + ET
miss” from the invisible χ0 LSPs 
 

Fully hadronic signature with b-jets 
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ALL HADRONIC αT+b 

§  Suppress backgrounds with fake ET
miss 

(QCD) using the αT variable 
§  Add b-tagging ➞ suppress EW bkg 
§  Classify signal regions: njets, nb-jets and HT 

§  Background mainly tt ➞ estimated from 
data control samples with extrapolation 
factors from simulation 
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INTERPRETATION: αT+b bχ0  

Sensitivity from regions with njets = 2-3 and nbjets = 1 or 2 
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Results probe m( b) ≲ 600 GeV for m(χ0) ≲ 200 GeV  ̃  ̃ 

 ̃ 
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BOTTOM SQUARK SCENARIOS 

In chargino scenario, signal looks like “2b + 4W + Et
miss” 

Sensitivity with leptonic signatures & b-jets  
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LEPTONIC SEARCHES WITH B TAGS 

§  Signal with multiple W bosons can have of 2ℓ of same charge (SS) or ≥ 3ℓ  
  ➞ low branching fractions but low backgrounds  

  

Dominant background typically tt 
 
 
 
 
 
 

§  Add b-tagging ➞ suppress EW background & sensitivity to 3rd generation 
§  Background from ‘rare’ SM processes such as tt+W/Z/H can be important 

 
Classify signal regions: ET

miss, HT, njets, nbjets ➞ sensitivity to range of signals 
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SUS-13-008 
SUS-13-002 
SUS-13-013 

Additional “fake” lepton 
mostly from b-decays 
➞ estimate from rate of 
non-isolated 2nd leptons P1
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LEPTONIC SEARCHES WITH B TAGS 
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INTERPRETATION: tχ± ➞ bWWχ0 
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Sensitivity mainly signal regions with 1-2 b tags, high HT and ET
miss  

 ̃ 

Results probe m( b ) ≲ 575 GeV  
for m(χ±)~150-375 GeV and m(χ0) = 50 GeV 

 ̃ 
SUS-13-008 
SUS-13-002 
SUS-13-013 

 ̃ 

 ̃  ̃ 
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ALTERNATIVE BOTTOM SQUARK DECAYS 

In two neutralino scenario, signal looks like “2b + 4Z + Et
miss” 

Sensitivity with leptonic signatures & b-jets  
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INTERPRETATION: bχ2
0 ➞ bZχ1
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 ̃ 

Results probe m( b ) ≲ 450 GeV for m(χ1
0) ≲ 175 GeV 

 ̃ SUS-13-008 

Alternative  
bbZZ+ET

miss 

interpretation in 
GMSB scenario 

SUS-13-002  
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SUMMARY OF FINAL STATES 
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1ℓ stop search example 
Interesting uncovered regions 

outside contours 
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Gap in sensitivity  
at mstop-mLSP ~ mtop 

To target region 
§  Search for top squarks 

produced in cascades of 
other sparticles  

§  Precise comparison of 
measured vs. expected tt 
cross section 
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mt <m χ 0
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Challenging region at lowΔM 
 t → c χ 0t → bW * χ 0

To target region 
§  Cascade decays  
§  Monojet 
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0

(off-shell top) 
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TOP/BOTTOM SQUARKS AT FUTURE LHC 

LHC Run2 (~2015-2021) expect ~300 fb-1 of data at √s = 13-14 TeV 
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SUMMARY & OUTLOOK 

Searched for signatures of top/bottom squarks in several decay modes 
§  No excesses observed → results probe top and bottom squarks                  

up to m ~ 700 GeV, interesting range from naturalness considerations 

Despite current exclusions, there are several scenarios where top and 
 bottom squarks may have eluded detection in existing searches 

 

Current and future LHC runs provide unique opportunity to search for 
 3rd generation squarks 
§  Improve analysis, larger dataset and higher energy ➞ next few years key! 

 
Other CMS talks at this workshop featuring top/bottom squarks 
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More details in CMS SUSY Results Twiki Page 
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RPV Searches 
M. Walker 

Gluino mediated  
stop/sbottom searches 

J. Thompson 

GMSB Searches 
P. Thomassen 



BACKUP 
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4.3 Signal region definition 7

4.3 Signal region definition

Two approaches are pursued to define the signal regions (SRs): a cut-based approach and a
BDT multivariate approach. In both approaches, we apply the preselection requirements of
Section 4.1. The cut-based signal regions are defined by adding requirements on individual
kinematic variables. In contrast, the BDT combines the kinematic variables into a single dis-
criminant, and the BDT SRs are defined by requirements on this discriminant. The BDT ap-
proach improves the sensitivity of the search by up to 40%, at the cost of additional complexity.
The primary result of our search is obtained with the BDT, while the cut-based analysis serves
as a cross-check. Table 1 lists the variables used in the training of the BDTs (Section 4.3.1) and
summarizes the requirements for the cut-based SRs (Section 4.3.2).

t̃ ⇤ t��0
1 t̃ ⇤ b��+

1
cut-based cut-based

Selection BDT Low DM High DM BDT Low DM High DM

Emiss
T (GeV) yes > 150, 200, > 150, 200, yes > 100, 150, > 100, 150,

250, 300 250, 300 200, 250 200, 250
MW

T2 (GeV) yes > 200 yes > 200
min D⇥ yes > 0.8 > 0.8 yes > 0.8 > 0.8
Hratio

T yes yes
hadronic top �2 (on-shell top) < 5 < 5
leading b-jet pT (GeV) (off-shell top) yes > 100
DR(`,leading b-jet) yes
lepton pT (off shell W)

Table 1: Summary of the variables used as inputs for the BDTs and of the kinematic require-
ments in the cut-based analysis. All signal regions include the requirement MT > 120 GeV.
For the t̃ ⇤ t��0

1 BDT trained in region 5 of Fig. 3 top left, where the top quark is off-shell, the
hadronic top �2 is not included and the leading b-jet pT is included. The lepton pT is used only
in the training of the t̃ ⇤ b��+

1 BDT in the case where the W boson is off-shell.

4.3.1 BDT signal regions

The BDTs are trained on samples of MC signal and background events satisfying the preselec-
tion requirements and with MT > 120 GeV. The BDTs are trained with MADGRAPH samples
for t̃ ⇤ t��0

1 and a mixture of MADGRAPH and PYTHIA samples for t̃ ⇤ b��+
1 . (The choice of

generators has little impact on the final result.) The background MC sample contains all the
expected SM processes.

Separate BDTs are trained for the t̃ ⇤ t��0
1 and t̃ ⇤ b��+

1 decay modes and for different regions
of parameter space. The regions are defined in Fig. 3. In general, for a given BDT, the optimal
requirement does not depend strongly on the point in parameter space within each region.
Thus, for almost all regions defined in Fig. 3, a single BDT requirement is sufficient, and each
such requirement defines a BDT signal region. The exceptions are Region 1 for the t̃ ⇤ t��0

1
signal model and Region 2 for the t̃ ⇤ b��+

1 signal model with parameter x = 0.5; in these
regions we choose two BDT operating points, referred to as “tight” and “loose”.

BDT distributions after the preselection are shown in Fig. 4 for four of the 16 BDTs. The data
are in agreement with the SM MC simulation.

4.3.2 Cut-based signal regions

For the t̃ ⇤ t��0
1 model, two types of signal regions are distinguished: those targeting “small

DM” and those targeting “large DM”, where DM ⇥ mt̃ � m��0 . Both categories include the

SIGNAL REGION DEFINITIONS 
Signal regions target different decay modes and a range of signal kinematics 
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ADDITIONAL KINEMATIC VARIABLES 
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KINEMATIC VARIABLES: MT2
W 

MT2
W is minimum mother particle mass consistent with pT’s and mass constraints 

Kinematic endpoint MT2
W < mtop for tt 

 hep-ph/1203.4813 

which is more sensitive to this background topology because of the additional kinematic information

applied in the definition. Specifically, the variable MW
T2 (where the superscript W represents the on-

shell intermediate W information is included when combining lepton and neutrino) can no longer be

cast into the “maximum of two side’s MT ” form, but is instead defined directly as the minimization 5

MW
T2 = min

{

my consistent with:

[

!pT1 + !pT2 = !Emiss
T , p21 = 0 , (p1 + p!)2 = p22 = M2

W ,
(p1 + p! + pb1)

2 = (p2 + pb2)
2 = m2

y

]}

.(3)
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Figure 5: Schematic of MW
T2, along with its signal and background event distributions. Here all of the

information is used, including theW -on-shell mass condition on both sides. As with the other variables,
p2 is the entire missing on-shell W , but p1 is the neutrino that gets paired with the visible lepton to
form the other on-shell W . All the events in the plot have Emiss

T > 150 GeV and MT > 100 GeV. The
events with no compatible top mass under 500GeV are placed in the last bin.

The diagram, along with signal and background distributions are shown in Fig. 5. We use the same

method as before to pick the two b-jets, and a method similar to that for M b!
T2 is used to choose which

b-jet gets paired with the visible lepton. Calculating this variable can be done efficiently in a similar

way as the MT2 calculation in Ref. [47] by generalizing the method there to this case. For perfect

measurements, this variable for the dileptonic tt̄ backgrounds is less than the true top quark mass

since the top mass should be compatible with all background events. On the other hand, the signal

events do not need to satisfy such a bound, because of its different topology and additional missing

massive particles χ̃. For some of the signal events we may not even be able to find a compatible

mass because we apply the variable to a wrong topology with the wrong mass-shell conditions. The

5The programs for calculating all new variables defined in this paper can be downloaded at
https://sites.google.com/a/ucdavis.edu/mass/
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SENSITIVITY AROUND mtop 
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Analysis sensitive to   
ΔM > mtop & ΔM < mtop 

but not to ΔM ~ mtop 
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GMSB STOP WITH Z OR HIGGS 

§  Natural GMSB scenario  
§  Higgsino mass splittings 5 GeV 
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§  Multilepton signatures  
§  Classify events based on N(ℓ) and flavor, M(ℓℓ), N(bjets), ET

miss, HT 

§  Sensitivity to this model from signal regions with b jets 
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GMSB STOP WITH H ➞ γγ	



§  Events γγ + ≥ 2 bjets split into 3 categories: ≥ 3 bjets, on/off H 
§  Background estimate from fit to γγ spectrum sidebands 
§  Results consistent with SM expectations 

§  Sensitive to top squarks M ≤ 400 GeV 
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