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Introduction 

• Searching for BSM physics 
• Top quarks play an important role 

• New massive gauge bosons (W’, Z’) 
• Heavy quark partners (t’,b’) 
• Kaluza-Klein excitations 
• SUSY 
• etc… 

• Until recently  
• Leptonic channel searches dominated  
• All-hadronic channel was swamped in QCD background  

• Z′ → tt   
• First analysis to use jet substructure to reduce QCD background 
• Hadronic channel comparable to semileptonic! 

• W′ → tb  
• Apply substructure tools  
• Hadronic channel might be competitive   
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W Prime 

• Search for heavy tb resonance 
• W prime 

• Predicted by many models 
• KK models, Little Higgs, Composite Higgs etc 

 
 
 
 
 

• All-hadronic W′ decay  
• W′ → tb 

• t → W + b → jj + b 
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Boosted Final State 

• Primary focus high mass W′ 
• Top daughter jets highly boosted 
• Merged into a single jet  

• b candidate jet in opposite hemisphere 
• Interested in high pT range 

• pT > 450 GeV for top candidate 
• pT > 370 GeV for b candidate  
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Merged Top Jet Event Topology 



Boosted Final State 

• Top quark daughters 
merge at high boost  
• Boosted top quark 

identification  
• Sensitivity in very high resonant mass 

regions. 

• Hadronic top decay resolved 
as single jet pT ≥ 400 GeV 
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Analysis Strategy 

• Boosted top jet identification 

• b-tagging  

• QCD background estimate from data  

• tt  background shape from Monte Carlo 
• Normalization taken from data 

• Place limits on right-handed W′ 

• Place limits on left- and right-handed W′ 
couplings  
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Signal Generation 

• Using the CompHEP package  
• Generate right, left, and mixed coupling 
W′ samples 
• Standard model interference on left-handed and 

mixed 
• 200 GeV generator level pT cut is applied to the b 
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CMS Top-Tagging 
Algorithm 

• Try to decompose merged jet into two, 
and then three or four primordial 
“subjets” 

 

 

• The top jet should contain three subjets 
• Two from the W decay 

• One from the b quark hadronization 

•Use Nsubjets ≥ 3 
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CMS Top-Tagging 
Algorithm 

• Calculate the pairwise mass of subjets i, j  

• mij = (Ei + Ej)
2−(pi + pj)

2 

• Put a subjet pair within the range of a W 
boson mass. 
• Cut on minimum mij > 50 GeV 

• Put jet within top mass range   
• Use 140 GeV < M < 250 GeV 
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CMS Top-Tagging 
Algorithm 
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Minimum Pairwise Mass in Signal, 
tt , and QCD Monte Carlo 



b Candidate Jet  

•W′ decay produces a high pT b-jet 

•Use CSV algorithm at the medium 
operating point  
• CSVM > 0.679  

•Use EPS13 Monte Carlo to data Scale 
Factor  
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b Candidate Jet  

•After top-tagging, the qcd fraction is 
greatly reduced 

• tt  contribution reduced by 
approximately the same amount as 
signal 

•High fraction of tt  in full background 
estimate 

• Suppression of tt  becomes important 
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b Candidate Jet  
 

• In tt , the b candidate 
jet is commonly a W 
or merged top 

• tt  reduction can be 
performed with a 
simple cut on b mass 

• We use b candidate 
mass < 70 GeV  
• tt  reduction of ~80% 
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Δy Cut 

• Looking for dijet resonance 

•QCD dijets are more likely to have a 
higher Δy than those from a heavy 
resonance  
• Similar Δy cut seen in other EXO searches 

•Cut at |Δy| < 1.6 

•Discrimination at high mass 
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Background Estimation 

• Extract tt  shape from Monte Carlo 
• Normalization from data 

• Extract QCD background estimate from 
data (both shape and normalization). 
• Measure the average b-tagging rate for QCD jets in 

control region. 

• Apply this average b-tagging rate to the pre b-
tagged sample in the signal region. 
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𝑃 𝑏𝑡𝑎𝑔 = 
𝑁𝑝𝑜𝑠𝑡

𝑁𝑝𝑟𝑒
 𝑁𝑝𝑜𝑠𝑡 ≅ 𝑁𝑝𝑟𝑒 × 𝑃 𝑏𝑡𝑎𝑔 

Control Region 
Signal Region 



Background Estimation 

•We use the sideband Nsubjets < 3 
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Background Estimation 

• Fit average b-tagging rate  

• Three η regions 
• 0.0 < η ≤ 0.5 

• 0.5 < η ≤ 1.15 

• 1.15 < η ≤ 2.4 
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tt  Normalization  

• Use Monte Carlo for tt  prediction 

• Use tt  pT reweighting  
• Using TOP PAG prescription 

• Not designed for high kinematic range  

• Measure tt  normalization and uncertainty in 
data 
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tt  Normalization  

•Define new control region enriched in tt   
• Mb>70 GeV 

• Extract normalization using template fit 
to the b candidate mass  
• tt  as one template and QCD as the other 

• QCD moves within it’s errors 

• tt  is unconstrained  
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tt  Normalization  

• tt  needs to be further scaled by 
1.23±0.24 

• Total rate uncertainty on tt  
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Full Selection  
(First Iteration) 
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•CMS top-tagger and b-tagging  

 



Full Selection  
(First Iteration) 
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• Low sensitivity 
compared to 
semileptonic 

•Need to reduce huge 
QCD dominated 
background  

 

 



Full Selection  
(First Iteration) 
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• Look towards cutting 
edge top-tagging  
techniques 

•N-subjettiness 
• Never before used for top-

tagging  

• Subjet b-tagging 
• Completely new 

 

 



N-subjettiness  
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Plots From James Dolen:  

• Variables τN describe how consistent 
the jet energy is with having N subjets 
• Cut on τ3/τ2  

 

 



N-subjettiness 
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τ3/ τ2  in Signal, tt ,   
and QCD Monte Carlo 

Plot Signal/ Background  
for a cut on this variable. 

Cut at 𝛕𝟑/ 𝛕𝟐 < 0.55 



b-tagging Subjets 

• t → W+ b → jj + b 

• One of the subjets within the top should be a b-jet  

• Allow for any of the three subjets to be b-tagged 

• Use CSVM operating point 
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b-tagging Subjets 

27 

maximum b discriminant in  
Signal, tt ,  and QCD Monte Carlo 

Plot Signal/ Background 
for a cut on this variable.  Use  

standard operating point 
Cut at CSV >  0.679 



Top-Tagging Scale Factor 

28 SF = 1.04 ± 0.13 



Event Selection - Recap 
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• Top candidate jet 
• pT > 450 GeV 
• CMS top-tagging algorithm 
• N-subjettiness 
• Subjet b-tagging 

• b candidate jet 
• pT > 370 GeV 
• CSVM b tag 

• Mass < 70 GeV 

• |Δy|
tb

  < 1.6 
 

 
 



Event Selection - Recap 
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• Top candidate jet 
• pT > 450 GeV 
• CMS top-tagging algorithm 
• N-subjettiness 
• Subjet b-tagging 

• b candidate jet 
• pT > 370 GeV 
• CSVM b tag 

• Mass < 70 GeV 

• |Δy|
tb

  < 1.6 
 

 
 

Can be inverted to 
define control regions 
with similar kinematics  



Closure Test in Data 

• Investigate QCD 
estimate in Control 
region 
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Invert Subjet b-tagging 

Linear 

Log 



Closure Test in Data II 

• Investigate QCD 
estimate in Control 
region 
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Invert Minimum Pairwise 
Mass and 𝜏3/ 𝜏2  

Linear 

Log 



Full Selection 
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Linear 



Full Selection 

 

 

34 

Log 



Limits 
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• Theta package used for limit setting   

•Observed  
• 2.0 TeV 

• Expected 
• 1.99 TeV 

•W′R 
 



Generalized Coupling 
Limits 
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• Cross section limits set on right-handed W′ 

•W′ could also couple to left-handed fermions  
• Set limits in 𝑎𝑅 , 𝑎𝐿 space 

• Weight left, right, mixed samples by   



Generalized Coupling 
Limits 
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Observed Expected 



Combination 

• Semileptonic channel 
• W′ → tb 

• t → W+ b → (lν) + b 

• Exclude MW′ < 2.03 TeV 

•Nearly identical sensitivity! 

•Non-overlapping signal points 
• Combined limits for 1300GeV < MW′ 

• Semileptonic limits for MW′ < 1300GeV 
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Combination 
Right-Handed W’ 
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Combination 
Generalized Coupling 
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Expected Observed 



Search For 
b∗→ tW All-Hadronic 
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Search For 
b∗→ tW All-Hadronic 

• Recycle methods from W′ search  
• QCD background estimate must be tweaked  

• Need to find new control regions  

• Use CMS Top Tagger with N-subjettiness 
and subjet b-tagging  

• Use Boosted W jet tagging  
 

 

 
 

 

42 



Boosted W-Tagging 

•Use standard boosted W tagging 
techniques 

•Cut on τ2/ τ1 < 0.5  

•70 < MJet < 100 

• Scale factor of 0.86 ± 0.065 
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Background Estimation 

• Extract tt  shape from Monte Carlo 
• Normalization from data 

• Extract QCD background estimate 
from data. 
• Measure the top-mistagging rate for QCD jets 

in control region. 

• Apply this top-mistagging rate to the pre top 
tagged sample in the Signal region. 
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Background Estimation 

• Need to find control region to extract top-mistagging 
rate 

• Invert W candidate mass requirement  

•  
30 < MJet < 70

100 < MJet  
  

• Keep top candidate mass requirement  
• Find top-mistagging probability given this jet mass 
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Background Estimation 

• Two η regions 
• 0.0 < η ≤ 1.0 

• 1.0 < η ≤ 2.4 

•Bin in pT 
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Background Estimation 

• Top mass not correctly modeled 
• Keeping the top mass window helps, but there is 

still a shape discrepancy 

• Study effect in QCD Monte Carlo 
• Extract mass distributions before and after the 

number of subjets and MinMass requirements 

• Extract weights used to correct for this 
discrepancy  
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Background Estimation 

 

 

 

 

 

48 



Background Estimation 
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Signal Region 



tt  Normalization  

• Extract tt  normalization and 
uncertainty using a control region 
• 130 < MJet  

• τ2/ τ1 > 0.5  
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tt  Normalization  

• ML fit within theta 
• Fit top candidate mass distribution 
• QCD constrained to move within its errors 
• tt  unconstrained 
• tt  contamination in top-mistagging rate taken into account 

• tt  scaled by 0.78 ± 0.18 
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Closure 

• Find control region to test background 
estimation procedure 

•   
30 < MJet<70

100 < MJet<130
 

• τ2/ τ1 > 0.5  

 

 

 
52 



Closure 
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Signal Region 
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Limits 
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Combination 
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All-Hadronic 



Combination 

 

 

57 

 
 

Resolved 

Boosted 



Summary 

• Search for new physics performed at 8 TeV 

•W′ boson below 2.0 TeV excluded 

• b∗ quark excluded from 1.0 TeV to 1.4 TeV 

• Cutting edge boosted  top identification 

• Analysis methods to prove essential at 13 TeV 
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Backup 
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Trigger 

•HT750 Trigger used in data taking  
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Parameterized in  
sum of leading and  
sub-leading jet pT 

Minimum for  
analysis 



Samples 

61 

𝑡𝑡  cross section:  
http://arxiv.org/abs/1303.6254 

FT_53_V21_AN5 
AK7PFchs 

START53_V27 
AK7PFchs 

JEC 



Samples 
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JEC 



Signal Generation 

• Using the CompHEP package  
• Generate right, left, and mixed coupling 
W′ samples 
• For left and mixed, a loose 200 GeV generator 

level 𝑝T cut is applied to the b 
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Minimum jet pt 

Very small 
effect Investigate 

tighter 
generator 
level 𝑝T 

cut   



Signal Monte Carlo 
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• Full Selection in W′ Signal Monte Carlo 



Signal Monte Carlo 
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Comparison of 
kinematic variables 



Signal Monte Carlo 
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Signal Monte Carlo 
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CMS Top-Tagging 
Algorithm 
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Nsubjets in Signal, tt , and 
QCD Monte Carlo 



CMS Top-Tagger 

• Top merging at high pt  
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Event Selection Cut-Flow 
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  Data QCD 𝒕𝒕  W′ 1300 W′ 1700 W′ 2100 W′ 2700 

𝟐 𝒋𝒆𝒕𝒔 13854873  --- 12179 6140 1467 364 48 

𝒑𝐓 4305244 --- 4718 4951  1319  338 45 

∆𝒚  3376771 --- 4219 4704 1047 243 31 

𝑴𝒕𝒐𝒑 992949 --- 3216  3021 790  189 24 

𝑵𝑺𝒖𝒃𝒋𝒆𝒕𝒔 557489 --- 2743 2512 636  148 19 

Minmass 318520 --- 2508  2265 576 129 14 

𝑺𝑱𝑪𝑺𝑽𝑴𝑨𝑿 50642 --- 1689 1450 338 69 7 

𝜏3/ 𝜏2  7200 ---  1025  825 180  35 3 

𝑴𝒃 4463 --- 179 664 140 26 3 

𝑪𝑺𝑽 277 248 37 235 37  5 1 



Background Estimation 
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Numerator and 
denominator of the 

average b-tagging rate  



Background Estimation 
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• Sideband kinematics 



Background Estimation 
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• 𝑡𝑡  subtraction 
• Subtract 𝑡𝑡  from the numerator and denominator of 

the average b-tagging rate 
• Subtract 𝑡𝑡  that is expected to fall through the 

background estimate 



Background Estimation 
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•Ratio of parton flavor fraction in SB and 
SR 



Background Estimation 

• Investigate QCD estimate of kinematic 
variables  
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Pileup 

•Compare pileup reweighted and un-
weighted distributions  
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Pileup 

•Pileup reweighting 
• Use σminbias = 69.4 mb 
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Δy Cut 
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N-subjettiness  

• Additional discrimination possible after 
application of the “CMS Top Tagger” 
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Plots From James Dolen:  



Top Taggers 

80 Our Selection 



Scale Factors 
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•b-tagging scale factor 

 

• 𝑡𝑡  𝑝𝑇 reweighting 



Top-Tagging Scale Factor 
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𝑝𝑇 > 400 GeV 

Nsj > 2 
MinMass > 50 

τ3/τ2 < 0.55 CSV > 0.679 

Plots from  
JME-13-007 



Top-Tagging Scale Factor 

•Use simulation for tt  and Signal 

•Need to extract Monte Carlo to data 
scale factor for top-tagging. 

•We investigate this using a highly pure 
sample of semileptonic tt  
• Documented in JME-13-007 
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Top-Tagging Scale Factor 
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Plots from  
JME-13-007 

SF = 1.036 ± 0.13 



Systematic Uncertainties 

• Rate Uncertainties Applied 
• tt  normalization (23.4%) 
• Top-tagging scale factor  (13%) 
• Luminosity (2.6%) 
• CA8 b-tagging (2.0%) 

• Sources found to be negligible  
• Pileup reweighting for Monte Carlo 
• pdf uncertainty for Monte Carlo 
• Jet Angular Resolution 
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• Shape Uncertainties Applied 
• Choice of fit for QCD 
• Uncertainty on the fit for QCD  
• Uncertainty on parameterization 

choice for QCD 
• b-tagging scale factor 
• tt  pT reweighting 
• Q2 scale for tt  
• Jet Energy Resolution 
• Jet Energy Scale 
• Trigger efficiency 

 
 
 
 



Systematics 
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Process  QCD b-tagging JES 
𝐩𝐓 

Reweight 
JER 𝐐𝟐 Scale Trigger 

qcd +9.04
-8.93 (s)  --- --- --- --- --- --- 

𝑡𝑡  --- +4.50
-4.50 (s)  +23.90

-24.35 (s)  -73.93
+77.67 (s)  -1.75

+15.82 (s)  +20.54
-15.82 (s)  +0.31

-0.31 (s)  

W′ 1300 --- +6.10
-6.10 (s)  +2.60

-7.51 (s)  --- -0.55
+0.38 (s)  --- +0.06

-0.06 (s)  

W′ 1500 --- +6.49
-6.49 (s)  -0.99

-1.11 (s)  --- -0.21
+0.05 (s)  --- +0.02

-0.02 (s)  

W′ 1700 --- +6.95
-6.95 (s)  -2.56

+1.21 (s)  --- -0.06
+0.10 (s)  --- +0.01

-0.01 (s)  

W′ 1900 --- +8.16
-8.16 (s)  -3.06

+2.07 (s)  --- -0.14
+0.15 (s)  --- +0.01

-0.01 (s)  

W′ 2100 --- +9.42
-9.42 (s)  -3.52

+2.44 (s)  --- +0.20
+0.09 (s)  --- +0.01

-0.01 (s)  

W′ 2300 --- +10.05
-10.05 (s)  -3.47

+1.84 (s)  --- -0.06
+0.19 (s)  --- +0.02

-0.02 (s)  

W′ 2700 --- +9.51
-9.51 (s)  -0.74

-0.29 (s)  --- -0.27
+0.11 (s)  --- +0.04

-0.04 (s)  

W′ 3100 --- +8.12
-8.12 (s)  +2.21

-4.46 (s)  --- -0.38
-0.15 (s)  --- +0.06

-0.06 (s)  



Systematics 

• Jet Angular Resolution 
• Smear η,φ by ± 10% 
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Signal at 1300,1900,2300  GeV  

𝑡𝑡  



Systematics 

• Jet Energy Scale 
• Scale 𝑝𝑇 ± 5% 

• On top of standard JES uncertainty  
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Signal at 1300,1900,2300  GeV  

𝑡𝑡  



Systematics 

• Jet Energy Resolution 
• Use η,φ dependent smearing (JER recommended)  
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Signal at 1300,1900,2300  GeV  

𝑡𝑡  



Systematics 

• PDF uncertainty  
• Take the average of the 1σ eigenvalues for the pdf input 

parameters  
• Use Cteq6M (Cteq6.6) for signal (𝑡𝑡 ) 
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Signal at 1300,1900,2300  GeV  

𝑡𝑡  



Systematics 

•Pileup 
• Use 𝜎𝑚𝑏 = 73500μ𝑏 as systematic variation 
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Signal at 1300,1900,2300  GeV  



Systematics 

• Trigger 
• Use ½ trigger inefficiency  
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Signal at 1300,1900,2300  GeV  

𝑡𝑡  



Systematics 

•b-tagging Scale Factor 
• Use EPS13 prescription  
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Systematics 

•QCD parameterization uncertainty  
• Parameterize average b-tagging rate in 𝑝𝑇 and η 

• Use this parameterization to predict 𝑀𝑡𝑏  

• Uncertainty in the parameterization choice is 
evaluated by parameterizing the average b-tagging 
rate in 𝑝𝑇,η, and 𝑀𝑡𝑏  

• Parameterization in the analysis constrains 
variables with known correlation with b-tagging 
• Therefore the parameterization choice uncertainty is a small and second 

order effect  
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Systematics 

•QCD parameterization uncertainty  
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Systematics 

•Choice of fit  
• Extract uncertainty based on the choice of a 

bifurcated polynomial 

• Plot alternative functional forms and take the mean 
squared error of the background estimates  
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Systematics 
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Systematics 

• For 𝑡𝑡  𝑝𝑇 re-weighting, take the un-
weighted distribution as the 1σ 
uncertainty 
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Systematics 

• For 𝑡𝑡  𝑄2 scale uncertainty use the samples   
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𝑡𝑡  systematic samples  

/TT_Mtt-1000toInf_CT10_scaledown_TuneZ2star_8TeV-powheg- 
tauola/Summer12_DR53X-PU_S10_START53_V7A-v1/AODSIM 

/TT_Mtt-1000toInf_CT10_scaleup_TuneZ2star_8TeV-powheg-
tauola/Summer12_DR53X-PU_S10_START53_V7A-v1/AODSIM 



Systematics 
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•AK5 to CA8 b-tagging 
• ~2% effect  



Systematics 
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•Nuisance Parameters after the fit 



Combination 

• Combination of All-Hadronic and 
Semileptonic channels in progress 
• Similar sensitivity  
• Need to check for overlap 
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Combination 
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•Uncertainties Correlated  
• Jet Energy Scale 

• Jet Energy Resolution  

• Luminosity 

• b-tagging  

•Uncertainties Uncorrelated 
• Q2 scale 

• ttbar normalization  

• ttbar pt-reweighting   

 



Generalized Coupling 
Limits 
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s-channel single top 



Generalized Coupling 
Limits 
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 •W′L excluded below 1.91 TeV 

•W′LR excluded below 2.10 TeV 

 



Signal Contamination 
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In average b-
tagging rate  



Signal Contamination 
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In Sideband 



Review twiki 
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Apply generator pt cut to right handed sample  



Signal Contamination 
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In Full 
Selection 



Review twiki 
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B2G-12-009 
1300 GeV: Left+Right = 9612 events Mixed = 9070 events  
1700 GeV: Left+Right = 2607 events Mixed = 2572 events  
2100 GeV: Left+Right = 668 events Mixed = 685 events:  



Review twiki 
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B2G-12-010 
1300 GeV: Left+Right = 434.1 events Mixed = 382.2 events  
1700 GeV: Left+Right = 84.7 events Mixed = 89.8 events  
2100 GeV: Left+Right = 19.6 events Mixed = 20.36 events:  
 



ARC Review 

• Many thanks to the ARC review for the 
improvements to the analysis. 

• All cross checks have been performed and requested 
changes to AN and PAS have been implemented 
• Investigate generalized coupling limit setting procedure 

• Effect of the generator level 𝑝T cut  

• Investigate loose selection background estimate  
• Investigate strange 𝜑 distribution in signal  
• Expand pdf uncertainty to consider multiple pdf sets  
• Investigate potential uncertainty from signal contamination in 

the average b-tagging rate  

• All textual and minor comments have been 
implemented  
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https://twiki.cern.ch/twiki/bin/viewauth/CMS/B2G12009Review 



ARC Review 

• Effect of the generator level 𝑝T cut on 
the left-handed and mixed coupling 
W′ samples 
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Minimum jet 𝑝T 

Very small 
effect Investigate 

tighter 
generator 
level 𝑝T 

cut   

W′LR at 1300 GeV 



ARC Review 

• Disagreement seen in W′R +W′L vs W′LR 
• Similar disagreement seen in B2G-12-010 

• Does not seem to be due to generator 𝑝T cut 
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ARC Review 

115 

• Investigate background estimate in a 
loose selection 
• Do not apply N-subjettiness and subjet b-tagging 



ARC Review 
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• Investigate 𝜑 dip for top candidate jet in 
signal Monte Carlo 

Post b-tagging Pre b-tagging 

https://hypernews.cern.ch/HyperNews/CMS/get/btag/910.html 

https://hypernews.cern.ch/HyperNews/CMS/get/btag/910.html
https://hypernews.cern.ch/HyperNews/CMS/get/btag/910.html


ARC Review 
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• Extract pdf uncertainty using the 
maximum of three pdf sets  
• CTEQ6.6 

• CTEQ6M 

• MRST2006nnlo 

• Same procedure as EXO-12-024 
• With the addition of CTEQ6M 

 



ARC Review 
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• 𝑡𝑡  
• Maximum uncertainty from CTEQ6.6 

CTEQ6.6 CTEQ6M 

MRST2006nnlo 



ARC Review 
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• Signal (1300 GeV) 
• Maximum uncertainty from CTEQ6M 

CTEQ6.6 CTEQ6M 

MRST2006nnlo 



ARC Review 
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• Investigate uncertainty 
due to signal 
contamination of the 
average b-tagging rate 
• Small effect 

 



Samples 
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Dataset Lumiosity (𝒑𝒃−𝟏) 

Run2012A-22Jan2013-v1 888 

Run2012B-22Jan2013-v1 4403 

Run2012C-22Jan2013-v1 7052 

Run2012D-22Jan2013-v1 7414 

Total Analyzed Luminosity 19757 

Dataset Cross Section (𝒑𝒃) 

TT_Mtt-700to1000_CT10_TuneZ2star_8TeV-powheg-tauola 245.8 

TT_Mtt-1000toInf_CT10_TuneZ2star_8TeV-powheg-tauola 245.8 

𝑡𝑡  Monte Carlo samples 

Jet Datasets 


