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Single top @ colliders

• Discovered in 2009 @Tevatron ( PRL 103 092002 , PRL 103 092002 ) 

• It is one of the important electroweak processes for the following reasons: 

➛ allows measurement of the CKM matrix element |Vtb|  

➛ can reveal anomalies in the structure of tWb coupling

➛ allows study of top quark polarization and b-quark PDF

➛ sensitive to new physics via s-channel (new resonances like H±, W′) and t-channel (FCNC processes)

• t-channel has the highest cross-section among the three production modes 

➛ σt-ch ≈ 1/3 σtt¯ 

➛ already entered a precision regime at the LHC

t - channel tW - channel s - channel

Single top quark production occurs via electroweak interactions:  
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.103.092001
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.103.092002
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 Vtb using single top
• Vtb appears in production and decay of the top quark

� _ |Vtb|2

|V
tb

|meas. =
r

�
exp.

�
theory

• σtheory in SM ➛ |Vtb| ≈1, |Vtb| >> |Vtd|, |Vts|

• Questions regarding CKM matrix:
➛ Is it a 3x3 matrix? Why not 4x4 or even 
larger?
➛ Is it unitary?
|Vtd|2 + |Vts|2 + |Vtb|2 = 1?



Cross-section and Vtb measurements

 5



t - channel
→ Light flavor quark recoiling against 
top quark with high |η|

→ high pT isolated lepton

→ Missing ET

→ b-jet: high pT, central

→ 2nd b-jet: low pT, broad |η|, often 
escaping detector acceptance or 
selection criteria 

Top reconstruction:
• Reconstruct W from μν 
➝ use mW=80.4 GeV (PDG mass) constraint to resolve pZ,ν 
• Add W candidate to b-jet to get top
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Most abundant mode of production suitable for precise measurements



t-channel inclusive cross-section @13 TeV
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arXiv:1609.03920
Submitted to JHEP

σ(tq) = 156 ± 5 (stat) ± 27 (syst) ± 3 (lumi) pb 
σ(t¯q) = 91 ± 4 (stat) ± 18 (syst) ± 2 (lumi) pb
σ(tq + t¯q) = 247 ± 6 (stat) ± 45 (syst) ± 5 (lumi) pb = 247 ± 46 pb 
Rt = 1.72 ± 0.09 (stat) ± 0.18 (syst)
|fLV Vtb| = 1.07 ± 0.01 (stat) ± 0.09 (syst) ± 0.02 (theory) ± 0.01 (lumi) 
            = 1.07 ± 0.09

• Analysis performed in electron and muon final state
• Typical 2J1T selection(2 jets, one of them b-tagged)
• Dominant backgrounds : tt¯, W+Jets
• NN trained to discriminate t-channel from tt¯ and W+Jets 
➛ Input Variables: mtop , mjb, mT, light quark |η| etc
• ML fit performed to NN discriminant in data to extract cross-section 
• Dominant systematics: Parton shower modeling, b-tagging efficiency, JER  



t-channel inclusive cross-section @13 TeV
• Typical 2J1T selection
• Main Backgrounds: tt¯, W+Jets, QCD multijet
• Data-driven QCD estimation from fit to mTW (inverting lepton isolation)
• MVA to discriminate t-channel signal against tt¯ & W+Jets 
➛Inputs variables: Light quark |η|, mtop, mjj, mTW etc.
• Rt-ch  is extracted by floating it during fit to data
• Dominant uncertainties: Signal modeling, μR / μF scale, PDF  

σt-ch, t   = 150 ± 8 (stat) ± 9 (exp) ± 18 (theo) ± 4(lumi) pb = 150 ± 22 pb
Rt-ch   = 1.81 ± 0.18(stat) ± 0.15 (syst)
σt-ch, t¯ = 82 ± 10 (stat) ± 4 (exp) ± 11 (theo) ± 2 (lumi) pb = 82 ± 16 pb
σt-ch, t+t¯ = 232 ± 13 (stat) ± 12 (exp) ± 26 (theo) ± 6 (lumi) pb = 232 ± 31 pb
|fLV Vtb| = 1.03 ± 0.07 (exp) ± 0.02 (theo)
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arXiv:1610.00678
Submitted to Phys.Letts.B



t-channel differential cross-section @13 TeV
• 2J1T event selection
• BDT trained with variables uncorrelated 

to top pT and |y| 
• Cut on BDT output to obtain signal 

enriched sample
• Unfold background subtracted data to 

compare with MC prediction
• Dominant uncertainties: data statistics,  

μR / μF scale, top quark mass, JEC  
• Harder pT spectrum observed in data 

compared to prediction in signal 
enriched region
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Due to low statistics in data and syst. effects



tW-channel@ 13 TeV
• Interference with tt¯ at !("s)
• Dilepton (ee, eμ, μμ) final state
• Events categorized in bins of #of jets and # of b-tags
• Signal region: 1j1b (S/B ≈ 25%), 2j1b (S/B ≈ 10%)
• Dominant background: tt¯ 
• 2 different BDTs trained in 1j1b and 2j1b region to 

discriminate signal from tt¯ background
• tt¯ normalization controlled by simultaneous fit in 2j2b region
• Measurement: 
σtW = 94 ± 10 (stat) +28 -23 (syst) pb
SM: σ(tW)= 71.1 ± 3.9 pb
=> 4.5σ Significance    

• Dominant uncertainties: 
➛ JES (23%), 
➛ NLO ME generator modeling (16%) 
➛ Parton shower  and hadronization 
modeling (20%)
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tW-channel@ 8TeV
ATLAS+CMS Preliminary WGtopLHC

 = 172.5 GeVt = 8 TeV, msData 2012, 
May 2016

0.38 pb (not included in the figure)
Effect of LHC beam energy uncertainty:

total  stat

scale uncertainty
 PDF uncertainty⊕scale 

NLO+NNLL (PRD82 (2010) 054018)
NNLOMSTW2008

(lumi)±(syst)  ±(stat)  ± Wtσ

-1= 20.3 fbintATLAS, L
arXiv:1510.03752

 1.1 pb± 3.5 ± 1.3 ±23.0 

-1= 12.2 fbintCMS, L
PRL 112 (2014) 231802

 0.7 pb± 4.6 ± 2.0 ±23.4 

LHC combined  (May 2016)

CMS-PAS-TOP-15-019
ATLAS-CONF-2016-023,

 0.8 pb± 3.3 ± 1.1 ±23.1 

 [pb]Wtσ
0 10 20 30 40 50

• Observation of tW -channel with significance > 5σ 
by both CMS and ATLAS at √s = 8 TeV

➛ CMS: Phys. Rev. Lett. 112, 231802 
➛ ATLAS: JHEP01(2016)064
• Cross-section measurements are combined

σWt = 23.1± 1.1(stat)± 3.3(syst)± 0.8(lumi) pb = 23.1 ± 3.6 pb

• Overall precision: 16 % (CMS: 23%, ATLAS:17%)
• Overall correlation: 40% (WCMS=30%, WATLAS=70%)
• Dominant uncertainties: ISR/FSR and μR / μF scale 

(9.9%), Parton shower modeling and ME-PS 
matching threshold (5.4%) etc.

|fLV Vtb | = 1.02 ± 0.09 
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CMS-PAS-TOP-15-019 ATLAS-CONF-2016-023
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s-channel evidence @ 8TeV
• Lepton + 2 b-jet final state (2J2T)
• Dominant backgrounds : tt¯, 
    t-channel single top, W+bb
• Matrix-element-method to separate signal from 

backgrounds - approximate signal probability P(S|X) 
• Profile likelihood fit of signal and background 

templates of P(S|X) to the data
• Test of B vs S+B hypothesis
 => evidence with 3.2σ signal significance
Measurement: 
σ = 4.8 ± 0.8 (stat) +1.6 -1.3 (syst) pb
σSM = 5.2 ± 0.2 pb 
➛ Precision limited by data statistics

PLB 756 (2016) 228 -246



s - channel in CMS
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• Lepton + 2 b-jet final state
• Tiny signal in comparison with 

backgrounds
• Dominant backgrounds : tt¯, 
    t-channel single top, W+bb
• BDTs trained in 2J2T and 3J2T
☛ s-channel vs rest in 2J2T
☛ tt¯ vs rest in 3J2T

• Likelihood fit to BDTs
• Largest systematic uncertainties: 
☛ μR / μF scale, ME-PS
☛ JES, JER, ɆT

Muon 7 TeV

2J2T
Muon 8 TeV

2J2T

Electron 8 TeV
2J2T

JHEP 09 (2016) 027



Summary of cross-section measurements
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arXiv:1609.03920

112006, paper in preparation, (2014) PRD90

CMS t-channel
arXiv:1610.00678

090, (2014) 035, JHEP06 (2012) JHEP12

ATLAS Wt

ATLAS-CONF-2016-065
064, (2016) 142, JHEP01 (2012) PLB716

CMS Wt
231802 (2014) 022003, PRL112 (2013) PRL110

LHC combination, Wt
ATLAS-CONF-2016-023, CMS-PAS-TOP-15-019

ATLAS s-channel
228 (2016) PLB756

ATLAS-CONF-2011-118 95% CL,

CMS s-channel
     7+8 TeV combined fit 95% CL×

arXiv:1603.02555 95% CL

58 (2014) PLB736NNLO 
scale uncertainty

091503, (2011) PRD83NNLL  + NLO
054028 (2010) 054018, PRD81 (2010) PRD82

 contribution removedtWt: t
 uncertaintysα ⊕ PDF ⊕scale 

74 (2015) 10, CPC191 (2010) NPPS205NLO 
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Summary of Vtb measurements

 15|tbVLV|f
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

ATLAS+CMS Preliminary WGtopLHC

  from single top quark production
theoσ

measσ
| =  tbVLV|f

MSTW2008nnlo: NLO+NNLL theoσ
PRD 83 (2011) 091503, PRD 82 (2010) 054018,       
PRD 81 (2010) 054028       

 PDF⊕: scale theoσ∆

 = 172.5 GeVtopm

November 2016

 including top-quark mass uncertainty1 

: NLO PDF4LHC11 theoσ 2 

    NPPS205 (2010) 10, CPC191 (2015) 74
 including beam energy uncertainty3 

total  theo

 (theo)± (meas) ±| tbVLV|f

t-channel:

Wt:

s-channel:

 1ATLAS 7 TeV
 )1−PRD 90 (2014) 112006  (4.59 fb

 0.02± 0.06 ±1.02 

 1,2ATLAS 8 TeV
 )1−Paper in preparation  (20.2 fb

 0.024± 0.042 ±1.028 

CMS 7 TeV
 )1−JHEP 12 (2012) 035  (1.17 - 1.56 fb

 0.017± 0.046 ±1.020 

CMS 8 TeV
 )1−JHEP 06 (2014) 090  (19.7 fb

 0.016± 0.045 ±0.979 

CMS combined 7+8 TeV
JHEP 06 (2014) 090

 0.016± 0.038 ±0.998 

 2CMS 13 TeV
 )1−arXiv:1610.00678  (2.3 fb

 0.02± 0.07 ±1.03 

 2ATLAS 13 TeV
 )1−arXiv:1609.03920  (3.2 fb

 0.02± 0.09 ±1.07 

ATLAS 7 TeV
 )1−PLB 716 (2012) 142  (2.05 fb

 0.03±  0.18−
 0.15+1.03 

CMS 7 TeV
 )1−PRL 110 (2013) 022003  (4.9 fb  0.04− 0.13  −

 0.03+ 0.16  +1.01 

 1,3ATLAS 8 TeV
 )1−JHEP 01 (2016) 064  (20.3 fb

 0.03± 0.10 ±1.01 

 1CMS 8 TeV
 )1−PRL 112 (2014) 231802  (12.2 fb

 0.04± 0.12 ±1.03 

 1,3LHC combined 8 TeV

CMS-PAS-TOP-15-019
ATLAS-CONF-2016-023,

 0.04± 0.08 ±1.02 

 2ATLAS 13 TeV
 )1−ATLAS-CONF-2016-065  (3.2 fb

 0.04± 0.24 ±1.14 

 3ATLAS 8 TeV
 )1−PLB 756 (2016) 228  (20.3 fb

 0.04±  0.20−
 0.18+0.93 



Probing the tWb vertex using  
t-channel single top events



Top polarization in t - channel

• #X* = Angle between muon and light quark in 
top rest frame

• Pt : Top polarization , "X = 1 in SM
• 2J1T event selection
• Fit BDT discriminant to determine signal and 

background normalization
• Cut on BDT output to select signal enriched 

region
• Unfolding to correct for detector effects    

Aμmeas = 0.26 ± 0.03 (stat.) ± 0.10 (syst) = 0.26 ± 0.11
AμSM = 0.44
=> Measured value ~2σ away from SM prediction 

• JES, JER, W+ heavy flavor jets modeling, Q2 scale, 
PDF etc.  are the main source of uncertainties 
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JHEP 04 (2016) 073



Anomalous couplings at 7 TeV

• SM predicts: VL = Vtb, VR=gL=gR=0
• Measurement of angular distrbn. of $± using t-channel
➛ constraint on coupling structure 
• Select a relatively pure sample of t-channel events
• Define prob. density of (cos#*, φ*) and construct a likelihood
• Result from a 2-Dim fit: 
   Re[gR/VL] ∈ [-0.36,0.10], Im[gR/VL] ∈ [-0.17,0.23] 
➛ consistent with SM 

General structure of  tWb vertex : JHEP 04 (2016) 023
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Anomalous couplings at 8 TeV

Top and W polarization observables can be extracted from 
asymmetries in different angular distributions

W boson rest frame:
Asymmetries

ATLAS‐CONF‐2016‐097
Top rest frame:

W
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• Measured angular distributions are unfolded at parton level 
after background subtraction

• Angular asymmetries are extracted from unfolded 
distribution

• Dominant uncertainties: data statistics, signal and tt¯ 
modeling , JES etc. 

"lP= 0.96 ± 0.05 (stat) ± 0.10 (syst)

Im gR ∈ [-0.17, 0.06]
P(FR + FL)= 0.26 ± 0.08 (stat) ± 0.14 (syst) 

Anomalous couplings at 8 TeV

ATLAS‐CONF‐2016‐097
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Anomalous couplings with Run-I data

 SM => fVL = Vtb, fVR = fTL = fTR = 0
• Search in μ final state, 2J1T event selection
• QCD multijet events are rejected using dedicated NN

arXiv:1610.03545
Submitted to JHEP

• 2 or 3 of four anomalous couplings are considered simultaneously in 2-D or 3-D scenarios
• Dedicated NNs for anomalous tWb couplings are used 
• Limit extracted by simultaneous fit to SM NN and anomalous tWb NN    

QCD NN

SM NN
anom. NN

mTW
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arXiv:1610.03545
Submitted to JHEP

 fVL > 0.98 , | fVR| < 0.16 , | fTL| < 0.057 
-0.049 < |fTR | < 0.048 (from 1-D fit)

Anomalous couplings with Run-I data
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from 2-D fit



Summary
• Precise measurements of the t-channel cross -section at √s = 13 TeV have been 

performed and results are in agreement with the SM within uncertainties

• Rt-ch provides an extra handle to constrain u/d PDFs and allows study for b PDF

• Current measurements are mostly dominated by theory uncertainties

➛ Limiting factor for a more precise extraction of Vtb 

➛ Need a better understanding of MC generators

• A precise tW - channel measurement is expected with Run-II data

• Push hard for s-channel observation at √s = 13 TeV in order to look for new 
physics signature through this mode

• LHC combination of single top cross-sections with Run-I  data is ongoing

• More precision is required to improve limits on anomalous couplings at tWb vertex
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Back Up



Stolen from Jyotsna’s talk yesterday ! 



tW - channel observation @ 8TeV
• ee, eμ, μμ final state
• Events categorized in bins of #of jets and # of b-tags
• Signal region: 1J1T
• Dominant background: tt¯ 

 ➛ controlled by simultaneous fit to 2J1T and 2J2T  
• Fit BDT discriminant to extract cross-section
• σmeas = 23.4 ± 5.4 pb
• 6.1σ significance ➛ First observation 
• |Vtb| = 1.03 ± 0.12 (exp.) ± 0.04 (th.)

PRL 112 (2014) 23180  26



tW-channel observation@ 8TeV

1J1T

2J1T

• Analysis performed with full 20.3 fb-1 data collected at √s 
= 8 TeV

• ee, eμ, μμ final state explored
• Events categorized in bins of #of jets and # of b-tags
• Signal region: 1J1T
• Dominant background: tt¯ 

 ➛ normalisation controlled by 2J1T, 2J2T events 
• BDT used to discriminate signal and backgrounds 
• Profile likelihood fit to BDT discriminant simultaneously 

in 1J1T, 2J1T and 2J2T region
• Measurement:
σtW = 23.0 ± 1.3 (stat) +3.2 -3.5 (syst.) ± 1.1 (lumi.) pb
|fLV Vtb| = 1.01 ± 0.1
=> 7.7σ observed significance (6.9σ Expected)

JHEP01(2016)064  27





Source
��(tq)

�(tq)
[%]

��(t̄q)

�(t̄q)
[%]

�Rt

Rt
[%]

Data statistics ± 2.9 ± 4.1 ± 5.0
Monte Carlo statistics ± 2.8 ± 4.2 ± 5.1

Reconstruction e�ciency and calibration uncertainties

Muon uncertainties ± 0.8 ± 0.9 ± 1.0
Electron uncertainties < 0.5 ± 0.5 ± 0.7
JES ± 3.4 ± 4.1 ± 1.2
Jet energy resolution ± 3.9 ± 3.1 ± 1.1
Emiss

T modelling ± 0.9 ± 1.2 < 0.5
b-tagging e�ciency ± 7.0 ± 6.9 < 0.5
c-tagging e�ciency < 0.5 ± 0.5 ± 0.6
Light-jet tagging e�ciency < 0.5 < 0.5 < 0.5
Pile-up reweighting ± 1.5 ± 2.2 ± 3.8

Monte Carlo generators

tq parton shower generator ± 13.0 ± 14.3 ± 1.9
tq NLO matching ± 2.1 ± 0.7 ± 2.8
tq radiation ± 3.7 ± 3.4 ± 3.7
tt̄, Wt, tb̄+ t̄b parton shower generator ± 3.2 ± 4.4 ± 1.2
tt̄, Wt, tb̄+ t̄b NLO matching ± 4.4 ± 8.6 ± 4.6
tt̄, Wt, tb̄+ t̄b radiation < 0.5 ± 1.1 ± 0.7

PDF ± 0.6 ± 0.9 < 0.5
Background normalisation

Multijet normalisation ± 0.3 ± 2.0 ± 1.8
Other background normalisation ± 0.4 ± 0.5 < 0.5

Luminosity ± 2.1 ± 2.1 < 0.5

Total systematic uncertainty ± 17.5 ± 20.0 ± 10.2
Total uncertainty ± 17.8 ± 20.4 ± 11.4

t-channel uncertainty table @ 13TeV



t-channel uncertainty table @ 13TeV
Uncertainty source Dst-ch.,t+¯

t

/sobs

t-ch.,t+¯

t

Dst-ch.,t

/sobs

t-ch.,t

Dst-ch.,

¯

t

/sobs

t-ch.,

¯

t

DRt-ch.

/Rt-ch.

Statistical uncert. ±5.5% ±5.3% ±11.5% ±9.7%

Profiled exp. uncert. ±5.2% ±5.7% ±4.9% ±3.3%

Total fit uncert. ±7.6% ±7.8% ±12.5% ±10.3%

Integrated luminosity ±2.7% ±2.7% ±2.7% -

Signal modelling ±6.9% ±8.2% ±8.5% ±5.3%

t

¯

t modelling ±3.9% ±4.3% ±4.5% ±4.0%

W+jets modelling �1.8/+2.1% �1.6/+2.3% �2.5/+2.3% �1.7/+2.0%

µ
R

/µ
F

scale t-channel �4.6/+6.1% �5.7/+5.2% �7.2/+5.1% �0.7/+1.2%

µ
R

/µ
F

scale t

¯

t �3.5/+2.9% �3.5/+4.1% �4.7/+3.1% �1.1/+1.0%

µ
R

/µ
F

scale tW �0.3/+0.5% �0.6/+0.8% �1.1/+0.7% �0.2/+0.1%

µ
R

/µ
F

scale W+jets �2.9/+3.7% �3.5/+3.0% �4.9/+3.8% �1.2/+0.9%

PDF uncert. �1.5/+1.9% �2.1/+1.6% �1.8/+2.1% �2.2/+2.5%

Top quark p
T

modelling ±0.1% ±0.2% ±0.2% ±0.1%

Total theory uncert. �10.7/+11.1% �12.2/+12.1% �13.6/+12.9% ±7.5%

Total uncert. �13.4/+13.7% ±14.7% �18.7/+18.2% ±12.7%

Uncertainty source Dst-ch.,t+¯

t

/sobs

t-ch.,t+¯

t

Dst-ch.,t

/sobs

t-ch.,t

Dst-ch.,

¯

t

/sobs

t-ch.,

¯

t

DRt-ch.

/Rt-ch.

MC samples size ±3.4% ±4.1% ±3.8% ±3.2%

JES ±4.1% ±4.7% ±3.5% ±2.1%

JER ±1.7% ±1.2% ±2.4% ±0.6%

b tagging efficiency ±1.9% ±2.0% ±1.8% ±1.4%

Mistag probability ±0.9% ±0.6% ±0.8% ±0.5%

Muon reco./trigger ±2.0% ±2.3% ±1.9% ±1.8%



tW Uncertainties @13TeV

Source ��Wt/�Wt[%]

Luminosity 2.3
Lepton e�ciency, energy scale and resolution 1.3
Emiss

T soft terms 5.3
Jet energy scale 21
Jet energy resolution 8.6
b-tagging 4.3

NLO matrix element generator 18
Parton shower and hadronisation 7.1
Initial-/final-state radiation 6.4
Diagram removal/subtraction 5.3
Parton distribution function 2.7
Non-tt̄ background normalisation 3.7

Total systematic uncertainty 30
Data statistics 10

Total uncertainty 31



Uncertainty table tW combination @ 8TeV

Source

Uncertainty

(%) (pb)

Data statistics 4.7 1.1

Simulation statistics 0.8 0.2

Luminosity 3.6 0.8

Theory modelling 11.8 2.7

Background normalization 2.2 0.5

Jets 6.2 1.4

Detector modelling 4.9 1.1

Total systematics (excl. lumi) 14.4 3.3

Total systematics (incl. lumi) 14.8 3.4

Total uncertainty 15.6 3.6

Theory modelling source
Uncertainty
(%) (pb)

ISR/FSR, Scale 9.9 2.3
Parton shower, ME/PS match. thr. 5.4 1.2
PDF 0.9 0.2
DR/DS 3.1 0.7
Other theory modelling 1.8 0.4

Total theory modelling 11.8 2.7



Type ±��/� [%]

Data statistics 16

MC statistics 12
Jet energy resolution 12
t-channel generator choice 11
b-tagging 8
s-channel generator scale 7
W+jets normalization 6
Luminosity 5
t-channel normalization 5
Jet energy scale 5
PDF 3
Lepton identification 2
Electron energy scale 1
tt̄ generator choice 1
Lepton trigger 1
Charm tagging 1
Other < 1

Total 34

s-channel uncertainties @8TeV



Top polarization in t-channel@8 TeV: Uncertainty Table



Source �(f
1

) �(��)/⇡ ⇢(f
1

, ��)

Data statistics 0.05 0.023 0.01

Jets 0.03 0.015 0.39

b-tagging < 0.01 < 0.001 �0.70

Leptons 0.02 0.007 0.39

Emiss

T

0.01 0.004 �0.27

Generator 0.02 0.017 0.40

Parton shower 0.02 0.001 0.98

PDF variations 0.01 0.009 0.23

Cross-sections < 0.01 < 0.001 1.00

W+jets shape < 0.01 0.001 �0.59
Multijet normalisation < 0.01 0.002 �1.00
Luminosity < 0.01 < 0.001 �1.00

Model l
max

variation 0.01 0.001 �0.70
MC statistics 0.02 0.011 0.14

Combined systematic 0.05 0.028 0.27

Total 0.07 0.036 0.15

Anomalous tWb coupling @7 TeV: Uncertainty Table



Uncertainty source �A`
FB ⇤ 102 �AtW

FB ⇤ 102 �AFB ⇤ 102 �AEC ⇤ 102

Statistical uncertainty ±2.6 ±3.1 ±2.3 ±2.8

Simulation statistics ±1.8 ±1.9 ±1.4 ±1.7
Luminosity <0.1 <0.1 <0.1 <0.1
Background normalisation ±0.5 ±0.5 ±0.9 ±0.6

Emiss
T reconstruction +0.9

�0.1 ±0.8 ±0.9 ±0.6

Lepton reconstruction +0.7
�0.5

+0.5
�1.3

+1.2
�1.5

+0.2
�0.4

Jet reconstruction ±0.9 ±1.6 ±1.2 ±1.9
Jet energy scale ±1.8 ±2.1 ±3.4 ±1.4
Jet flavour tagging ±0.9 ±0.4 ±0.6 ±0.4
PDF ±0.1 <0.1 <0.1 ±0.1
tt̄ generator ±2.5 ±1.4 ±0.3 ±1.1
tt̄ parton shower ±0.1 ±1.0 ±2.5 ±0.3
tt̄ scales ±0.4 ±0.3 ±1.2 ±0.2
Wt,s-channel generator ±0.8 ±0.9 ±0.4 ±0.3
Wt,s-channel scales ±0.9 ±0.3 ±0.3 ±0.3
t-channel NLO generator ±1.5 ±1.1 ±0.7 ±2.7
t-channel LO-NLO generator ±1.3 ±2.0 ±2.8 ±1.8
t-channel parton shower ±0.4 ±0.5 ±1.2 ±0.4
t-channel scales ±1.0 ±2.1 ±0.5 ±1.7
W+jets, multijet modelling ±1.9 ±0.9 ±2.2 ±1.4

Systematic uncertainty +5.1
�5.2

+5.1
�5.3

+6.4
�6.5 ±5.1

Uncertainty source �AN
FB ⇤ 102 �AT

FB ⇤ 102 �AN,�
FB ⇤ 102 �AT,�

FB ⇤ 102

Statistical uncertainty ±2.2 ±3.2 ±3.0 ±4.7

Simulation statistics ±1.3 ±2.0 ±1.8 ±2.9
Luminosity <0.1 <0.1 <0.1 <0.1
Background normalisation ±0.4 ±1.1 ±0.6 ±0.9

Emiss
T reconstruction +0.1

�1.0 ±0.9 +0.5
�0.7

+0.1
�1.3

Lepton reconstruction +0.1
�0.3

+1.4
�1.6

+0.8
�0.4

+1.2
�1.0

Jet reconstruction ±0.3 +3.1
�3.2 ±1.3 ±1.8

Jet energy scale ±0.5 ±5.1 ±0.8 ±5.5
Jet flavour tagging ±0.2 ±0.6 ±0.2 ±0.7
PDF ±0.1 <0.1 ±0.1 ±0.4
tt̄ generator ±0.6 ±4.1 ±0.1 ±1.2
tt̄ parton shower ±0.9 ±1.7 ±0.4 ±1.5
tt̄ scales ±0.3 ±0.7 ±0.3 ±1.2
Wt,s-channel generator ±0.3 ±0.6 ±0.4 ±1.3
Wt,s-channel scales ±0.6 ±0.5 ±0.4 ±0.9
t-channel NLO generator ±0.4 ±3.8 ±2.6 ±5.4
t-channel LO-NLO generator ±0.4 ±2.0 ±1.6 ±3.2
t-channel parton shower ±0.2 ±0.9 ±1.4 ±1.2
t-channel scales ±0.9 ±1.9 ±1.4 ±2.3
W+jets, multijet modelling ±0.7 ±1.3 ±0.6 ±2.6

Systematic uncertainty +2.4
�2.6

+9.5
�9.6 ±4.6 +10.3

�10.2

Anomalous tWb coupling @8 TeV: Uncertainty Table


