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Single Top: Cross Sections

 Single top quark production via electroweak interaction

 Wt-channel: negligible at the Tevatron
 s-channel: challenging at the LHC

Collider σ−χηαννε λ: �
tb

τ −χηαννε λ: 
�
tqb

Ωτ −χηαννε λ: �
tW

Tevatron: pp (1.96 
TeV)

1.04 pb 2.26 pb 0.28 pb

LHC: pp (7 TeV) 4.6 pb 64.6 pb 15.7 pb
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Single Top: Analysis
 Main background to single top: W+jets → very challenging

 Select l+jets & E
T
+jets signature

 High p
T
 lepton (l+jets) & high E

T

 2 jets (CDF) or 2&3 jets (D0)
 1 or 2 b-jets

 E
T
+jets: increase acceptance

 Not-reconstructed electrons/muons from W
 Events with hadronically decaying tau-lepton from W

Simulated with 
Comphep (DØ) or 
POWHEG (CDF)

+Pythia

Modeled using 
Alpgen+Pythia/

Herwig

Normalized to Data
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Single Top: Combination
 Build multivariate discriminants, optimized to separate s-channel 

signal from backgrounds
 Extract combined cross section using Bayesian statistical analysis

 Systematic uncertainties: categorized in classes; correlation taken 
into account
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Single Top: s-channel 
Combination

 Central result: maximum of posterior
 P-value: 1.8x10-10 → 6.3. S.D. observed significance

 

 First observation of s-channel single top production!

Phys. Rev. Lett. 112, 231803 (2014)

http://dx.doi.org/10.1103/PhysRevLett.112.231803
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Single Top: s+t and t-channel 
Combinations

 Same combination method (& input analyses): 
also used for s+t-channel and t-channel combinations
 Discriminants trained on s-channel or t-channel 
→ both discriminants used simultaneously

 Construction of 2D posterior probability density

 Function of 
s
 and 

t

 Combined 
s+t

: 
measured by forming 2D posterior 
for 

s+t
 versus 

t
 

→ integrate out 
t

FERMILAB-CONF-14-370-E
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Single Top: s+t and t-channel 
Combinations

 Table of individual channels 
and combinations:
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Single Top: |V
tb
|2

 Extraction of V
tb
: use same discriminants as for s- and t-channel 

cross sections

 Bayesian posterior probability density formed for |V
tb
|2

 Assumption: flat prior in |V
tb
|2

 No assumption on ratio 
s
/

t
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tt Cross Section: Analysis
 At Tevatron: 85% qq annihilation + 15% gg fusion
 tt→W+bW-b : Final states are classified according to W decay

 Combination of tt cross section from CDF and D0 in dilepton and 
l+jets final states

 4 analyses from CDF, 2 from D0
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tt Cross Section: CDF input
 4 CDF measurements:

 2 l+jets
 1 dliepton
 1 allhadronic

 Dilepton: counting events with >=1 b-tagged jets
 l+jets: 

 Analysis 1: Construct NN discriminant based on kinematic variables
 No b-tagging

 Analysis 2: counting events with >=1 b-tagged jets
 Allhadronic: fit to reconstructed top quark mass in events with 

==1 and >1 b-tagged jets (in events containing 6-8 jets)

Constructed mutually exclusive
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Intermezzo: BLUE Method
 BLUE Method (Best Linear Unbiased Estimator)

 Use weighted mean of all measurements y
i
:

 The weights are set to minimize uncertainty: 

                                   

with V: covariance matrix (of all                                                      
  uncertainties: statistical and all systematics)

 Error squared on the weighted mean:
 For high correlations: some weights can get negative

=∑i
wi yi

wi=
∑ j

V ij
−1

∑k∑l
V kl

−1

Var  =wT V w
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tt Cross Section: CDF input cont.
 CDF analyses are first combined to one CDF cross section

 Using BLUE
 Systematic uncertainty on tt selection efficiency directly proportional 

to measured 
tt  
→ three iterations of BLUE combination to remove 

this bias

 CDF combination: 
       

tt
 = 7.63±0.31(stat)±0.36(syst)±0.15(lumi) pb



01.10.2014 Yvonne Peters 15

tt Cross Section: D0 input
 2 D0 measurements

 1 dilepton
 1 l+jets

 Dilepton: likelihood fit to discriminant based on NN b-jet 
identification algorithm (using smallest NN output value from 2 
highest-pT jets)

 l+jets: events with 3 & >3 jets, split into 0, 1 or >1 b-tagged jets
 In background dominated samples: use random forest discriminant
 Likelihood fit to all subsamples simultaneously

 Combination with likelihood fit, systematics treated as nuisance 
parameters

 D0 combination: 
tt
= 7.56±0.20(stat)±0.32(syst)±0.46(lumi) pb
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tt Cross Section: Tevatron 
Combination

 BLUE combination of CDF and D0 input combinations 
 Split systematics into classes according to correlation
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tt Cross Section: Tevatron 
Combination

 Correlation between 
measurements from 
CDF and D0: 17%

 CDF measurement: 
weight 60%;
D0: 40%

 All channels compatible 
with each other 
and SM value

Phys.Rev. D 89, 072001 (2014)
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Top Quark Mass: Analyses
 Top quark mass: important free parameter in SM
 Tevatron combination uses

 5 Run I measurements 
 5 published Run II measurements and 2 preliminary CDF results

 Update since march 2013:
 CDF analyses in dilepton and alljets
 D0 l+jets measurement 

using matrix elements

 Combination: using BLUE
 Systematics split into classes according to source and correlations

 Main challenge!
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Top Quark Mass: Combination
 Matrix of total correlation coefficients:
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Top Quark Mass: Combination
 Uncertainties on 

combined top 
quark mass:
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Top Quark Mass: Combination
 New Tevatron top mass combination

 Results using up to 9.7fb-1

mt=174.34±0.37(stat)±0.52 (syst) GeV

arXiv:1407.2682 [hep-ex]
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Top Quark Mass: World 
Combination

 March 2014: First world combination of top quark mass
 Inputs: best measurement per channel per experiment (as of 

March 2014!)
 6 input measurements from Tevatron (Run II)
 5 input measurements from LHC (7 TeV data sample)
 All input measurements are “classical” top mass measurements:

 CDF: template methods; dilepton: neutrino weighting
 D0: ME method in l+jets, neutrino weighting in dilepton

● JES calibration transferred from l+jets to dilepton
 ATLAS: 3D template method in l+jets, m

lb
 observable in dilepton

 CMS: ideogram method; dilepton analytic matrix-weighting
 Combination performed using BLUE
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Top Quark Mass: World 
Combination

 Main challenge: systematic uncertainties!
 Correlation between measurements and experiments?

 In contrast to Tevatron-only: also between colliders
 (Partially) different treatment at different experiments

 Different MC programs for central mass measurement: MadGraph at 
CMS, Alpgen at D0, Pythia at CDF, Powheg at ATLAS

 Solution:
 1. classify systematic in “logical” classes with the same correlation

 Get central result
 2. vary the correlations to check the influence on the result!
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Top Quark Mass: World 
Combination

 Step 1: correlations between systematics and experiments
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Top Quark Mass: World 
Combination

 Step 1: correlations between systematics and experiments

Change: 
0 → 0.5

Step 2 
(examples)
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Top Quark Mass: World 
Combination

 Step 2: variations 
to check stability

 Global factor:          → 
 Change correlation factor 

of individual systematics:

 Small size of effects → no additional 
uncertainty assigned for the choice of 
correlation factors



01.10.2014 Yvonne Peters 29

Top Quark Mass: World 
Combination

 Step 2: variations 
to check stability

 Global factor:          → 
 Change correlation factor 

of individual systematics:

 Small size of effects → no additional 
uncertainty assigned for the choice of 
correlation factors



01.10.2014 Yvonne Peters 30

Top Quark Mass: World 
Combination

 Combined result:

 Uncertainty of 0.76 GeV → including newest results from Tevatron 
and LHC should be reduced even further!
 compatibility between input results will need careful consideration

arXiv:1403.4427  

http://arxiv.org/abs/1403.4427
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W Helicity in Top Quark Decays

 Left-handed coupling of W-boson to fermions: 
Not every combination of spin for W and b-quark is allowed

 Measure angle * between down-type decay product (lepton, d-, 
s-quark) of W and top quark in W rest frame

31
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W Helicity: Tevatron Results
 Input measurements combined with BLUE:

 1 CDF l+jets using matrix element method

 Same method as for mass, but replace m
T
 with f

0 
& f

+

 1 CDF dilepton analysis and D0 l+jets and dilepton analysis using a 
template method: fitting fraction of cos* templates to data

 Tevatron Combination: 
 Model independent 

(fit f
+
, f

-
, f

0
 with f

-
+f

0
+f

+
=1): 

f
0
=0.722±0.062(stat)±0.052(syst)

f
+
=-0.033±0.034(stat)±0.031(syst)

 Good agreement with SM values
 First published Tevatron top combination!

Phys. Rev. D 85, 091104 (2012)

32
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Summary
 Legacies of the Tevatron are being written

 s-channel observation from CDF+D0 combination
 New combinations of top quark mass!

 Work on more combinations ongoing
 Tevatron, LHC and world combinations!

→ stay tuned!



  

BACKUP
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The Tevatron

Centre of mass energy: 1.96TeV

~11.5fb-1 delivered
>10fb-1 on disk per experiment
 
 Tevatron ended operation on              
 30.9.2011

35
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 tt Final States

pure hadronic:pure hadronic:
≥6 jets (2 b-jets)

lepton+jets:lepton+jets:
1 isolated lepton;
Missing E

T
 from neutrino;

≥4 jets (2 b-jets)

dilepton:dilepton:
2 isolated leptons;
High missing E

T
 

from neutrinos;
2 b-jets  

36

tt� W+bW-b : Final states are classified according to W decay

B(t� W+b)=100%
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Reminder of some Basics: 
Production and Final States

 Most properties measured in tt events
 At Tevatron: 85% qq annihilation + 15% gg fusion

 At LHC (7 TeV): 15% qq annihilation + 85% gg fusion
 tt� W+bW-b : Final states are classified according to W decay

 Most properties measured in 
dilepton & l+jets final states
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Top Quark Mass: Uncertainties
 l+jets: 

Systematic uncertainties
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Jet Energy Scale

39
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Top Quark Mass World 
Combination: Inputs

 Input measurements for world combination
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Top Quark Mass World 
Combination: Naming Convention

 Naming convention of systematic uncertainties
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