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Top quark decay
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SM single top quark production
  t-channel 

u d

b t
W

Associated
production

Tevatron: 
LHC:
(7 TeV) 

σtot = 3 pb

σtot = 76 pb

b

t

W

g

LHC:
(14 TeV) σtot = 326 pb

q

q'

W t

b

  s-channel 

SM tasks:
• Weak interaction of bare quarks
• Measure total cross section → CKM matrix element |Vtb|
• Top polarization, PDFs
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New physics in single top
New 

interactions:
FCNC
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New coupling: 
modified Wtb 

coupling
or anomalous 
CKM matrix 

q W' t

b

New particles: 
heavy boson

or charged Higgs 
or T’ or B’

q'

9

New physics tasks:
• measure individual cross sections → different modes sensitive to different 
new physics
• look for specific new physics scenarios

• W’, fourth generation quarks, charged Higgs
• gluon FCNC
• anomalous Wtb couplings
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DØ

CDF

Batavia, Illinois Experimental setup:
Fermilab Tevatron in Run II

Proton-antiproton collider
CM energy 1.96 TeV 

→ Energy frontier - until a year ago
Instantaneous luminosity >4E32 cm-2s-1 

    − >5 interactions per crossing, 1.7M crossing per second
→ Proton-antiproton luminosity frontier
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Fermilab single top history
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b-quark jet or light quark jet

Single top quark event signature
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Single top quark event signature
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Background processes

102

104

106

108

1010

1012

1014
total inelastic, QCD multijets

bottom quark pairs

W bosons
Z bosons

top quark pairs
single top quarks

production cross-section (fem
tobarns)

(new physics)
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Discriminating variables
cross-check sample
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Discriminating variables

Object kinematics
Event kinematics

Angular correlations

Jet reconstruction
Top reconstruction

 Started from ~ 600 variables
 Considered ~200 for multivariate filters
 Chose 97 depending on method and channel
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Tevatron analysis outline
Trigger

selection
Single top

event kinematics
b-quark
tagging

S/B = 1/250,
50,000 events/fb

S/B = 1/20,
2000 events/fb

S/B = 1/109

Multivariate techniquesCombinationStatistical analysis
BDT                 NN               ME
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Multivariate methods
        Output:
signal likelihood

            Input: 
discriminating variables

Event energy
Quark jet angle

P(signal)

.....

         Method:
multivariate analysis

Reconstructed top mass

Bayesian neural networksBoosted decision trees Matrix Elements

Cut-Based Neural networks Decision trees Likelihood

Neuro evolution
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Single top production cross section

19

Several multivariate 
filters combined in 
one final discriminant
− BNN (DØ)
− NEAT (CDF)

     Boosted            Neural      Matrix     
Decision Trees   Networks  Elements   Likelihood
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Cross sections
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Tevatron combination

21

− Each experiment observes 5 σ significance
− DØ and CDF measurements are 

consistent to 1.6 σ 
− Combination of MVA distributions

Bayesian statistical analysis
Taking all uncertainty correlations into account
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CKM matrix element Vtb

22

Cross section ∝ |Vtb|2 
− Assume SM top quark decay: 

|Vtd|2+|Vts|2≪|Vtb|2
− Pure V-A and CP conserving Wtb vertex

No assumption on number of families 
or unitarity 
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t-channel production

23

•  New analysis 
with 5.4 fb-1 

•  Dedicated 
t-channel filter

•  No assumption
about s-channel

• 5.5 σ significance
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Top quark properties
• top quark width from 

t-channel cross section
−use R=B(t→Wb)/B(t→Wx) to obtain full width

• Top quark polarization from spin correlation

24

q

b

W

 Analysis using likelihood function
 Test for right-handed coupling in 

top production

q’

t
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Tevatron new physics searches
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Gluon-FCNC in single top
 CDF: 2→1 process

★multivariate analysis using NN

95% CL limits:

q

t

q

u, c
g

g

u, c
t

 D0: 2→2 process
★Same final state as 

t-channel
★multivariate 

analysis using BNN
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Single top anomalous coupling

top
b

W

|fR
1|2 |fL

2|2 |fR
2|2

 Left-vector (fL1, =1 in SM),  right-vector (fR1), 
left-tensor (fL2), right-tensor (fR2)

 Single top is sensitive to magnitude (PRL 101, 221801 (2008))
 ttbar to ratios of couplings (W helicity, PRL 100, 062004 (2008))
 Best sensitivity through combination (PRL 102, 092002 (2009))

|fR1|2 < 0.72 |fL2|2 < 0.30

|fR2|2 < 0.19
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Search for W' boson
q W' t

bq'

− Explore simultaneously left-handed and right-
handed couplings

− 95% CL limits:
MW' > 863 GeV (L only)

MW' > 885 GeV (R, MW'< mnR)

MW' > 890 GeV (R, MW' > mnR)

MW' > 916 GeV (L+R) 
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Experimental setup:
LHC at CERN

29

Proton-proton collider
CM energy 7 TeV 
→ Energy frontier

Instantaneous luminosity > 6E32 cm-2s-1 
    − >8 interactions per crossing, 1.7M crossing per second

→ Luminosity frontier
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Measurement of t-channel production
• 36 pb-1 of 2010 data
Event selection:
• 1 electron or muon 

ET (pT) > 30/20 GeV

• MT
 (W) > 50/40 GeV

• = 2 jets (pT > 30 GeV), ≥1 b-tag
• fewer channels than Tevatron, tighter 

cuts
Background modeling:
• normalize W+jets and QCD to data
• top background to theory
Analysis procedure:
• BDT with 37 variables
• 2-d fit to light jet η and spin correlation 

u d

b t
W l

ν

b

30
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t-channel result

•Combination using BLUE

31

combined: observed cross section:
σt = 83.6 ± 29.8 pb

Observed significance: 3.5 σ 
Observed |Vtb| > 0.68 at 95% CL

arXiv:1106.3052 [hep-ex]

=0 tag control sample
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Measurement of t-channel production
• 156 pb-1 of 2011 ATLAS data

156 pb-1 

u d

b t
W l

ν

b
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Cut-based t-channel analysis

33

• | untagged jet η | > 2.0
• 140 GeV < top quark mass < 190 GeV
• |Δη(lepton, b-tagged jet)| < 1.5
• | b-tagged jet  η | < 2.0
• HT > 180 GeV 
• separate by lepton flavor 

and top charge

After cut on
|untagged jet η|
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Neural network result

Control region

•22 input variables
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NN: Observed cross section:
σt = 76 +41

-21 pb

Observed (expected) significance: 
6.2 (5.7) σ 

t-channel result
• Simple event-counting
• Expected cross section 

systematic uncertainties
• B-tagging ~ 12%
• MC statistics ~ 11%
• ISR/FSR ~ 6%
• Signal modeling +36

-20%

• Total systematics +55
-29%

• Statistical uncertainty 17%

stat only
stat + sys

σSM = 66 pb

Cut-based: Observed cross section:
σt = 97 +54

-30 pb
Observed (expected) significance: 

6.3 (4.5) σ 
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t-channel summary

36

ATLAS 156 pb-1 

√s [TeV]

σ 
[p

b]

Tuesday, July 5, 2011



Reinhard Schwienhorst

Wt associated production

37

b

t

W

g

Smaller 
backgrounds
from Zττ,

dibosons, W+jets, 
multijets

Top pair
Control region

Signal
region

Dilepton backgrounds:
Top quark pairs

  Model using MC@NLO
  Normalize to data

Drell-Yan
  Model using Alpgen
  Normalize to data

stat only
stat + sys

•Never before seen
•Search in 

lepton+jets 
and di-leptons

•Set limit of 158 pb (10 × σWtSM)
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LHC new physics searches
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ATLAS FCNC search
•first single top new 

physics search
•single-top production

39

u, c t

g
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ATLAS FCNC search
•first single top new 

physics search
•single-top production

39

u, c t

g

First of many new physics searches!
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Many more new physics searches
•Anomalous couplings

-In single top and in combination with ttbar
•Resonance searches
-New heavy boson W’
‣With anomalous couplings?
‣With different CKM matrix - ttbar asymmetry?
‣Charged Higgs decaying to tb

-Fourth generation quarks
‣B’ or T’ decaying to single top

•New particles produced together with single top
-Charged Higgs

•If discoveries are made elsewhere first?
-Measure coupling to top 

40
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Many more new physics searches
•Anomalous couplings

-In single top and in combination with ttbar
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‣Charged Higgs decaying to tb

-Fourth generation quarks
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40

- magnitude, complex phase
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Many more new physics searches
•Anomalous couplings

-In single top and in combination with ttbar
•Resonance searches
-New heavy boson W’
‣With anomalous couplings?
‣With different CKM matrix - ttbar asymmetry?
‣Charged Higgs decaying to tb

40

- magnitude, complex phase, CKM

q

q'

W’ t

b

Tuesday, July 5, 2011



Reinhard Schwienhorst

Many more new physics searches
•Anomalous couplings

-In single top and in combination with ttbar
•Resonance searches
-New heavy boson W’
‣With anomalous couplings?
‣With different CKM matrix - ttbar asymmetry?
‣Charged Higgs decaying to tb

-Fourth generation quarks
‣B’ or T’ decaying to single top

40
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Many more new physics searches
•Anomalous couplings
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‣Charged Higgs decaying to tb

-Fourth generation quarks
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- magnitude, complex phase, CKM
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Summary/Outlook
•Single top production observed at Tevatron and LHC
-Tevatron s-channel+t-channel observation in 2009
-Tevatron t-channel isolation in 2011
-LHC t-channel observation in 2011
-LHC first limit on Wt
-Next: Wt and s-channel observation
-Single top as background to Higgs and other searches

•Single top as a tool to look for new physics
-Tevatron: W’, FCNC, H+, anomalous couplings
-LHC: FCNC
-Next: many more LHC new physics searches

41

Larger LHC datasets will bring separate observation of all 
single top processes and many new physics searches 
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Additional Material
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Background Modeling

43

HT = ΣET (lepton, ET
Miss, jets) [GeV]
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Single top signals larger than at 
Tevatron
− Especially t-channel
− Even at 7 TeV

Backgrounds similar 
to Tevatron
− W+jets less important
− tt is dominant background

SM Single Top at the LHC

44
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ATLAS Standard Model cross sections

45
Tuesday, July 5, 2011



Reinhard Schwienhorst

SM single top measurements
t-channel observation early

− In ~200 pb-1 at 10 TeV
− Sufficient # of events for cut-based analysis

s-channel and Wt with ~30 fb-1 
− Separate by b-tag and jet multiplicity
− Earlier observation requires 

multivariate techniques Atlas, 14TeV, 1fb-1 

  t-channel
measurement 

Multivariate filter outputCMS, 10TeV, 0.2fb-1 

46
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Single top event signature

Expect ~ 50 signal events 
per fb-1 
− After b-tagging
− S:B ~ 1:20

 W+jets
Top quark 

pairs

Single top

Event sample composition 

multijet

 Basic event signature (e 
or m)

− Single lepton trigger
or lepton+jets trigger 

− One high-ET leptons
ET > 20 GeV or 15 GeV

− Missing transverse energy
Missing ET > 25 GeV 

or 15 GeV
− 2-3 high-ET jets (2-4 jets)

ET > 15 GeV
− At least one b-tag

47
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Analysis samples
− Divide into 24 analysis channels

By b-tag multiplicity (1, 2), jet multiplicity (2, 3, 4), 
data taking period (before/after upgrade), lepton (e, m)

− Cross-check samples 
Enriched in W+jet events
Enriched in top pair events

− Check data/background agreement for all variables and 
multivariate filters in all samples

48
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Kinematics in the signal region

49
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Systematic uncertainties
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Statistical analysis
 Bayesian statistical analysis 

P(s|D) = P(D|s)*P(s)
− Posterior gives measured cross section and uncertainty

PRL 103, 092001 (2009) 

51
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Significance
 Significance (p-value) and linearity and many tests 

through extensive ensemble testing
− Ensembles of pseudo-data at various signal cross sections

Also linearity

Tuesday, July 5, 2011
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Tevatron Combination

53
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CKM matrix element |Vtb|

Vtb
Vtb

CKM Matrix

 |Vtb| > 
0.78

 Measurement: |Vtb × fL
1|

− Assume top decays to b (Vtb ≫ Vts, Vtd)

 No constraint on # of generations

54
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Single top polarization – anomalous coupling

top
b

W

|fR
1|2 |fL

2|2 |fR
2|2

 Left-vector (fL1, =1 in SM),  right-vector (fR1), 
left-tensor (fL2), right-tensor (fR2)

 Single top is sensitive to magnitude (PRL 101, 221801 
(2008))

 ttbar to ratios of couplings (W helicity, PRL 100, 062004 
(2008))

 Best sensitivity through combination (PRL 102, 092002 
(2009))

|fR1|2 < 0.72 |fL2|2 < 0.30

|fR2|2 < 0.19

55
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Single top in tau final state

Submitted to PLB, arXiv.org:0912.1066 
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 Train MVA filters for t-channel
 Measure t-channel and s-channel 

simultaneously
− Remove s/t constraint
−  s(t) = 3.14 -0.81

+0.94 pb
Exp./obs. significance: 3.7/4.8 SD 

−  s(s) = 1.05 ± 0.81 pb

First evidence for t-channel production

Submitted to PLB, arXiv.org:0907.4259 
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Single top at the LHC

s-channel and assoc. prod: harder

− Observe three single top production modes separately
t-channel: easy   

− Observe new physics (if it can be seen)
− Measure Vtb to few %

58
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LHC: new physics in single top
 Dedicated searches for specific signatures

− Resonances: New heavy boson W', heavy  charged 
Higgs

− FCNC interactions via gluon, photon, Z
− Anomalous Wtb couplings

 Measure SM cross
sections in detail
− For 3 processes 

separately
− Compare their

ratios

59
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Single top quark physics
 Study top quark electroweak interaction

− Sensitive to many models of new physics
 Important milestone towards Higgs

− Background to associated WH production
− Establish analysis techniques

 DØ: single top evidence in 2007, 
observation in 2009
− Plus many searches for new physics
− Now working on separating s-channel from t-channel

 LHC: single top in 7 TeV and in 14 TeV data
− Initial measurement at 7 TeV
− Separate different production modes at 14 TeV
− Plus many direct searches for new physics

 Long-term: study interaction between top and new 
physics

W

top

Higgs
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Single top phenomenology
 O(αs) QCD corrections to single top production and decay

− Benitez, Heim, Brock, Schwienhorst
− With MSU theorist C.P. Yuan and his former student Cao

 s-channel study at the Tevatron:
− Cao, RS, Yuan, 

PRD 71: 054023, 2005
 t-channel study at the Tevatron:

− Cao, Benitez, RS, Brock, Yuan, 
PRD 72: 094027, 2005

 s-channel at NLO at the LHC 
− Heim, RS, Cao, Yuan, 

PRD 81: 034005, 2010

 Working on t-channel study at the LHC
 Also compared MCFM t-channel NLO

with DØ simulation samples

t-channel

61
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