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Theory (approx. NNLO)

 = 172.5 GeVtfor m

stat. uncertainty
total uncertainty

(lumi)±(syst) ±(stat) ± tt

Single lepton -10.70 fb   7 pb±  9 ±  4 ±179 

Dilepton -10.70 fb  pb-   7
+  8  -  11

+ 14  6  ±173 

All hadronic
-11.02 fb

  6 pb± 78 ± 18 ±167 

Combination   7 pb± -   7
+  8  3  ±177 

 + jetshad
-11.67 fb   7 pb± 42 ± 19 ±200 

 + leptonhad
-12.05 fb   7 pb± 20 ± 13 ±186 

All hadronic
-14.7 fb

  6 pb± -  57
+ 60 12  ±168 

Introduction 
•  LHC is the top quark factory 
–  σtt = 165 pb,  σt = 85 pb @ NNLO approx. 
–  Provides an unique opportunity to test the SM @ high-q2 
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•  Precise measurement has 
been performed on σtt 
–  Dilepton (tt → llννbb) and  　　

Single-lepton (tt → lνjjbb) channel 
–  Measured uncertainty (6%)  < 

Theoretical accuracy (10%) 
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Physics Motivation 

•  Measurement of σt 

–  Direct measurement of Vtb 

–  Wt-channel and t-channel 

•  Measurement of σtt in           
alternative decay channel 

–  e.g.) σtt in τ final state is sensitive          
to the charged Higgs boson 
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t-channel (64.6 pb) Wt-channel (15.7 pb) 
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Validation of the SM → Search for the new physics 

Vtb	


Vtb	
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Single top 

Selection 

Yield & 
BG model 

Make use of di-leptonic decay 
•  2 Opposite sign lepton 
•  ≥ 1 jet 
•  ET

miss > 50 GeV 
•  |mll – mZ| > 10 GeV to reduce Z → ll 	


What’s  
unique ? 
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•  Sensitive to Vtb 
•  Not observed yet due to its small cross section @ Tevatron 
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Data  
driven 
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1%  

normalisation factors are used to estimate the system-
atic uncertainty a!ecting the Drell-Yan event yield. The
total uncertainty (statistical plus systematic) ranges be-
tween 10% and 35% depending upon the jet multiplic-
ity. Drell-Yan events contribute about 5% of selected
events.
Contamination of selected events by “fake dileptons”

may occur if a lepton from real W/Z decay and an-
other lepton from jet misidentification or heavy-flavour
(b- and c-hadron) decays are selected, or both leptons
from jet misidentification or heavy-flavour decays are
selected, such as tt̄-pair lepton+jets final state, W+jets
or multijet events. These backgrounds are di"cult to
model accurately, so a data-driven approach based on
the matrix method [33] is followed. The method builds
upon the use of “tight” and “loose” lepton selection cri-
teria mentioned in Section 3. For these backgrounds,
the e"ciency for a “loose” lepton to be reconstructed
as a “tight” lepton is determined using a data sample
enriched in multijet events, where some of the lepton
quality criteria have been reversed and the isolation re-
quirement has been removed. The “loose” to “tight”
e"ciency for real leptons is measured from Z ! !!
events using a tag-and-probe analysis technique. The
composition of the selected dilepton sample is extracted
by inverting a 4 " 4 matrix which relates the observed
sample composition in terms of selected leptons of dif-
ferent quality to its true composition in terms of real and
“fake” leptons. The background originating from these
events represents less than 1% of the selected sample.
The corresponding systematic uncertainty is taken con-
servatively at 100%.
A data-driven technique has been used to check the

MC prediction of the Z ! "" contamination. The
selected sample is split into background- and signal-
enriched regions, using the summed ## between the
leptons and the $EmissT direction requirement, as defined
in Section 3. The Z ! "" background in the signal
region is extracted using the ratio of the correspond-
ing MC estimates in both regions, scaled by the num-
ber of selected data events from which non-Drell-Yan
as well as Drell-Yan ee and µµ backgrounds have been
subtracted using MC. The di!erence between the purely
MC-based expectations and this determination is in-
cluded as a systematic error and results in an uncertainty
of 60%. The Z ! "" events constitute less than 1% of
the selected event sample.
The jet multiplicity distribution is shown in Fig-

ure 2(a) after the selection described in Section 3. Ta-
ble 1 reports the expected signal, estimated backgrounds
and total event yields in the 1-jet, 2-jet and #3-jet cat-
egories, with ee, µµ and eµ channels combined. No

contamination from t-channel or s-channel single top-
quark events is expected in the dilepton final state. A to-
tal of 224 signal events are expected over a background
of 2840. The dominant tt̄-pair production accounts for
75% of the background yield in 1-jet events.

1-jet 2-jet # 3-jet
Wt 147 ± 13 60 ± 9 17 ± 5
tt̄ 610 ± 110 1160 ± 140 740 ± 130
Diboson 130 ± 17 47 ± 5 17 ± 4
Z ! ee 20 ± 2 11 ± 2 5 ± 2
Z ! µµ 29 ± 3 28 ± 3 12 ± 3
Z ! "" 9 ± 6 4 ± 3 2 ± 1
Fake dileptons 11 ± 11 5 ± 5 negl.
Total bkgd. 810 ± 120 1260 ± 140 780 ± 130
Total expected 960 ± 120 1320 ± 140 790 ± 130
Data observed 934 1300 825

Table 1: Observed and expected event yield in the selected dilepton
sample in the 1-jet, 2-jet and #3-jet bins for an integrated luminosity
of 2.05 fb$1. The Wt, tt̄ and diboson expectations are normalised
to theoretical cross-sections. Dilepton and lepton+jets channels are
included in tt̄. Only leptonic decays of diboson events are considered.
“Fake dileptons” are events with at least one fake lepton, as described
in the text. Uncertainties are the sum of statistical and systematic
sources added in quadrature.

5. Discriminating variables forWt events

After the event selection, the signal-to-background
ratio is 18% in 1-jet events, where most of the sig-
nal is expected. As no individual variable is found to
carry a large discriminating power, the analysis strategy
uses a multivariate approach based on the “boosted de-
cision trees” (BDT) [34] technique in the framework of
TMVA [35] to discriminate between theWt-channel and
tt̄-pair production. The BDT method benefits from the
advantage of using the correlations between variables
as part of the distinguishing power. The goal is to ex-
ploit the di!erences between signal and background in
many specific kinematic and topological distributions to
form a classifier. This BDT classifier is trained using 1-
jet events to maximise the expected significance without
overtraining. BDT classifiers using the same input vari-
ables are also formed for 2-jet events and events with at
least 3 jets: while no significant signal yield is expected
in these events, the BDT output distribution serves to
constrain the background normalisation.
Only variables with larger discriminating power are

used as input to the BDT. The two most powerful vari-
ables are psysT , defined as the magnitude of the vecto-
rial sum of pT of the leading jet, leptons and missing

4
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6 Single top 

Signal 
extraction 

•  Calculate Boosted Decision Tree (BDT) score of the 
event based on 18 kinematic variables 

•  Likelihood fitting using BDT score for each jet bin 

Results •  16.8 ± 2.9 (stat) ± 4.9 (syst) pb (exp. 15.7 pb) 
•  3.3σ → First evidence at LHC 
•  Systematics : Statistics, JES, Parton shower 

•  Vtb = 1.03 +0.16
-0.19  (assuming |Vtb| >> |Vts|, |Vtd|) 
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Selection 

Yield & BG model 

•  One lepton and ET
miss > 25 GeV 

•  2 or 3 jets, exactly one of them is b-tagged 
•  MT (l, ET

miss) + ET
miss > 60 GeV 
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Table 1: Predicted and observed event yields, after selection, in the electron and muon 2-jet and 3-jet b-tagged samples. The multijet event yields
are determined with data-driven techniques. Contributions from W+jets events are normalised to observed data in control regions with the method
employed in the cut-based analysis. Uncertainties on these processes yields are also estimated from data (see Section 6). All other backgrounds
and the t-channel signal expectation are normalised to theoretical cross sections. Uncertainties on these predictions are estimated from theory only
and do not include experimental uncertainties (such as jet energy scale uncertainty, etc.).

Electron Muon
2-jet 3-jet 2-jet 3-jet

single-top t-channel 447 ± 11 297± 7 492± 12 323± 8
tt̄, other top 785 ± 52 1700± 120 801± 53 1740± 130
W+light jets 350 ± 100 128± 56 510± 150 209± 91
W+heavy flavour jets 2600 ± 740 1100± 400 3130± 880 1270± 480
Z+jets, diboson 158 ± 63 96± 44 166± 61 80± 31
Multijet 710 ± 350 580± 290 440± 220 270± 140
TOTAL expected 5050 ± 830 3900± 520 5530± 930 3900± 520
DATA 5021 3592 5592 3915

jet and the reconstructed W boson |!!(b,W)|; the abso-254

lute value of !! between the b-tagged jet and the highest255

pT untagged jet |!!(b, ju)|; the pT of the charged lepton,256

the scalar sum of the transverse momenta of the lepton,257

the jets, and Emiss
T , HT(", jets, E

miss
T ); mT(W); the pseu-258

dorapidity of the lepton !("); the mass of the b-tagged259

jet m(b); Emiss
T ; and the invariant mass of the untagged260

jet and the b-tagged jet m( jub).261

For events with three jets a total of 18 variables is262

used and the most discriminants ones are the invariant263

mass of the two leading jets, m( j1 j2), m(l#b), and the264

absolute value of the di"erence in the pseudorapidity265

of the leading and lowest pT jet, |!!( j1, j3)|. Figure 1266

shows distributions of some of the most discriminating267

variables in the b-tagged 2-jet or 3-jet samples, used in268

both the NN analysis and the cut-based analysis. Some269

additional distributions of variables used only in the NN270

approach are shown in Figure 2.271

The agreement between the background model and272

collision data is also tested for each input variable used273

in the analysis, for various additional control variables,274

and the NN output distribution, see Fig. 3(a) and (b) in275

the large pretag sample. In this control sample, where276

the b-tagging algorithm has not yet been applied, the277

b-tagged jet is substituted by the most central jet, with278

the requirement that it is within |!| < 2.5. Overall a279

good agreement is found, except for the |!| distribution280

of the most forward jet, that is, the jet with the highest281

|!|, in the pretag data set for which an additional sys-282

tematic modeling uncertainty is taken into account, see283

Section 6.284

In the NN analysis, the NeuroBayes [33, 34] tool is285

used, which combines a three-layer feed-forward NN286

with a complex robust preprocessing. NeuroBayes ap-287

plies Bayesian regularisation techniques for the training288

process to damp statistical fluctuations in the training289

sample and to avoid overtraining. The ratio of signal to290

background events in the training is chosen to be 1:1,291

while the di"erent background processes are weighted292

according to the number of expected events.293

To extract the signal content of the selected sample294

we perform a maximum likelihood fit to the entire NN295

output distributions in the 2-jet and 3-jet data set (see296

Section 7). Fitting all bins of the distribution has the297

advantage of making maximal use of all signal events298

remaining after the event selection, and also allows the299

background rates to be constrained by the data. The300

sensitivity to the background rates is given by the back-301

ground dominated region close to zero. The observed302

NN output distributions scaled to the fit result are shown303

in Fig. 3(c) and (d) for events with two and three jets, re-304

spectively.305

Cut-based selection. In the cut-based analysis addi-306

tional selections are applied on a subset of five variables307

used by the NN analysis: |!( ju)| > 2, HT(", jets, E
miss
T ) >308

210 GeV, and 150 GeV < m(l#b) < 190 GeV. The 2-jet309

selection requires |!!(b, ju)| > 1, while the 3-jet selec-310

tion requires that the invariant mass of all selected jets311

m( j1 j2 j3) is higher than 450 GeV, to further reduce the312

large tt̄ contribution in this channel. The selection cuts313

were chosen in order to increase the expected signifi-314

cance of the t-channel single top-quark signal, taking315

into account systematic uncertainties on the background316

estimate [35].317

The positive and negative lepton-charge samples318
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58% : shape from MC,  
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What’s  
unique ? 

•  Promising channel for the single top production observation 
    (Highest cross section among single top production) 
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Signal 
extraction 

•  Introduce NN discriminant based on 12 (18) variables 
for 2 (3) jet bin followed by Maximum likelihood fit 
•  As a cross check, cut-based analysis is performed 

Results 

•  83 ± 4 (stat)+20
-19(syst) pb (exp. 64.6 pb) 

•  Systematics : ISR / FSR, btag efficiency 
•  |Vtb| = 1.13+0.14

-0.13 
•  |Vtb| > 0.75 @ 95% C.L assuming |Vtb| ≤ 1 
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Analysis updated for the ratio measurement of Rt = σt(t)/σt(t) 

9 Single top 

Selection •  Optimized to ET
miss > 30 GeV 

•  MT (l, ET
miss) > 30 GeV 

Signal extraction •  Maximum likelihood fit separately for l+ and l- sample 

What’s unique ? •  Sensitive to PDF 
•  Cancel out common syst. 

1 Introduction

At the LHC, top quarks are expected to be produced singly via weak, charged-current interactions with

a cross-section of the same order of magnitude as the one for tt̄ pair production mediated via the strong

interaction. There are three relevant single top-quark subprocesses that are distinguished by the virtuality

of the exchanged W boson. The dominant process is the t-channel exchange of a virtual W!, depicted in

Figure 1, which is the focus of this analysis. A light quark from one of the colliding protons interacts with

a b quark from another proton exchanging a virtual W boson, W!. Since the up-quark density inside the

proton is about twice as high as the down-quark density, the production cross-section of single top-quarks

is about twice as high as the cross-section for top-antiquark production. The typical momentum fraction

x of the incoming light quarks is in the range of 0.02 ! x ! 0.5, with a median of 0.17 for u quarks and a

median of 0.13 for d quarks. In the large x regime the parton distribution functions (PDF) are dominated

by the valence-quark contributions. The current knowledge of the valence-quark distributions, as derived

from QCD-fit analyses, relies mainly on the deep inelastic scattering data in the high-x region which is

experimentally more challenging.

(a) (b)

Figure 1: Feynman diagrams of (a) single top-quark and (b) single top-antiquark production via the

t-channel exchange of a virtualW! boson.

In this note we present measurements of the cross-sections of single top-quark and single top-

antiquark production, !t(t) and !t(t̄) in the t-channel, and a measurement of the cross-section ratio

Rt " !t(t)/!t(t̄) at a center-of-mass energy of
#
s = 7 TeV. The measurements of !t(t) and !t(t̄) are

sensitive to the PDFs of the u-quark and the d-quark in the x regime mentioned above. The measurement

of Rt is sensitive to the ratio of the two PDFs and features smaller systematic uncertainties because of

partial cancellations. These single top-quark measurements are complementary to measurements of the

W± charge asymmetry that probe the regime 10$3 ! x ! 10$1 at the LHC [1] and 0.005 ! x ! 0.3 at the

Tevatron [2, 3].

Investigating Rt provides also an interesting handle on searching for new physics contributions in

single top-quark (top-antiquark) production [4] or in understanding the nature of physics beyond the

Standard Model if it would be observed [5].

Subleading single top-quark processes are the associated production of an on-shell W boson and a

top quark (Wt) and the Drell-Yan type production of tb̄ (s-channel). The cross-sections of all three single

top-quark production processes have been calculated with approximate next-to-next-to-leading order

precision. In pp collisions at
#
s = 7 TeV, the cross-sections of top-quark and top-antiquark production

in the t-channel are predicted to be

!t(t) = 41.9+1.8$0.8 pb and

!t(t̄) = 22.7+0.9$1.0 pb,

assuming a top-quark mass of mt = 172.5 GeV [6]. The predicted cross-sections for the s-channel

production are !s(t) = 3.1 ± 0.1 pb and !s(t̄) = 1.4 ± 0.1 pb [7]. As the Wt production is charge
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single top-quark (top-antiquark) production [4] or in understanding the nature of physics beyond the

Standard Model if it would be observed [5].

Subleading single top-quark processes are the associated production of an on-shell W boson and a

top quark (Wt) and the Drell-Yan type production of tb̄ (s-channel). The cross-sections of all three single

top-quark production processes have been calculated with approximate next-to-next-to-leading order

precision. In pp collisions at
#
s = 7 TeV, the cross-sections of top-quark and top-antiquark production

in the t-channel are predicted to be

!t(t) = 41.9+1.8$0.8 pb and

!t(t̄) = 22.7+0.9$1.0 pb,

assuming a top-quark mass of mt = 172.5 GeV [6]. The predicted cross-sections for the s-channel

production are !s(t) = 3.1 ± 0.1 pb and !s(t̄) = 1.4 ± 0.1 pb [7]. As the Wt production is charge

1

Results •  σt (t) = 53.2 ± 10.8 pb (exp. 41.9 pb),  σt(t) = 29.5+7.4
-7.5 pb (exp. 22.7 pb) 

•  Rt = 1.81+0.23
-0.22 (exp. 1.86 – 2.07) 

•  Systematics : Background normalization, ISR/FSR, JES  
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ttbar Production 
Cross Section 
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/16 τ + lepton channel (2.05 fb-1) 
ttbar 11 

Selection •  Opposite sign lepton + τ candidate	

•  ET

miss > 30 GeV 
•  ΣET > 200 GeV 
•  ≥ 2 jets and at least one of them is b-tagged 

Event yield 

What’s unique ? •  BR could be enhanced by the existence of H± 
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BG arises by jet faking τ candidate 
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H	


Signal 737 

tt → lepton + jet 4127 

W + jet 1429 

Multi-jet 577 

Others  
(tt→dilepton, Z + jet) 

65 

Total expected 6935 

Data 7188 

11% 
60% 

20% 
8% 

1% 

(u,d,c,s)	




/16 τ + lepton channel (2.05 fb-1) 
ttbar 12 

•  BDT score is calculated to the selected τ candidate 
•  Perform template fitting 
•  BG distribution is different by jet type (b, g, light jet) 
•  To reduce # of template, SS events are subtracted to 

remove b, gluon originated τ candidate (charge symmetric) 

Signal 
extraction 

•  186 ± 13 (stat) ± 20 (syst) ± 7 (lumi) pb 
(exp. 165+11

-16 pb) 
•  Systematics : btag efficiency, ISR / FSR 
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/16 τ + jet channel (1.67 fb-1) 
ttbar 13 

•  ≥ 5 jets and ≥ 2 of them is b-tagged 
•  ET

miss significance ET
miss/√ΣET > 4 

•  1τ candidate selected among jets 
•  Reconstruct 3 jets to be Mtop 
     select remaining non b-tagged jet with pT > 40 GeV 
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W	


jet	
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Selection 

Event yield 
(MC) 

What’s  
unique ? 

•  BR could be enhanced by the existence of H± 

    (Complementary with τ + lepton channel) 

Signal 149 

ttbar combinatorics 542 

W + jet 45 

Single top 36 

Multi jet, bbar 1050 

Total expected 1822 

8% 
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2% 

2% 

58% 
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Multi-jet bbar is dominant 
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trackn
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τ + jet channel (1.67 fb-1) 
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Signal 
extraction 

•  200 ± 19 (stat) ± 43 (syst) pb (exp. 165+11
-16 pb) 

•  Systematics :  btag efficiency, ISR / FSR 

•  Binned likelihood fit to the number of charged track 
distribution of the τ candidate 
•  Multi-jet : From 1.5 < ET

miss sig. < 2 control region 
•  tt combinatorics : From tt → µ + jet control region 
•  Signal : From MC 

trackn

0 2 4 6 8 10 12 14 16 18

E
ve

n
ts

0

20

40

60

80

100

120

140

160

180

200

Data 2011

Fit [All]
 & Electron]

had
!Fit [

Fit [Combinatorics]

Fit [Multijets]

ATLAS Preliminary

 = 7 TeVs  
-1

 L dt = 1.67 fb"

Figure 6: The ntrack distribution for !had candidates after all selection cuts. The black circles correspond

to data, while the solid histogram is the result of the fit. The red, blue and magenta dashed curves show

the fitted contributions from tau & electron “signal”, and the multijets and combinatorics backgrounds,

respectively.

Source Number of events

tt̄ (!had) 150 ± 30

tt̄ (electrons) 44 ± 9

Single top 12 ± 3

Wbb̄ 13 ± 14

Total expected 219 ± 34

Fit results 268 ± 24 (stat.) ± 17 (syst.)

Table 2: Comparison of the numbers of tau & electron events from MC expectations and from the results

of the fit to the data.

The cross section is obtained from:

"tt̄ =
N!

L · #
· (1)

The e!ciency (#) is estimated from MC simulation to be (5.6 ± 1.1) !10"4. It includes the branching

fractions for the di"erent tt̄ decays and the associated acceptances. The e!ciency is corrected for the

flavor dependence of the W branching ratios [26], as this e"ect is not taken into account in the simulated

event samples. It is also corrected for a 10% total di"erence between MC simulation and data in the

trigger and b-tagging e!ciencies [23]. The method used for obtaining the uncertainty on this number is

detailed in Section 10.2. Using Eq. (1), the following cross section is obtained:

"tt̄ = 200 ± 19 (stat.) ± 43 (syst.) pb. (2)

8

Number of tracks 

Result 
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15 ttbar 

•  ≥ 5 jets with pT > 55 GeV and ≥ 2 b-tagged jet 
•  6th jet with pT > 30 GeV 
•  ET

miss significance < 3 
•  Kinematical likelihood fit to find correct 

association of jets to reconstruct Mtop 

Signal (35%), Multi jet (65%) 

Selection 

Composition 
& BG modeling 

•  Unbinned likelihood fit to Mtop 
•  6 ≤ Njet ≤ 10 
•  χ2 for Mtop and Mw is calculated     

and satisfy χ2 < 30 

Signal 
extraction 

Modeled by the pre b-tagged sample in data 

•  168 ± 12 (stat) +60
-57 (syst) ± 6 (lumi) pb 

•  Systematics : JES 
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Summary 
•  LHC is the top-quark factory 

–  Validation of the SM @ high-q2 

–  Search for the New physics 

16 

•  ttbar production cross section 
–  Measured accuracy < Theoretical accuracy 
–  σtt is measured in alternative decay channel 

with τ, showing SM is applicable at LHC	


•  Single top production cross section 
–  First evidence of Wt-channel 
–  Interpretation to |Vtb| 

Single top 
t-channel •  2012 will be the exciting year ! 

e.g.) σtt @ 8 TeV = 1.4 x σtt @ 7 TeV 

 [pb]tt

50 100 150 200 250 300 350

ATLAS Preliminary

Data 2011

Channel & Lumi.

New measurements

15 May 2012
Theory (approx. NNLO)

 = 172.5 GeVtfor m

stat. uncertainty
total uncertainty

(lumi)±(syst) ±(stat) ± tt

Single lepton -10.70 fb   7 pb±  9 ±  4 ±179 

Dilepton -10.70 fb  pb-   7
+  8  -  11

+ 14  6  ±173 

All hadronic
-11.02 fb

  6 pb± 78 ± 18 ±167 

Combination   7 pb± -   7
+  8  3  ±177 

 + jetshad
-11.67 fb   7 pb± 42 ± 19 ±200 

 + leptonhad
-12.05 fb   7 pb± 20 ± 13 ±186 

All hadronic
-14.7 fb

  6 pb± -  57
+ 60 12  ±168 



/16 Thank you for your attention 
•  References of this talk 
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ttbar Data (fb-1) Reference 

lepton + lepton 0.70 CERN-PH-EP-2011-223 

lepton + jet 0.70 ATLAS-CONF-2011-121 

lepton + τ 2.05 CERN-PH-EP-2012-102 

jet + τ	
 1.67 ATLAS-CONF-2012-032 

jet + jet 4.70  ATLAS-CONF-2012-031 

Single top Data (fb-1) Reference 

t-channel 1.04 CERN-PH-EP-2012-082 
ATLAS-CONF-2012-056 (Rt) 

Wt-channel 2.05 CERN-PH-EP-2012-117 

s-channel 0.70 ATLAS-CONF-2011-118 


