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Top Production and Decay

★ pair production through strong 
interaction

★ gluon fusion dominates at the LHC

★ electroweak decay t → Wb
★ W decay modes classify events:

★ 5 channels with different advantages and 
challenges - all covered by ATLAS:

★ 46% All hadronic (2xW→qq)
★ 10% τhad+Jets (W→qq, W→τhad ν)
★ 34 % Lepton+Jets (W→qq, W→e/μ ν) 
★ 4% τhad+Lepton (W→τhad ν,W→e/μ ν) 
★ 6% Dilepton (2x W→e/μ ν)

or
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 In proton-proton collision, top quark 
can be produced in pairs or singly 
 Top pairs are produced through gluon-

gluon fusion and quark-quark 
annihilation  (85%/15%  @  √7  TeV) →  
QCD production 

 Single top is produced with an extra 
quark in the t- and s-channel diagrams 
or with a W boson, in the Wt diagram 
→  EW  production 

 In the SM, the top quark decay into W 
boson and b-quarks almost 100% of the 
time 
 The W boson decays subsequently into  

 Lepton-neutrino (~33%) 
 Di-quark (~67%) 

       pair decays  
 lepton (e/μ) + jets (including τ  to 

lepton decays) ~ 34.3%  
 dilepton  (ee,  μμ, eμ) ~ 6.4% 
 τhad + jets ~ 9.8%  
 τhad +  lepton (e, μ, τ  to e, μ) ~ 3.7%  
 all hadronic ~ 45.7%  

 
 

NNLO+NNLL cross section for mt 
 =173 GeV[arXiv:1303.6254] 

@  √s  = 7TeV (pb) @ √s  = 8TeV (pb) 

172.0-5.8
+4.4

-4.8
+4.7 245.8-8.4

+6.2
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+6.2 

Approx. NNLO cross section for mt = 173 GeV  [arXiv: 1210.7813] 

t-channel 65.9-0.7 
+2.1

-1.7
+1.5 87.2-1.0

+2.8
-2.2

+2.0 

s-channel 4.56 ± 0.07-0.17
+0.18 5.55 ± 0.08 ± 0.21 

Wt-channel 15.6 ± 0.4 ± 1.1 22.2 ± 0.6 ± 1.4 

 
 

o tt production: 

o single top production: 

tt

tt

Top pair production 

decay modes

or
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Why Top Quark Pair Production?

★ huge data sets available at 7 & 8 TeV to 
measure top production

★ can precisely test perturbative QCD
★ calculations available up to NNLO+NNLL* with 

mt = 172.5 GeV:

precision
★ provides a well understood environment to 

understand the detector performance in 
events with high pT objets, many jets, many 
b-jets

★ development and understanding of new 
techniques - soft muon tagging 

★ measuring rare and difficult processes - 
measurements including τhad

tools & methods

★ dominant background to many 
searches for new physics (ttH, stop, 
heavy resonances)

★ also direct sensitivity to new physics
★ in production (Z’)
★ in the decay chain (t’)
★ in decay itself (H+)

★ comparison of different decay modes is 
crucial 

new physics?

★ top quarks are an important handle in understanding the Standard Model 
and searching for physics beyond it

�t̄t(
p
s = 7 TeV) = 177+10

�11 pb

�t̄t(
p
s = 8 TeV) = 253+13

�15 pb
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*arxiv/hep-ph: 1111.5869,1112.5675,1204.5201,1207.0236,1210.6832,1303.6254
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All hadronic 7 TeV, 4.7 fb-1 

ATLAS-CONF-2012-031
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top mass

★ large background 
from QCD multijet 
production

★ no ‘signature’ lepton

challenge
★ multijet trigger - 5 jets with pT > 30 GeV at trigger level
★ require ≥ 5 jets with pT > 55 GeV, 6th jet with pT > 30 GeV within |η| < 2.5
★ at least 2 b-jets with pT > 55 GeV
★ veto any electron or muon with pT > 20 GeV
★ veto missing transverse energy through S(ETmiss) = ETmiss/ (0.5 x √∑ET) < 6
★ ΔR(b,b) > 1.2 (suppress gluon splitting)
★ AR(j,j) > 0.6 for any jet pair

event selection

★ reconstruct full event topology
★ kinematic likelihood fit to determine best assignment of jets to the 

top quark decays
★ constraints on W boson mass and m(top) = m(antitop)
★ allows to build top mass as discriminant with improved resolution 
★ select events with:

★ m(top) > 125 GeV with 6-10 jets
★ also require high probability of best permutation
★ good agreement with SM values through Χ2

kinematic fitting
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★ unbinned likelihood fit to extract cross section from mt
★ QCD multijet background template from data, dropping b-jet requirements in 

event selection
★ correction factors to account for modeling & composition differences from MC

5

All hadronic 7 TeV, 4.7 fb-1 

ATLAS-CONF-2012-031
�t̄t = 168± 12 (stat.)+60

�57 (syst.)± 6(lumi.)pb
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fit result

★ jet energy scale 
uncertainties

★ b-tagging
★ ISR/FSR model

★ 36% total systematic 
uncertainty

dominant uncertainties

★ good agreement with Standard Model 
predictions

★ exploits full 7 TeV data set
★ total uncertainty 37%, dominated by 

systematics
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τ+Jets  7 TeV, 1.67 fb-1

★ top pairs (l+Jets)
★ QCD multijets
★ W+Jets

main backgroundsevent selection

Eur.Phys.J.C, 73 3 (2013) 2328

trackn
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ATLAS

 = 7 TeVs
-1 L dt = 1.67 fb0

strategy

discriminant

★ b-jet triggered events & at least two b-jets
★ at least 5 jets with pT > 20 GeV & |η| < 2.5
★ veto events with leptons with pT > 15 GeV
★ S(ETmiss) = ETmiss/ (0.5 x √∑ET) > 8
★ find τhad > 40 GeV, as highest pT jet that is not b-tagged and 

does not belong to the hadronic top decay (3 jets yielding 
highest pT combination)

★ 1/3-prong decays of τhad yield small number of 
tracks associated to τhad-candidate

★ count number of tracks with pT > 1 GeV within 
ΔR < 0.2 & variable pT cut in cone 0.2 < ΔR < 
0.6 

★ real electrons from tt can fail the lepton veto 
and give τhad-candidate: consider as signal and 
subtract based on e/τhad - MC ratio
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�t̄t = 194± 18 (stat.)± 46 (syst.) pb

τ+Jets  7 TeV, 1.67 fb-1

Eur.Phys.J.C, 73 3 (2013) 2328

final fit

★ ISR/FSR modeling 
★ choice of generator
★ b-Jet tagging efficiencies
★ 24% total systematic uncertainty

dominant uncertainties

★ first measurement in τ+Jets final 
state at LHC

★ reaches ~ 25% uncertainty
★ in good agreement with all other 

measurements
★ in good agreement with theoretical 

predictions

★ likelihood fit to number of track distribution 
with:
★ combined e/τ - template (signal)
★ gluon jet - template (QCD multijet from 

sideband)
★ quark jet - template (tt from μ+Jets)
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Lepton + Jets 7 & 8 TeV
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★ W+Jets
★ QCD multijet, jets faking isolated 

leptons 
★ single top production
★ Z+Jets
★ diboson production

backgrounds

background modeling

★ one isolated lepton with pT > 20-25 GeV
★ ≥3 jets with pT > 25 GeV
★ significant amount of ETmiss > 20-35 GeV
★ additional cut to suppress QCD multijets 

on mT (> 20 GeV) or  mT+ETmiss (> 60 
GeV)

★ can require ≥1 b-tagged jet

typical selection

★ requiring b-tagging enhances 
signal purity

★ η (e/μ) more central in tt 
compared to W+Jets

★ several event shape 
variables, like aplanarity, 
energy ratios  

discriminators

aplanarity

★ main backgrounds need to be estimated 
from data

★ W+Jets normalization exploiting charge 
asymmetry of W production at LHC

★ QCD multijet fake lepton background 
through “matrix method” 

★ needs efficiencies for loosely isolated 
leptons passing selections

ATLAS-CONF-2011-121 ATLAS-CONF-2012-131,149
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Lepton + Jets 7 TeV, 0.7 fb-1

ATLAS-CONF-2011-121

Ev
en

ts

400
800

1200
1600
2000
2400

3 Jets
4 Jets

3 Jets

4 Jets  ≥5 Jets
e + Jets µ + Jets

Ra
tio

 D
at

a/
Fit 1.5

1.0
0.5

Likelihood Discriminant
0 20 40 60 80 100

 
≥5 Jets
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ATLAS  Preliminary  

tt
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Data 2011, √s = 7 TeV

Other EW
QCD Multijet

�t̄t = 179.0± 3.9 (stat.)± 9.0 (syst.)± 6.6(lumi.)pb

★ likelihood discriminant from η(e/μ), pT(j1), aplanarity, HT,3p
★ no use of b-tagging information
★ simultaneous fit in e/μ + 3,4,≥ 5 jet events 
★ profile likelihood fit including systematic uncertainties as nuisance parameters

★ signal modeling
★ jet energy scale 
★ MC statistics

main systematics

★ ability to constrain systematic 
uncertainties yields high precision

★ 6.6% total uncertainty - most 
precise ATLAS result

★ good agreement with SM 
prediction - theory uncertainty of 
similar size
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Lepton + Jets 8 TeV, 5.8 fb-1

ATLAS-CONF-2012-149
�t̄t = 241± 2 (stat.)± 31 (syst.)± 9(lumi.)pb
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★ first ATLAS measurement of σtt at 8 TeV 
★ likelihood discriminant: η(e/μ), Aplanarity

★ tight cut on lepton pT > 40 GeV to 
further reject QCD multijets faking 
leptons

background suppression

★ inclusive e/μ+ ≥ 3 jet selection for high statistics
★≥ 1 b-tagged jet to suppress W+jets background

★ negative log-likelihood minimization to obtain 
cross section

★ W+jets normalization determined by fit  

★ consistent results between channels and with SM 
predictions

★ signal modeling
★ jet calibrations
★ 13% systematic uncertainty

main uncertainties

E
v

e
n

ts
 /

 0
.0

5

0

1

2

3

4

5

310×

3 jets≥e+

ATLAS Preliminary -1
 Ldt = 5.8 fb∫

 = 8 TeVsData   

tt W+Jets Multijet

Z+Jets Single Top Dibosons

A’

0 0.2 0.4 0.6 0.8 1
D

a
ta

 /
 E

x
p

e
c

ta
ti

o
n

0.8

1

1.2

1.4

E
v

e
n

ts
 /

 0
.2

5

0

1

2

3

4

5

6

7

310×

3 jets≥+µ
ATLAS Preliminary -1

 Ldt = 5.8 fb∫
 = 8 TeVsData   

tt W+Jets Multijet

Z+Jets Single Top Dibosons

ηmuon 

-3 -1.8 -0.6 0.6 1.8 3

D
a

ta
 /

 E
x

p
e

c
ta

ti
o

n

0.8

1

1.2

1.4

(a) (b)

Figure 2: Transformed aplanarity A′ distribution in the e+jets channel (a) and muon pseudorapidity η

distribution in the µ+jets channel (b). The distributions in the data (dots) are compared to the model

expectations, which include both signal and background processes. The hatched bands display the com-

bined expected statistical and systematic uncertainty.

Table 2: Number of tt̄ events and corresponding cross sections obtained from the likelihood fit to data

together with their statistical uncertainties.

Channel Ntt̄ σtt̄ (pb)

e+≥3 jets 31050±350 239±3
µ+≥3 jets 45000±400 242±2
l+≥3 jets 76000±500 241±2

6

high statistics
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Lepton + Jets 7 TeV, 4.66 fb-1

ATLAS-CONF-2012-131�t̄t = 165± 2 (stat.)± 17 (syst.)± 3(lumi.)pb

★ sensitive to new physics through 
invisible cascade decays

★ development of new technique
★ complementary in terms of 

systematics 

advantages

★ 36% of the signal events contain 
semimuonic b→μX decays

★ uses quality of match between ID 
and MS hits as discriminator 

★ 10% efficiency for b-jets

Soft Muon Tagging ★≥ 3 jet selection, ≥ 1 SMT-b-jet
★ remove Z/Υ resonances in μ+jets events
★ dominant backgrounds estimated from data
★ cross section extraction counting signal events 

after selection

★ good agreement with SM prediction
★ 10.6% total uncertainty S
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★ ~ 10% total, dominating 
the result

★ uncertainties on 
background (W/QCD) 
normalisation

★ jet energy scale
★ simulation of b→μX

systematics
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τ+lepton 7 TeV, 2.05 fb-1 

Phys. Lett. B  717 (2012) 89-108

★ start considering all jets as τ-candidates 
★ boosted decision trees (BDTs) from 

calorimeter- & track-based variables
★ 20 GeV < ET (τ) < 100 GeV, |η| < 2.3
★ 1-3 associated tracks with pT > 1 GeV within 

ΔR < 0.4
★ sum of track charges ≠ 0

τ-ID
★ one isolated lepton with pT > 20 GeV (µ) or 

25 GeV (e)
★ one τ-candidate
★ ≥ 2 jets with pT > 25 GeV and ΔR(τ,j) > 0.4
★ sample split in 0 b-jets and ≥ 1 b-jet events
★ ETmiss > 30 GeV and ∑ET > 200 GeV

event selection
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(a)

BDT output
★ electrons faking τ’s: dedicated BDTe to suppress
★ jets faking τ’s have two sources:

★ gluon splitting symmetric in charge -                         
construct OS-SS distributions

★ light jets -                                                               
look at 0 b-jet distributions, correct for real τ’s 
from Z→ ττ and differences to ≥ 1 b-jet selection

backgrounds
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τ+lepton 7 TeV, 2.05 fb-1 

Phys. Lett. B  717 (2012) 89-108

�t̄t = 186± 13 (stat.)± 20 (syst.)± 7(lumi.)pb
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(b)

final fit for τ1 application of fit results

★ b-Jet tagging 
★ ISR & FSR models
★ τ-ID
★ total 11% systematics

main uncertainties

★ χ2 - fits to OS-SS BDTj (τ vs. jet) distributions for ≥1 b-jet
★ separate BDTs for τ1/τ3 and different distributions in eτ/μτ
★ signal templates from MC, background from 0b events
★ combination of τ1/τ3 and eτ/μτ for cross section extraction

★ good agreement with Standard Model & other channels
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Dilepton 7 TeV, 0.7 fb-1 

JHEP 1205 (2012) 059
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★ 2 OS leptons with pT > 20-25 GeV 
★ ≥ 2 jets with pT > 25 GeV 
★ mll > 15 GeV and |mll-mZ| > 10 GeV for ee, μμ
★ ETmiss > 60 GeV for ee, μμ
★ HT > 130 GeV for eμ
★ additional selection with ≥ 1 b-jet,                   

then ETmiss > 40 GeV

event selection

backgrounds

★ sensitivity can be enhanced selecting events 
with one isolated lepton and one isolated track

★ ID track with pT > 25 GeV 
★ track-based isolation in cone of ΔR=0.3 < 2 GeV
★ no additional b-tag requirement 
★ ETmiss > 45 GeV, HT > 150 GeV

lepton+track

b-tagging
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ETmiss > 60 GeV

★ dominant background is Z/γ*+Jets
★ suppress by requirements on mll
★ estimate remaining contributions from      

|mll-mZ| < 10 GeV control region         
(ETmiss > 30/45 GeV)

★  W+Jets, tt (Lepton+Jets), single top 
contribute through jets faking leptons

★ estimate using “matrix method” from data
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★ counting events in ee, μμ, eμ, μ+track, e+track without b-tagging and ee, 
μμ, eμ with b-tagging selections

★ profile likelihood fit to all 8 bins simultaneously 
★ consistent picture between all channels
★ 9.5% total uncertainty in good agreement with predictions

Dilepton 7 TeV, 0.7 fb-1 

JHEP 1205 (2012) 059�t̄t = 176± 5 (stat.)+14
�11 (syst.)± 8(lumi.)pb
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+ 81 23±161 
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-1 Ldt = 0.70 fb0
Theory (approx. NNLO)

 = 172.5 GeVtm

(lumi)±(syst)±(stat)±

ATLAS
★ modeling of the signal 

process
★ jet related uncertainties
★ lepton related uncertainties
★ systematic uncertainties 

dominate measurement

dominant systematics
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Overview
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Single lepton -10.70 fb   7 pb±  9 ±  4 ±179 
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combination, 7 TeV7 & 8 TeV

★ ATLAS-CONF-2012-131 for ATLAS 
combination

★ combination driven by high precision Lepton
+Jets and Dilepton results

★ ATLAS & CMS combination will be shown by 
M. Cristinziani (Saturday)

★ results presented for all channels
★ precise understanding of top quark 

production at hand
★ no surprises - good agreement with each 

other and with SM predictions
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★ broad program of inclusive top quark pair production measurements at 
ATLAS

★ excellent understanding of 7 TeV data set in terms of
★ precision
★ development of new techniques 
★ coverage of all channels
★ sensitivity to new physics in top quark pair production
★ allows to move to complicated properties measurements, differential 

cross sections etc.

★ effort on 8 TeV just starting
★ first result in Lepton+Jets channel available
★ but much more to come! 

Conclusions
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BACKUP
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BACKUP - systematics

JHEP 1205 (2012) 059

★ systematic uncertainties on signal modeling through:
★ ISR/FSR radiation using Pythia variations in AcerMC (typically dominant)
★ choice of generator

★ for hard process: MC@NLO vs PowHeg (Alpgen)
★ for parton showering: PowHeg can be interfaced with Herwig/Pythia
★ PDFs through varying errors/PDF sets

Uncertainties ∆σ/σ[%] ee µµ eµ eTL µTL Combined
Data statistics ±8.1 ±6.1 ±3.9 ±14.1 ±14.2 ±2.9
Luminosity +4.4/-3.8 +4.4/-3.9 ±4.2 +5.1/-4.2 +5.4/-4.4 ±4.3
MC statistics ±1.6 ±1.2 ±0.8 ±5.5 ±4.6 +0.7/-0.6
Lepton uncertainties +6.2/-5.4 +2.9/-1.3 ±3.1 ±4.1 +1.8/-1.6 +2.6/-2.2
Track leptons — — — ±4.4 ±1.9 +0.3/-0.2
Jet/Emiss

T uncertainties +5.7/-5.7 +6.4/-3.5 +4.7/-3.2 +14.8/-6.4 ±13.1 +4.4/-3.4
b-tagging uncertainties +1.2/-1.0 ±0.7 — — — +0.4/-0.0
Z/γ∗+ jets evaluation ±0.4 +0.5/-0.0 — ±6.2 +2.4/-2.7 +0.3/-0.2
Fake lepton evaluation ±3.3 1.5/-1.3 ±3.0 ±13.7 ±15.1 ±1.7
Generator +12/-11 +4.5/-4.3 +4.8/-4.5 +14/-11 +14/-13 +5.1/-4.9
All syst.(except lumi.) +16.4/-14.4 +8.8/-6.4 +8.2/-6.8 +27.9/-20.7 +26.5/-23.7 +8.0/-6.5

Stat. + syst. +18.9/-16.9 +11.6/-9.5 +10.1/-8.8 +31.8/-25.2 +30.7/-27.8 +9.6/-8.2

Table 2. Overview of the tt̄ cross-section uncertainties.

1400 candidate events are found for the b-tag analysis. There are 1221 events in common

between the two selections, and 179 exclusive b-tagged events.

In Fig. 1 the number of selected jets and the expectation for 0.70 fb−1 are shown for

the non-b-tag analysis with the five channels combined, and for the b-tag analysis with the

three channels combined. In the non-b-tag case, all requirements except the jet multiplicity

selection are applied, and in the b-tag case all requirements except the b-tag requirement

are applied. The Emiss
T distributions for the combination of the five non-b-tag and three

b-tagged channels are shown in Fig. 2. All requirements except Emiss
T are applied. The

dominant backgrounds are Z/γ∗+jets and W+jets production with a fake lepton and, for

the b-tag analysis, single-top events.

The cross-section results are obtained with a profile likelihood technique, as described

in Ref. [6]. The branching fraction for t → Wb is taken to be 100% and the acceptance is

calculated for a top mass of 172.5 GeV.

The top-quark pair production cross section measured by combining the seven channels,

the non-b-tagged ee, µµ, eµ, eTL and µTL and the exclusive b-tagged ee and µµ, is

σtt̄ = 176± 5(stat.)+14
−11(syst.)± 8(lumi.) pb.

Figure 3 summarizes the cross sections for the individual channels, and the combination of

the non-b-tag and the exclusive b-tagged data sets.

The measured cross section is in good agreement with a similar measurement made

with 2010 data by the CMS collaboration [5], with an ATLAS measurement in the dilepton

channel with earlier data [6], and with the SM prediction of 165+11
−16 pb. Compared to the

earlier ATLAS measurement in the dilepton channel, the statistical uncertainty of the

measurement has been reduced by a factor of four with the addition of more data, and a

small reduction in the systematic uncertainty, which now dominates, has been achieved.
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BACKUP - systematics
lepton+jets 8 TeV, total ~ 13% systematic uncertainties

(momentum/energy scale and resolution, trigger efficiency, reconstruction and lepton identification ef-

ficiency), as well as the b-tagging performance uncertainty. All of these uncertainties are evaluated by

performing ensemble tests using modified likelihood templates for signal and background. The dominant

instrumental systematic uncertainty (6%) is due to the jet energy scale, and here mostly due to its impact

on the signal reconstruction efficiency.

For the multijet contribution, the variation of results due to scaling of the background up and down

by 50%, as well as the difference between results obtained using the Matrix Method and the Jet-electron

model, were used as a systematic uncertainty. Because of the low level of multijet background in the

selected sample the systematic uncertainty on the cross section σtt̄ due to multijet modelling is small

(about 1%).

As discussed in Section 6, the contributions fromW+jets are fitted separately in the e+jets and µ+jets

channels to allow for absorption of uncertainties in other backgrounds. To verify the fitting procedure,

W+jets and Z+jets were merged into a single template and the combined fit was performed with the

W/Z+jets cross section forced to be the same in both channels. The difference in the tt̄ cross section

obtained by the two methods is small (0.2%).

The systematic uncertainty related to the modelling of W+jets, which results in a variation of likeli-

hood template shapes, is found to be small (<1%). The systematic uncertainty due to single top, diboson,

and Z+jets production is evaluated by varying their cross sections [27]. The effect on the tt̄ cross section

is also small (about 1%).

The uncertainty due to the modelling of Initial/Final State Radiation (ISR/FSR) is estimated using tt̄

events produced with the AMC generator interfaced with PYTHIA, where the parameters controlling

ISR/FSR were varied in a range suggested by the data in the rapidity gap analysis [30,31]. The resulting

σtt̄ uncertainty is 4%. The systematic uncertainty due to MC modelling of the tt̄ production process

is estimated by comparing results obtained with MC@NLO, POWHEG, and ALPGEN signal samples.

This uncertainty is found to be 6%. In addition, there are uncertainties due to parton distribution functions

(PDF) 6% and the choice of the parton shower model, the latter being estimated by comparing results

obtained with POWHEG interfaced to PYTHIA and HERWIG (6%). Finally, the luminosity uncertainty,

measured using techniques similar to those described in [32, 33], is 3.6%. This uncertainty is quoted

separately.

The systematic uncertainties on the inclusive tt̄ cross section measurement are summarized in Ta-

ble 3. The uncertainties due to ISR/FSR, MC generator modelling, PDF, and parton shower model are

combined in a single category named “MC modelling of the signal.”

Table 3: Systematic uncertainties (%) on the inclusive tt̄ cross section measurement in the lepton+jets

channel.

Source e+ ≥3 jets µ+ ≥ 3 jets combined
Jet/MET reconstruction, calibration 6.7, -6.3 5.4, -4.6 5.9, -5.2

Lepton trigger, identification and reconstruction 2.4, -2.7 4.7, -4.2 2.7, -2.8

Background normalization and composition 1.9, -2.2 1.6, -1.5 1.8, -1.9

b-tagging efficiency 1.7, -1.3 1.9, -1.1 1.8, -1.2

MC modelling of the signal ±12 ±11 ±11
Total ±14 ±13 ±13

The tt̄ production cross section is determined under the assumption of a fixed top quark mass mtop =

172.5 GeV. Using the tt̄ MC samples generated with mtop = 170 and 175 GeV, it is observed that the

result varies by ∓1% when mtop changes by ±2.5 GeV. This variation is not included in the systematic
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for electrons are tighter than those for muons.
The uncertainty on the Parton Distribution Function (PDF) is evaluated using three di↵erent PDF

sets, the nominal CT10 [20] as well as MSTW [36] and NNPDF [43]. The PDF are varied based on
the uncertainty along each of the PDF eigenvectors. Each variation is evaluated via an event-by-event
re-weighting of the signal tt̄ MC. The total uncertainty assigned to �tt̄ is half the spread of the envelope
of all PDF uncertainties.

As outlined in Section 3, the b ! µX and sequential mode branching ratios are rescaled in simu-
lated samples to match those in the PDG. The experimental uncertainty on each of the PDG values is
propagated to the final result, yielding a systematic of 3% on the measured cross section.

The e↵ect of di↵erent showering and hadronisation models is taken into account by comparing two
samples of tt̄ events, generated by Powheg, one of which have been showered by Herwig/Jimmy and the
other by Pythia. To ensure that only the e↵ects of the parton showering models are compared, rather
than the di↵erence in decay tables used by each hadronisation routine, the branching ratio of b! µX in
both simulated samples is again re-weighted to match that in Ref [24] (See Table 1).

The relative uncertainty on the total integrated luminosity is 1.8% [15]. The full table of systematic
uncertainties is shown in Table 8. The dominant systematic uncertainties come from the uncertainty on
the multijet and W+jets backgrounds and from the jet energy scale.

Relative cross section uncertainty [%]
Source e+jets µ+jets Combined
Statistical Uncertainty ±1.5 ±1.3 ±1.0
Object selection
Lepton energy resolution +0.4 /-0.3 +0.2 /-0.1 +0.2 /-0.1
Lepton reco, ID, trigger +2.4 /-2.5 +1.5 /-1.5 +1.7 /-1.8
Jet energy scale +3.8 /-4.3 +3.2 /-3.6 +3.5 /-3.8
Jet energy resolution ±0.2 ±0.5 ±0.2
Jet reconstruction e�ciency ±0.06 ±0.06 ±0.06
Jet vertex fraction +1.2 /-1.4 +1.2 /-1.4 +1.2 /-1.4
Emiss

T uncertainty ±0.06 ±0.08 ±0.07
SMT muon reco, ID ±1.3 ± 1.3 ±1.3
SMT muon �2

matche�ciency ±0.6 ±0.6 ±0.6
Background estimates
Multijet normalisation ± 5.2 ± 3.9 ± 4.4
W+jet normalisation ± 5.2 ± 5.7 ± 5.5
Other bkg normalisation ± 0.2 ± 0.2 ± 0.1
Other bkg systematics +1.6 /-1.5 +2.5 /-2.0 +2.2 /-1.8
Signal simulation
b! µX Branching ratio +2.9 /-3.0 +2.9 /-3.1 +2.9 /-3.1
ISR/FSR ± 2.4 ± 0.9 ± 1.5
PDF ± 3.2 ± 3.0 ± 3.1
NLO generator ± 3.2 ± 3.2 ± 3.2
Parton shower ± 2.2 ± 2.2 ± 2.2
Total systematics ±11.2 ±10.2 ±10.5
Integrated luminosity ± 1.8 ± 1.8 ± 1.8

Table 8: Summary of individual relative systematic uncertainty contributions to the cross section mea-
surement, in percent.
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Figure 6: Likelihood distribution D in the µ + jets (3, 4, � 5 jets) and e + jets (3, 4, � 5 jets) channel,
showing the separation between tt̄ and W+jets processes.

Table 3: Table of estimated statistical and systematic uncertainties on the tt̄ cross section. Uncertainties
marked with ⇤) are evaluated outside the fit.

Uncertainty up (pb) down (pb) up (%) down (%)
Statistical 3.9 �3.9 2.2 �2.2
Detector simulation
Jets 3.2 �4.3 1.8 �2.4
Muon 4.1 �4.1 2.3 �2.3
Electron 2.7 �3.0 1.5 �1.7
Emiss

T 2.0 �1.6 1.1 �0.9
Signal model
Generator⇤) 5.4 �5.4 3.0 �3.0
Hadronization⇤) 0.9 �0.9 0.5 �0.5
ISR/FSR 3.0 �2.3 1.7 �1.3
PDF⇤) 1.8 �1.8 1.0 �1.0
Background model
QCD shape⇤) 0.7 �0.7 0.4 �0.4
W shape⇤) 0.9 �0.9 0.5 �0.5
Monte Carlo statistics⇤) 3.2 �3.2 1.8 �1.8
Systematic 9.0 �9.0 5.0 �5.0
Stat. & Syst. 9.8 �9.8 5.4 �5.4
Luminosity 6.6 �6.6 3.7 �3.7
Total 11.8 �11.8 6.6 �6.6
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BACKUP
★ important to reduce systematic uncertainties through signal modeling
★ best handle is to provide good different measurements of the cross 

sections as function of the top kinematics (see talk F.Garberson) and top 
quark pair production with additional jets (see poster K.J.Grahn)

★ analysis with veto on additional central jets (7 TeV) can test generator 
predictions
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