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The Top Quark 

The Top Quark: An Interesting Friend 

•  coupling to 
photons 

•  coupling to  
Z-bosons •  charge 

•  mass 

•  top-quark polarization 
•  spin correlation 
•  charge asymmetry 
•  FCNC 
•  couplings to Higgs particles •  W-boson  

 polarization 
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mtop = 173.3 ± 0.5 (stat.) ± 1.3 (syst.) 

Top Mass 
•  Fundamental parameter of SM without prediction 
•  Lepton+jets [1] 

•  1D fit:  
  

•  2D fit: mtop vs. jet energy scale factor (JSF)  
•  Dilepton [2] 

•  mT2 variable in eµ channel 
•  Fully hadronic [3] 

•  Template fit: mjjb  

ATLAS-CONF-2012-095 

Results 
•  Best single result: 2D template fit for l+jets channel 
•  LHC combination (ATLAS: l+jets and full hadronic): 

Main Systematics (2D, l+jets) 
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Tevatron July 2011  0.8± 0.6 ±173.2 

LHC June 2012  1.3± 0.5 ±173.3 
 CR, UE syst.)�, (-1 = 4.9 fbint   L

+jetsµCMS 2011,  1.5± 0.4 ±172.6 
 CR, UE syst.)�, (-1 = 2.3 fbint   L

CMS 2011, di-lepton  2.7± 1.2 ±173.3 
 CR syst.)�, (-1 = 36 pbint   L

CMS 2010, l+jets  2.7± 2.1 ±173.1 
 CR syst.)�, (-1 = 36 pbint   L

CMS 2010,  di-lepton  4.6± 4.6 ±175.5 
 CR, UE syst.)�, (-1 = 2 fbint   L

ATLAS 2011, all jets  3.9± 2.1 ±174.9 
-1 = 1 fbint   L

ATLAS 2011, l+jets  2.3± 0.6 ±174.5 
 CR, UE syst.)�, (-1 = 35 pbint   L

ATLAS 2010, l+jets  4.9± 4.0 ±169.3 

-1 - 4.9 fb-1 = 35 pbint combination - June 2012,  LtopLHC m
 = 7 TeVsATLAS + CMS Preliminary, 

 (syst.)± (stat.) ±

2D template fit (l+jets) 

LHC Combination 

Top Mass 

full had.and l+jets ≤ 4.9 fb-1 @ 7 TeV 

R
32

=
mreco

top

mreco

W

•  ISR/FSR (1.01 GeV) [1] Eur. Phys. J. C (2012) 72:2046 
[2] ATLAS-CONF-2012-082 
[3] ATLAS-CONF-2012-030 

•  JES (0.66 GeV) •  bJES (1.58 GeV) 
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Top Charge 

ATLAS-CONF-2011-141 

Top Charge 
•  No direct measurement so far 
•  Instead: Exclusion of possible alternative: -4/3 e 
•  Lepton+jets channel combination: 

•  Weighted jet charge method 

•  Soft muon method 

Main Systematics (<Qcomb> [%])  

Result 

Exotic charge of -4/3 e  
excluded by > 5 σ	
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Weighted b-jet charge 

•  Jet/Et
miss reconstruction (7.2) 

Q
b-jet

=

P
i qi

���~j · ~pi
���


P
i

���~j · ~pi
���


Q
comb.

= Q
b-jet

·Q
lepton

qi : track charge

~j : jet axis

~pi : track momentum

 : separation tuning factor

•  ISR/FSR (13.8) 
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Top Polarization 
•  Top quarks almost unpolarized in SM 
•  cos(θi) distributions measured via template fit 
•  From fit: αi p  

•  α: spin analyzing power (= 1 for charged lepton) 
•  p: polarization 

Top Polarization 

ATLAS-CONF-2012-133 

Main Systematics  

αi p = -0.060 ± 0.018 (stat.) +0.046 -0.064 (syst.) 

l+jets 4.7 fb-1 @ 7 TeV 
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Results 
•  Assume CP conservation in production (αi ptop = αj pantitop) 

SM:	


αi p = 0 

•  Jet reconstruction (+0.018 -0.028) •  Signal modeling (+0.011 -0.012) 

W (cos(✓i)) ⇠ 1 + ↵i · p · cos(✓i)
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Top Spin Correlation 
•  SM description of production and  

decay predicts spin correlation A 
•  Azimuthal angle Δφlab(analyzer1, analyzer2)  

[Mahlon and Parke, Phys. Rev. D 81, 074024 (2010)] 

•  Dilepton channel Δφlab(lepton1, lepton2) :  
αlep= ± 1, no full reconstruction needed 

•  Template fit: SM correlation, uncorrelated     pairs 

Top Spin Correlation 

A = Nlike − Nunlike

Nlike + Nunlike

=
N(↑↑)+ N(↓↓)− N(↑↓)− N(↓↑)
N(↑↑)+ N(↓↓)+ N(↑↓)+ N(↓↑)

PRL 108, 212001 (2012) 

Main Systematics (Ahel) 
•  Jet reconstruction (0.04) 
•  Fake lepton estimate (+0.05 -0.02) 

Ahel = 0.40 ± 0.04 (stat.) +0.08 -0.07 (syst.) 

dilepton 2.1 fb-1 @ 7 TeV 
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•  First observation (5 σ exclusion of no spin hypothesis) 

•  Template statistics (0.03) 
•  Signal modeling (0.02) 

SM (NLO)*:	


Ahel = 0.31 

tt̄

Sum of  
-ee 
-µµ 
-eµ 

[* Bernreuther and Zi, Nucl. Phys. B837, 90 (2010)] 
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W-Boson Polarization 
•  Probes Wtb vertex for anomalous couplings 
•  Two analyses combined: 

•  Helicity fraction template fit 

  
•  Angular asymmetries 

 
•  New: LHC combination (ATLAS-CONF-2013-033) 

W-Boson Polarization 

JHEP 06 (2012) 088 

Main Systematics (F0) 

F0 = 0.67 ± 0.03 (stat.) ± 0.06 (syst.) 
FL = 0.32 ± 0.02 (stat.) ± 0.03 (syst.) 
FR = 0.01 ± 0.01 (stat.) ± 0.04 (syst.) 

dilepton and l+jets 1.0 fb-1 @ 7 TeV 

Results 
•  ATLAS combination 
•  Anomalous couplings compatible with 0 

•  JES (0.026) •  ISR/FSR (0.015) •  mtop (0.016) •  Fake lepton estimate (0.020) 
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NNLO pQCD*:	


F0 = 0. 687 
FL = 0.311 
FR = 0.002 

Fi: fractions of longitudinally 
polarized (F0), left- (FL) and right-
handed (FR) W-bosons 

[*  A. Czarnecki, J.G. Korner and J.H. Piclum, 
Phys. Rev. D 81 (2010) 111503] 
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Results 
•  Consistent with SM, no support for Z‘ 
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Charge Asymmetry 
Top Charge Asymmetry 
•  SM: small asymmetry in |y| at LHC 
•  BSM physics in differential measurements 
•  |y| reconstructed, unfolded, binned in 
•  Also: lepton asymmetries (no reconstruction) 
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Main Systematics (e+jets)  
•  JES  

(0.012) 

l+jets 1.0 fb-1 @ 7 TeV 

SM (MC@NLO): 
	



•  Parton shower  
(0.010) 

Eur. Phys. J. C (2012) 72:2039 

dilepton 4.7 fb-1 @ 7 TeV 

SM (MC@NLO): 
	


	



ATLAS-CONF-2012-057 

•     modeling  
(0.011) 

•  ISR/FSR 
(0.010) 

All0

C =
N (�|⌘| > 0)�N (�|⌘| < 0)

N (�|⌘| > 0) +N (�|⌘| < 0)
Att̄

C =
N (�|y| > 0)�N (�|y| < 0)

N (�|y| > 0) +N (�|y| < 0)

�|y| ⌘ |yt|� |yt̄| �|⌘| ⌘ |⌘l+ |� |⌘l� |

Att̄
C = 0.006± 0.002

All0

C = 0.004± 0.001

Att̄
C = 0.006± 0.002

Att̄
C = �0.019± 0.028 (stat.)± 0.024 (syst.)

tt̄

mtt̄

mtt̄ > 450 GeV

All0

C = 0.023± 0.012 (stat.)± 0.008 (syst.)

Att̄
C(comb.

⇤
) = 0.029± 0.018 (stat.)± 0.014 (syst.)

⇤
combination: Att̄

C (l+jets) and Att̄
C (dilepton)

l+jets 

l+jets 

From: German Rodrigo (arXiv:1207.0331 ) 
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FCNC With Tops 
FCNC in Single Top Production 
•    
•  BSM physics with BR up to  
•  Check single top production with NN output 
•  Set upper limits on coupling strengths 

? ? 

Phys. Lett. B712 (2012) 351-369 2.1 fb-1 @ 7 TeV 

Result 
NN output
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b-tagged

JHEP09(2012)139 2.1 fb-1 @ 7 TeV 

Result 
•  Combination of both lepton selections 
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3ID

SM: BR(t ! qg) ⇡ 10�13 SM: BR(t ! qZ) ⇡ 10�14

tt̄ ! WbZq ! l+l�l0⌫qb

�qg!t · BR(t ! Wb) < 3.9 pb @ 95 % CL

BR(t ! ug) < 5.7 · 10�5
(1)

BR(t ! cg) < 2.7 · 10�4
(2)

1
for BR(t ! cg) = 0

2
for BR(t ! ug) = 0

BR(t ! Zq) < 7.3 · 10�3
@ 95 % CL

(for BR(t ! Wb) + BR(t ! Zq) = 1)

10�3 2 · 10�4

FCNC in 
•    
•  BSM physics with BR up to  
•  Selection with either 3 leptons or 2 leptons 

and 1 track lepton (22% higher acc.) 
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 + Bosons 
 

•  Test EW coupling 
•  Trilepton selection (2 from Z, 1 from     ) 

 

  
•  Access top charge and EM coupling 
•  Template fit of photon isolation variable 
•  Fiducial cross section for pTγ > 8 GeV 

  
•  Access to Yukawa coupling of top 
•  Search for  
•  9 channels in [njets]x[nb-tags] 
•  Discriminants:  
•  Nuisance parameter fit to constrain backgr. 

ATLAS-CONF-2012-126 4.7 fb-1 @ 7 TeV 

Result 

trilepton 

ATLAS-CONF-2011-153 

Result 

l+jets 
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-1 L dt = 1.04 fb0

ATLAS-CONF-2012-135 4.7 fb-1 @ 7 TeV 

Result 

�fid.
tt̄� · BR = 2.0± 0.5 (stat.)± 0.7 (syst.)± 0.8 (lumi.) pb (2.7�)

tt̄(! l+jets) +H(! bb̄)

mbb̄ and Hhad
T

tt̄
✏ = 0.13 % ! 1 candidate event

exp.: 0.85 (signal) + 0.28 (BG) + 0 (fake lepton BG)

�tt̄Z < 0.71 pb @ 95 % CL

l+jets / bb̄

tt̄Z Production

tt̄� Production

tt̄H Production

See also talks given by: 
Xin Chen (LHC Higgs boson results involving fermions) 

Rosemarie Zoe Aben (Search for a Higgs boson in fermion 
modes using the ATLAS detector) 

�mH=125 GeV/�SM < 13.1 (exp.: 10.5) @ 95 % CL

1.0 fb-1 @ 7 TeV 

SM (NLO)*:     	



[* M. V. Garzelli et al., Phys. Rev. D 85 (2012) 074022] 

SM (NLO)*:     	



[* K. Melnikov, M. Schulze, and A. Scharf, Phys. Rev. D83 (2011) 07] 

�fid.
tt̄� · BR(dilep, l+jets) = 2.1± 0.4 pb

�tt̄Z = 0.14 pb

tt̄
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Summary 

u  The Top Quark ...  

u  ... is the most massive elementary particle known with resulting very special properties 

u  ... is a good probe for the Standard Model and the Higgs boson 

u  ... is expected to open the gate to BSM physics 

u  ... tests your detector performance in many ways 

 

u  Measurements at 7 TeV ... 

u  ... are based on a solid dataset with high statistics  

u  ... are mostly (except charge asymmetry) limited by systematic uncertainties 

u  ... validated the Standard Model in many ways (e.g. first observation of spin correlation) 

u  ... will still follow. Stay tuned! 

 

u  Measurements at 8 TeV and analyses with the upgraded LHC ... 

u  ... will soon start a new era of high precision top quark analyses 
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Backup 
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Top Mass (Backup) 

 [GeV]topm
160 165 170 175 180 185 1900.5

9

  0.0±  0.0 ± 0.0 

Tevatron September 2011   0.8±  0.6 ±173.2 

Most precise (CDF l+jets)   1.1±  0.7 ±173.0 

l+jets   2.3±  0.6 ±174.5 

+jets (2d)µ   2.6±  0.7 ±175.0 

e+jets (2d)   2.3±  0.8 ±174.3 

+jets (1d)µ   2.6±  1.1 ±175.5 

e+jets (1d)   2.5±  1.5 ±172.9 
ATLAS (Date: February 23, 2012)

(stat)      (syst)

ATLAS Combination 
Eur. Phys. J. C (2012) 72:2046 

LHC Combination / ATLAS-CONF-2012-095 
Uncertainty Categories Size [GeV] Correlation

Tevatron ATLAS CMS

ATLAS CMS ρexp ρLHC
2010 2011 2011 2010 2010 2011 2011

l+jets l+jets all jets di-l l+jets di-l µ+jets

Statistics 4.0 0.6 2.1 4.6 2.1 1.2 0.4 0 0

iJES Jet Scale Factor Jet Scale Factor 0.4 0.4 0 0

aJES

bJES JES b− jet JES b− jet 2.5 1.6 1.4 0.9 0.9 1.1 0.7 1 0.5

cJES

dJES JES light− jet JES light− jet 2.1 0.7 2.1 2.1 2.1 2.0 0.2 1 0

rJES residual-JES 3.3 0 0

LepPt Lepton pT Scale 0.3 0.2 1 0

MC MC Generator MC Generator 0.7 0.3 0.5 0.4 0.1

Hadronisation 0.7 0.2 (∗)

Sum Sum 1.0 0.4 0.5 0.4 0.1 1 0.5

Rad ISR/FSR ISR/FSR 2.5 1.0 1.7 0.2 0.2

Q-Scale 0.6 1.1 0.4 0.8

Jet-Parton Scale 0.7 0.4 0.7 0.3

Sum Sum 2.5 1.0 1.7 0.9 1.2 0.8 0.8 1 0.5

CR Colour Recon. 0.6 0.6 0.6 0.5 0.5 0.5 0.5 1 1

PDF Proton PDF Proton PDF 0.5 0.1 0.6 0.5 0.1 0.4 0.1 1 1

Jet Energy Res. Jet Energy Res. 0.9 0.1 0.3 0.5 0.1 0.3 0.2

Jet Rec. Eff. 0.5 < 0.05 0.2

b-tagging b-tagging 0.5 0.3 0.3 0.4 0.1 0.5 0.2

Emiss
T Emiss

T 0.1 0.1 0.4 0.4 0.1

DetMod Sum Sum 1.2 0.3 0.5 0.7 0.4 0.7 0.3 1 0

Underlying Underlying

UE Event Event 0.6 0.6 0.6 1.4 0.2 0.6 0.6 1 0

W+jet Norm. 1.6

W+jet Shape 0.8 0.1

background 0.1 0.2 0.1

BGMC Sum Sum 1.8 0.1 0.1 0.2 0.1 1 1

W+jet Norm. 0.4

QCD Norm. QCD Norm. 0.5 0.2 0.4 0.4

QCD Shape 0.4 0.3 1.9

BGData Sum Sum 0.6 0.5 1.9 0.4 0.4 0 0

Method Method Calib. Method Calib. 0.4 0.1 1.0 0.3 0.1 0.4 0.2 0 0

MHI Pile-up Pile-up 0.7 < 0.05 1.0 0.1 0.2 0.4 1 1

Table 3: Uncertainty categories mapping. In the right most columns, ρexp is the assumed correlation be-

tween measurements from the same experiment, while ρLHC indicates the correlation assumed between

measurements across experiments. A revised CMS uncertainty categorisation has been adopted: the b-

JES uncertainty has been taken from [15]; in addition the background components for the CMS 2010

l+jets analysis have been divided into MC and data driven components. Colour reconnection effects are

presently evaluated only for the ATLAS 2011 l+jets measurement, and the CMS 2011 measurements.

Assuming that the effects do not vary across tt̄ decay channels nor within different analyses, the uncer-

tainty is assigned to all input measurements in the same experiment and in the same channel if available

(value in italics), and is assumed to be fully correlated across all measurements. Similarly, the ATLAS

2011 Underlying Event uncertainty is assigned to all input measurements for which this uncertainty has

not been evaluated (value in italics). (∗) for the ATLAS all jets analysis, the MC generator uncertainty

also includes hadronisation systematics.

6

For single top-quark Wt-channel production the cross section is normalised to the MC@NLO pre-
dicted cross section using the “diagram removal scheme” [22] to remove overlaps with the tt̄ final state.

The generation of Z/γ∗+jets events is done with the Alpgen v2.13 program, using the MLMmatching
scheme [23] and PDF set CTEQ6L1 [24]. The Z/γ∗+jets samples are normalised with an NNLO/LO k-
factor of 1.25. The k-factors are used to scale cross sections from LO calculations to higher order. For
these samples the phase space has been restricted to dilepton masses between 10 GeV and 2000 GeV.
The additional partons produced in the matrix element part of the event generation can be either light
partons (Z/γ∗+jets) or heavy-quark pairs (Z/γ∗+cc̄+jets and Z/γ∗+bb̄+jets). The inclusive Z/γ∗+jets
samples are obtained from the full set of the parton multiplicity sub-samples, including both the light
partons with additional jets and the heavy quark with additional jets processes. When these datasets are
combined, some events have to be removed in order to avoid double counting heavy-quark production
processes in the two samples, since both samples include production of b-quarks and c-quarks via the
parton shower.

Diboson WW, WZ and ZZ events are modeled using the Herwig generator, normalised with appro-
priate k-factors of 1.48 (WW), 1.60 (WZ) and 1.30 (ZZ) to match the total cross section from NLO QCD
predictions.

To evaluate the generator, parton shower and hadronisation systematic uncertainties in tt̄ simulation,
both Pythia [25] and Herwig are used to hadronise Powheg [26–28] samples in order to assess the pos-
sible differences in the final measurement. Events generated with AcerMC [29], interfaced to Pythia for
the parton shower modeling, with varied parameters governing initial- and final-state radiation (ISR and
FSR) are produced to create two samples that characterise the ISR/FSR uncertainty in this measurement.
The ISR variations are constrained by the ATLAS measurement of tt̄ production with a veto on additional
central jet activity in pp collisions [30]. Similarly, separate set of samples with varied Pythia parameter
settings are used to estimate the uncertainty due to both the colour reconnection (CR) and the underlying
event (UE). Comparisons of the following dedicated Pythia tunes are used for the uncertainty evaluation:
the author Perugia2011 and Perugia2011 NO CR [31] and the Tevatron tune A-Pro and ACR-Pro with
fragmentation parameter settings improved by the Professor collaboration [32, 33]. The UE uncertainty
is evaluated using a pair of samples with more and less charged particle activity than observed in the
ATLAS data [34].

3 The mT2 variable

The mT2 variable, also known as the stransverse mass, is a kinematic variable used in pair-production
events where each parent particle decays into visible particles and one undetected (invisible) particle [6].
This variable represents a lower bound of the parent particle mass [6, 35].

Formally, the mT2 variable can be defined as follows [7]:

mT2(minvis) = min
"p (1)
T , "p

(2)
T

{

max
[

mT(minvis, "p
(1)
T ),mT(minvis, "p

(2)
T )
]

}

, (1)

where the variables "p (1)
T and "p (2)

T represent kinematically allowed trial values of the invisible particles’
transverse momenta, as discussed below, and

mT(minvis, "p
(i)
T ) =

√

m2
vis + m

2
invis + 2(E

vis
T Einvis

T − "p vis
T · "p

(i)
T ) . (2)

All the visible and invisible particles in Eq. 2 are assumed to come from the same parent particle. Here,
ET is the transverse energy, m is the mass, "pT is the transverse momentum, ‘vis’ represents the sum over
all detected particles in each decay, and ‘invis’ stands for the undetected particle in each decay.

2

For single top-quark Wt-channel production the cross section is normalised to the MC@NLO pre-
dicted cross section using the “diagram removal scheme” [22] to remove overlaps with the tt̄ final state.

The generation of Z/γ∗+jets events is done with the Alpgen v2.13 program, using the MLMmatching
scheme [23] and PDF set CTEQ6L1 [24]. The Z/γ∗+jets samples are normalised with an NNLO/LO k-
factor of 1.25. The k-factors are used to scale cross sections from LO calculations to higher order. For
these samples the phase space has been restricted to dilepton masses between 10 GeV and 2000 GeV.
The additional partons produced in the matrix element part of the event generation can be either light
partons (Z/γ∗+jets) or heavy-quark pairs (Z/γ∗+cc̄+jets and Z/γ∗+bb̄+jets). The inclusive Z/γ∗+jets
samples are obtained from the full set of the parton multiplicity sub-samples, including both the light
partons with additional jets and the heavy quark with additional jets processes. When these datasets are
combined, some events have to be removed in order to avoid double counting heavy-quark production
processes in the two samples, since both samples include production of b-quarks and c-quarks via the
parton shower.

Diboson WW, WZ and ZZ events are modeled using the Herwig generator, normalised with appro-
priate k-factors of 1.48 (WW), 1.60 (WZ) and 1.30 (ZZ) to match the total cross section from NLO QCD
predictions.

To evaluate the generator, parton shower and hadronisation systematic uncertainties in tt̄ simulation,
both Pythia [25] and Herwig are used to hadronise Powheg [26–28] samples in order to assess the pos-
sible differences in the final measurement. Events generated with AcerMC [29], interfaced to Pythia for
the parton shower modeling, with varied parameters governing initial- and final-state radiation (ISR and
FSR) are produced to create two samples that characterise the ISR/FSR uncertainty in this measurement.
The ISR variations are constrained by the ATLAS measurement of tt̄ production with a veto on additional
central jet activity in pp collisions [30]. Similarly, separate set of samples with varied Pythia parameter
settings are used to estimate the uncertainty due to both the colour reconnection (CR) and the underlying
event (UE). Comparisons of the following dedicated Pythia tunes are used for the uncertainty evaluation:
the author Perugia2011 and Perugia2011 NO CR [31] and the Tevatron tune A-Pro and ACR-Pro with
fragmentation parameter settings improved by the Professor collaboration [32, 33]. The UE uncertainty
is evaluated using a pair of samples with more and less charged particle activity than observed in the
ATLAS data [34].

3 The mT2 variable

The mT2 variable, also known as the stransverse mass, is a kinematic variable used in pair-production
events where each parent particle decays into visible particles and one undetected (invisible) particle [6].
This variable represents a lower bound of the parent particle mass [6, 35].

Formally, the mT2 variable can be defined as follows [7]:

mT2(minvis) = min
"p (1)
T , "p

(2)
T

{

max
[

mT(minvis, "p
(1)
T ),mT(minvis, "p

(2)
T )
]

}

, (1)

where the variables "p (1)
T and "p (2)

T represent kinematically allowed trial values of the invisible particles’
transverse momenta, as discussed below, and

mT(minvis, "p
(i)
T ) =

√

m2
vis + m

2
invis + 2(E

vis
T Einvis

T − "p vis
T · "p

(i)
T ) . (2)

All the visible and invisible particles in Eq. 2 are assumed to come from the same parent particle. Here,
ET is the transverse energy, m is the mass, "pT is the transverse momentum, ‘vis’ represents the sum over
all detected particles in each decay, and ‘invis’ stands for the undetected particle in each decay.

2
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Top Charge 

•  Soft muon method 
•  Select b-jets with non-isolated muon 
•  Reconstruction via kinematic likelihood fit 
•  Combine muon charge (b-jet charge) with  

charge of lepton from same top 

channel < Qcomb >
Data SM (MC) SM t  t

e + jets -0.088 ± 0.020 (stat) ± 0.012 (syst) -0.084 ± 0.020 -0.086 ± 0.021
µ +jets -0.078 ± 0.018 (stat) ± 0.010 (syst) -0.081 ± 0.018 -0.086 ± 0.019
e/µ + jets -0.082 ± 0.013 (stat) ± 0.011 (syst) -0.082 ± 0.013 -0.086 ± 0.014

channel < Qso f t
comb >

Data SM (MC) SM t  t
e + jets -0.36 ± 0.07 (stat) ± 0.04 (syst) -0.237 ± 0.016 -0.266 ± 0.010
µ + jets -0.26 ± 0.07 (stat) ± 0.06 (syst) -0.232 ± 0.015 -0.240 ± 0.009
e/µ + jets -0.31 ± 0.05 (stat) ± 0.04 (syst) -0.234 ± 0.011 -0.251 ± 0.007

Table 2: Comparison of the data and Standard Model simulation (MC) for the product of b-jet and
isolated lepton charges, <Qcomb >, and for the average value of the product of the soft muon and isolated
lepton charges, < Qso f t

comb >. The column marked SM t  t indicates the result obtained when using only
the Standard Model t  t events selected in the simulated data (no background). For a top quark with the
exotic charge Q = − 4/3e, a result equal to the absolute value of SM t  t result but with a positive sign
is expected (neglecting the effect of background). The errors on the simulation prediction are statistical
only. A more complete comparison with the predictions of the exotic top quark model can be found in
Table 4.

Source < Qcomb > (%) < Qso f t
comb > (%)

e + jets µ + jets e + jets µ + jets
ISR/FSR 13.8 11.0 15 24

Other t  t modeling uncertainties 2.1 1.6 7 10
W+jets uncertainties 1.2 1.9 1.8 5.5
QCD uncertainties 0.4 1.6 4.0 1.0

Other SM background modeling uncertainties 2.0 1.0 < 1 1.6
Jet/Emiss

T systematics 7.2 7.6 5 7.5
Lepton systematics 2.9 4.1 2 1.5
b-tagging systematics 1.1 < 1 1 < 1
Total uncertainty (%) 16.2 14.4 18 27

Table 3: Systematic uncertainties for <Qcomb > and <Qso f t
comb > in percent. The total uncertainty was cal-

culated by adding the individual ones in quadrature. The estimation of some of the systematic uncertain-
ties suffers from a small number of simulated events. The statistical error is in these cases conservatively
included in the systematic effect estimation.

11
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Top Polarization (Backup) 
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ATLAS-CONF-2012-133 

1

2

f(1 + cos ✓l) +
1

2

(1� f)(1� cos ✓l) =
1

2

(1 + ↵lp cos ✓)

↵lp = 2f � 1

Table 3: Summary of the systematic uncertainties on f in the lepton plus jets final state. The jet recon-
struction is dominated by the energy scale uncertainty, while the signal modeling is dominated by the
uncertainty in the top quark mass.

Source � f
Lepton reconstruction +0.002 -0.003

Jet reconstruction +0.018 -0.028
Emiss

T reconstruction +0.001 -0.003
Signal modelling +0.011 -0.012

W+jets shape +0.004 -0.004
Fake lepton shape +0.004 -0.005

Monte Carlo background cross section +0.002 -0.002
Template statistical uncertainty +0.004 -0.004

Total systematic +0.023 -0.032

13
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Top Spin Correlation (Back.) 

A = Nlike − Nunlike

Nlike + Nunlike

=
N(↑↑)+ N(↓↓)− N(↑↓)− N(↓↑)
N(↑↑)+ N(↓↓)+ N(↑↓)+ N(↓↑)

1
σ

dσ
d cosθ1d cosθ2

=
1
4
1−αiα jAcos(θ1)cos(θ2 )( )

t 

spin 
analyzing 

basis lepton 

neutrino 

b jet 

θ	



b quark W+ l+ d/s quark u/c quark 
αi (LO) -0.41 0.411 1 1 -0.31 

αi (NLO) -0.39 0.390 0.998 0.93 -0.31 
[A. Brandenburg, Z.-G. Si, and P. Uwer, Phys. Lett. B539 (2002) 235] 

N = f
SM

N
SM

+ (1� f
SM

)N
uncorr

Ameasured

basis

= ASM

basis

· f
SM

The effect of the systematic uncertainties in terms
of !fSM are listed in Table II. The total systematic
uncertainty is calculated by combining all systematic un-
certainties in quadrature.

The measured value of fSM for the combined fit is found
to be 1:30! 0:14ðstatÞ þ0:27

%0:22 ðsystÞ. This can be used to

obtain a value forAmeasured
basis by applying it as a multiplicative

factor to the NLO QCD prediction of Abasis using
Ameasured
basis ¼ ASM

basis ' fSM, where the subscript ‘‘basis’’ indi-
cates a chosen spin basis [11]. For the helicity basis this
results in Ahelicity ¼ 0:40! 0:04ðstatÞ þ0:08

%0:07 ðsystÞ, and for

the maximal basis Amaximal ¼ 0:57! 0:06ðstatÞ þ0:12
%0:10 ðsystÞ,

where the SM predictions are 0.31 and 0.44, respectively.
MC simulation pseudoexperiments including systematic
uncertainties are used to calculate the probability that a
value of fSM or larger is measured using the assumption
of fSM ¼ 0. For the observed limit the value of fSM mea-
sured in data is used and for the expected limit a value of
fSM ¼ 1 is used. The hypothesis of zero t"t spin correlation
is excluded with a significance of 5.1 standard deviations.
The expected significance is 4.2 standard deviations.

In conclusion, the first measurement of t"t spin correla-
tion at the LHC has been presented using 2:1 fb%1 of
ATLAS data in the dilepton decay topology. A template
fit is performed to the !! distribution and the measured
value of fSM ¼ 1:30! 0:14ðstatÞ þ0:27

%0:22 ðsystÞ is consistent

with the SM prediction. The data are inconsistent with the
hypothesis of zero spin correlation with a significance of
5.1 standard deviations.
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Uncertainty source !fSM

Data statistics !0:14
MC simulation template statistics !0:09
Luminosity !0:01
Lepton !0:01
Jet energy scale, resolution and efficiency !0:12
NLO generator !0:08
Parton shower and fragmentation !0:08
ISR/FSR !0:07
PDF uncertainty !0:07
Top quark mass !0:01
Fake leptons þ0:16=% 0:07
Calorimeter readout !0:01
All systematics þ0:27=% 0:22
Statisticalþ systematic þ0:30=% 0:26
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W Polarization (Back.) 

ATLAS-CONF-2013-033 

F0 = 0.626 ± 0.034 (stat.) ± 0.048 (syst.) 
FL = 0.359 ± 0.021 (stat.) ± 0.028 (syst.) 

FR = 0.015 ± 0.034 (stat.+syst) 
Re(gR) = -0.10 ± 0.06 (stat.) +0.07 

-0.08 (syst.) 
Re(C33

uW)/Λ2 = -1.1 ± 0.6 (stat.) +0. 9 
-1.0 (syst.) TeV-2 

dilepton and l+jets < 2.2 fb-1 @ 7 TeV 

NNLO 
pQCD*:	



F0 = 0. 687 
FL = 0.311 
FR = 0.002 

Results 
•  ATLAS + CMS combination 

)
R
gIm(
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ATLAS-CONF-2013-033 ATLAS-CONF-2013-032 

CP violation in single top production 

[*  A. Czarnecki, J.G. Korner and J.H. Piclum, 
Phys. Rev. D 81 (2010) 111503] 
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W Polarization (Back.) 

Table 4: Uncertainties on F0, FL and FR for the ATLAS 2011 (single lepton) and ATLAS 2011 (dilepton)
measurements and the corresponding correlation between F0 and FL.

ATLAS 2011 (single lepton) ATLAS 2011 (dilepton)

Category F0 FL ρATLAS(F0, FL) FR F0 FL ρATLAS(F0, FL) FR

Detector modeling

Detector model 0.032 0.019 -0.778 0.021 0.012 0.005 -0.887 0.008

Jet energy scale 0.027 0.014 -0.310 0.026 0.056 0.036 -0.485 0.050

Luminosity and pile-up 0.012 0.005 -0.862 0.008 0.002 0.001 -0.940 0.001

Signal and background modeling

Monte Carlo 0.019 0.014 -0.915 0.008 0.023 0.015 -0.917 0.011

Radiation 0.030 0.019 -0.579 0.025 0.028 0.014 -0.854 0.017

Top-quark mass 0.027 0.014 -0.090 0.029 0.028 0.016 -0.436 0.025

PDF 0.009 0.005 -0.875 0.005 0.028 0.015 -0.875 0.017

Background (MC QCD) n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

Background (MCW + jets) n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

Background (MC other) 0.008 0.005 -0.891 0.004 0.006 0.004 -0.913 0.003

Background (data-driven) 0.027 0.017 -0.929 0.013 0.018 0.011 -0.997 0.007

Method-specific uncertainties

Method 0.015 0.011 -0.779 0.009 0.032 0.016 -0.945 0.018

Total uncertainties

Total systematic uncertainty 0.071 0.042 -0.627 0.055 0.087 0.051 -0.664 0.065

Statistical uncertainty 0.030 0.020 -0.910 0.014 0.050 0.031 -0.913 0.026

Total uncertainty 0.076 0.046 -0.673 0.057 0.100 0.059 -0.729 0.070

9

Table 5: Uncertainties on F0, FL and FR for the CMS measurement and the corresponding correlation
between F0 and FL. Uncertainties which are not applicable to CMS measurement or that were neglected
for being very small or that are included in other categories are indicated by ”−”.

CMS 2011 (single lepton)

Category F0 FL ρCMS(F0, FL) FR

Detector modeling

Detector model 0.020 0.015 -0.95 0.007

Jet energy scale 0.018 0.011 -0.99 0.007

Luminosity and pile-up − − − −

Signal and background modeling

Monte Carlo − − − −
Radiation 0.026 0.008 +0.21 0.028

Top-quark mass 0.009 0.010 -0.87 0.005

PDF 0.001 0.001 -1.00 < 10−4

Background (MC QCD) 0.007 0.002 -1.00 0.005

Background (MCW + jets) 0.020 0.006 +1.00 0.026

Background (MC other) 0.019 0.007 -0.59 0.015

Background (data-driven) − − − −

Method-specific uncertainties

Method − − − −

Total uncertainties

Total systematic uncertainty 0.048 0.024 -0.43 0.043

Statistical uncertainty 0.074 0.045 -0.94 0.035

Total uncertainty 0.088 0.051 -0.81 0.056

10
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Charge Asym. (Backup) 
•  SM pred. for LHC: AC(Δ|y|) = 1.15 % [JHEP 1201 (2012) 063] 

Eur. Phys. J. C (2012) 72:2039 Page 9 of 27

Sect. 5.1 as well as the uncertainties in the normalisations
of the W + jets and Z + jets backgrounds which are sub-
tracted in the control region. The total uncertainty is esti-
mated to be 100 %. The normalisation of W + jets pro-
cesses is evaluated from auxiliary measurements using the
asymmetric production of positively and negatively charged
W bosons in W + jets events. The uncertainty is estimated
to be 21 % and 23 % in the four jet bin, for the electron
and muon channels respectively. This uncertainty was es-
timated by evaluating the effect on both rMC and k2→≥4
from the JES uncertainty and different PDF and generator
choices. Systematic uncertainties on the shape of W + jets
distributions are assigned based on differences in simulated
events generated with different simulation parameters. Scal-
ing factors correcting the fraction of heavy flavour contribu-
tions in simulated W + jets samples are estimated in aux-
iliary measurements, as described in Sect. 5.2. The sys-
tematic uncertainties are found by changing the normali-
sations of the non-W processes within their uncertainties
when computing WData

i,pretag,W
Data
i,tagged, as well as taking into

account the impact of uncertainties in b-tagging efficien-
cies. The total uncertainties are 47 % for Wbb̄ + jets and

Wcc̄ + jets contributions and 32 % for Wc + jets contribu-
tions. The normalisation of Z + jet events is estimated us-
ing Berends–Giele-scaling [50]. The uncertainty in the nor-
malisation is 48 % in the four jet bin and increases with
the jet multiplicity. A systematic uncertainty in the shape
is accounted for by comparing simulated samples gener-
ated with ALPGEN and SHERPA [51]. The uncertainty
on the normalisation of the small background contributions
from single top and diboson production is estimated to be
about 10 % (depending on the channel) and 5 %, respec-
tively.

Limited Monte Carlo sample sizes give rise to a system-
atic uncertainty in the response matrix. This is accounted
for by independently varying the bins of the response matrix
according to Poisson distributions.

8.3 Uncertainties from unfolding

Closure tests are performed in order to check the validity of
the unfolding procedure. Reweighted t t̄ samples with dif-
ferent amounts of asymmetry are considered. Pseudoexper-
iments are performed, varying the entries in histograms of

Table 2 List of sources of
systematic uncertainties and
their impact on the measured
asymmetry in the electron and
muon channel. In cases where
asymmetric uncertainties were
obtained, a symmetrisation of
the uncertainties was performed
by taking the average of the
absolute deviations under
systematic shifts from the
nominal value

Source of systematic uncertainty on AC Electron channel Muon channel

Detector modelling

Jet energy scale 0.012 0.006

Jet efficiency and resolution 0.001 0.007

Muon efficiency and resolution <0.001 0.001

Electron efficiency and resolution 0.003 0.001

b-Tag scale factors 0.004 0.002

Calorimeter readout 0.001 0.004

Charge mis-ID <0.001 <0.001

b-Tag charge 0.001 0.001

Signal and background modelling

Parton shower/fragmentation 0.010 0.010

Top mass 0.007 0.007

t t̄ modelling 0.011 0.011

ISR and FSR 0.010 0.010

PDF <0.001 <0.001

W + jets normalisation and shape 0.008 0.005

Z + jets normalisation and shape 0.005 0.001

Multijet background 0.011 0.001

Single top <0.001 <0.001

Diboson <0.001 <0.001

MC statistics 0.006 0.005

Unfolding convergence 0.005 0.007

Unfolding bias 0.004 <0.001

Luminosity 0.001 0.001

Total systematic uncertainty 0.028 0.024

Eur. Phys. J. C (2012) 72:2039 
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Charge Asym. (Backup) 

Att̄
C = �0.019± 0.028 (stat.)± 0.024 (syst.)

All0

C = 0.023± 0.012 (stat.)± 0.008 (syst.)

Att̄
C(comb) = 0.029± 0.018 (stat.)± 0.014 (syst.) All0

C = 0.023± 0.012 (stat.)± 0.008 (syst.)

Att̄
C(comb) = 0.029± 0.018 (stat.)± 0.014 (syst.)

ee eµ µµ

Signal and background modeling

Signal generator 0.011 0.003 0.002

ISR and FSR 0.004 0.004 0.006

Parton shower/fragmentation 0.001 0.004 0.003

PDF <0.001 <0.001 <0.001

Z+jets 0.005 0.004 0.001

Diboson <0.001 <0.001 <0.001

Single top <0.001 <0.001 <0.001

Multijet background 0.014 0.002 <0.001

Detector modeling

Jet efficiency and resolution 0.008 0.001 0.003

Jet energy scale 0.006 0.001 0.002

Muon efficiency and resolution <0.001 0.001 0.002

Electron efficiency and resolution 0.005 0.003 <0.001

Calibration 0.019 0.002 0.004

Luminosity 0.002 <0.001 <0.001

Total 0.029 0.009 0.009

Table 4: List of all systematic uncertainties on the lepton-based asymmetry.

ee eµ µµ

Signal and background modeling

Signal generator 0.014 0.009 0.002

ISR and FSR 0.008 0.002 0.018

Parton shower/fragmentation 0.001 0.001 0.001

PDF 0.001 <0.001 <0.001

Z+jets 0.001 0.006 0.002

Diboson <0.001 <0.001 <0.001

Single top <0.001 <0.001 <0.001

Multijet background 0.012 0.010 0.001

Detector modeling

Jet efficiency and resolution 0.007 0.001 0.005

Jet energy scale 0.003 0.002 0.006

Muon efficiency and resolution 0.004 0.003 0.005

Electron efficiency and resolution 0.013 0.006 0.002

Calibration 0.004 0.001 0.002

Luminosity <0.001 0.001 <0.001

Total 0.028 0.017 0.021

Table 5: List of all systematic uncertainties on the tt̄-based asymmetry.
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ee eµ µµ

Signal and background modeling

Signal generator 0.011 0.003 0.002

ISR and FSR 0.004 0.004 0.006

Parton shower/fragmentation 0.001 0.004 0.003

PDF <0.001 <0.001 <0.001

Z+jets 0.005 0.004 0.001

Diboson <0.001 <0.001 <0.001

Single top <0.001 <0.001 <0.001

Multijet background 0.014 0.002 <0.001

Detector modeling

Jet efficiency and resolution 0.008 0.001 0.003

Jet energy scale 0.006 0.001 0.002

Muon efficiency and resolution <0.001 0.001 0.002

Electron efficiency and resolution 0.005 0.003 <0.001

Calibration 0.019 0.002 0.004

Luminosity 0.002 <0.001 <0.001

Total 0.029 0.009 0.009

Table 4: List of all systematic uncertainties on the lepton-based asymmetry.

ee eµ µµ

Signal and background modeling

Signal generator 0.014 0.009 0.002

ISR and FSR 0.008 0.002 0.018

Parton shower/fragmentation 0.001 0.001 0.001

PDF 0.001 <0.001 <0.001

Z+jets 0.001 0.006 0.002

Diboson <0.001 <0.001 <0.001

Single top <0.001 <0.001 <0.001

Multijet background 0.012 0.010 0.001

Detector modeling

Jet efficiency and resolution 0.007 0.001 0.005

Jet energy scale 0.003 0.002 0.006

Muon efficiency and resolution 0.004 0.003 0.005

Electron efficiency and resolution 0.013 0.006 0.002

Calibration 0.004 0.001 0.002

Luminosity <0.001 0.001 <0.001

Total 0.028 0.017 0.021

Table 5: List of all systematic uncertainties on the tt̄-based asymmetry.
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ATLAS-CONF-2012-057 

Lepton asymmetry uncertainties asymmetry uncertainties tt̄

Att̄
C = 0.057± 0.024 (stat.)± 0.015 (syst.)
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FCNC (Backup) 
FCNC in Single Top Production 
•  Check single top production with NN output 

•  Most powerful variables: 
•  pT,W 

•  ΔR(b-jet,lepton) 
•  Lepton charge 

•  Set upper limits on coupling strenghts 

? ? 

Phys. Lett. B712 (2012) 351-369 2.1 fb-1 @ 7 TeV 

Result 

FCNC in 
•  χ2 fit to event topology 

� < 3.9 pb @ 95 % CL

BR(t ! ug) < 5.7 · 10�5

BR(t ! cg) < 2.7 · 10�4

ugt/⇤ < 6.9 · 10�3 TeV�1

cgt/⇤ < 1.6 · 10�2 TeV�1

tt̄ ! WbZq ! l+l�l0⌫qb

J
H
E
P
0
9
(
2
0
1
2
)
1
3
9

3ID 2ID+TL

Source Background Signal Background Signal

Luminosity 4% 4% <1% 4%

Electron trigger 4% 1% <1% <1%

Electron reconstruction modelling 10% 3% <1% 2%

Muon trigger 3% 1% <1% <1%

Muon reconstruction modelling 7% 1% <1% 1%

TL reconstruction modelling — — 2% 1%

Jet energy scale 11% 1% 1% 1%

Jet reconstruction efficiency 5% 2% <1% <1%

Jet energy resolution 1% 3% 1% 4%

Emiss
T modelling 4% 1% <1% <1%

LAr readout problem 3% 1% <1% 1%

Pile-up 4% <1% <1% <1%

b-tagging — — 1% 6%

Top quark mass <1% 2% — 3%

σtt̄ <1% 8% — 8%

ISR/FSR <1% 3% — 6%

PDFs — 3% — 3%

ZZ and WZ shape 33% — 5% —

ZZ and WZ cross section 4% — <1% —

ZZ and WZ heavy-flavour content — — <1% —

Fake leptons 1% — 17% —

Total 38% 12% 18% 15%

Table 2. Relative changes in the expected number of background events and signal yield for differ-
ent sources of systematic uncertainties. The contributions from the ZZ and WZ event generator
apply only to the simulated background samples.

channel observed (−1σ) expected (+1σ)

3ID 0.81% 0.63% 0.95% 1.4%

2ID+TL 3.2% 2.15% 3.31% 4.9%

Combination 0.73% 0.61% 0.93% 1.4%

Table 3. The expected and observed 95% C.L. upper limits on the FCNC top quark decay t → Zq
BR. The ±1σ expected limits include both statistical and systematic uncertainties.

9 Conclusions

A search for FCNC decays of top quarks produced in pairs was performed using data

collected by the ATLAS experiment at a centre-of-mass energy of
√
s = 7TeV and cor-

responding to an integrated luminosity of 2.1 fb−1. The search for the t → Zq decay

mode was performed by studying top-quark pair production with one top quark decaying

according to the Standard Model and the other according to the FCNC (tt̄ → WbZq).

– 14 –

JHEP09(2012)139 
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 + Bosons (Backup) 
tt̄Z Production tt̄� Production

tt̄H Production

ATLAS-CONF-2012-126 

SR

tt̄Z 0.85 ± 0.04
WZ+jets 0.06 ± 0.04
ZZ+jets 0.014 ± 0.014
tt̄W 0.011 ± 0.008

(tb̄Z + t̄bZ) + X(= j j, lν) 0.125 ± 0.013
WZbb j j 0.065 ± 0.016
MC Total 1.13 ± 0.06

Fake lepton background 0.0+1.6−0.0
Observed 1

Table 4: Numbers of events observed in data and expected from the tt̄Z signal process and various back-

grounds for the signal region. The uncertainties shown on the backgrounds estimated using simulation

are statistical only, arising from limited sizes of simulated samples. No events passing the selections are

found in the Z+jets and tt̄ simulated samples. The fake lepton background estimate quoted was derived

in Section 5.1.2.

7 Results

Table 4 shows the numbers of events expected from simulation and observed in data, for the signal region.

One event is observed in the data. The expected number of signal events in the signal region is 0.85 ±
0.04 (stat.) ± 0.14 (syst.). The expected number of background events from SM processes with three
real leptons, obtained from simulation, is 0.28 ± 0.05 (stat.) ± 0.14 (syst.). The expected fake lepton
background is 0.0+1.6−0.0.

Figure 3 shows the expected and observed distributions of Emiss
T
, the invariant mass of the OSSF pair

of leptons, the number of selected jets, the number of b-tagged jets and lepton flavour combination, for

the signal region.

One event is observed in data passing all the selection cuts, in accordance with expectations from the

Standard Model. The result can be translated into a 95% credibility upper limit on the tt̄Z production

cross section, σtt̄Z . For this purpose, a Bayesian prescription is used, as implemented in Ref. [44]. A

flat prior probability distribution is assumed for the number of signal events, and a Poisson likelihood

P(n|s, b, θi) is used where n is the number of observed events, s the expected number of signal events, b
the expected number of background events and θi are nuisance parameters corresponding to the dominant

systematic uncertainties affecting the background estimate: uncertainty in the fake lepton background,

the normalisation uncertainty in the simulated background, the jet energy scale, b-tagging scale factor,

jet vertex fraction scale factor, electron reconstruction and identification efficiency scale factors and

luminosity uncertainties.

To derive the 95% credibility upper limit on the tt̄Z production cross section, the efficiency7 ε is

computed using tt̄Z simulated events, and the posterior distribution of

σ =
s

εMC ×L
(7)

is computed, where L = 4.7 fb−1 is the integrated luminosity of the analysed dataset.
The 95% credibility upper limit on the number of signal events is 4.1, with an efficiency of εMC =

(0.13± 0.02)%. The observed upper limit on the tt̄Z production cross section is 0.71 pb with an expecta-
tion of 0.74 pb.

7The efficiency ε as defined here includes also detector acceptance effects.
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Systematic uncertainty Background Signal

Luminosity 4% 4%

b-tagging 5% 5%

e trigger efficiency 2% <1%

e reco. and identification efficiency 5% 5%

e energy scale <1% <1%

e energy resolution <1% <1%

µ trigger efficiency 2% <1%

µ reco. efficiency 2% 2%

µ momentum scale <1% <1%

µ momentum resolution <1% <1%

Jet energy scale 5% 7%

Jet reco efficiency <1% <1%

Emiss
T
unassociated cells and soft jet 1% <1%

Emiss
T
pileup 1% <1%

Jet vertex fraction 5% 6%

Renormalisation & factorisation scale - 10%

ISR/FSR - 6%

MC driven background normalisation 50% -

Total 51% 17%

Table 3: Systematic uncertainties in the signal region for tt̄Z signal and background yields estimated from

Monte Carlo simulation. The uncertainties are relative to the nominal value and expressed in percent.

In cases where asymmetric shifts were obtained for a single systematic uncertainty, the average of the

absolute values of the shifts with respect to the nominal value was taken.

These uncertainties are then propagated to the number of background events estimated from simulation

and the tt̄Z signal efficiency.

The systematic uncertainty on the signal selection efficiency due to renormalisation scale and factori-

sation scale variations is also studied. The nominal scale is fixed at µR = µF = 2mt + mZ . Each scale is

then varied up and down independently multiplying by a factor of 2 and 0.5, respectively. The resulting

overall uncertainty is 10%, estimated by taking the largest variation in the selection efficiency.

The uncertainty on the signal selection efficiency due to potential Monte Carlo mismodelling of

initial and final state radiation (ISR/FSR) is studied. Alternative tt̄Z samples, with more or less ISR and

FSR activity, are produced by varying the Pythia parameters controlling the parton shower (PS). The ISR

variations are constrained by the ATLAS measurement of tt̄ production with a veto on additional central

jet activity in pp collisions [41]. The resulting effect on the signal selection efficiency leads to an overall

uncertainty of 6.2%.

A cross section uncertainty of 50% is considered for the background processes WZ+jets (based on

Berends-Giele scaling [42], and assuming a 24% uncertainty per additional jet [43]) and (tb̄Z+ t̄bZ)+X,

X = j j, lν.

The systematic uncertainties on the signal and background yields estimated from Monte Carlo sim-

ulation for the signal region are shown in Table 3.

The sources of systematic uncertainties with the largest effects on the signal yield are found to be the

renormalisation and factorisation scales, jet energy scale, ISR/FSR, b-tagging scale factor and jet vertex

fraction. The uncertainty in the background prediction from simulation is dominated by the theoretical

normalisation uncertainty.

9

Description Uncertainty on the cross section [pb]

Modelling ± 0.18

Initial and final state radiation ± 0.31

Electron related ± 0.05

Muon related ± 0.08

Jet energy scale ± 0.24

Jet energy scale (pile-up uncertainty) ± 0.28

b-jet energy scale ± 0.06

Jet reconstruction and resolution ± 0.06

Emiss
T

related ± 0.03

b-tagging performance ± 0.18

Treatment of dead region in LAr calorimeter read-out ± 0.05

Luminosity ± 0.08

Photon identification efficiency ± 0.33

Photon energy scale ± 0.02

Photon resolution ± 0.01

tt̄γ background yield ± 0.03

non-tt̄ background yield ± 0.11

Electron to photon extrapolation ± 0.22

Fraction of converted prompt photons ± 0.03

Fraction of converted hadron fakes ± 0.16

Reweighting of the background templates (pT) ± 0.11

Reweighting of the background templates (η) ± 0.06

Pile-up dependence of the signal templates ± 0.01

Pile-up dependence of the background templates ± 0.05

Sum ± 0.7

Table 6: Overview of all systematic uncertainties considered. Values are given in picobarn.

10.2 Significance

In order to test the background only hypothesis, the background expectation of 78±14 events is varied ac-
cording to the statistical uncertainties. The null hypothesis yields a p-value of 0.71%, which corresponds

to a significance of 2.7 σ.

The expected significance from the background expectation together with the signal expectation from

the WHIZARD Monte Carlo simulation is varied within the uncertainties, taking into account the uncer-

tainty on the k-factor (Sec. 2). The expected significance is 3.0 ± 0.9σ. The observed significance is

hence consistent with the expectation.
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Figure 2: A series of pie charts showing the fractional contributions of the various backgrounds to the

total background prediction in this analysis. Each row shows the plots for a specific jet multiplicity (4,

5, ≥6), and the columns show the b-tagged jet multiplicity (0, 1, 2, 3, ≥4).

with MC@NLO, and are parameterised in pT (for muons) or energy in several η-regions of the detector

to reflect its structure. It is assumed that the angular variables of each reconstructed object are measured

with a negligible uncertainty. The association of reconstructed objects to the underlying partons is done

by matching in ∆R between the parton and the reconstructed object. This has been done separately for

light-quark jets, b-quark jets, electrons and muons (dependent on pT) using a double Gaussian resolution

function and for Emiss
T
using a single Gaussian resolution function.

The W boson masses are reconstructed from two light (untagged) jets (mj j) on the hadronic side of

the decay and from the lepton and Emiss
T
(mlν) on the leptonic side of the decay, and are constrained to

be compatible with a Breit-Wigner distribution around a W mass of mW= 80.4 GeV within a width of

ΓW= 2.1 GeV. The reconstructed top quark mass is constrained to follow a Breit-Wigner distribution

around a pole mass of mt = 172.5 GeV within a width of Γt = 1.5 GeV. No constraint is applied to the

reconstructed Higgs boson mass, which is assumed unknown.

With these assumptions the likelihood function takes the form

L = TJ
(

Ẽjet1 | Ebhad
)

× TJ
(

Ẽjet2 | Eblep
)

× TJ
(

Ẽjet3 | Eq1
)

× TJ
(

Ẽjet4 | Eq2
)

× TJ
(

Ẽjet5 | Eb
)

× TJ
(

Ẽjet6 | Eb̄
)

× Tmiss
(

Ẽmissx | pνx
)

× Tmiss
(

Ẽmissy | pνy
)

×















Te
(

Ẽe | Ee
)

Tµ
(

p̃T,µ | pT,µ
)















× BW
{

mq1q2 | mW ,ΓW
}

× BW {mlν | mW ,ΓW }

× BW
{

mq1q2bhad | mtop,Γtop
}

× BW
{

mlνblep | mtop,Γtop
}

(3)

where BW are the Breit-Wigner functions describing theW and top quark decays. TJ, Te, Tµ and Tmiss are

the transfer functions for jets, electrons, muons and Emiss
T
, respectively. The best permutation is found

by maximising the likelihood. This reconstruction method has been used in top quark mass [61] and

asymmetry [62] measurements. Simulation studies show that the correct b jet pair is identified as coming

from the Higgs boson decay with a probability of 26% (20%) for events with ≥ 4 (exactly 3) b-tagged
jets. Figure 3 illustrates the resulting shape of the mbb̄ distribution in simulated tt̄H events. In 25% of the
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Figures 5-7 show a comparison of data and prediction in the final discriminant for each of the chan-

nels considered in this analysis, both pre- and post-fit of the nuisance parameters to data under the

signal-plus-background hypothesis (assuming mH = 125 GeV). The agreement between simulation and

data in the background-dominated regions improves significantly after the fit.

In order to validate the fit the data and simulation are compared in topologies not used in the fit, {5
jets, ≥ 6 jets} × {0 b-tag, 1 b-tag}, before and after the fit, and are shown in Figs. 8-9. The agreement is
found to be improved and data and simulation are consistent within the post-fit uncertainties.

10.2 Cross Section Limits

Observed and expected 95% CL upper limits on the Higgs boson production cross section times its

branching ratio for decays to b-quark pairs, σ(tt̄H) × BR(H → bb̄). These are shown in Table 3 and
Fig. 10 as a ratio of the derived limits to the SM prediction, as a function of mH . The corresponding 95%

CL upper limits on σ(tt̄H) × BR(H → bb̄) as a function of mH are shown in Table 4 and displayed in
Fig. 11.

To better understand the importance of the various systematic uncertainties, the fit is repeated with

one systematic uncertainty removed at a time for mH = 125 GeV. The largest change in the expected

median sensitivity occurs when the tt̄+heavy-flavour fraction is removed, with the expected median sen-

sitivity improving by 20%. This process is repeated with the largest uncertainty removed in order to

determine the second largest. The five most significant systematic uncertainties are tt̄+heavy-flavour

fractions, light-tagging efficiency, c-tagging efficiency, multijet background normalisation and jet energy

scale. Removing these systematic uncertainties improves the median sensitivity by 38% while removing

all systematic uncertainties improves the median sensitivity by 45%. The observed limit shows a small

excess over the median sensitivity, with a p-value of 0.26 at mH = 125 GeV.

mH (GeV) observed -2 s.d. -1 s.d. median +1 s.d. +2 s.d. stat only

110 7.0 3.2 4.3 6.0 8.5 11.8 3.5

115 8.7 3.7 5.0 6.9 9.7 13.6 4.0

120 10.4 4.6 6.2 8.5 12.0 16.7 4.9

125 13.1 5.7 7.6 10.5 14.7 20.6 6.1

130 16.4 7.0 9.4 13.0 18.3 25.5 7.8

140 33.0 12.5 16.7 23.2 32.7 45.5 14.2

Table 3: Observed and expected (median, for the background-only hypothesis) 95% CL upper limits

on σ(tt̄H) × BR(H → bb̄) relative to the SM prediction, σ/σS M , as functions of mH . The last column
corresponds to the median upper limit with all systematic uncertainties removed.

11 Summary

A search has been performed for a Higgs boson produced in association with a pair of top quarks (tt̄H)

and decaying into a pair of bottom quarks (H → bb̄), using 4.7 fb−1 of pp collisions at
√
s = 7 TeV

collected in 2011 with the ATLAS detector at the CERN Large Hadron Collider. The search is focused

on the semileptonic decay mode of the tt̄ system and combines nine different topologies given by the

jet and b-tagged jet multiplicities of the event. For events with at least six jets and three or more b-

tagged jets, a kinematic reconstruction of the Higgs boson candidate is performed, whose invariant mass

becomes the primary discriminant variable between signal and background. Background-dominated

ATLAS-CONF-2012-135 

tt̄


