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Large Mass ➠ No hadronization  
➠ intrinsic properties can be directly observed!
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The LHC is a Top Factory
• Top perspective:  

LHC mainly a  gluon collider 

• Large production cross-section √s=8TeV 
top-antitop pairs ~ 250 pb (QCD)  
single top           ~100 pb (EW)
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JHEP11(2013)031 2.05 fb-1

• Standard Model top quark q = +2/3e  
Exotic alternative model -4/3e "

• Disfavored but not excluded by CDF @ 95% CL PRL 105 (2010) 101801

The	
  charge	
  of	
  a	
  b-­‐jet	
  is	
  the	
  weighted	
  sum	
  of	
  its	
  track	
  charges

product of charges of the top or anti-top quark decay products (Qℓ+ ×Qb or Qℓ− ×Qb̄) always has
a negative sign while in the exotic case the sign is positive.

The charge of theW boson is taken from the charge of the high-pT lepton in the event. The
charge of the quark initiating the b-jet is estimated from a weighted average of the charges of
the tracks in the jet (see section 5.1). A lepton–b-jet pairing criterion (hereafter referred to as ℓb-
pairing) is then applied to match theW boson to the b-jet from the same top quark (see section 5.2).

5.1 Weighting procedure for b-jet charge calculation

For the determination of the effective b-jet charge a weighting technique [38, 39] is applied in
which the b-jet charge is defined as a weighted sum of the b-jet track charges,

Qb−jet =
∑i Qi|⃗ j · p⃗i|κ

∑i |⃗ j · p⃗i|κ
, (5.3)

where Qi and p⃗i are the charge and momentum of the i-th track, j⃗ defines the b-jet axis direction,
and κ is a parameter which was set to be 0.5 for the best separation between b- and b̄-jets mean
charges using the standard MC@NLO tt̄ simulated sample.

The calculation of the b-jet charge uses a maximum number of ten tracks with pT > 1 GeV
associated with the b-jet within a cone of ∆R < 0.25. The b-jet tracks used in the calculation of
the effective b-jet charge include not only the charged decay products of the b-hadron, but also
b-fragmentation tracks, and can possibly also contain tracks from multiple interactions or pile-up.
The mean number of charged tracks within the b-jet cone is six for tt̄ b-jets. If there are more
than ten associated tracks, the highest-pT tracks are chosen. The maximum number of tracks, the
minimum track pT and the value of ∆R were optimized using the standard MC@NLO tt̄ simulated
sample. The optimization takes into account that the pile-up effect can be stronger for the high
track multiplicity events and that low-pT tracks, coming mainly from gluons, could dilute the jet
charge.

The variable that is used to distinguish between the SM and exotic model scenarios is the
combined lepton–b-jet charge (hereafter referred to as the combined charge) which is defined as

Qcomb =Qℓ
b−jet ·Qℓ, (5.4)

where Qℓ
b−jet is the charge of the b-jet calculated with equation (5.3) 5 and Qℓ the charge of the

lepton, the two being associated via the ℓb-pairing described below.

5.2 Lepton and b-jet pairing algorithm

The ℓb-pairing is based on the invariant mass distribution of the lepton and the b-jet, m(ℓ,b-jet).
If the assignment is correct, assuming an ideal invariant mass resolution, m(ℓ,b-jet) should not
exceed the top quark mass provided that the decaying particle is the SM top quark. Otherwise, if
the lepton and b-jet are not from the same decaying particle, there is no such restriction. This is
shown in Figure 1, where the invariant mass distribution of a lepton and a b-jet in the signal MC
sample is plotted for the correct pairing and the wrong pairing, for events fulfilling the basic tt̄

5The superscript ℓ is added to Qb−jet to stress that the b-jet is paired with a lepton.
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Figure 1: Comparison between the data and the simulation for the transverse momentum of the isolated
lepton in muon + jets (left) and electron + jets (right) events. The error bands indicate statistical and
systematic uncertainties on the predicted number of selected events.

εreal =
Ntight
real

Nloose
real

and ε f ake =
Ntight
f ake

Nloose
f ake

(2)

Equations 1 and 2 lead to the number of events with fake leptons passing the tight lepton requirement
and thus the standard t  t selection:

Ntight
f ake =

ε f ake
εreal− ε f ake

(εrealNloose−Ntight) (3)

The efficiency εreal was measured using data control samples of Z bosons decaying to two leptons,
while ε f ake was measured with data in the control regions defined separately for the electron and muon
channels. In these control regions the contribution of fake leptons is expected to be dominant. They were
selected either requiring low transverse mass (less than 20 GeV for events with muons) or low missing
tranverse energy (between 5 and 20 GeV, for events with electrons). The contribution of real isolated
leptons in the control regions was subtracted using predictions from simulation.

5 Methods of top quark charge determination

The charge of the Standard Model top (or exotic) quark was determined by studying the charges of its
decay products. The Standard Model top quark is expected to decay via

t(2/3) → b(−1/3) +W (+1),W+ → ℓ++νℓ (4)

while a quark with exotic charge (t̃) will decay as

t̃(−4/3) → b(−1/3) +W (−1),W− → ℓ−+  νℓ (5)
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Electric charge
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• top-antitop pairs "

• 2 b-tags and m(l,b) mass-cut"

• Low efficiency (28%) but  
very high purity (87%)"

"

"

• Compatible with +(2/3)e"

• Exotic t excluded at > 8σ

JHEP11(2013)031 2.05 fb-1 7 TeV

(⟨Qcomb⟩) for signal events, the b-jet charge calibration coefficient Cb = Qb/⟨Qcomb⟩ is found to
be 4.23 ± 0.03 (stat.) ± 0.07 (syst.) when evaluated using the full tt̄ MC sample. The systematic
uncertainty on Cb is taken as half the difference between the values of the calibration coefficient
for the electron and muon channels. As mentioned in section 6.1 the small difference between the
mean combined charges of the electron and muon channels arises as a consequence of different
selection criteria used for these channels. The mean combined charge depends slightly on b-jet pT
and the ℓb-pairing purity and efficiency depend on lepton and b-jet pT. Though these dependences
are weak they should be taken into account if the common calibration coefficient is used. The top
quark charge then can be calculated as

Qtop = 1+Q(data)
comb ×Cb , (7.1)

where Q(data)
comb is the reconstructed b-jet charge obtained from the data after the subtraction of the

expected background.
The mean value of the top quark charge for the electron+ jets channel is

Qtop = 0.63 ± 0.04 (stat.) ± 0.11 (syst.) and that for the muon+ jets channel is
Qtop = 0.65 ± 0.03 (stat.) ± 0.12 (syst.). The combined result using both channels is
0.64 ± 0.02 (stat.) ± 0.08 (syst.). This result is obtained from the mean of the combined
histogram of Qcomb for the two channels. The quoted systematic uncertainty includes uncertainties
on the calibration constant and all the uncertainties on the mean combined charge as described
below.

7.1 Systematic uncertainties

The studies of systematic uncertainties connected with the combined charge follow methods similar
to those used in other top quark studies (see e.g. ref. [37]). Each systematic effect is investigated
by varying the corresponding quantity by ±1σ with respect to the nominal value. If the direction
of the variation is not defined (as in the case of the estimate resulting from the difference of two
models, e.g. HERWIG and PYTHIA), the estimated variation is assumed to be the same size in the
upward and the downward direction and the uncertainty on ⟨Qcomb⟩ is symmetrized. The following
effects are taken into account.

Monte Carlo generators – the systematic uncertainties from MC generators are estimated by
comparing the results obtained with the MC@NLO and POWHEG generators.

Showering and hadronization – the POWHEG samples with shower models from PYTHIA or
HERWIG are compared and the difference is taken as the uncertainty due to the showering model.

Top quark mass – the uncertainty resulting from the assumed top quark mass is estimated using
simulated tt̄ samples with top quark mass in the range of 167.5–177.5 GeV in steps of 2.5 GeV.
After fitting the mean values of Qcomb for different top quark mass samples the quoted systematic
uncertainty is the largest of the differences between the fit function value at 172.5 GeV and at those
at 172.5 ± 1.0 GeV.

Initial- and final-state radiation (ISR/FSR) – the ISR/FSR uncertainty is calculated using ded-
icated signal samples generated with ACERMC interfaced to PYTHIA. The parameters responsible
for the level of ISR and FSR are varied in a range comparable to those used in the Perugia MC

– 16 –
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Top Mass (mt)
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arXiv:1112.3022v1

• Important parameter in SM: stability of Higgs potential, B-physics 

• Direct measurements: mtMC invariant mass in t→Wb 

• Beyond LO QCD mt depends on renormalization scheme 

• “Monte Carlo” top mass sensitive to mt, but no well-defined 
renormalization scheme
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• Lepton+jets topology 

• Extract 3 observables from each event:  

• mt from kinematic likelihood fit 

• Reconstructed mW and Rlb  
from lepton and jets  
(assigned from best-fit permutation)

Intrinsic top quark properties - DIS 2014, Warsaw

3D Fit

9

ATLAS-CONF-2013-046 4.7 fb-1 7 TeV

The normalisation of the W+jets background is estimated from data and the shape is obtained from

simulation. The method is based on the charge asymmetry [31], i.e. in W boson production at the LHC

more W+ bosons than W− bosons are produced. It uses the fact that the ratio of the two is theoretically

better known than the individual production cross-sections, and assumes the W+jets events to be the

dominant source of the charge asymmetry in high-pT leptons in data. With this the total number of

W+jets events can be deduced from the difference between the numbers of events with a positive and

negative charged lepton.

For the QCD multijet background with fake leptons, both the shape and the normalisation are es-

timated from the data by weighting each selected event by the probability of containing a fake lepton.

The fake lepton contribution in both the electron and the muon channels is estimated using a data driven

matrix method based on selecting two categories of events, using loose and tight lepton selection require-

ments [32].

The observed distributions for the leptons, jets, and kinematic properties of the top quark candidates

such as their transverse momenta, are all well-described by the sum of the signal and background esti-

mates. This is demonstrated for the properties of the selected jets for both light jets fromW boson decays

and b-tagged jets in Figure 1. The jet multiplicities, shown in Figure 1(a, b), as well as the distributions of

kinematic properties of jets like transverse momenta, Figure 1(c, d), and the η distributions, Figure 1(e,

f), are all well-described within the uncertainty band of the prediction. The latter is estimated as the

quadratic sum of the statistical uncertainty, the uncertainty on the b-tagging efficiencies, a 1.8% uncer-

tainty on the luminosity [9], a 10% uncertainty on the tt̄ cross-section, a 30% uncertainty on the W+jets

normalisation, and finally a 50% uncertainty on the QCD multijet normalisation. These uncertainties

apply for Figures 1– 3 and Table 1.

5 Reconstruction of the three observables

A kinematic likelihood fit, described below, allows each jet to be assigned to its originating parton.

Among the considered jet permutations, the one that maximises the likelihood is chosen.

Three observables are reconstructed from the selected events. The reconstructed top quark mass

mreco
top is obtained from the likelihood fit. The invariant mass of the hadronically decaying W boson,

mreco
W

is calculated from the chosen jet permutation. Finally, an observable called Rreco
lb

is computed in

the following way. For events with only one b-tagged jet, Rreco
lb

is defined as the ratio of the transverse

momentum of the b-tagged jet divided by the average transverse momentum of the two light jets of the

hadronic W boson decay. For events with two or more b-tagged jets, Rreco
lb

is defined as the ratio of the

scalar sum of the transverse momenta of the b-tagged jets assigned to the leptonically and hadronically

decaying top quarks to the scalar sum of the transverse momenta of the two light jets of the hadronic W

boson decay, i.e.:

Rreco,2b
lb

=
pbhad
T
+ p

blep
T

p
Wjet1

T
+ p

Wjet2

T

,

Rreco,1b
lb

=
p
btag
T

(p
Wjet1

T
+ p

Wjet2

T
)/2

For each event, to obtain the top quark mass mreco
top , and to select the jets for computing mreco

W
and

Rreco
lb

, this analysis utilises a kinematic fit maximising an event likelihood [7]. The input objects to the

likelihood are: the charged lepton, the missing transverse momentum and four jets. For the one b-tagged

jet sample these are the b-tagged jet and the three leading pT light jets. For the sample with two or more

b-tagged jets these are the two leading b-tagged jets and the two leading light jets.

5
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ATLAS-CONF-2013-046 4.7 fb-1 7 TeV

• Templates for mt [167.5, 177.5] GeV ⊗ JSF ⊗ bJSF 

• unbinned fit extracts mt, JSF and bJSF 

• Main unc.: b-tagging eff, JSF, bJSF(stat comp., decr. w/ data)

used in the event selection and in the kinematic fit. The uncertainty due to any possible mis-calibration

is propagated to the analysis by changing the measured Emiss
T

and lepton pT, and their corresponding

resolutions, within uncertainties.

Pile-up: To investigate the uncertainty due to additional proton-proton interactions which may affect

the jet energy measurement, on top of the component that is already included in the JES uncertainty, the

fit is repeated in data and in simulation as a function of the number of reconstructed vertices and as a

function of the average number of inelastic pp interactions per bunch crossing (⟨µ⟩). The measured mtop

has a dependence of 0.26 ± 0.08 GeV per vertex and −0.13 ± 0.07 GeV per interaction in the simulation,

and compatible values, with larger uncertainties, in the data. The effect of these dependencies on mtop

due to any residual small difference in the number of reconstructed vertices and ⟨µ⟩ between data and

simulation was assessed by computing the convolution of the linear dependence in the simulation with

the respective distributions of the number of vertices and ⟨µ⟩ in data and in the simulation. The maximum

differences of the convolutions in data and simulation related to the number of vertices and the average

number of interactions per crossing, is taken as the uncertainty for this source.

The resulting sizes of all uncertainties are given in Table 2. Although sizeable pT dependent uncer-

tainties on the b-tagging efficiency scale factors introduce a non-negligible uncertainty on the shape of

Rreco
lb

, leading to a significant uncertainty onmtop, the total systematic uncertainty onmtop is reduced from

2.02 GeV to 1.35 GeV by adding the Rreco
lb

observable to the 2d-analysis method. Further discussion of

the differences is given below in Section 7.3.

7.2 Results

The results using the 3d-analysis obtained from 2011 data are:

mtop = 172.31 ± 0.75 (stat + JSF + bJSF) ± 1.35 (syst) GeV,

JSF = 1.014 ± 0.003 (stat) ± 0.021 (syst),
bJSF = 1.006 ± 0.008 (stat) ± 0.020 (syst).

The fitted background fractions amount to 15.6% ± 2.0% and 2.0% ± 1.4% for the one b-tagged jet

and the at least two b-tagged jets samples. Within uncertainties, these fractions are consistent with the

expectations given in Table 1. The total uncertainties on mtop, the JSF, and the bJSF amount to 1.55 GeV,

0.021 and 0.022 respectively. They are all dominated by systematic effects.

Figure 6 shows the mreco
W

, Rreco
lb

and mreco
top distributions in the data together with the corresponding

fitted probability density functions for the background contribution alone and background plus signal

contributions.

Since the distributions and consequently the probability density functions are different depending on

whether the events contain only one b-tagged jet or two b-tagged jets, separate fits were also performed

for the two samples. The three results shown in Figure 7 demonstrate the good agreement for the mea-

sured values ofmtop, JSF and bJSF between the one b-tagged jet sample and the two b-tagged jets sample.

The measured values of the three observables, together with two-dimensional statistical uncertainty con-

tours (including the statistical components from the JSF and bJSF determination) displaying the one and

two standard deviation ellipses, are shown in Figure 7 (a–c).

Fixing the bJSF to unity, the results from the 2d-analysis are :

mtop = 172.80 ± 0.35 (stat + JSF) ± 2.02 (syst) GeV,

JSF = 1.014 ± 0.003 (stat) ± 0.021 (syst).

Because the Rreco
lb

observable is not sensitive to the JSF, the fitted JSF values are identical for the

2d-analysis and the 3d-analysis. The fitted top quark masses from the two methods are in agreement

18
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• Rlb (ratio) not sensitive to JSF:   JSF(2D)=JSF(3D) 

• Fitted mt from the two methods agree ~ 0.5 GeV (less than bJSF ~ 0.9 GeV) 

• Reduced systematics wrt previous ATLAS measurement: 

✓ Improved IFSR and bJSF 

✓ Better MC simulation modeling and higher statistics  
MC@NLO+HERWIG → POWHEG+PYTHIA Perugia 2011C tune 

✓ Better ttbar reconstruction (𝜒2 → kinematic fit) 

✓ Improved analysis strategy (3D fit)
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used in the event selection and in the kinematic fit. The uncertainty due to any possible mis-calibration

is propagated to the analysis by changing the measured Emiss
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and lepton pT, and their corresponding

resolutions, within uncertainties.

Pile-up: To investigate the uncertainty due to additional proton-proton interactions which may affect

the jet energy measurement, on top of the component that is already included in the JES uncertainty, the

fit is repeated in data and in simulation as a function of the number of reconstructed vertices and as a

function of the average number of inelastic pp interactions per bunch crossing (⟨µ⟩). The measured mtop

has a dependence of 0.26 ± 0.08 GeV per vertex and −0.13 ± 0.07 GeV per interaction in the simulation,

and compatible values, with larger uncertainties, in the data. The effect of these dependencies on mtop

due to any residual small difference in the number of reconstructed vertices and ⟨µ⟩ between data and

simulation was assessed by computing the convolution of the linear dependence in the simulation with

the respective distributions of the number of vertices and ⟨µ⟩ in data and in the simulation. The maximum

differences of the convolutions in data and simulation related to the number of vertices and the average

number of interactions per crossing, is taken as the uncertainty for this source.

The resulting sizes of all uncertainties are given in Table 2. Although sizeable pT dependent uncer-

tainties on the b-tagging efficiency scale factors introduce a non-negligible uncertainty on the shape of

Rreco
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, leading to a significant uncertainty onmtop, the total systematic uncertainty onmtop is reduced from

2.02 GeV to 1.35 GeV by adding the Rreco
lb

observable to the 2d-analysis method. Further discussion of

the differences is given below in Section 7.3.

7.2 Results
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and the at least two b-tagged jets samples. Within uncertainties, these fractions are consistent with the

expectations given in Table 1. The total uncertainties on mtop, the JSF, and the bJSF amount to 1.55 GeV,

0.021 and 0.022 respectively. They are all dominated by systematic effects.

Figure 6 shows the mreco
W

, Rreco
lb

and mreco
top distributions in the data together with the corresponding

fitted probability density functions for the background contribution alone and background plus signal

contributions.

Since the distributions and consequently the probability density functions are different depending on

whether the events contain only one b-tagged jet or two b-tagged jets, separate fits were also performed

for the two samples. The three results shown in Figure 7 demonstrate the good agreement for the mea-

sured values ofmtop, JSF and bJSF between the one b-tagged jet sample and the two b-tagged jets sample.

The measured values of the three observables, together with two-dimensional statistical uncertainty con-

tours (including the statistical components from the JSF and bJSF determination) displaying the one and

two standard deviation ellipses, are shown in Figure 7 (a–c).

Fixing the bJSF to unity, the results from the 2d-analysis are :

mtop = 172.80 ± 0.35 (stat + JSF) ± 2.02 (syst) GeV,

JSF = 1.014 ± 0.003 (stat) ± 0.021 (syst).

Because the Rreco
lb

observable is not sensitive to the JSF, the fitted JSF values are identical for the

2d-analysis and the 3d-analysis. The fitted top quark masses from the two methods are in agreement
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• Template method for the  

invariant mass lepton+bjet m(l±, b) 

• ttbar: 2 b-jets, correct assignment 77% of the times 

• Main unc.: STAT, JES, bJES, b-tagging eff
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ATLAS-CONF-2013-077 4.7 fb-1 7 TeV  [GeV]topm
160 170 180 1900.5

9

 0.00± 0.00 ±0.00 

Tevatron Combination 2013  0.71± 0.51 ±173.20 
arXiv:1305.3929

 dilepton-1D0 5.3 fb  1.44± 2.36 ±174.00 
Phys. Rev. D86 (2012) 051103

 dilepton-1CDF 5.6 fb  3.09± 1.95 ±170.28 
Phys. Rev. D83 (2011) 111101

 dilepton-1CMS 5.0 fb  1.48± 0.43 ±172.50 
Eur. Phys. J. C72 (2012) 2202

lb dilepton m-1ATLAS 4.7 fb  1.50± 0.64 ±173.09 
ATLAS-CONF-2013-077

T2
m µ e-1ATLAS 4.7 fb 2.8

3.1 ± 1.6 ±175.2 
ATLAS-CONF-2012-082

 l+jets (3d)-1ATLAS 4.7 fb  1.35± 0.75 ±172.31 
ATLAS-CONF-2013-046

ATLAS Preliminary July 2013

(stat)      (syst)

Figure 4: The present result is compared to a number of other measurements, see text for details. The
data points show the measured values with their statistical uncertainty (red) and the total uncertainty
including systematics (blue).

has been increased and identical 4-vectors for the hard matrix element calculation have been used. The
estimated colour reconnection uncertainty on mtop is now much smaller.

The result for mtop is shown in Figure 4, together with a number of other measurements. These
results include: the ATLAS mtop measurement in the l+jets channel [54], the previous ATLAS measure-
ment in the eµ channel [3], the most precise determinations of mtop in in the tt̄ dileptonic decay channel
by CMS [57], CDF [58] and D0 [59], and the latest Tevatron combined value [1] based on twelve mea-
surements in all tt̄ decay channels.

10 Summary and Conclusion

The top quark mass has been measured using the m`b estimator with the template method in the dilepton
tt̄ decay channel, based on

p
s = 7 TeV proton-proton collision data collected by ATLAS at the LHC in

2011 and corresponding to an integrated luminosity of about 4.7 fb�1. The measured value of mtop is:

mtop = 173.09 ± 0.64 (stat) ± 1.50 (syst) GeV

This measurement supersedes the previous ATLAS result in the eµ channel [3]. The total uncertainty
is competitive with the latest ATLAS result in the l+jets channel [54] and dominated by systematic
e↵ects, with the largest contribution coming from jet and b-jet energy scale uncertainties.
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W polarization in top decays

W polarization probes Wtb structure ->Extract limits on new physics:
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•pz(#) obtained from kin. fit or from  $2  minimization

•QCD multijet shape and normalisation from Data Driven methods: 
     matrix method.

•Method1:  helicity fractions from likelihood fit of  cos%* using MC templates
     corresponding to  different pure helicity states.
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  from	
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  decays	
    
produced	
  along	
  a	
  preferred	
  direcQon?

to the decay of the two produced W bosons. Each boson can decay either into a quark-

antiquark pair or into a charged lepton and a neutrino. The single-lepton and dilepton

topologies, both considered in the analyses presented in this paper, have one and two

isolated charged leptons in the final state. Only electrons and muons, including those from

τ decays, are considered here.

The Wtb vertex is defined by the electroweak interaction and has a (V −A) structure

where V and A are the vector and axial-vector contributions to the vertex. Since the W

bosons are produced as real particles in top quark decays, their polarization can be longitu-

dinal, left-handed or right-handed. The fractions of events with a particular polarization,

F0, FL and FR, are referred to as helicity fractions. They are predicted in next-to-next-

to-leading-order (NNLO) QCD calculations to be F0 = 0.687 ± 0.005, FL = 0.311 ± 0.005,

FR = 0.0017 ± 0.0001 [4]. These fractions can be extracted from measurements of the

angular distribution of the decay products of the top quark. The angle θ∗ is defined as

the angle between the momentum direction of the charged lepton from the decay of the

W boson and the reversed momentum direction of the b-quark from the decay of the top

quark, both boosted into the W boson rest frame [5]. The angular distribution is:

1

σ

dσ

d cos θ∗
=

3

4

(

1− cos2 θ∗
)

F0 +
3

8
(1− cos θ∗)2 FL +

3

8
(1 + cos θ∗)2 FR . (1.1)

All previous measurements of the helicity fractions, performed by the CDF and DØ Col-

laborations [6–8] at the Tevatron, are in agreement with Standard Model predictions.

Information about the polarization of the W bosons can also be obtained through

complementary observables, such as the angular asymmetries, A+ and A−, defined as:

A± =
N(cos θ∗ > z)−N(cos θ∗ < z)

N(cos θ∗ > z) +N(cos θ∗ < z)
, (1.2)

with z = ±(1−22/3) for A±, allowing the dependence on FL and FR to cancel, respectively.

The asymmetries can be related to the helicity fractions by a simple system of equations [9,

10]. In the Standard Model, the NNLO values for these asymmetries are A+ = 0.537±0.004

and A− = −0.841 ± 0.006 [4].

In the presence of anomalous Wtb couplings the helicity fractions and angular asymme-

tries depart from their Standard Model values [5, 10]. In effective field theories, dimension-

six operators can be introduced which modify the Wtb vertex [11–13]. Coefficients con-

trolling the strength of these operators can be constrained by measurements of the helicity

fractions or the angular asymmetries.

This paper describes measurements of the W boson polarization in top quark decays

and the constraints on the Wtb vertex structure based on a data set recorded with the

ATLAS detector between March and June 2011 and corresponding to an integrated lu-

minosity of 1.04 fb−1. The helicity fractions were measured using two different methods.

The first compares the observed cos θ∗ distribution with templates for different W boson

helicity states obtained from simulation. The second method extracts angular asymme-

tries from an unfolded cos θ∗ spectrum corrected for background contributions. Limits on

anomalous couplings, generated by the aforementioned dimension-six operators, were set

using the combined result from the two measurements.
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• Helicity fractions calculated at QCD NNLO 

!

• Non-standard Wtb vertex modifies HF 

• Parametrization in Effective Field Theories
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Figure 6. Overview of the four measurements of the W boson helicity fractions and the combined
values. The error bars correspond to the statistical and total uncertainties.

with the top quark may exist at higher energies. New physics can be parameterized in

terms of an effective Lagrangian [11] above the electroweak symmetry breaking scale of

v = 246 GeV. After electroweak symmetry breaking, the Wtb Lagrangian [12, 55] is:

LWtb = −
g√
2
b̄ γµ (VLPL + VRPR) t W

−
µ −

g√
2
b̄
iσµνqν
MW

(gLPL + gRPR) t W
−
µ + h.c. , (6.1)

where PL (PR) is the left-handed (right-handed) chirality operator and

VL = Vtb + C(3,3+3)
φq

v2

Λ2
, VR =

1

2
C33∗
φφ

v2

Λ2
, gL =

√
2C33∗

dW
v2

Λ2
, gR =

√
2C33

uW
v2

Λ2
. (6.2)

The parameter Λ is the new physics scale and C(3,3+3)
φq , C33∗

φφ , C33∗
dW and C33

uW are the

effective operator coefficients [13, 55]. The anomalous couplings VR, gL, gR, generated by

dimension-six operators, are absent in the Standard Model at tree level, while the coupling

Vtb receives a correction from the operator O(3,3+3)
φq .

Limits on anomalous couplings (VR, gL and gR) were obtained from the combined

measurement of the W boson helicity fractions by exploiting their dependence on these

couplings, as implemented in the TopFit program [10, 56] and normalizing to VL = 1.

The allowed regions of (gL, gR) are shown in Figure 7, assuming VR = 0. The upper

disconnected region in the plot shows a large-gR second solution to the quadratic equation

relating the observables to the anomalous couplings. However, this region is disfavored by

the measured cross-section for single top production at the Tevatron [17, 57, 58].

In addition to this two-dimensional limit it is useful to set limits on single anomalous

couplings, taking only one of them non-zero at a time. These are, at 95% confidence level,
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• Angular asymmetry: 

• Combine 2 observables from 2 topologies (l+jets, dilept)

to the decay of the two produced W bosons. Each boson can decay either into a quark-

antiquark pair or into a charged lepton and a neutrino. The single-lepton and dilepton

topologies, both considered in the analyses presented in this paper, have one and two

isolated charged leptons in the final state. Only electrons and muons, including those from

τ decays, are considered here.

The Wtb vertex is defined by the electroweak interaction and has a (V −A) structure

where V and A are the vector and axial-vector contributions to the vertex. Since the W

bosons are produced as real particles in top quark decays, their polarization can be longitu-

dinal, left-handed or right-handed. The fractions of events with a particular polarization,

F0, FL and FR, are referred to as helicity fractions. They are predicted in next-to-next-

to-leading-order (NNLO) QCD calculations to be F0 = 0.687 ± 0.005, FL = 0.311 ± 0.005,

FR = 0.0017 ± 0.0001 [4]. These fractions can be extracted from measurements of the

angular distribution of the decay products of the top quark. The angle θ∗ is defined as

the angle between the momentum direction of the charged lepton from the decay of the

W boson and the reversed momentum direction of the b-quark from the decay of the top

quark, both boosted into the W boson rest frame [5]. The angular distribution is:

1

σ

dσ

d cos θ∗
=

3

4

(

1− cos2 θ∗
)

F0 +
3

8
(1− cos θ∗)2 FL +

3

8
(1 + cos θ∗)2 FR . (1.1)

All previous measurements of the helicity fractions, performed by the CDF and DØ Col-

laborations [6–8] at the Tevatron, are in agreement with Standard Model predictions.

Information about the polarization of the W bosons can also be obtained through

complementary observables, such as the angular asymmetries, A+ and A−, defined as:

A± =
N(cos θ∗ > z)−N(cos θ∗ < z)

N(cos θ∗ > z) +N(cos θ∗ < z)
, (1.2)

with z = ±(1−22/3) for A±, allowing the dependence on FL and FR to cancel, respectively.

The asymmetries can be related to the helicity fractions by a simple system of equations [9,

10]. In the Standard Model, the NNLO values for these asymmetries are A+ = 0.537±0.004

and A− = −0.841 ± 0.006 [4].

In the presence of anomalous Wtb couplings the helicity fractions and angular asymme-

tries depart from their Standard Model values [5, 10]. In effective field theories, dimension-

six operators can be introduced which modify the Wtb vertex [11–13]. Coefficients con-

trolling the strength of these operators can be constrained by measurements of the helicity

fractions or the angular asymmetries.

This paper describes measurements of the W boson polarization in top quark decays

and the constraints on the Wtb vertex structure based on a data set recorded with the

ATLAS detector between March and June 2011 and corresponding to an integrated lu-

minosity of 1.04 fb−1. The helicity fractions were measured using two different methods.

The first compares the observed cos θ∗ distribution with templates for different W boson

helicity states obtained from simulation. The second method extracts angular asymme-

tries from an unfolded cos θ∗ spectrum corrected for background contributions. Limits on

anomalous couplings, generated by the aforementioned dimension-six operators, were set

using the combined result from the two measurements.
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Figure 7. Allowed regions at 68% and 95% confidence level (CL) for the Wtb anomalous couplings
gL and gR. In the Standard Model, the anomalous couplings vanish at tree level [59].

Re (VR) ∈ [−0.20, 0.23] →
Re (C33

φφ)

Λ2
∈ [−6.7, 7.8] TeV−2 ,

Re (gL) ∈ [−0.14, 0.11] →
Re (C33

dW )

Λ2
∈ [−1.6, 1.2] TeV−2 ,

Re (gR) ∈ [−0.08, 0.04] →
Re (C33

uW )

Λ2
∈ [−1.0, 0.5] TeV−2 .

The considered W boson helicity observables also allow a second region for gR when the

remaining anomalous couplings vanish: Re (gR) ∈ [0.75, 0.80] at 95% confidence level.

It should be noticed, however, that such large coupling values would imply a single top

production cross-section value disfavored by the Tevatron measurements [17, 57, 58]. Using

a Bayesian approach [60], the measurement of the W boson helicity fractions with FR

fixed at zero, was translated into a 95% probability interval on Re (C33
uW )/Λ2, as proposed

in Ref.[13]. This interval was found to be [−0.9, 2.3] TeV−2.

It can be seen that the limits on C33
dW (mediating the production of right-handed b-

quarks in the top decay) are of the same order of magnitude as the limits on C33
uW (involving

left-handed quarks). This reflects a good sensitivity to the effective operator corresponding

to C33
dW , even if its contribution is suppressed by 1/Λ2 instead of 1/Λ [61].

These limits are more stringent than those obtained by the DØ Collaboration [58,

62]4. Indirect, model-dependent limits on the anomalous couplings have been inferred from

measurements of radiative B-meson decays, measurements of BB̄-mixing and electroweak

4The limits from the DØ Collaboration were derived assuming a massless b-quark.
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tainties, were taken into account. The statistical correlations were estimated to be between

40% and 49% for the single-lepton channels and between 83% and 89% for the dilepton

channels using pseudo-experiments obtained from simulated samples. The background-

related systematic uncertainties were assumed to be fully correlated within single-lepton

channels and within dilepton channels, but uncorrelated between single-lepton and dilep-

ton measurements. The only exception is the uncertainty due to misidentified lepton back-

ground which depends on the lepton flavour and thus belongs to the group of lepton-related

uncertainties, which were assumed to be fully correlated between the channels with same

flavour leptons. The method systematic uncertainties were assumed to be uncorrelated

between channels and the remaining sources of systematic uncertainty were assumed to be

fully correlated between channels. Various tests were performed in which the correlations

among the sources of systematic uncertainty were varied. It was found that the values

assumed for the correlations were conservative. The systematic uncertainties on the com-

bined values are summarized in Table 3. The four measurements of the helicity fractions

and the combined values are shown in Table 4 and Figure 6.

The individual measurements agree reasonably well within their total uncertainties.

The χ2/dof for the global combination of the template fit and asymmetries measurements

was 0.8 with a χ2-probability of 75%, where dof is the number of degrees of freedom. The

largest difference between two measurements is that between the single-lepton and dilepton

channels obtained with the template method. Since the measurements were performed in

five independent channels (single electron, single muon, ee, eµ and µµ), the combination

was performed based on the five individual measurements taking into account all correla-

tions. The χ2/dof calculated using the BLUE method for this combination was 1.3 with

a χ2-probability of 23%.

The combined W boson helicity fractions are:

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.) .

The correlation coefficient between F0 and FL was estimated to be−0.96. For completeness,

these results can be translated into angular asymmetries, yielding A+ = 0.53 ± 0.02 and

A− = −0.84± 0.02.

An alternative analysis, based on requiring two b-tagged jets to further suppress the

W+jets background and events with misidentified leptons, was used to measure the helicity

fractions in the single-lepton channels as a cross-check. The observed cos θ∗ distributions

were corrected by subtracting the expected background contributions and were unfolded

using correction functions in an iterative method similar to the one used in the measurement

of the angular asymmetries described in Section 4.2. The results were found to be in

agreement with the single-lepton measurements presented in this paper.

6.2 Constraints on the Wtb vertex structure

Any deviation of F0, FL, FR (or A+ and A−) from the Standard Model prediction could be

caused by new physics contributing to the Wtb vertex. Such new interactions associated
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Re (VR) ∈ [−0.20, 0.23] →
Re (C33

φφ)

Λ2
∈ [−6.7, 7.8] TeV−2 ,

Re (gL) ∈ [−0.14, 0.11] →
Re (C33

dW )

Λ2
∈ [−1.6, 1.2] TeV−2 ,

Re (gR) ∈ [−0.08, 0.04] →
Re (C33

uW )

Λ2
∈ [−1.0, 0.5] TeV−2 .

The considered W boson helicity observables also allow a second region for gR when the

remaining anomalous couplings vanish: Re (gR) ∈ [0.75, 0.80] at 95% confidence level.

It should be noticed, however, that such large coupling values would imply a single top

production cross-section value disfavored by the Tevatron measurements [17, 57, 58]. Using

a Bayesian approach [60], the measurement of the W boson helicity fractions with FR

fixed at zero, was translated into a 95% probability interval on Re (C33
uW )/Λ2, as proposed

in Ref.[13]. This interval was found to be [−0.9, 2.3] TeV−2.

It can be seen that the limits on C33
dW (mediating the production of right-handed b-

quarks in the top decay) are of the same order of magnitude as the limits on C33
uW (involving

left-handed quarks). This reflects a good sensitivity to the effective operator corresponding

to C33
dW , even if its contribution is suppressed by 1/Λ2 instead of 1/Λ [61].

These limits are more stringent than those obtained by the DØ Collaboration [58,

62]4. Indirect, model-dependent limits on the anomalous couplings have been inferred from

measurements of radiative B-meson decays, measurements of BB̄-mixing and electroweak

4The limits from the DØ Collaboration were derived assuming a massless b-quark.
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The largest effect of the input correlation is seen on the observed coefficient of correlation of the
combined F0 and FL, which is -0.86 for the default hypothesis. If ρLHC(F0, FL) is assumed to be
zero, the anti-correlation of the measurement reduces by about 5%.

7.2 Limits on anomalous couplings

The combined helicity fractions are in agreement with NNLO QCD predictions and can be used to set
limits on new physics contributing to the Wtb vertex. Using the formalism of effective field theory
described in Refs. [24,25], the helicity fractions can be translated into the couplings VL, VR, gL, gR (see
e.g. Ref. [12]). In the SM, VL = 1 while VR = gL = gR = 0 at the tree level.

Assuming VL = 1 and VR = 0, and assuming that the imaginary part of all couplings is 0, limits
on the anomalous couplings gL, gR are derived. The results are shown in Figure 3. The 68% and 95%
CL contours are obtained using the profile-likelihood method. Current W helicity measurements are not
able to exclude the region around Re(gR) = 0.8. However, if gL and gR would take values allowed in
this region, the single-top SM cross section would increase by a factor of 3 which is highly disfavored
by current measurements at the LHC.

If instead only Re(gR) is left as a free parameter, while fixing VL = 1,VR = gL = 0, the LHC results
yield

Re(gR) = −0.10 ± 0.06 (stat.) +0.07−0.08 (syst.).

Alternatively this result is interpreted in terms of the effective dimension-six operator O33uW [12, 25]
yielding

Re(C33
uW)

Λ2
= −1.1 ± 0.6 (stat.) +0.9−1.0 (syst.) TeV

−2 ,

where Λ is the scale of new physics and Re(C33
uW

) the effective operator coefficient.

8 Summary and conclusion

The first combination of W-boson helicity fractions in top-quark pair decays measured by the ATLAS
and CMS Collaborations is presented. The measurements of F0 and FL were performed using LHC data
samples collected in 2010 and 2011 corresponding to integrated luminosities ranging from 35 pb−1 to
2.2 fb−1. The combined helicity fractions are

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

The fraction of W bosons with right-handed polarization, FR, is estimated assuming that the sum of
all helicity fraction equals unity, and by taking into account the correlation coefficient of the combined
fractions, -0.86. This leads to

FR = 0.015 ± 0.034 ,

where the uncertainty includes the statistical and systematic uncertainties. These results are consistent
with SM predictions, and are used to set limits on the anomalous couplings gL and gR.
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where the uncertainty includes the statistical and systematic uncertainties. These results are consistent
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Combination of the ATLAS and CMS measurements of the W-boson

polarization in top-quark decays

The ATLAS and CMS Collaborations

Abstract

This note describes the combination of measurements of the W-boson polarization in
top-quark decays performed by the ATLAS and CMS Collaborations. The measurements
are based on proton-proton collision data corresponding to integrated luminosities ranging
from 35 pb−1 to 2.2 fb−1 produced at the LHC at a center-of-mass energy of

√
s = 7 TeV.

The results are quoted as helicity fractions, i.e. the fractions of events which contain W
bosons with longitudinal and left-handed polarization.

The combined helicity fractions are

F0 = 0.626 ± 0.034 (stat.) ± 0.048 (syst.) ,

FL = 0.359 ± 0.021 (stat.) ± 0.028 (syst.) ,

which are in agreement with predictions from NNLO QCD. The fraction of W bosons with
right-handed polarization is calculated assuming the sum of all fractions to be unity:

FR = 0.015 ± 0.034 ,

where the uncertainty includes the statistical and systematic uncertainties. Exclusion limits
on anomalous Wtb couplings are derived from these results.
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right-handed polarization is calculated assuming the sum of all fractions to be unity:
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where the uncertainty includes the statistical and systematic uncertainties. Exclusion limits
on anomalous Wtb couplings are derived from these results.
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Figure 5: a) Neural network output distribution in the control region and b) in the signal region. Figure b)
shows the signal shape stacked on top of the backgrounds and scaled to 20 pb. All background processes
are shown normalised to the result of the binned maximum likelihood fit used to determine the fraction
of multijet events. The hatched band indicates the statistical uncertainty from the simulated samples size
and the uncertainty on the multijet normalisation.

Monte Carlo generators Systematic e↵ects from the modelling of the signal and background pro-
cesses are taken into account by comparing di↵erent generator models and varying parameters of the
event generation. The MC modelling of the tt̄ process is studied by comparing two NLO generators
interfaced to the HERWIG shower generator, namely MC@NLO+HERWIG and POWHEG+HERWIG
and a multi-leg generator ALPGEN+HERWIG. E↵ects of the parton shower modelling are evaluated by
comparing POWHEG samples interfaced to two di↵erent shower generators, HERWIG and PYTHIA.
For all top-quark processes the amount of initial (ISR) and final state radiation (FSR) was varied by
modifying parameters in samples generated with AcerMC and interfaced to the PYTHIA generator. The
range of parameter variations was determined using collision data and is described in more detail in [59].
The W+jets processes are produced using the multi-leg generator ALPGEN matched to the parton shower
generator HERWIG. Uncertainties connected with the matching are estimated by varying the matching
scale and the functional form of the renormalisation and factorisation scale. Finally, an uncertainty is
included due to the statistical precision of the limited size MC samples.

PDF The systematic uncertainties related to the parton distribution functions are taken into account for
all samples using simulated events. The events are reweighted according to each of the PDF uncertainty
eigenvectors. The uncertainties are calculated using the formula given in Equation 43 of Ref. [60].
The final PDF uncertainty is calculated as the envelope of the estimated uncertainties for the CT10,
MSTW2008nlo [61] and NNPDF2.3 [62] PDF sets, following the PDF4LHC recommendations [63].

Luminosity The uncertainty on the integrated luminosity is 3.6%. It is derived, following the same
methodology as in [64], from a preliminary calibration of the luminosity scale derived from Van der
Meer scans taken throughout 2012.

The total uncertainty is dominated by the statistical uncertainty from the simulated samples size and
those on the cross-sections and the multijet normalization, see Table 2. Other important contributions
arise from uncertainties on the jet energy scale, jet energy resolution, the ISR/FSR variations, PDF
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Conclusions
• Top physics is well into the precision era 

• Most measurements dominated by systematics 

• Top quark mass measured with δm ~ 1 GeV 

• Largest systematic on mt (stat bJSF) will 
decrease with more data 

• Unique probe for BSM physics 

• Run1: no large deviations from SM found
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Backgrounds
Channel Topology Backgrounds

Di-leptonic 2 WW+jets, Z+jets

Semi-leptonic 2 jets + 2 W + jets

Full-hadronic 4 jets + 2 b-jets QCD Multi-jet

1.1 Top Quark and its Decay Channels 15

Full-hadronic channel This channel presents at least 6 jets (2 b-jets and 2 jets

coming from each W bosons). Rejection of QCD MJB is much more com-

plicated than in the leptonic case, however b-tagging and some more ad-

vanced techniques can improve selection efficiency.

Examples of QCD multi-jet backgrounds are shown in figure 1.9

Figure 1.9: QCD Multi-jet events.
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1.1.5.2 W+jets and Z+jets

QCD multijet background is not at all the only background that is present in

such collisions. In fact, charged isolated leptons can arise from Drell-Yan pro-

duction, e.g. qq → Z → l+l−, or from the decay of a W boson, and both can be

produced in association with particle jets originated from a radiated quark or

gluon. Furthermore, real Emiss
T is present in W → l±νl decays due to neutri-

nos. Some examples are given in figure 1.10. Of course, detector effects such as

dead materials, misreconstruction of leptons and jets and miscalibration must

be considered, since they can give rise i.e. to fake missing transverse energy

and fake leptons reconstructed from jets. All these effects will be studied in

depth in the following chapters. All in all, W + jets events will be the most

important Standard Model background to tt studies at the LHC.

1.1.5.3 Single top

Top quarks can even be produced individually through weak interactions.

These single-top production processes are usually divided into three classes,

depending on the virtuality of the W boson involved at the leading order [11]:

16 Top Quark Physics and Monte Carlo Generation

Figure 1.10: Examples of W+jets (left) and Z+jets (right) events.

νW

µ
µ+Z0

µ−

• Quark-antiquark annihilation (s-channel) such as u + d → t + b

• W boson exchange (t-channel) such as u + b → t + d

• Wt associated production such as b + g → W + t

At the LHC, the most important production channel will be t-channel [8] with

a cross section of 124pb at
√

s = 10TeV , followed by Wt (32pb) and s-channel

(6pb). Single top productions will provide a measurement to the Vtb element

of the CKM matrix, and could unravel the existence of a fourth generation of

fermions and of a W ′ boson.

1.1.5.4 Diboson

Diboson processes are interactions in which two boson are produced and de-

cay subsequently, the most important being WW , WZ and ZZ. This is consid-

ered a minor background since the requirement of at least two b-tagged jets

reduces its contamination considerably. However, b-tagging will not be used

in the analysis presented here as it is not clear if the efficiency of the tracker

will be high enough at the beginning of the operations. Events of type WbWb

(two radiated b quarks) could survive event selection (see figure 1.12).

1.1 Top Quark and its Decay Channels 17

Figure 1.11: Single top production channels at LO: s-channel, t-channel and Wt associ-
ated production
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Figure 1.12: Diboson event WbWb.
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✓ Inner detector  
reduce pileup, secondary vertices 

✓ Calorimeters  
electrons, jets, ETmiss 

✓ Muon Spectrometer 
muons, reject cosmic rays
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Other measurements
• “stransverse mass” mT2 in eµ 

!

!

!

!

!

• Mass difference top-antitop
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• Jet energy scale - The jet energy scale (JES) calibration is estimated with 2011 ATLAS data
using several in situ techniques that exploit the transverse momentum balance between a jet and a
reference object such as a photon or a Z-boson [47]. The baseline JES uncertainty for the selected
jets is lower than 1% for central jets with 55 < pT < 500 GeV and is parameterised as a function of
jet pT and η. There is an additional uncertainty due to the pile-up effects in 2011 data. Additional
uncertainties due to modeling of the jet fragmentation (e.g. from quark or gluon induced jets) in the
Monte Carlo simulation and due to event topologies with low-pT close-by jets are also evaluated
for the top-quark pairs event samples. For b-quark induced jets an additional b-jet energy scale
uncertainty of up to 2.5%, depending on the jet pT, is used. The uncertainty on the measurement
from JES is estimated varying the jet pT by ±1σ of the total JES uncertainty. At the same time,
the Emiss

T is re-evaluated, taking into account the scaled contributions of the jets in px and py.

• Jet energy resolution (JER) - Jet energy resolution in Monte Carlo is described well. Additional
smearing corresponding to the uncertainty is applied on Monte Carlo and the difference in the
measurement is considered as an uncertainty from the JER [48]. The same size of the uncertainty
is assigned in the other direction. The effect due to the JER systematic variation is also propagated
to Emiss

T .

• Leptons - In order to account for small differences between data and simulation in the modeling
of trigger, reconstruction and identification efficiencies for leptons, scale factors are evaluated and
uncertainties on the evaluation are taken into account. The uncertainty on the isolation efficiency is
also considered for electrons. pT -dependent resolution and calibration uncertainties are also taken
into account varying the pT by ±1σ. The effect due to the systematic variation of pT has been
propagated to Emiss

T .

• Missing transverse momentum and jets - The effect on Emiss
T due to the uncertainties of jets,

electrons and muons is already accounted for when these uncertainties are evaluated. The uncer-
tainties due to the energy scale of clusters which are not included in the objects above, the energy
scale for low pT jets (7 - 20 GeV) which are included in the Emiss

T calculation at the electromagnetic
scale, and the effect of pile-up are also taken into account. The uncertainty due to pile-up on Emiss

T
is estimated to be 6.6% by comparing data and Monte Carlo simulation for Z → µµ events. The
systematic uncertainties due to the jet reconstruction and jet vertex fraction efficiencies are also
considered and estimated to be small; these are quoted together with Emiss

T in Table 2.

• b-tagging - The performance of the b-tagging algorithm in data is calibrated using samples of
dijet events containing muons in bins of jet pT [49]. Scale factors for the b-tagging efficiency
of b-, c- and light-flavour jets are determined separately, together with their uncertainties. These
uncertainties are used to evaluate the systematic uncertainty related to the b-tagging algorithm.

A summary of all systematic uncertainties and their contribution to the overall systematic uncertainty
can be found in Table 2. The Monte Carlo statistical uncertainty on generator, parton shower, ISR/FSR,
colour reconnection and underlying event systematics is 0.3 GeV.

10 Results

The mean value of mT2 is determined using 4.7 fb−1 of data collected by ATLAS in 2011 with
√
s =

7 TeV. Figure 7 shows the data mT2 distribution together with Monte Carlo expectation for a top-quark
mass mtop = 172.5 GeV. Using the calibration curve of Figure 6 the top-quark mass is measured to be:

mtop = 175.2 ± 1.6(stat.)+3.1−2.8(syst.) GeV . (5)

13

4.7 fb-1 7 TeVPLB 728C(2014)363-379

b-hadrons can also lead to uncertainties in the par-
ticle content and hadron momentum spectra, and
thus in the calorimeter response. This uncertainty
is evaluated by comparing powheg samples that
use Evtgen [44] and Pythia to decay b-hadrons,
and is estimated to be 340 MeV. The Evtgen par-
ticle decay simulation implements di↵erent hadron
decay models and up-to-date b-hadron decay ta-
bles. An additional 80 MeV is assigned to account
for any residual di↵erence in response between jets
from b and b̄ quarks due to e↵ects not considered
above. Parton shower and additional fragmentation
uncertainties are estimated by comparing Powheg
samples interfaced with Herwig to those interfaced
with Pythia.

Other uncertainties are small compared to those
from di↵erences between jets from b- and b̄-quarks.
The uncertainty on �m from the uncertainty on
the b-tagging e�ciency is measured by varying the
b-tag scale factors, which correct simulated e�-
ciencies to those measured in data, within 1� of
their uncertainties. The systematic e↵ects from
uncertain light- and b-jet energy scales and reso-
lutions are small, as they a↵ect the top and anti-
top quark masses in the same way [45, 46]. Gen-
erator uncertainties are estimated by comparing
pseudo-experiments using mc@nlo and Powheg.
A systematic uncertainty on the amount of QCD
radiation is derived from AcerMC tt̄ samples
that have varying amounts of initial- and final-
state radiation [47]. Uncertainties from the tem-
plate parameterization are estimated by varying
the parameters within their uncertainties, and are
found to be small. The systematic uncertain-
ties due to background shape and rate are esti-
mated by replacing the W+jets background used
in pseudo-experiments with the shape from the
multi-jet background and by varying the normal-
ization within uncertainties. A small systematic
uncertainty due to the parton distribution func-
tions of the proton is evaluated by taking the enve-
lope of the MSTW2008NLO [48], NNPDF2.3 [49]
and CTEQ6.6 [50] PDF set uncertainties, follow-
ing the PDF4LHC recommendations [51]. Asym-
metries due to lepton energy scales are negligi-
ble. A systematic uncertainty on the top quark
mass of 40MeV is estimated by comparing pseudo-
experiments where the input average top quark
mass is shifted up and down by 1.5GeV. Other sys-
tematic uncertainties considered are those caused
by the uncertainty on the lepton identification and
reconstruction.

8. Conclusions

The analysis described in this Letter is the first
measurement by ATLAS of the mass di↵erence be-
tween the top and anti-top quarks using event-by-
event quantities in tt̄ events. It is based on 4.7 fb�1

of 7 TeV proton–proton collisions at the LHC. The
mass di↵erence, �m, is calculated using a kine-
matic �2 fitter. The measured mass di↵erence is
�m ⌘ m

t

�m
t̄

= 0.67±0.61(stat) ±0.41(syst)GeV,
consistent with the SM expectation of no mass dif-
ference.
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1 Introduction

The top-quark mass is a fundamental parameter of the Standard Model. Its very large value implies a
strong top-quark Yukawa coupling to the Higgs boson. This suggests that the top quark could play a
special role in the breaking of electroweak symmetry. It is then particularly interesting to measure the
top-quark mass as precisely as possible. The present world average value ismtop = (173.3±1.1) GeV [1].

Beyond leading-order Quantum Chromodynamics (QCD) predictions, the top-quark mass value de-
pends on the renormalization scheme. Direct measurements of mtop at hadron colliders rely on the re-
construction of a kinematic observable that is sensitive to mtop [2] (this observable is often the invariant
mass of the decay products of the top-quark candidates). These direct measurements depend on the
Monte Carlo (MC) simulation either to fit the chosen kinematic observable [2] or to calibrate the mea-
surement [3, 4]. However the top-quark mass in these MC generators (mMCtop ) does not correspond to
a well-defined renormalization scheme leading to an uncertainty in its definition. In this analysis, we
compare the measured inclusive tt̄ production cross section in the lepton+jets channel performed by
ATLAS [5] with fully inclusive higher-order perturbative QCD computations where the top quark mass
parameter is un-ambiguously defined as the pole mass (mpoletop ).

The extraction of mpoletop from the measured tt̄ cross section provides complementary information
compared to direct methods that rely explicitely on the details of the kinematic mass reconstruction. So
it has different sensitivity to the precise top-quark mass definition of mMCtop . This extraction also tests the
internal consistency of perturbative QCD calculations for σtt̄(m

pole
top ) that are calculated in a well-defined

renormalization scheme.

2 Method

At the LHC the relative uncertainty on the measured cross-section translates into about a four times
smaller relative uncertainty on the top-quark mass. Consequently, for the present ATLAS precision on
the measured cross-section of about 13% [5], and a fixed theoretical cross-section without uncertainties,
an experimental uncertainty of around 3% on mtop is expected.

The theoretical predictions for the cross-section used in this extraction are calculated in various
approaches using the pole mass definition for the top quark, namely in approximate NNLO (NNLO-
Langenfeld [6], NNLO-Kidonakis [7]), or NLO+NNLL (NNLL-Ahrens [8]). For this extraction these
were parameterized as:

σtt̄(m
pole
top ) =

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

1
mpoletop

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

4
(

a + b(mpoletop − 170) + c(m
pole
top − 170)

2
+ d(mpoletop − 170)

3
)

pb, (1)

where mpoletop is expressed in GeV. The theoretical predictions obtained using the parametrization of Eq. 1
are shown in Figure 1. The quoted uncertainties for the predictions stem from variations of the renormal-
ization and factorization scales (µren and µfac) and from the uncertainties of the MSTW2008NNLO [9]
parton distribution functions. These uncertainties are assumed to be uncorrelated to the systematic un-
certainties of the experimental cross-section measurement1. The PDF uncertainties are evaluated using
the 68% CL errors quoted by the MSTW group 2. The contributions from the PDF and scale uncertainty
are added linearly following the prescription, quoted in reference [6], used for the ATLAS cross section
analysis. These relate to corresponding uncertainties (in GeV) on mpoletop of (+ 2.4− 4.0,

+ 3.4
− 3.1 ,

+ 3.4
− 3.7) for (NNLO-

Langenfeld [6], NNLO-Kidonakis [7], NNLL-Ahrens [8]) if the experimental measurement would not
have any uncertainty.

1The relative contribution from the PDF uncertainty to the total experimental uncertainty is only about 13%.
2Following the prescription quoted in reference [6], the 90% CL errors quoted by the MSTW group are rescaled to 68% CL.

1

• Extracted from cross-section 

• Different parametrizations
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Flavor-Changing Neutral Currents

Rare Decays of Top quark 

!  In SM top quark decays to Wb 
nearly 100% 
!  Observing decays to other 

modes clear sign of new physics 
!  Many models predict 

enhancements 
!  Interesting range starts at ~10-4 

!  HL-LHC will probe ~3x10-5 at 
least 47!
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  y-­‐1	
  ÷	
  3000	
  y-­‐1

interesQng	
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  10-­‐5
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ATLAS-PHYS-PUB-2013-012 O,	
  t→cH,	
  H→γγ

BR	
  <	
  1.5	
  10-­‐4	
  @	
  95	
  CL


