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Top Quark Physics
•The heaviest particle in the Standard Model (SM)

➡ decays before hadronisation
-  can be a good probe to check the property of “quark”

➡ sensitive to new physics in its production/decay

• LHC is the “top factory”.
➡ ~1million top pairs produced in 2011 (5fb-1)
➡ Production cross section has been measured precisely.
➡ It’s time to measure its properties.

-  might give us a clue to catch new physics.
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What we measured so far.
• Covered in this talk...

➡ Top quark charge @ 0.70fb-1

➡ Inclusive tt+γ cross section @ 1.04fb-1

➡ W boson polarisation in top quark decays @ 0.70fb-1

➡ Spin correlation in the tt production @ 2.1fb-1

➡ Charge asymmetry in the tt production @ 1.04fb-1

• Not covered in this talk...
➡ Inclusive top production cross section (Indico)
➡ Top quark mass (Indico)
➡ “Searches” related to the top quark production/decay (Indico)
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(New!!)
(New!!)

https://indico.cern.ch/contributionDisplay.py?sessionId=12&contribId=89&confId=153252
https://indico.cern.ch/contributionDisplay.py?sessionId=12&contribId=89&confId=153252
https://indico.cern.ch/contributionDisplay.py?sessionId=12&contribId=91&confId=153252
https://indico.cern.ch/contributionDisplay.py?sessionId=12&contribId=91&confId=153252
https://indico.cern.ch/contributionDisplay.py?contribId=305&confId=153252
https://indico.cern.ch/contributionDisplay.py?contribId=305&confId=153252


Top Quark Pair Signature
•  BR(t→bW) ~ 100%
•  Final state of the top pair production

➡ categorised by the number of leptons from W bosons
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Top Pair Signatures
Produced in pairs by the strong interaction, the gluon-gluon fusion dominates.

Decay modes of the W bosons determine the alljet, lepton+jet od dilepton tt̄
final states classification.

Top can be also produced singly, via electroweak processes (s and t channels;
and Wg fusion).

This talk focuses on results with tt̄ pairs.
Main backgrounds: vector bosons with jets, multijets (fake leptons).

Signatures: high-pT isolated leptons, (b-)jets, large missing transverse energy.
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• Motivation
➡ Test for a top-like exotic quark with charge -4/3e

• Signature
➡ lepton+jets final state

• Top quark charge determination

➡ 

➡How to determine the charge of b-jet?

-                               (based on the charge of tracks in b-jet)

t(2/3) � b(�1/3) + �(+1) + ��

The top quark charge
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In the Standard Model the lepton !+ is accompanied by a b-quark (Q = !1/3e). In the decay of the
quark with charge Q=!4/3e, the !! is accompanied by a b-quark.

In order to determine the charge of the heavy decaying quark, the charge of the W boson was first
determined via its leptonic decay. The charge of the b-jet was then determined through the charges of
the particles inside the b-jet or through the charge of a soft muon from a semileptonic b-decay. The
pairing of the lepton and b-jet from the same heavy quark was decided upon using two different pairing
techniques for the two methods of determining the b-quark charge. The soft muon method requires a
pairing technique with a higher efficiency, due to the the small b-quark semileptonic branching ratio.
These techniques are described in Sections 5.1 and 5.2.

5.1 Weighting procedure for the b-jet charge and the lepton – b-jet pairing algorithm

To determine the b-jet charge a weighting technique [18, 19] was employed in which the b-jet charge is
defined as a weighted sum of the b-jet track charges:

Qbjet =
∑i qi|"j ·"pi|κ

∑i |"j ·"pi|κ
, (6)

where qi(pi) is the charge (momentum) of the ith track, "j is the b-jet axis direction and κ = 0.5 is a
parameter optimized for the best separation of b- and  b-jets. The charge weighting procedure was also
optimized for the minimal track pT , the maximal number of tracks used, and the size of the cone inside
of which tracks are included. The decision to use at most the ten highest pT charged particle tracks with
pT >1 GeV pointing to a b-jet within a cone of ΔR<0.25 follows from the optimization. It was verified
that the optimization is not very sensitive to multiple events in one beam crossing (“pile-up”).

To distinguish between the Standard Model and exotic model scenarios the combined charge, Qcomb,
was used. It is defined as:

Qcomb = Qbjet ·Q!, (7)

where Qbjet and Q! are respectively the b-jet charge as measured in Eq. 6 and the lepton charge, where
the b-jet and lepton ! were assumed to come from the same top quark. The lepton and b-jet pairing
was performed using the invariant mass distribution of the lepton and the b-tagged jet, m(!,bjet). If the
assignment is correct, m(!,bjet) cannot exceed the top quark mass. Figure 2 shows the invariant mass
distribution for correct and incorrect assignments for the signal simulation after the standard selection.
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Figure 2: Lepton – b-jet invariant mass spectra for the lepton and b-jet from the same top quark (red line)
and for those originating in different top quarks (blue line).
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Qcomb = Qbjet · Ql

ATLAS-CONF-2011-141

�t(�4/3) � b(�1/3) + �(�1) + �� good discriminant

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-141/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-141/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-141/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-141/


The top quark charge

• Data and SM agree well.
• Expected <Qcomb> probability distribution

for both SM/Exotic scenarios using pseudo-experiments.
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Figure 8: The expected distributions of < Qcomb > and < Qso f t
comb > obtained from the large number of

pseudo-experiments combining the electron+jets and the muon +jets channels in the Standard Model
(blue) and the exotic (red) scenarios. The measured values from the data are marked with arrows. The
<Qcomb > distribution includes the scale factor (SF) with a spread of 25% resulting from the calibration
of the track charge weighting method.

8 Conclusion

The top quark charge was measured in the isolated-lepton+jets final states using 0.70 fb!1 of data ac-
cumulated in the ATLAS experiment at a center of mass energy of 7 TeV . The results were compared
with expectations for the Standard Model top quark and for a “top-like” quark with an exotic charge of
!4/3e. The exotic scenario is excluded at more than 5 σ .
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Figure 6: Comparison of the combined b-jet charge Qcomb in the muon (left) and the electron (right) final
states in the data with the Standard Model expectations for signal and background events. The mean
Qcomb expected for the SM top quark is marked with an arrow. The top quark with Q = !4/3e would
result in the distribution marked with the red dashed line, thus with a positive mean.

• Single top production cross-section: The cross section of single top production was varied within
its theoretical uncertainty and the largest difference from the nominal value is quoted as a system-
atic uncertainty.

• Cross-sections for theW+jets and Z+jets processes: The number ofW+jets events was estimated
with use of the data as described in Section 4. The uncertainty on the rMC factor was estimated
to be 5%. The resulting uncertainty for W plus 4-jet processes was found to be 48%. The same
uncertainty was assumed for Z plus 4-jets processes. Thus the cross-sections for W and Z plus 4-
jets processes were varied up and down by 48%. The maximum difference from the result with the
nominal cross-section was taken to be the systematic uncertainty. Independently the scaling factors
correcting the fraction of heavy flavor contributions in simulated W+jets samples were estimated
from collision data. The relative uncertainties on such factors were taken to be 47% forW b  b+jets
andW c  c+jets contributions, and 32% forW c+jets contributions.

• Multiple interactions per beam-crossing (pile-up): The dependence of reconstructed <Qcomb>
and <Qso f t

comb > on the number of interactions within the beam-crossing was studied. No significant
dependence was found within the statistical errors.

7 Statistical methods to exclude the top quark with an exotic charge

Given the good agreement between the results presented in the previous section and the Standard Model,
the top quark with an exotic charge of !4/3e can be excluded. To quantify this exclusion a standard
likelihood approach [21] was adopted. Two hypotheses: the Standard Model (null hypothesis) where the
top quark has charge 2/3e, and the exotic quark hypothesis, with a charge of !4/3e, were compared.
In the following, the statistical significance for excluding the exotic charge is presented separately for
the two methods of determining the b-jet charge. The test statistic used to distinguish between different
hypotheses, was either the sample mean combined charge, < Qcomb >, for the weighting method or cor-
responding quantity, < Qso f t

comb >, for the semileptonic method. The expected spread of these variables

10

“top-like” quark with -4/3e is excluded at more than 5σ



• Motivation
➡ direct access to the electroweak coupling of the quark.

• Signature
➡ “lepton+jets final state”

  + photon (PT≧15GeV)
• #Candidate events :

➡ 52 (e+jets), 70 (μ+jets)

Inclusive tt+γ cross section
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ATLAS-CONF-2011-153
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Figure 3: pcone20
T

templates derived from data for prompt photons (blue) and fake photons from hadrons

(red), normalised to unity. The left plot shows the respective expectation per bin, as it is used in the

template fit. The right plot shows the same templates with the expectation per GeV, i.e. divided by the

bin width. Details on the derivation of the templates can be found in Sec. 5 and Sec. 6.

required to have oppositely signed charge. The background from multijet events is estimated from pairs

of electrons with same-sign charges.

Small di!erences between electrons from Z decays and photons from tt̄! decays have been found

in Monte Carlo simulations. The data electron template is corrected using the extrapolation from elec-

trons to photons obtained from Monte Carlo simulation, in bins of photon pseudorapidity and transverse

momentum.

6 Background from Hadrons misidentified as Photons

The pcone20
T

template for hadrons misidentified as photons is extracted from a data stream obtained from

jet triggers by inverting at least one requirement on the shower shape variables [30]. Fig. 4 shows

the track isolation distribution of these background photons in di!erent regions of pseudorapidity and

transverse momentum.
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Figure 4: Background templates from data highly enriched in hadron fakes in di!erent regions of |"| (left)
and pT (right).

The pT spectrum of the hadron fakes is estimated from data by replacing the signal photon require-
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Inclusive tt+γ cross section

• Consistent with the NLO prediction : 2.1 ± 0.5 [pb]
➡ Main systematic uncertainty : photon identification
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Figure 8: Result of the template fit using both channels, shown separately for the single electron channel

(left) and for the single muon channel (right). The predicted tt̄! signal is shown on top of the di!erent

background contributions.

i.e. for single lepton and dilepton tt̄! events with a photon of pT > 8 GeV.

As a cross check, the tt̄! candidates in the electron and in the muon channel are fitted separately. The

fit results in each channel are

"tt̄! · BR = 1.6 ± 0.8 (stat.) pb electron channel

"tt̄! · BR = 2.3 ± 0.7 (stat.) pb muon channel

and are hence consistent within the statistical uncertainty.

10.1 Systematic Uncertainties

The dominant systematic uncertainty in the tt̄! cross section measurement originates from the estimation

of the photon identification e"ciency, which is based on shifts of the Monte Carlo shower shapes with

respect to a candidate sample in data. The uncertainty of the e"ciency includes the intrinsic precision

of the method, the choice of the photon candidate sample, imperfect knowledge of the material in front

of the calorimeter, the admixture of fragmentation photons and the classification of unconverted and

converted photon candidates [29]. The extrapolation from the isolation spectrum of electrons to that of

photons, serving as input for the signal template (Sec. 5), is based on MC information. Its uncertainty

is estimated by not performing the electron to photon extrapolation at all and taking the shift from the

nominal fit result as a symmetric uncertainty.

The systematic uncertainties in Monte Carlo modeling and di!erent ISR/FSR models are evaluated

by comparing AcerMC (LO), MC@NLO (NLO) and POWHEG (NLO) tt̄ simulations. The impact of

using di!erent parton shower models is obtained by comparing two POWHEG samples showered with

HERWIG and PYTHIA. The di!erences are extrapolated to the tt̄! sample.

The jet energy scale is derived using information from LHC test beam data, LHC collision data and

from simulation [27]. The b-tagging e"ciencies and mistag rates have been measured in data using the

methods given in [32].

For the evaluation of the systematic uncertainties, 5000 ensembles of pseudo-data are created with

modified templates, signal e"ciency and background predictions according to the systematic uncertain-

ties where applicable. The ensemble test has an intrinsic statistical uncertainty of less than 0.01 pb on

the mean cross section of each set of ensembles. The contributions of all systematic uncertainties are

summarized in Table 6.
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Fitting result

�tt̄� · BR = 2.0 ± 0.5(stat.) ± 0.7(syst.) ± 0.08(lumi.)[pb]
(requirering PT� � 8GeV at generator level)
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Wボゾン偏極度と荷電粒子放出角度

�

W ボゾンの偏極度は荷電レプトンの放出角度θ*分布に反映される

Wボゾン静止系

Left
Longitudinal
Right(scaled)
SM

spin 1

spin 1/2

spin 1/2

SM
NNLO

ATLAS
di-lepton 700/pb

F0 0.687         
± 0.005  0.81±0.10±0.14

FL 0.311
 ± 0.005  0.25±0.06±0.09

FR 0.0017
 ± 0.0001

 -0.06±0.05±0.09

日本物理学会 春季大会, 2012年3月, 関西学院大学

 (stat) (syst) 

 (stat) (syst) 

 (stat) (syst) 

cos ��

W boson rest frame

W polarisation in the top quark decay
• Motivation

➡Test if there are new physics contributions in V-A coupling

➡Helicity fractions F0, FL, FR  (longitudinal, left and right-handed)
- SM prediction : F0~0.7, FL~0.3, FR~0.0

• Signature
➡Angle     (W boson rest frame)
➡Holding the W boson helicity info.
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Figure 2: Allowed regions at 68% CL (green) and at 95% CL (green+yellow) for the Wtb anomalous
couplings, obtained using TopFit. In the Standard Model, the anomalous couplings gR and gL vanish at
tree level [55].

exist at higher energies. New physics can be parametrised in terms of an e!ective Lagrangian [10] above
the electroweak symmetry breaking scale of v = 246 GeV. After electroweak symmetry breaking, these
operators yield theWtb-Lagrangian [11, 51]:

LWtb = !
g
"
2
b̄ !µ (VLPL + VRPR) t W

!
µ !

g
"
2
b̄
i"µ#q#
MW

(gLPL + gRPR) t W
!
µ + h.c. , (7)

where

VL = Vtb +C
(3,3+3)
$q

v2

"2
, VR =

1

2
C33#
$$

v2

"2
, gL =

"
2C33#

dW

v2

"2
, gR =

"
2C33

uW

v2

"2
. (8)

" is the new physics scale and C(3,3+3)
$q , C33#

$$ , C
33#
dW

and C33
uW are the e!ective operators coe#cients [12,

51]. The anomalous couplings VR, gL, gR, generated by dimension-six operators, are absent in the SM
at the tree level, while the SM coupling Vtb receives a correction from the operator O(3,3+3)

$q . In the
presence of anomalous Wtb-couplings the W boson helicity fractions studied here depart from their SM
values [52] - a fact that can be used to set constraints on these anomalous couplings.

7.3.1 Constraints from angular asymmetries

Limits on anomalous couplings were obtained from the measured asymmetries A± by exploiting their
dependence on these couplings, as implemented in the TopFit program [9, 53]. The allowed regions
on (gL, gR) are shown in Figure 2, assuming VR = 0 and normalising to VL = 1. The upper disconnected
region in the plot is due to a second large gR solution in the quadratic equation relating the asymmetries
to the anomalous couplings. However, this region would lead to single top production cross sections not
compatible with the measured values [54].

In addition to this two-dimensional limit it is useful to give limits on single anomalous couplings,
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SM New physics

ATLAS-CONF-2011-122

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-122/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-122/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-122/
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W polarisation in the top quark decay
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Figure 1: Distributions of cos !! for data (black marker), fitted background (green solid line), the SM
prediction (blue dashed line) and the best fit value (red solid line) for the combined single lepton channels.
The combined statistical and systematic uncertainties on the helicity fractions for the best fit values are
represented by the grey band.

7.1.1 Results from an alternative analysis

An alternative analysis, based on requiring two b-tagged jets to further suppress the W+jets and QCD
multijets backgrounds, was used to measure the helicity fractions in the single lepton channels. In addi-
tion to the event selection described in Section 3, a second b-tag was required. The number of observed
events in the single electron and muon channels are 538 and 826, respectively. The corresponding num-
bers of expected signal (background) events were 400 ± 120 and 620 ± 180 (50 ± 15 and 90 ± 50).

The event reconstruction starts by selecting that pair of light jets from the non-b-tagged jets which has
its invariant mass closest to the world average W boson mass. The b-jet accompaning the hadronically
decaying W boson is identified calculating the invariant mass of the light jet pair and the b-jet under
study. The combination closest to the world average top mass is chosen. The remaining b-tagged jet is
associated with the leptonically decaying top quark. The missing transverse energy is used to calculate
the pT of the neutrino. The longitudinal momentum of the neutrino is obtained from constraining the
charged lepton-neutrino pair to the W boson mass, selecting the solution closest to the top quark mass
and rejecting events without a solution.

The observed cos !! distributions were corrected by subtracting the expected background contribu-
tions and were unfolded using a correction function method ansatz similar to the one used in the mea-
surement of the angular asymmetries described in Section 5. The correction functions were derived from
simulations and parametrised by polynomial functions. An iterative procedure was used to fit the helicity
fractions. The measurement resulted in F0 = 0.68± 0.12 (stat.+syst.), FL = 0.32± 0.09 (stat.+syst.) and
FR = 0.00 ± 0.06 (stat.+syst.) for the combined single lepton channels. The uncertainties are dominated
by the systematic uncertainties. These results agree well with the values quoted earlier.

7.2 Measurement of the angular asymmetries

The angular asymmetries described in Section 5.2 were measured using the data set described in Section 2
in the single lepton and dilepton channels. The combination of channels was done using the BLUE
method. The impact of the systematic uncertainties described in Section 6 was studied and is summarized
in Table 4.
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taking only one of them non-zero at a time. These are, at 95% confidence level (CL):

ReVR ! ["0.34, 0.39]#
Re (C33

!!)

!2
! ["11.2, 12.7] TeV"2 ,

Re gL ! ["0.20, 0.16]#
Re (C33

dW
)

!2
! ["2.28, 1.90] TeV"2 ,

Re gR ! ["0.19, 0.13]#
Re (C33

uW)

!2
! ["2.27, 1.57] TeV"2 .

These limits improve those obtained by the DØ Collaboration [56, 57] assuming VL = 1 and ne-
glecting the mass of the b-quark. Furthermore, indirect, model-dependent limits on the anomalous cou-
plings [58, 59] have been inferred from measurements of radiative B-meson decays and measurements
of BB̄-mixing [60], but these limits include assumptions on the absence of other new physics couplings
to the b-quark that were not made in this analysis.

7.3.2 Constraints fromW helicity fractions

The W helicity fractions measured with the template method with FR fixed to zero were used to obtain
constraints on one of the operator coe"cients described above, C33

uW , but in the context of [12], which
contains the leading correction to the W helicity fractions. This operator involves a left-handed b-quark,
and thus it does not modify FR, which can be consistently taken as zero in the fits. The resulting cen-
tral 95% probability interval on the coe"cient of the operator, C33

uW , was calculated using a Bayesian
approach [61] and found to be in agreement with zero:

Re(C33
uW)

!2
! ["3.45, 1.80] TeV"2.

Figure 3 shows the prior and posterior probabilities obtained from the fit. The estimated limits are more
stringent than those estimated from earlier measurements by the ATLAS collaboration [7].

8 Conclusions

Ameasurement of the polarization of theW bosons in top quark decays was presented, based on 0.70 fb"1

of data collected with the ATLAS detector in 2011. The single lepton and dilepton channel decay topolo-
gies were considered in the analysis.

The helicity fractions obtained from a combined fit in the single lepton channels are

F0 = 0.57 ± 0.07 (stat.) ± 0.09 (syst.) ,
FL = 0.35 ± 0.04 (stat.) ± 0.04 (syst.) ,
FR = 0.09 ± 0.04 (stat.) ± 0.08 (syst.) .

A combination of the measurements in the single lepton and dilepton channels with the right-handed
fraction set to zero yields:

F0 = 0.75 ± 0.08 (stat.+syst.) ,
FL = 0.25 ± 0.08 (stat.+syst.) .

No significant deviations from NNLO QCD predictions were observed, which supports the model of a
pure (V " A)-structure of the Wtb-vertex. These results are compatible and have similar precision to the
previous results obtained by the DØ and CDF Collaborations [5, 6, 62].
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(FR is fixed to zero.)
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Figure 2: Allowed regions at 68% CL (green) and at 95% CL (green+yellow) for the Wtb anomalous
couplings, obtained using TopFit. In the Standard Model, the anomalous couplings gR and gL vanish at
tree level [55].

exist at higher energies. New physics can be parametrised in terms of an e!ective Lagrangian [10] above
the electroweak symmetry breaking scale of v = 246 GeV. After electroweak symmetry breaking, these
operators yield theWtb-Lagrangian [11, 51]:

LWtb = !
g
"
2
b̄ !µ (VLPL + VRPR) t W

!
µ !

g
"
2
b̄
i"µ#q#
MW

(gLPL + gRPR) t W
!
µ + h.c. , (7)

where

VL = Vtb +C
(3,3+3)
$q

v2

"2
, VR =

1

2
C33#
$$

v2

"2
, gL =

"
2C33#

dW

v2

"2
, gR =

"
2C33

uW

v2

"2
. (8)

" is the new physics scale and C(3,3+3)
$q , C33#

$$ , C
33#
dW

and C33
uW are the e!ective operators coe#cients [12,

51]. The anomalous couplings VR, gL, gR, generated by dimension-six operators, are absent in the SM
at the tree level, while the SM coupling Vtb receives a correction from the operator O(3,3+3)

$q . In the
presence of anomalous Wtb-couplings the W boson helicity fractions studied here depart from their SM
values [52] - a fact that can be used to set constraints on these anomalous couplings.

7.3.1 Constraints from angular asymmetries

Limits on anomalous couplings were obtained from the measured asymmetries A± by exploiting their
dependence on these couplings, as implemented in the TopFit program [9, 53]. The allowed regions
on (gL, gR) are shown in Figure 2, assuming VR = 0 and normalising to VL = 1. The upper disconnected
region in the plot is due to a second large gR solution in the quadratic equation relating the asymmetries
to the anomalous couplings. However, this region would lead to single top production cross sections not
compatible with the measured values [54].

In addition to this two-dimensional limit it is useful to give limits on single anomalous couplings,
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• Extract F0, FL by template fitting
➡           as templates

• Result (combined single/di-lepton)

➡Main systematics :      modelling

• Consistent with SM
➡Setting constraints on     and     .

tt̄



Spin correlation in tt production
• Motivation

➡We have the access to spins of quark (τt is short enough).
➡The strength of the correlation may differ (e.g. H+ contribution).

• Correlation coefficient

• Signature
➡Dilepton final state
➡Leptons carry the spin information.

- The distribution of the Δφ between
two leptons in the lab frame is a
good discriminator.

11

presence of up-type quarks acts to dilute the measurement, due to the di↵erence in ↵i between quark
flavours. This motivates the choice of the dilepton topology for this measurement.

The correlation coe�cient, A, is defined as the fractional di↵erence in the number of events where
the top and antitop quark spins are aligned (Nlike) and those where the top quark spins have opposite
alignment (Nunlike),

A =
Nlike � Nunlike

Nlike + Nunlike
=

N("") + N(##) � N("#) � N(#")
N("") + N(##) + N("#) + N(#") , (2)

where the arrows denote the spins of the top and antitop quarks with respect to a quantisation axis. This
requires the definition of two vectors, â as a probe for the top quark and b̂ as a probe for the antitop
quark. Results are presented in the helicity basis and the LHC maximal basis as described in [10]. The
helicity basis uses the direction of flight of the top quark in the centre-of-mass frame of the tt̄ system, k̂.
With this notation the spin analysing vectors are given by

â = �b̂ = k̂. (3)

This convention implies that the spin analysing vector for the top quark, â, has opposite sign to the spin
analysing vector for the antitop quark, b̂. This basis has been extensively studied using Monte Carlo
(MC) simulation for tt̄ spin correlation measurements at ATLAS [18, 21].

The LHC maximal basis [10] describes a basis for which the spin correlation of top quark pairs
produced by gluon fusion is maximal. It has no simple representation and must be reconstructed using
kinematic properties of each event.

For the decay tt̄ ! W+W�bb̄ ! l+⌫l�⌫̄bb̄, it has been shown that the �� distribution1 between
the two leptons in the lab frame is sensitive to the spin correlation, where �� = |�l+ � �l� | [11]. This
quantity is well measured by the ATLAS detector and does not require reconstruction of the top quarks
(via reconstruction of the two neutrinos in the event).

In this note we test the hypothesis that the correlation of the spin of top and antitop quarks is as
expected in the SM, as opposed to the hypothesis that they are uncorrelated. The spins could become
decorrelated if the spins of the top quarks flip before they decay. Candidate events are selected in the
dilepton topology.

Figure 1 shows the distribution of �� at parton level for events at
p

s = 7 TeV using MC@NLO [22–24].
Details are given in Section 3. This compares the SM prediction (solid line) to a scenario with no spin
correlation between top and antitop quarks (dashed line). We derive A in the helicity and the LHC
maximal bases by fitting the observed �� distribution to a linear superposition of that expected from
the SM spin correlation, and that expected with no spin correlation. The fitting procedure is used to
extract the fraction of SM template ( f S M), which is balanced by a complementary contribution from the
zero correlation template. Using f S M the correlation coe�cient A is given by f S M · AS M where AS M

is the predicted SM correlation. In the helicity basis the SM correlation coe�cient is AS M
helicity = 0.32

evaluated at parton level using MC@NLO with the CTEQ6.6 PDF [25]. The SM expectation is evaluated
in the same way for the maximal basis and is found to be AS M

maximal = 0.44. The extraction of f S M using
the fitting procedure has been verified over a wide range of possible values, �1  f S M  2, using MC
pseudo-experiments with full simulation and reconstruction of the tt̄ decay products.

1The ATLAS coordinate system is right-handed with the pseudorapidity, ⌘, defined as ⌘ = � ln[tan(✓/2)], where the polar
angle ✓ is measured with respect to the LHC beamline. The azimuthal angle, �, is measured with respect to the x-axis, which
points towards the centre of the LHC ring. The z-axis is parallel to the anti-clockwise beam viewed from above. Transverse
momentum and energy are defined as pT = p sin ✓ and ET = E sin ✓, respectively.
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fUCfSM

“No correlation model” is excluded by 5σ

fSM + fUC = 1

(main systematics : JES)

= 0.40± 0.04(stat.)+0.08
�0.07(syst.)

Ameasured
helicity = ASM

helicity · fSM (ASM
helicity = 0.31)
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• Motivation
➡ Indirect search for new heavy particles.
➡ Test the interesting result for AFB at the Tevatron.

• Define asymmetry parameter 

➡ 
 

• Obtaining         distribution
➡Reconstruct a four vector of 

- likelihood based method
➡Unfolding to correct for acceptance

 and resolution effects.
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Abstract A measurement of the top-antitop charge1

asymmetry is presented using data corresponding to an2

integrated luminosity of 1.04 fb!1 of pp collisions at3 !
s = 7 TeV collected by the ATLAS detector. Selected4

events are required to have a single lepton (electron or5

muon), missing transverse energy, at least four jets of6

which at least one jet is identified as coming from a b-7

quark. A kinematic fit is used to reconstruct the tt̄ event8

topology. The charge asymmetry observable AC is de-9

fined as:10

AC =
N(!|y| > 0)"N(!|y| < 0)

N(!|y| > 0) +N(!|y| < 0)
where !|y| represents the di!erence between the abso-11

lute values of top and antitop rapidities, !|y| = |yt| "12

|yt̄|. After background subtraction, a Bayesian unfold-13

ing procedure is performed to correct for acceptance14

and detector e!ects. The measured value of AC is AC =15

"0.018 ± 0.028 (stat.) ± 0.023 (syst.), consistent with16

the prediction from the MC@NLO Monte Carlo gen-17

erator of AC = 0.006 ± 0.002. A measurement of AC18

in two ranges of invariant mass of the top-antitop pair19

is also shown.20

Keywords Top physics · Charge asymmetry21

PACS 14.65.Ha22

1 Introduction23

The top quark is the heaviest elementary particle so far24

observed. With a mass close to the electroweak scale it25

may play a special role in physics beyond the Standard26

Model (SM). Its pair production at hadron colliders al-27

lows a test of quantum chromodynamics (QCD) at high28

energies.29

ae-mail: atlas.publications@cern.ch

Although tt̄ production at hadron colliders is pre-30

dicted to be symmetric under the exchange of t and t̄ at31

leading order, at next-to-leading order (NLO) the pro-32

cess qq̄ # tt̄g exhibits an asymmetry in the di!erential33

distributions of the top and antitop, due to interfer-34

ence between initial and final state gluon emission. The35

qq̄ # tt̄ process also possesses an asymmetry due to36

the interference between the Born and box diagrams.37

Similarly, the qg # tt̄q process is asymmetric due to38

interference between amplitudes which have a relative39

sign di!erence under the exchange of t and t̄. The pro-40

duction of tt̄ pairs by gluon-gluon fusion, gg # tt̄, on41

the other hand, is symmetric.42

In pp̄ collisions at the Tevatron, where top pairs are43

dominantly produced by quark-antiquark annihilation,44

perturbative QCD predicts that the top quark will be45

preferentially emitted in the direction of the incoming46

quark and the antitop in the direction of the incoming47

antiquark [1–6]. Consequently, the charge asymmetry48

is measured as a forward-backward asymmetry, AFB.49

Recent measurements of AFB by the CDF and D0 col-50

laborations show a 2 " 3" excess over the SM expec-51

tations [7–10] enhancing interest in scrutinising the tt̄52

asymmetry. For tt̄ invariant mass, mtt̄, greater than53

450GeV, the CDF experiment measures an asymmetry54

in the tt̄ rest frame which is 3.4" above the SM predic-55

tion [9]. Several new physics models have been proposed56

to explain the excess observed at CDF and D0 [11–21].57

Di!erent models can predict di!erent asymmetries as a58

function of mtt̄ [22].59

At the LHC with 7 TeV pp collisions, the domi-60

nant mechanism for tt̄ production is expected to be the61

gluon-gluon fusion process, while tt̄ production via qq̄ or62

qg is small. Since the directions of the initial state quark63

and antiquark are not known, the forward-backward64

asymmetry is no longer a useful observable, unlike at65

Charge asymmetry in tt production

Measurement of the charge asymmetry in top quark pair production  
in pp collisions at √s = 7 TeV using the ATLAS detector   

Rachik Soualah (rsoualah@cern.ch, INFN Udine ) on behalf of the ATLAS collaboration 
Hadron Collider Physics Symposium (HCP 2011), November 14 - 18, 2011. Paris, France 

 - The ttbar production at high energy interactions of pp collisions is !
    described by perturbative QCD.!
 -  At the LHC with 7 TeV pp collisions the dominant mechanism for the ttbar!
    production is the gg fusion process (~85 %) which is charge symmetric.!
 - The ttbar production via qqbar or qg (~15 %) is charge asymmetric !
    and small in most of the phase space.!
 - The “q” are valence quarks which are mostly boosted than the sea “qbar”!
    quarks  !
                      Excess of boosted top quarks along the beam axis!

  - Top and antitop quarks have identical angular distributions at LO.!
  - At NLO a charge asymmetry arises due to:!
  - Interference of Initial State Radiation (ISR) with Final State Radiation(FSR)         !
  - Interference of between the Born and the box diagrams.!

   Charge asymmetry : Top quarks preferentially emitted in the direction of 
the initial quarks in the ttbar rest frame, the boost into the laboratory frame 
drives the top mainly in the forward directions, while antitops are kept 
more in the central region.!

Assessment of Course 

    pp        ttbar  is symmetric  (mostly gg       ttbar)             no FB asymmetry !
     BUT it is possible to look at variables in appropriate kinematic regions.!

Need to study!

    However the direction of the quark!
    is not easy to distinguish,!

•  The ttbar charge asymmetry measurement is presented using data corresponding to an integrated!
     luminosity of 0.7 fb-1 . Event selection criteria has been performed for the semileptonic channel .      !
•  Single lepton (e or mu) trigger.!
•  At least one primary vertex with at least 5 associated tracks.!
•  Exactly one lepton (e or mu) with pt > 25 GeV for electrons and pt >20 GeV for muons, !
   either matched to the trigger.!
•  ET

miss>20 GeV, ET
miss+ MT > 60 GeV (muon channel)!

•  Et
miss>35 GeV and MT > 25 GeV (electron channel)!

           to suppress the higher QCD multi-jet background where   !
•   Each event  is required to have at least 4 jets with   pt>25 GeV  and |η| < 2.5!
•   At least one of these jets is required to be b-tagged (SV0)    !

1- QCD multi-jets background (due to non-prompt (fake) leptons): !
      Using the Matrix Method: low MET for electron or MT region for muon!
 Basic principal: !
 Relies on two regions in the event space defined by “tight” and “loose” requirement on the objects, and !
 measuring the efficiencies of “real” and “fake” loose leptons to be selected as tight leptons.!

where !

•  The loose data samples:!
      - Electrons: It is defined by removing the isolation requirement in the default electron selection.!
      - Muons: It is defined by removing the isolation requirement in the default muon selection.!

•   The fake lepton efficiencies:!
     -  Electrons: It is determined using a low  Et

miss  control region (5 GeV <  ET
miss <20 GeV).!

      - Muons: It is determined using low MT (MT < 20 GeV) with an additional cut (Et
miss +MT < 60 GeV).    !

By solving the matrix, NFAKE is our estimation to the QCD contamination in the signal region. !

2- W+jets background:!
- A W charge asymmetry is expected where we get the shape from the MC.!
- Normalization factor determined from data based on the charge asymmetry for each jet multiplicity bin using!
  the well known ratio rMC = W+/W- from the simulation.!
- To exploit the total W+jets rate from data, we use the formula:!

D+ and D- are numbers of events in data after ttbar selection (The W charge is determined from the lepton charge)!
- The number of the estimated W+jets events with at least one b-tagged jet is estimated as:!

where  Wpretag= NW
+ + NW

- and ftagged = tag/pretag in the 4th jet bin from MC.!

3- Small backgrounds: Z+jets, Di-bosons, single top!
     shape from MC, normalization from theoretical calculation.!

- Full kinematic reconstruction of ttbar events performed via Likelihood maximization method 
to built the asymmetry observable (|Yt|-|Ytbar|).!

- In each event the Likelihood takes as inputs: !
          - (E,η, φ) of the 4 or 5 jets with largest pt.   !
          -  The measured energy of the lepton.!
          -  The missing transverse energy (ET

miss).!
          -  Fixed top mass (172.5 GeV)!
- Likelihood defined from Breit-Wigner parametrisations of measured vs partonic jet energies.!
- The association of the reconstructed and the parton level quantities is done via transfer!
     functions which take into account the resolution effects.!
- The b-tagged jet probability is taken into account in the Likelihood.!
-  The correct reconstruction efficiencies in which the jets can be matched to parton level 

quarks of the final state was found to be: !
      74 % with b-tagging and 64 % without b-tagging      !

•  Unfolding is used to estimate the truth asymmetry, i.e., moving form the reconstructed asymmetry!
  to the truth asymmetry that would be measured with an ideal detector and infinite event statistics.!
•  Basic principle:  Truth distribution (Tj), reconstructed distribution (Sj) and response Matrix (Rij) !
 defined as: !

•  To get Tj    invert Rij   used method is Bayesian iterative unfolding.!
•  The iterative unfolding uses a regularisation parameter to prevent the statistical fluctuations   !
   using a small number of iterations.!
•  The response matrix from MC@NLO was obtained using RooUnfold framework.!

Asymmetry! Detector unfolded! Det. + accept unfolded!
Ac (el b-tag)! -0.012±0.026 (stat)±0.030 (syst)! -0.009±0.023 (stat)±0.032 (syst)!

Ac (mu b-tag)! -0.030±0.021 (stat)±0.020 (syst)! -0.028±0.019 (stat)±0.022 (syst)!

 The combination of the two channels (e: 25 % & mu: 75 %) !
 using  BLUE estimator (systematics are taken into account):!

         Ac  = -0.024 ± 0.016 (stat) ± 0.023 (syst)!

•  Both results in the electron and muon channel are compatible!
     with the SM predictions (from MC@NLO) of Ac= 0.006.!
•   Further studies are ongoing to  enhance the sensitivity of the !
     ttbar charge asymmetry.    !

- Requiring at least 4 jets, we see a good agreement between expectation and data.!
-The number of events in the electron!
 channel is significantly lower than !
 the muon channel due to the higher!
 pT cut and the more stringent !
  Et

miss cut.  !
- In both electron and muon channel, !
  the W+jets is the main background.!

Systematic uncertaitnites!

AC

�|y|

arXiv:1203.4211

tt̄

where �|y| � |yt|� |yt̄|
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Charge asymmetry in tt production
• Results : Consistent with SM (AC = 0.006±0.002)

➡ Main systematics :      modelling

• Comparing results with some
new physics models.
➡ ATLAS disfavours the models

 that would best fit the CDF result.
➡ We still have a large uncertainty.

  Measurement will profit from 
  more data.
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mtt > 450GeV

AC = �0.053± 0.070(stat.)± 0.054(syst.) for mtt̄ < 450GeV
AC = �0.008± 0.035(stat.)± 0.032(syst.) for mtt̄ > 450GeV

tt̄

Inclusive : 
Exclusive : 

AC = �0.018± 0.028(stat.)± 0.023(syst.)



Conclusions
• Top quark : Important particle for LHC physics
➡ good probe to check the SM predictions
➡ to understand as a main background for “searches”.
➡ can be used directly to search for BSM physics. 

•Analysis with 2011 datasets
➡ Property measurements of “the top quark”,

  “its decay” and “its pair production”.
➡ No evidence of physics beyond the standard model.

•Outlook
➡ Measurements with full 2011 dataset are ongoing.
➡ Stay tuned to improve the precision.
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• Other method to determine b-jet charge
➡ utilise the charge of the soft muon inside the b-jet
➡ lepton-bjet pairing : kinematic likelihood for the ttbar events
➡ discriminant : 

The top quark charge

17
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Figure 7: Distribution of the combined charge Qso f t
comb in muon + jets (left-hand side) and electron +

jets (right-hand side) events in the data and Standard Model simulation. (DD) denotes the background
contribution estimated with data-driven methods. Prediction for the exotic top quark with Q=!4/3e is
shown in red dashed line.

due to systematic effects and the limited amount of data was estimated in a large number of pseudoex-
periments, as described below.

Track charge weighting method:
The test statistic for this method was the mean value of combined b-jet charge (Eq. 7):
<Qcomb > = < Qbjet ·Q! >. The observed average value of this charge can be expressed as

< Qcomb >= (1! rb! rt) ·Qs+ rb ·Qb+ rt ·Qt , (9)

where Qs, Qb and Qt are the expected mean combined charges for signal, background and single top
quark processes, respectively, and rb (rt ) is the fraction of the background (single top quark production)
in the candidate events.

It was assumed that the quantities Qs, Qb, Qt , rb and rt were uncorrelated Gaussian random variables,
with their mean values and statistical uncertainties estimated from the simulations of the Standard Model
top quark and exotic quark scenarios for the existing integrated luminosity, L = ( 0.70 ± 0.02 ) fb!1.
In addition, the mean combined charge, resulting from Eq. 9, was assigned an additional spread using a
Gaussian distribution with the systematic error (see Table 3) used as a standard deviation.

In order to take into account possible differences between the data and the simulation for the average
b-jet charge, the value of <Qcomb > resulting from the procedure above was multiplied by a scale factor,
SF , which was defined as the ratio of the results obtained from data and simulation control samples. This
scale factor was taken to be a random distributed Gaussian variable with a mean value SF = 1 and a
spread σ = 0.25. This scale factor resulted in assigning an additional Gaussian spread to <Qcomb >. The
spread is determined from the statistics of the b-jet charge calibration with b  b dijet events described in
section 6.1.

Pseudo-experiments in which Qs, Qb, Qt , rb, rt as well as the < Qcomb > systematic error and SF
were sampled from Gaussian distributions were performed for the Standard Model and the exotic sce-
nario. The simulation results with and without the scale factor are compared with the data in Table 4
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Figure 8: The expected distributions of < Qcomb > and < Qso f t
comb > obtained from the large number of

pseudo-experiments combining the electron+jets and the muon +jets channels in the Standard Model
(blue) and the exotic (red) scenarios. The measured values from the data are marked with arrows. The
<Qcomb > distribution includes the scale factor (SF) with a spread of 25% resulting from the calibration
of the track charge weighting method.

8 Conclusion

The top quark charge was measured in the isolated-lepton+jets final states using 0.70 fb!1 of data ac-
cumulated in the ATLAS experiment at a center of mass energy of 7 TeV . The results were compared
with expectations for the Standard Model top quark and for a “top-like” quark with an exotic charge of
!4/3e. The exotic scenario is excluded at more than 5 σ .

14

Qsoft
comb = Qsoftµ · Qlepton

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-141/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-141/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-153/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2011-153/
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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 e!ciency ± 0.33

Photon energy scale ± 0.02

Photon resolution ± 0.01

tt̄! 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 (") ± 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 #.

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 ± 0.9#. The observed significance is

hence consistent with the expectation.
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Appendix: Additional Plots
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Figure 9: Result of the template fits in one channel only, electron channel (left) and muon channel (right).

The signal is shown on top of the di!erent background contributions.
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トップクォークの相互作用と W ボゾン偏極
トップ(t)クォーク
素粒子中で最大質量(173.3 ± 0.9 GeV)
→ 崩壊過程に New physics の寄与が期待できる
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SM では強く抑制される

W ボゾン偏極で分類W polarisation in the top quark decay

1 Introduction

Discovered in 1995 by the CDF and DØ experiments [1, 2], the top quark is the heaviest known fun-
damental particle with a mass of 173.2 ± 0.9 GeV [3]. Measurements of top quark properties play an
important role in testing the Standard Model (SM) and its possible extensions. In particular, the study of
the structure of the Wtb-vertex is of key importance since it is intimately related to the dominant decay
channel of top quarks. This structure can be probed by measuring the polarisation ofW bosons produced
in top quark decays.

Top quarks are produced mainly in pairs via the strong interaction and are predicted to decay via the
electroweak interaction into aW boson and a bottom quark nearly 100% of the time. Events with tt̄ pairs
are classified according to the decay of the two produced W bosons. Each boson can either decay into a
pair of quarks or into a charged lepton and a neutrino. These single lepton and dilepton topologies, both
considered in the analyses presented in this note, have one and two charged leptons in the final state,
respectively. Only electrons and muons, including those from tau 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. As the W bosons are produced as real
particles in top decays, their polarisation can be longitudinal, left-handed or right-handed. The fractions
of events with a particular polarisation, F0, FL and FR, respectively, are referred to as helicity fractions
and are predicted in 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 !" 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. The di!erential
decay rate is

1

"

d"

d cos !"
=

3

8

!

1 + cos !"
"2 FR +

3

8

!

1 ! cos !"
"2 FL +

3

4

#

1 ! cos2 !"
$

F0 . (1)

All previous measurements of the helicity fractions, performed by the CDF [5] and DØ collaborations [6]
at the Tevatron, and the ATLAS collaboration at the LHC [7], are in agreement with SM predictions.

Information about the polarisation states of the W bosons can also be obtained by complementary
observables, such as the angular asymmetries, A+ and A!, defined as

A± =
N(cos !" > z) ! N(cos !" < z)

N(cos !" > z) + N(cos !" < z)
, (2)

with z = #(22/3 ! 1) for A± [7]. The asymmetries can be related to the helicity fractions by a simple
set of equations [8, 9]. In the SM, the NNLO values for these asymmetries are A+ = 0.537 ± 0.004 and
A! = !0.841 ± 0.006.

In e!ective field theory, dimension-six operators can be introduced which modify theWtb-vertex [10,
11, 12]. Coe#cients controlling the strength of these operators can be constrained by measurements of
the helicity fractions and of the angular asymmetries.

This note summarizes measurements of the Wtb-vertex structure based on a data set recorded with
the ATLAS detector in 2011 and corresponding to an integrated luminosity of 0.70 fb!1. The helicity
fractions were measured by comparing the observed cos !" distribution with templates of di!erent po-
larization of the W boson obtained from simulations. The angular asymmetries were calculated from
an unfolded cos !" spectrum corrected for background contributions. Limits on anomalous couplings,
generated by the aforementioned dimension-six operators, were set using the angular asymmetries. An
alternative measurement of the helicity fractions was performed as a crosscheck which used the unfolding
procedure described in [13].
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• How to reconstruct top quark in dilepton channel
➡Need to factorise “MEt → two neutrinos”.
➡Solve these equations. (6 unknowns, 6 equations)

➡lepton-jet pairing
- utilise sum of invariant masses                    .

4 Reconstruction of top quark pairs

4.1 Reconstruction of top quark pairs in the single lepton channels

Events in the single lepton channels were either reconstructed using a !2 minimisation technique or using
a maximum likelihood estimate, referred to as kinematic likelihood in the following. Both are described
here briefly.

4.1.1 !2 minimisation

Event reconstruction based on !2 minimisation was accomplished by minimizing

!2 =
(m"#ja ! mt)

2

$2t
+
(mjbjcjd ! mt)

2

$2t
+
(m"# ! mW)2

$2W
+
(mjcjd ! mW)2

$2W
, (3)

where mt = 172.5 GeV, mW = 80.4 GeV, $t = 14 GeV and $W = 10 GeV are the expected top quark
and W boson mass resolutions, the subscript " represents the charged lepton, m"# is the invariant mass
of the charged lepton and the neutrino, and the ja,b,c,d correspond to all possible combinations of four
jets among all selected jets in the event (with m"#ja , mjbjcjd and mjcjd being the corresponding invariant
masses). The neutrino was reconstructed using the missing transverse energy, with the p#z component
allowed to vary. The solution corresponding to the minimum !2 value was assumed to be the correct one.

4.1.2 Kinematic likelihood

The kinematic likelihood event reconstruction is based on the maximisation of a likelihood [7]. The
likelihood consists of terms describing the Breit-Wigner shaped invariant mass spectrum of the two
W bosons and the two top quarks as well as terms reflecting the uncertainty on the measured charged
lepton and jet energies. The masses (and widths) of the W bosons and top quarks were fixed to mt =

172.5 GeV and mW = 80.4 GeV (!t = 1.5 GeV and !W = 2.1 GeV), respectively. Information from
b-tagging was taken into account by multiplication of the estimated b-tagging e"ciencies (for b-quarks)
and corresponding rejection factors (for light quarks) for the chosen working point of the b-tagger. The
assignment of jets to partons resulting in the largest likelihood was chosen for an event and used in the
further analysis steps. Details of the fitting procedure are described in [7].

4.2 Reconstruction of top quark pairs in the dilepton channels

Top quark pairs in the dilepton channels were reconstructed by solving a set of six independent equations:

p#1x + p#2x = /Ex,

p#1y + p#2y = /Ey,

(p"1 + pv1 )
2 = m2

W,

(p"2 + pv2 )
2 = m2

W,

(pW1 + p j1 )
2 = m2

t ,

(pW2 + p j2 )
2 = m2

t . (4)

/Ex and /Ey represent the x- and y-components of the missing transverse energy, p"1 and p"2 (p j1 and p j2 )
correspond to the four-momenta of the two charged leptons (jets). Here, mW and mt are theW boson and
top quark masses, respectively. The two jets with the largest pT in the event were interpreted as b-jets.
The pairing of the jets to the charged leptons was based on the minimisation of the sum of invariant
masses ml1 j1 + ml2 j2 . Simulations show that this criterion gives the correct pairing in 68% of the events.
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5

tainty is calculated by combining all systematic uncer-
tainties in quadrature.

TABLE II. Summary of the e!ect of statistical and systematic
uncertainties on the measured value of fSM for the combined
fit.

Uncertainty source "fSM

Data statistics ±0.14
MC simulation template statistics ±0.09

Luminosity ±0.01
Lepton ±0.01

Jet energy scale, resolution and e#ciency ±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 +0.16/!0.07

Calorimeter readout ±0.01

All systematics +0.27/!0.22
Statistical + Systematic +0.30/!0.26

The measured value of fSM for the combined fit is
found to be 1.30 ± 0.14 (stat) +0.27

!0.22 (syst). This can
be used to obtain a value for Ameasured

basis by applying it
as a multiplicative factor to the NLO QCD prediction of
Abasis using Ameasured

basis = ASM
basis ·fSM, where the subscript

‘basis’ indicates a chosen spin basis [9]. For the helicity
basis this results in Ahelicity = 0.40 ± 0.04 (stat) +0.08

!0.07
(syst), and for the maximal basis Amaximal = 0.57± 0.06
(stat) +0.12

!0.10 (syst), where the SM predictions are 0.31 and
0.44 respectively. MC simulation pseudo-experiments in-
cluding systematic uncertainties are used to calculate the
probability that a value of fSM or larger is measured us-
ing the assumption of fSM = 0. For the observed limit
the value of fSM measured in data is used and for the ex-
pected limit a value of fSM = 1 is used. The hypothesis
of zero tt̄ 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 tt̄ spin corre-

lation 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 = 1.30± 0.14 (stat) +0.27

!0.22 (syst) 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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Fig. 4 The unfolded !|y| distribution for the electron channel (left) and the muon channel (right) after b-tagging, compared
to the prediction from MC@NLO. The uncertainties on the measurement include both statistical and systematic contributions.
The error bands on the MC@NLO prediction include uncertainties from parton distribution functions and renormalisation and
factorisation scales.

Asymmetry reconstructed detector and acceptance unfolded

AC (electron) -0.034 ± 0.019 (stat.) ± 0.010 (syst.) -0.047 ± 0.045 (stat.) ± 0.028 (syst.)

AC (muon) -0.010 ± 0.015 (stat.) ± 0.008 (syst.) -0.002 ± 0.036 (stat.) ± 0.023 (syst.)

Combined -0.018 ± 0.028 (stat.) ± 0.023 (syst.)

Table 3 The measured inclusive charge asymmetry values for the electron and muon channels after background substraction,
before and after unfolding.
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Fig. 5 Unfolded asymmetries in two regions of mtt̄ compared to the prediction from MC@NLO. The error bands on the
MC@NLO prediction include uncertainties from parton distribution functions and renormalisation and factorisation scales.

considering masses between 100 GeV and 10 TeV and
the range of couplings for which the new physics con-
tribution to the tt̄ cross section at the Tevatron lies in
the interval [-0.8,1.7] pb. This is a conservative require-
ment which takes into account the di!erent predictions

for the SM cross section as well as the experimental
measurement (see Ref. [17] for details).

In addition, a conservative upper limit on new physics
contributions to !tt̄ for mtt̄ > 1 TeV is imposed. Fur-
ther details can be found in Refs [17,55]. The coloured
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Source of systematic uncertainty on AC Electron channel Muon channel

Detector modelling

Jet energy scale 0.012 0.006
Jet e!ciency and resolution 0.001 0.007
Muon e!ciency and resolution <0.001 0.001
Electron e!ciency 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
tt̄ modelling 0.011 0.011
ISR and FSR 0.010 0.010
PDF <0.001 <0.001
W+jets normalization and shape 0.008 0.005
Z+jets normalization 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 0.001 0.001
Unfolding bias 0.004 <0.001
Luminosity 0.001 0.001

Total systematic uncertainty 0.028 0.023

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.
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Fig. 2 Correlations between the true and reconstructed values of !|y| encoded in the unfolding response matrix for the
electron (left) and muon (right) channels. The value of an entry in the matrix is proportional to the area of the corresponding
box.

measurements. The uncertainty in the estimate of the
multijet background is evaluated by considering mod-
ified definitions of the loose data sample, taking into
account the statistical uncertainty in measuments of
!real, !fake described in Section 5.1 as well as the un-
certainties in the normalisations of the W+jets and
Z+jets backgrounds which are subtracted in the con-
trol region. The total uncertainty is estimated to be
100%. The normalisation of W+jets processes is evalu-
ated from auxiliary measurements using the asymmet-
ric 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 elec-
tron and muon channels respectively. This uncertainty
was estimated by evaluating the e!ect on both rMC

and k2!"4 from the JES uncertainty and di!erent PDF
and generator choices. Systematic uncertainties on the
shape of W+jets distributions are assigned based on
di!erences in simulated events generated with di!er-
ent simulation parameters. Scaling factors correcting
the fraction of heavy flavour contributions in simulated
W+jets samples are estimated in auxiliary measure-
ments, as described in Section 5.2. The systematic un-
certainties are found by changing the normalisations
of the non-W processes within their uncertainties when
computing WData

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

count the impact of uncertainties in b-tagging e"cien-
cies. The total uncertainties are 47% for Wbb̄+jets and
Wcc̄+jets contributions and 32% forWc+jets contribu-
tions. The normalisation of Z+jet events is estimated
using Berends-Giele-scaling [50]. The uncertainty in the

normalisation 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 sam-
ples generated with ALPGEN and SHERPA [51]. The
uncertainty on the normalisation of the small back-
ground contributions from single top and diboson pro-
duction is estimated to be about 10% (depending on
the channel) and 5%, respectively.

Limited Monte Carlo sample sizes give rise to a sys-
tematic uncertainty in the response matrix. This is ac-
counted 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 valid-
ity of the unfolding procedure. Reweighted tt̄ samples
with di!erent amounts of asymmetry are considered.
Pseudoexperiments are performed to confirm that the
response of the unfolding is linear in the true value of
AC and that the true value of AC is recovered on aver-
age. A total of 40 iterations are used in both channels
for the inclusive AC measurement. For the measure-
ment of AC as a function of mtt̄, 80 iterations are used.
The number of iterations is chosen by ensuring that the
unfolding procedure has converged in the sense that the
absolute change in the unfolded value of AC after per-
forming an extra iteration is less than 0.001. It is found
that the unfolded values of AC from all pseudoexperi-
ments and the data converge before the chosen numbers
of iterations. The potential bias arising from the choice

response matrix

Charge asymmetry in the tt production



24

11

Source of systematic uncertainty on AC Electron channel Muon channel

Detector modelling

Jet energy scale 0.012 0.006
Jet e!ciency and resolution 0.001 0.007
Muon e!ciency and resolution <0.001 0.001
Electron e!ciency 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
tt̄ modelling 0.011 0.011
ISR and FSR 0.010 0.010
PDF <0.001 <0.001
W+jets normalization and shape 0.008 0.005
Z+jets normalization 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 0.001 0.001
Unfolding bias 0.004 <0.001
Luminosity 0.001 0.001

Total systematic uncertainty 0.028 0.023

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.
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Fig. 3 The measured !|y| distribution before unfolding for the electron channel (left) and for the muon channel (right) after
b-tagging is applied. Data (points) and Monte Carlo estimates (solid lines) are represented. The multijet background and the
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Fig. 6 Measured FB asymmetries from the Tevatron and charge asymmetries from the LHC, compared to predictions from
the SM as well as predictions incorporating various potential new physics contributions. The horizontal (vertical) bands and
lines correspond to the ATLAS and CMS (CDF and D0) measurements. In (a) the inclusive values are presented and in (b)
the ATLAS measurement for mtt̄ > 450 GeV is compared to the CDF measurement. The MC predictions for the new physics
models are from Refs. [17, 55].
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Fig. 4 The unfolded !|y| distribution for the electron channel (left) and the muon channel (right) after b-tagging, compared
to the prediction from MC@NLO. The uncertainties on the measurement include both statistical and systematic contributions.
The error bands on the MC@NLO prediction include uncertainties from parton distribution functions and renormalisation and
factorisation scales.

Asymmetry reconstructed detector and acceptance unfolded

AC (electron) -0.034 ± 0.019 (stat.) ± 0.010 (syst.) -0.047 ± 0.045 (stat.) ± 0.028 (syst.)

AC (muon) -0.010 ± 0.015 (stat.) ± 0.008 (syst.) -0.002 ± 0.036 (stat.) ± 0.023 (syst.)

Combined -0.018 ± 0.028 (stat.) ± 0.023 (syst.)

Table 3 The measured inclusive charge asymmetry values for the electron and muon channels after background substraction,
before and after unfolding.
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Fig. 5 Unfolded asymmetries in two regions of mtt̄ compared to the prediction from MC@NLO. The error bands on the
MC@NLO prediction include uncertainties from parton distribution functions and renormalisation and factorisation scales.

considering masses between 100 GeV and 10 TeV and
the range of couplings for which the new physics con-
tribution to the tt̄ cross section at the Tevatron lies in
the interval [-0.8,1.7] pb. This is a conservative require-
ment which takes into account the di!erent predictions

for the SM cross section as well as the experimental
measurement (see Ref. [17] for details).

In addition, a conservative upper limit on new physics
contributions to !tt̄ for mtt̄ > 1 TeV is imposed. Fur-
ther details can be found in Refs [17,55]. The coloured


