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Abstract. The top quark, discovered at the Tevatron in 1995 by the CDF and DØ collaborations,
is the heaviest known particle. The measurement of its properties are of interest to the under-
standing of the strong and weak forces, as well as searches for physics beyond the Standard Model.
Several measurements of top quark properties are presented using data collected at the ATLAS
experiment located at the Large Hadron Collider (LHC) at

√
s = 7 TeV centre-of-mass energy. The

measurements include top quark polarisation, spin correlation, production of tt̄Z and tt̄γ, as well
as top mass and Wtb vertex measurements in both the lepton + jets and dilepton channel.

1 Introduction
The top quark was discovered in 1995 at the Tevatron
by the CDF and DØ collaborations [1]. Since the top
quark is so heavy, it decays rapidly to a W boson and
a b-quark. Since the decay occurs before hadroniza-
tion (O[10−24s]), the top quark properties are directly
accessible through its decay products [2]. As a result,
top quark properties measurements give a unique op-
portunity to study a bare quark. Studies of the top
quark properties play a vital role in the understand-
ing of the Standard Model (SM) and to possible hints
of new physics.

In top pair decays, the further decay of the W bo-
son determines in which type of decay channel the top
quark is classified. The W can either decay lepton-
ically or hadronically. Therefore, when a top quark
pair tt̄ is produced, if both top quarks decay lepton-
ically, the channel is declared to be dilepton. This
channel contains two high pT leptons (either e or µ

from W or τ decays), two b-jets and a significant por-
tion of missing transverse energy from the two neutri-
nos. If both W bosons decay hadronically, the channel
is classified as all-hadronic. In this channel, six jets
are expected, at least two of which are b-jets. Finally,
if one of each W boson decay is observed, the channel
is stated to be lepton + jets. This channel contains
one high pT lepton, four jets, again at least two of
which are b-jets, and some missing transverse energy
due to the escaping neutrino. All of the analyses pre-
sented here are in the lepton + jets and dilepton decay
channels.

2 The ATLAS Experiment
The ATLAS experiment [3] is one of four large ex-
periments located along the Large Hadron Collider
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(LHC) at CERN in Geneva, Switzerland. Two pro-
ton beams were made to collide at the centre of the
detector with a centre-of-mass energy of 7 TeV dur-
ing 2011 data-taking. The detector is comprised of
three sub-detector groups. The innermost part of
the detector, the inner detector, consists of several
pixel layers followed by a silicon strip tracker and a
transition-radiation tracker. The second part of the
detector comprises two calorimeters (electromagnetic
and hadronic calorimeters). The outermost part of
the detector is the muon spectrometer used for mea-
surements of muon momentum and position.

The dataset used in the analyses was collected at
the ATLAS Experiment during the 2011

√
s = 7 TeV

run. The total luminosity contains up to 4.7 fb−1 of
data, depending on the analysis.

3 Top Quark Properties
3.1 Kinematic Likelihood Reconstruction
The measurements of the top quark properties rely on
information from the decay products of the tt̄ system,
whether it is the angular distributions or the masses
of the hadronic and leptonic top quark hemispheres.
If the jets from the tt̄ decay are not properly assigned,
the measurements of these properties are much more
difficult. As a result, a large emphasis is placed on
properly assigning the jets from the tt̄ decay to the
corresponding quarks.

A kinematic likelihood fitter (KLFitter) is used to
improve the probability of properly assigning the jet
to its decay particle. The probability of properly as-
signing all jets is increased to 70 % or higher. This
is done using Breit-Wigner functions to constrain the
measured masses of the two W bosons, as well as the
two reconstructed top quarks. In the fit, the masses
of the two top hemispheres are required to be iden-
tical. Transfer functions were derived using Monte
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Carlo (MC) and are used to correct for detector ef-
fects as well as influences due to hadronization. The
likelihood function is written in Ref. [4] along with
an example of the transfer functions used.

Not only is the kinematic information used, but
also b-tagging information is employed to reduce the
number of possible b-jet assignments in the event by
requiring them to match a b-quark in the model. The
KLFitter is used in the top quark polarisation, top
mass and Wtb vertex measurements presented.

3.2 Top Quark Polarisation

Since the top quark decays so quickly, the polarisa-
tion can be measured directly from the decay prod-
ucts. Measurements of the top quark polarisation may
give hints of physics beyond the SM. The top quark
is expected to be unpolarised in the SM due to parity
conservation in QCD, however some beyond SM mod-
els predict top quark production involving positive or
negative polarisation [5].

To measure the top quark polarisation, the polar
angle of the lepton as measured in the rest frame of
its parent top quark (cos(θl)) is used in the lepton
+ jets channel [6] with an integrated luminosity of
4.7 fb−1. The KLFitter described in Sec 3.1 is used
to properly reconstruct the tt̄ system. From there,
a template fit of the polar angle is used to measure
the polarisation. The cos(θl) distribution is shown in
Fig. 1 and compared to no polarisation, positive, and
negative polarisation.

Figure 1. Reconstructed cos(θl) distributions for fully,
partially and negatively polarised top quarks. The three
templates are shown with the µ + jets data [6].

From the polar angle, the fraction of positively
charged quarks can be written as:

f =
1

2
+

N(cosθl > 0)−N(cosθl < 0)

N(cosθl > 0) +N(cosθl < 0)
. (1)

The degree of polarisation is written as αp =
2f−1. The fraction of positively charged top quarks is
measured to be: f = 0.470±0.009 (stat.)+0.023

−0.032 (syst.),
which corresponds to a degree of polarisation of
−0.060± 0.018(stat.)+0.046

−0.064(syst.) of top quarks. This

is consistent with the SM expected value of no polar-
isation. The largest sources of systematics are from
jet resolution and calibration scales.

3.3 Spin Correlation

As in the polarisation measurement, the spin correla-
tion of top quarks may give hints of physics beyond
the SM. Though top quarks are produced unpolarised,
their spins are expected to be correlated [7]. The ob-
served degree of correlation A, can be written as fol-
lows:

A =
N(↑↑) +N(↓↓)−N(↑↓)−N(↓↑)
N(↑↑) +N(↓↓) +N(↑↓) +N(↓↑) . (2)

N(↑↑) represents the number of events with paral-
lel spin states, whereas N(↑↓) represents anti-parallel
spin states. The strength of A depends on both the
production mechanism, which is gg-fusion dominated
at the LHC, and also the choice of a quantization axis.

In the dilepton channel using 2.1 fb−1 of data,
this degree of correlation is measured via a fit of the
measured distribution of the angle between the two
leptons (∆φ), shown in Figure 2.

Figure 2. Correlated and uncorrelated top MC with
stacked background expectation compared to data using
the angle between two leptons (∆φ) in the dilepton chan-
nel [8].

Fits are converted into both the helicity basis
(Ahel) and maximal basis (Amax) [8]. The helicity
basis uses the direction of flight of the top quark
in the center-of-mass frame of the tt̄-system. The
maximal basis is optimized for gg → tt̄ produc-
tion [9]. The template fit compares templates of
correlated (fSM = 1) and uncorrelated (fSM = 0)
spins. The fit is performed in all three dilepton
channels simulataneously and yields: fSM = 1.30 ±
0.14(stat.)+0.27

−0.22(syst.). This is translated to the two
spin bases: Ahel = 0.40 ± 0.04(stat.)+0.08

−0.07(syst.), and
Amax = 0.57± 0.06(stat.)+0.12

−0.10(syst.).
The SM expected values in these two spin bases

are: Ahel = 0.31 and Amax = 0.44, with theoretical
uncertainties of the order of 1%. This is the first ob-
servation of tt̄ spin correlation with a significance of
5.1 σ.
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3.4 Search for tt̄Z Production

The search for tt̄Z is the search for the production of
two top quarks along with the Z boson. The search
was performed in the tt̄ → lepton + jets channel where
two extra leptons compatible with a Z boson decay
are required in the selection. The full 2011 dataset
was used in the measurement, containing 4.7 fb−1 [10].

The expected number of signal events is 0.85 ±
0.04(stat.) ± 0.14(syst.) with a background expecta-
tion of 0.28 ± 0.05(stat.) ± 0.14(syst.). The largest
uncertainty is derived from the background MC ex-
pectation, which is set at 50 %. The fake lepton es-
timate was performed using the matrix method [11].
The signal and background expectations are shown
for the mass of the two oppositely charged leptons
in Figure 3 along with the one data candidate event
found in the selection. The leptons mass should be a
result of the Z decay.

Figure 3. Distribution for the mass of the two oppo-
sitely charged leptons for the single candidate tt̄Z event
compared to the expected background [10].

The data event contains two oppositely charged
muons compatible with coming from the Z boson and
one electron from the top decay. From the single
event, a 95 % C.L. limit on the observed tt̄Z cross
section can be placed at: σtt̄Z < 0.71 pb.
3.5 tt̄γ Cross-section Measurement

The measurement of the tt̄γ cross-section was per-
formed using 1.04 fb−1 of the 2011 dataset [12] in the
lepton + jets channel. The search was done using a
template method, where templates were created for
signal tt̄γ and backgrounds from non-tt̄ background,
tt̄γ background, electron and hadron fakes. The tem-
plates are created as a function of the isolation value
pcone20T , which is the measure of the momentum de-
posited around the object with a radius of ∆R= 0.21,
a function of the pseudo-rapidity (η) and azimuthal
angle (φ). This can be seen in Figure 4.

The template method distinguishes prompt pho-
tons from hadron fakes. Low values of pcone20T rep-
resent isolated photons. It is expected most signal

1∆R =
�

∆η2 +∆φ2

photon candidates should be isolated, whereas hadron
fakes have a flat expectation in pcone20T . Backgrounds
are determined through data-driven models. The
templates are also pT dependent.

Figure 4. Isolation templates as a function of pcone20
T for

signal tt̄γ and several background contributions plotted
with the observed data in the e + jets channel [12].

The cross section is determined to be: σtt̄γ =
2.0±0.50 (stat.)±0.70 (syst.)±0.08 (lumi.) pb for pho-
tons with pT > 8 GeV. The largest systematic uncer-
tainties come from initial and final state radiation, as
well as the jet energy scale and photon identification.
This cross section corresponds to a 2.7 σ significance.

3.6 Top Mass Measurements

The top quark mass is already the most precisely
known quark mass from measurements made at the
Tevatron [13]. The mass measurements presented in
this note were performed in both lepton + jets and
dilepton channels.

3.6.1 Lepton + Jets Mass Measurement

The top mass was measured in the lepton + jets chan-
nel using two separate measurements with 1.04 fb−1

of data [14]. Both measurements perform a template
fit comparing signal and background expectations to
data. The first measurement uses a 2-dimensional fit
of both the top mass and W mass. The simultane-
ous measurement of the top and W mass allows for a
measure of the jet energy scale, one of the largest sys-
tematic uncertainties on the top mass measurement.

The measurement was made in the hadronic top
hemisphere, where a b-jet was assigned to a pair
of light jets within a reconstructed mass window of
[50,100] GeV. The jet triplet assignment with the
highest pT is taken as the decay products from the
top quark. A χ2 likelihood is used to correct the en-
ergies of the hadronic top quark due to detector and
hadronization effects. The reconstructed hadronic top
mass decay is shown in Figure 5. The top mass is
parametrized using the sum of a Gaussian and Lan-
dau function.

The second top quark mass measurement in the
lepton + jets channel uses the full tt̄ decay system in
the KLFitter, as shown in Sec 3.1. A R32 variable is
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created to perform a per-event jet energy scale calibra-
tion in the 1-dimensional fit. The R32 variable is de-
fined as: R32 =

mreco
top

mreco
W

. Both top and W masses are re-
constructed from the hadronic hemisphere. The per-
formance of the variable can be seen in Refs. [4, 15].
The reconstructed R32 variable is seen in Figure 6.
The template fit is made to the R32 variable, which
is dependent on the top mass.

Figure 5. Reconstructed hadronic top mass for signal
and background MC expectations compared to the mea-
sured data. The fit is made simultaneously to the top
mass peak and the reconstructed W boson mass [14].

Figure 6. Reconstructed R32 top mass estimator used in
the 1-dimendional top mass measurement. The signal and
background MC estimates are compared to data [14].

In the 1-dimensional analysis, additional selection
on the likelihood output, as well as stricter pT cuts are
employed to reduce systematic uncertainties arising
from the jet energy scale and b-jet energy scale. As a
result, there is a significant reduction in the number
of events analyzed in the 1-dimentional (1d) analysis
compared to the 2-dimensional (2d) analysis.

The top mass measurements in the 2-d and 1-d
analyses are:

m2d
top = 174.5± 0.6(stat.)± 2.3(syst.) GeV,

m1d
top = 174.4± 0.9(stat.)± 2.5(syst.) GeV.

The ATLAS top mass measurement is taken from
the 2-dimensional analysis. The largest systematic
uncertainties result from initial and final state radia-
tion, as well as the jet and b-jet energy scales. These

three uncertainties account for almost 90% of the to-
tal uncertainty on the top mass measurement.

3.6.2 Dilepton Mass Measurement
The top mass was also measured with the ATLAS
experiment in the eµ dilepton channel using the full
2011 dataset of 4.7 fb−1 [16]. In the dilepton chan-
nel, the top quarks cannot be reconstructed due to
underconstrained kinematics resulting from the two
escaping neutrinos. As a result, the mass is estimated
using the mT2 variable [17].

The mT2 variable assumes two invisible particles
in the decay chain along with the reconstructed par-
ticles. It is written as:
mT2 =min

p(i))
T

{max[mT(minvis, p
(1)
T ),mT(minvis, p

(2)
T )]},

where each particle mT is defined as:

mT =
�
m2

vis +m2
invis + 2(Evis

T Einvis
T − pvisT · p(i)T ).

The variable gives an upper bound on the parent
particle mass, in this case the top mass. This can be
seen in Figure 7.

Figure 7. Reconstructed mT2 distribution in the eµ
channel for signal and background expectation compared
to data. The variable reconstructs the parent top quark
mass with two invisible neutrinos in the decay chain [16].

A template analysis is performed using di ff erent
mass points, where the fit is made to the mean
of the reconstructed mT2 distribution. The result-
ing top mass is measured to be: mtop = 175.2 ±
1.6(stat.)+3.1

−2.8(syst.) GeV. The largest uncertainties
arise from jet and b-jet energy scale, as in the lep-
ton + jets channel measurement, and the generator
uncertainty used for the signal MC.
3.7 Wtb Vertex Measurement

The top quark decay vertex, also written as Wtb

vertex, follows the V − A structure of weak inter-
actions, where V and A represent vertex and axial-
vector components. The fraction of longitudinal (F0),
left-handed (FL) and right-handed (FR) W boson he-
licity states can be expressed in terms of the angular
distribution of the top quark decay products:
1
σ

dσ
dcosθ∗ = 3

4 (1-cos2θ∗)F0+ 3
8 (1-cosθ∗)2FL+ 3

8 (1+cosθ∗)2FR.
It is expected from NNLO QCD calculations that

F0 = 0.687 ± 0.005, FL = 0.311 ± 0.005, and FR =

17008-p.4
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0.0017 ± 0.0001 [18]. The cosθ∗ distribution is mea-
sured by taking the angle between lepton and reverse
b quark direction in the W rest frame.

The helicity fractions are measured in two ways,
in both the lepton + jets and dilepton channels us-
ing 1.04 fb−1 [19]. The first measurement performs a
template fit of the sum of the three helicity states to
the cosθ∗ distribution. The templates were produced
with the Protos MC generator [20], each with a longi-
tudinal, left-, and right-handed helicity of 1. The fit
to data is shown in Figure 8 in the lepton + jets chan-
nel, where the SM expectation of the helicity states
is compared to the best fit to data along with the un-
certainties. In the lepton+jets channel, the KLFitter
was also used for the kinematic reconstruction.

Figure 8. Distribution of the reconstructed cosθ∗ in the
lepton + jets channel. The figure shows the sum of signal
and background expectation (dashed line) compared with
the best fit from data (solid) [19].

The second measurement performed in both lep-
ton + jets and dilepton channel is the asymmetries
measurement. The angular asymmetries can be writ-
ten as:

A± =
N(cosθ∗ > z)−N(cosθ∗ < z)
N(cosθ∗ > z) + N(cosθ∗ < z)

. (3)

When z = ±(1−22/3), the dependence of FL on FR is
cancelled. The measurement is then transformed into
the helicity fractions.

The four measurements were combined into one
ATLAS measurement. The results were combined
using the BLUE method [21], and are to-date the
most precise measurement of the helicity fractions.
The results are also compatible with the SM ex-
pectation. The resulting helicity fractions are mea-
sured to be F0 = 0.67 ± 0.03(stat.) ± 0.06(syst.),
FL = 0.32 ± 0.02(stat.) ± 0.03(syst.), and FR =
0.01±0.01(stat.)±0.04(syst.). The largest uncertain-
ties are from initial and final state radiation, as well
as the jet energy scale in the template method and
background normalization in the asymmetries mea-
surements.
4 Conclusions
The 2011 dataset collected with the ATLAS detector
was used to measure many top quark properties at

√
s = 7 TeV energies. They include the first obser-

vation of spin correlation as well as the most precise
helicity fractions measurement. Measurements of the
top mass were performed in both lepton + jets and
dilepton decay channels, both in agreement with pre-
vious measurements at the Tevatron. Furthermore,
this dataset enabled the first measurement of the tt̄γ

cross-section with a 2.7 σ significance and a search
for tt̄Z production. Finally, the top quark polarisa-
tion was also measured to be compatible with the SM
expectation.

Most of the measurements are now dominated by
systematic uncertainties. A large portion of the un-
certainty comes from the jet and b-jet energy scales.
Over the next several years, measurements in the top
quark sector will be highlighted by more precise de-
terminations of the properties through better under-
standing the ATLAS detector.
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