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SM Top Quark Production
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•Measurements of top quark 
properties presented here are 
based on top-antitop events

•First properties measurements 
are being performed also on 
single top events, see talk by 
Attila Krasznahorkay
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SM Decay
•Top decays to Wb with about 100% BR
•Experimental signatures based on W decay
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•High rate, high background, 
(Multijet) 
not used for the results presented here

•Moderate rate, acceptable 
background (W+jets)

•Low rate, low background 
(Z+jets, diboson)
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Which properties?

•Charge asymmetry
•Spin correlations
•Top polarisation
•Resonances
•Vector-like quarks
•Stops
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•Mass
•Charge

•W polarisation
•Couplings 

(ttH, ttγ, ttZ)
•FCNC
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More top quark properties measurements: see talk by Liza Mijovic
Searches for exotic top pair production: see talks by Diedi Hu and Antonella Succurro
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Event selection

5

•Event topology (lepton+jets, dilepton)
•Trigger: single lepton
•1 or 2 high pT isolated leptons (pT > 20 or 25 GeV, |η|< 2.5)
•MET > 20 or 35 GeV, > 60 GeV 
•At least 4 or at least 2 anti-kT (R=0.4) Jets (pT > 25 GeV, |η|< 2.5)
•At least 1 b-tagged jets (70% efficiency for b-quarks)

•Background rejection
•Multijet: mTW > 25 GeV or MET+ mTW > 60 GeV
•Z+jets: mll veto or HT > 130 GeV
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Background estimate

6

•Fake leptons: multijet, W+jets
•Data-driven shape and rate determined with matrix method

•W+jets
•Shape from MC
•Data-driven normalisation from charged asymmetry
•NW++W- = (rMC+1)/(rMC-1)x(D+-D-)

•Z+jets
•Shape from MC
•Data-driven normalisation from mll around Z mass
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Event reconstruction

7

•Different methods to resolve combinatorial ambiguities in jet 
assignment and to determine neutrino momenta in dilepton events

•Kinematic fit chooses best combination and reconstructs true momenta
•Example: KLFitter for lepton+jets events
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data-driven approach was developed to constrain these
fractions with some inputs from MC simulation. In this
approach samples with a lower jet multiplicity, obtained
from the selection described in Section 4.2, but requir-
ing precisely one or two jets instead of four or more
jets, are analysed. The numbers WData

i,pretag,W
Data
i,tagged, of

W +i jet events in these samples (where i = 1, 2), before
and after applying the b-tagging requirement, are com-
puted by subtracting the small contributions of other
Standard Model processes - electroweak (WW , WZ,
ZZ and Z+jets) and top (tt̄ and single top) using pre-
dictions from the simulation, and by subtracting the
multijet background as described in Section 5.1.

A system of two equations, expressing the number of
W +1 jet events and W +2 jets events before and after
b-tagging, can be written with six independent flavour
fractions as the unknowns, corresponding to fractions
of Wbb̄+jets, Wcc̄+jets, and Wc+jets events in the one
and two jet bins. The simulation prediction for the ra-
tio of the heavy flavour fractions between the one and
two jet bins is used to relate the heavy flavour fractions
in the two bins, reducing the number of independent
fractions to three. Finally, the ratio of the fractions of
Wcc̄+jets and Wbb̄+jets events in the two-jet bin is
taken to be fixed to the value obtained from simulated
events in order to obtain two equations for two indepen-
dent fractions. Based on this measurement, the heavy
flavour fractions in simulated W+jets events are ad-
justed by a scale factor 1.63 ± 0.76 for Wbb̄+jets and
Wcc̄+jets events and 1.11 ± 0.35 for Wc+jets. When
applied to the signal region, an additional 25% uncer-
tainty on these fractions is added, corresponding to the
uncertainty of the Monte Carlo prediction for the ratio
of heavy flavour fractions in di!erent jet multiplicities.
The heavy flavour scale factors are applied to simulated
W+jets events throughout this paper, and the e!ect of
their uncertainties on the value of rMC is evaluated.

Using Equation (2), the total number of W+jets
events passing the event selection described in Section 4.2
without requiring a b-tagged jet, W!4,pretag, is evalu-
ated to be 5400 ± 700 (stat. + syst.) in the electron
channel and 8600 ± 1200 (stat. + syst.) in the muon
channel.

The number of W+jets events passing the selection
with at least one b-tagged jet is subsequently evaluated
as [36]

W!4,tagged = W!4,pretag · f2,tagged · k2"!4. (3)

Here f2,tagged ! WData
2,tagged/WData

2,pretag is the fraction of
W+2 jets events passing the requirement of having at
least one b-tagged jet, and k2"!4 ! fMC

!4,tagged/fMC
2,tagged

is the ratio of the fractions of simulated W+jets events
passing the requirement of at least one b-tagged jet,

for at least four and two jets, respectively. The value
of f2,tagged is found to be 0.063 ± 0.005 in the elec-
tron and 0.068± 0.005 in the muon channel, where the
uncertainties include statistical and systematic contri-
butions. The ratio k2"!4 is found to be 2.52 ± 0.36 in
the electron channel and 2.35± 0.34 in the muon chan-
nel. The uncertainties include both systematic contri-
butions and contributions arising from the limited num-
ber of simulated events. The total number of W+jets
events passing the selection with a b-tagged jet, W!4,tagged,
is evaluated to be 870 ± 180 (stat. + syst.) in the elec-
tron channel and 1400±310 (stat. + syst.) in the muon
channel.

5.3 Other backgrounds

The numbers of background events coming from single
top production, Z+jets and diboson events are evalu-
ated using Monte Carlo simulation normalized to the
relevant NNLO cross sections for Z+jets events and
NLO for diboson events.

5.4 Event yield

The final numbers of expected and observed data events
in both channels after the full event selection are listed
in Table 1. The number of events in the electron chan-
nel is significantly lower than in the muon channel due
to the higher lepton pT requirement and the more strin-
gent missing momentum requirement, which are neces-
sary to reduce the contribution from the multijet back-
ground. The overall agreement between expectation and
data is good.

6 Reconstruction of the tt̄ final state

To measure the charge asymmetry in top pair events,
the full tt̄ system is reconstructed. For this purpose, a
kinematic fit is used that assesses the compatibility of
the observed event with the decays of a top-antitop pair
based on a likelihood approach.

The likelihood takes as inputs the measured ener-
gies, pseudorapidities and azimuthal angles of four jets,
the measured energy of the lepton, and the missing
transverse momentum. If there are more than four jets
in the event satisfying pT > 25 GeV and |!| < 2.5, all
subsets of four jets from the five jets in the event with
highest pT are considered.

The likelihood is computed as

L = B( !Ep,1, !Ep,2|mW ,"W ) · B( !Elep, !E! |mW ,"W ) ·

6

Channel µ + jets pretag µ + jets tagged e + jets pretag e + jets tagged

tt̄ 7200 ± 600 6300 ± 500 4800 ± 400 4260 ± 350

W+jets 8600 ± 1200 1390 ± 310 5400 ± 800 880 ± 200
Single top 460 ± 40 366 ± 32 320 ± 28 256 ± 22
Z+jets 940 ± 330 134 ± 47 760 ± 270 110 ± 40
Diboson 134 ± 7 22 ± 2 80 ± 5 13 ± 1

Multijets 1500 ± 800 500 ± 500 900 ± 500 250 ± 250

Total background 11700 ± 1400 2400 ± 600 7500 ± 900 1500 ± 320

Signal + background 18900 ± 1600 8800 ± 800 12000 ± 1000 5800 ± 500

Observed 19639 9124 12096 5829

Table 1 Numbers of events observed in data and expected from tt̄ signal events and various background processes for the
pretag and tagged samples defined in Section 4.2. The experimentally determined uncertainties quoted for W+jets and multijet
backgrounds include systematic uncertainties on the normalisation. The quoted uncertainties on the other backgrounds are
those from theory, taken to be 8% for tt̄ and single top, 34% for Z+jets and 5% for diboson backgrounds. The numbers
correspond to an integrated luminosity of 1.04 fb!1 in both electron and muon channels.

B( !Ep,1, !Ep,2, !Ep,3|mt,!t) · B( !Elep, !E! , !Ep,4|mt,!t) ·
W(Êmiss

x |!px,!) · W(Êmiss
y |!py,!) · W(Êlep| !Elep) ·

4"

i=1

W(Êjet,i| !Ep,i) ·
4"

i=1

P (tagged | parton flavour),

where:

– Symbols B represent Breit-Wigner functions, eval-
uated using invariant masses of sums of appropri-
ate parton and lepton four-vectors. The pole masses
of the W boson and the top quark are fixed to
mW = 80.4 GeV and mt = 172.5 GeV, respectively.
Their widths are taken to be !W = 2.1 GeV and
!t = 1.5 GeV.

– Symbols W represent the transfer functions asso-
ciating the reconstructed quantities (X̂) to quarks
and leptons produced in the hard scattering ( !X).
!Ep,i are the energies of partons associated to jets
with measured energies Êjet,i. These transfer func-
tions are derived from Monte Carlo simulation.

– P (tagged | parton flavour) is the b-tagging probabil-
ity or rejection e!ciency, depending on the parton
flavour, as obtained from Monte Carlo simulation.

The likelihood is maximised with respect to the en-
ergies of the partons, the energy of the charged lepton,
and the components of the neutrino three-momentum.
The assignment of jets to partons which gives the high-
est likelihood value is selected. Finally, the sign of the
charge of the top quark (or anti-quark) decaying into
the lepton is determined from the lepton charge.

The overall e!ciency for the reconstruction of the
correct event topology is found to be 74% in Monte
Carlo simulated tt̄ events. Only those events where four
jets and a lepton are matched to partonic particles are
considered for the e!ciency computation.

Distributions of the invariant mass and transverse
momentum of the reconstructed top-antitop pair are
shown in Fig. 1.

7 Unfolding

The measured distributions of top and anti-top rapidi-
ties are distorted by detector e"ects and an event se-
lection bias. To correct for these distortions the experi-
mental distributions are unfolded to the four-vectors of
the top quarks before decay.

The relation between a true distribution Tj (assum-
ing, for simplicity, that there is only one observable of
interest) and the reconstructed distribution Si after de-
tector simulation and event selection can be written:

Si =
#

j

RijTj (4)

where Rij is the response matrix defined as the proba-
bility to observe an event in bin i when it is expected
in bin j.

The true distribution Tj can be obtained from the
observed distribution Si by inverting the response ma-
trix. The unfolding problem can similarly be formulated
for the case of multiple observables. In this analysis,
Bayes’ theorem is applied iteratively in order to invert
the response matrix [39].

The unfolding is performed using response matrices
which account for both detector response and accep-
tance e"ects. The response matrices are calculated us-
ing Monte Carlo events generated with MC@NLO. The
unfolding is done separately, after background subtrac-
tion, for the inclusive measured distribution of "|y| (a
one-dimensional unfolding problem), and the measured

Breit-
Wigner

Transfer 
functions

b-tagging
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Systematic uncertainties

8

•Following categories considered for all analyses

•Detector modelling
•Efficiency and resolution of object identification and reconstruction 

(e.g. Jet Energy Scale for light and b-jets)
•Luminosity and pile-up dependence

•Signal and background modelling
•QCD radiation, MC generators, top quark mass and PDF
•Background normalisation and shape (cross section expectations, 

heavy flavour fraction, statistics of data control sample)

•Analysis specific uncertainties
•e.g. MC statistics for templates, charge mis-id
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Mass: summary

9

See talks by Gabriele Compostella and 
Markus Cristinziani for details 
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Charge: method

10

•Top (or exotic) quark charge determined from 
correlation with charge of decay products

•Charge of b-jet from weighted sum of tracks 
associated to the jet

•Combined charge of lepton and paired b-jet

•Lepton+jets events with 2 b-tags + cleaning 
cuts for high purity of correctly paired events

•Compatibility with top or exotic quark from 
pseudo-experiments

•Charge value from calibrated b-jet charge
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inside the jet. The combination of both algorithms is based on artificial neural network techniques157

with Monte Carlo simulated training samples and additional variables describing the topology of158

the decay chain [34]. The chosen b-tagging operating point corresponds to a 50% tagging efficiency159

for b-jets in simulated t  t events, while light-flavour jets are suppressed by approximately a factor160

of 300.161

This selection, common to most of the ATLAS t  t analyses (see e.g. [35]), is followed by162

requirements specific for reconstruction of the b-quark charge. For the track charge weighting163

method (see Sec. 5.1), the presence of a second b-tagged jet is required. Each of the two b-tagged164

jets has to contain at least two well reconstructed tracks with transverse momenta above 1 GeV165

within the pseudorapidity region |η | < 2.5. A pairing criterion between the lepton and a b-jet is166

also applied (see Sec. 5).167

5 Top quark charge determination168

The correlation between the top or exotic quark charge and the charges of their decay products can169

be used for the quark charge determination. In the SM the top quark is expected to decay according170

to171

t(2/3)
! b("1/3) +W (+1), (5.1)

while the exotic quark (tX) with charge -4/3 is assumed to decay according to172

173

t("4/3)
X ! b("1/3) +W ("1), (5.2)

where the electric charges of the particles are indicated in parentheses. Considering the subsequent174

leptonic decay of the W bosons, W±

! !±+ ν!(  ν!), we expect for the SM case that a positively175

charged lepton !+ is associated with the b-quark (Qb ="1/3) (both come from the same top quark),176

while for the exotic case it is just the opposite: !" is paired with the b-quark. Note, that in the SM177

case the product of charges of the top or anti-top quark decay products (Q!+ #Qb or Q!" #Q  b) has178

always a negative sign while in the XM case the sign is positive.179

The charge of the W boson is taken from the charge of the high-pT lepton in the event. The180

charge of the quark initiating the b-jet is estimated from a weighted average of the charges of the181

tracks in the jet (see Sec. 5.1). A lepton–b-jet pairing criterion (further referred to as !b-pairing) is182

then applied to match theW boson to the b-jet from the same top quark (see Sec. 5.2).183

5.1 Weighting procedure for b-jet charge calculation184

For the determination of the effective b-jet charge a weighting technique [36, 37] is applied in185

which the b-jet charge is defined as a weighted sum of the b-jet track charges:186

Qb"jet =
∑iQi|"j ·"pi|κ

∑i |"j ·"pi|κ
, (5.3)

where Qi("pi) is the charge (momentum) of the ith track, "j defines the b-jet axis direction, and κ is187

a parameter which was optimized to be 0.5 for the best separation of b- and  b-jets.188

In the calculation of the b-jet charge a maximum number of 10 tracks with pT > 1 GeV189

associated with the b-jet within a cone of ΔR < 0.25 are used. In the case of more than 10 associated190
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tracks, the highest-pT tracks are chosen. The maximum number of tracks, the minimum track pT191

and the value of ΔR were optimized using the standard MC@NLO t  t sample.192

The variable that is used to distinguish between the SM and exotic model scenarios is the193

combined lepton–b-jet charge (further referred to as the combined charge) which is defined as:194

Qcomb =Q!
b!jet ·Q!, (5.4)

where Q!
b!jet and Q! are the b-jet charge of a b-jet associated with a lepton ! through !b-pairing195

calculated with Eq. 5.3 and the lepton charge, respectively. It means that the b-jet and lepton are196

assumed to come from the same decaying quark.197

5.2 Lepton and b-jet pairing algorithm198

The !b-pairing is based on the invariant mass distribution of the lepton and the b-jet, m(!,b-jet).199

If the assignment is correct, assuming an ideal invariant mass resolution, m(!,b-jet) should not200

exceed the top quark mass provided that the decaying particle is the SM top quark. Otherwise, if201

the lepton and b-jet are not from the same decaying particle, there is no such restriction, as can202

be seen in Figure 1, which shows the MC signal sample with the above described cuts applied.203

The reconstructed b-jet is associated with a parton level b-quark whenever the separation between204

these two objects’ directions, ΔR, is below 0.2; similarly for the matching between parton level205

and reconstructed leptons ΔR< 0.2 is required. The !b-pairing requires events with two b-tags and
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Figure 1. Lepton–b-jet invariant mass spectra for the lepton and b-jet pairs from the same top quark object
(solid red line) and for those originating from two different top quark objects (dashed blue line).

206

only the events with b-jets that satisfy the conditions:207

m(!,b-jet(1,2)) < mcr and m(!,b-jet(2,1)) > mcr (5.5)

are accepted. The optimal value for the !b-pairing mass cut, mcr, is a trade-off between the effi-208

ciency (ε) and purity (P) (see Sec. 6.1) of the !b-pairing method. It was found by maximizing the209
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tracks, the highest-pT tracks are chosen. The maximum number of tracks, the minimum track pT191

and the value of ΔR were optimized using the standard MC@NLO t  t sample.192
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assumed to come from the same decaying quark.197

5.2 Lepton and b-jet pairing algorithm198

The !b-pairing is based on the invariant mass distribution of the lepton and the b-jet, m(!,b-jet).199

If the assignment is correct, assuming an ideal invariant mass resolution, m(!,b-jet) should not200

exceed the top quark mass provided that the decaying particle is the SM top quark. Otherwise, if201

the lepton and b-jet are not from the same decaying particle, there is no such restriction, as can202

be seen in Figure 1, which shows the MC signal sample with the above described cuts applied.203

The reconstructed b-jet is associated with a parton level b-quark whenever the separation between204

these two objects’ directions, ΔR, is below 0.2; similarly for the matching between parton level205

and reconstructed leptons ΔR< 0.2 is required. The !b-pairing requires events with two b-tags and

m(l,b-jet)  [GeV]
0 50 100 150 200 250 300 350 400 450 500

Ev
en

ts
 / 

4 
G

eV

0

10000

20000

30000

40000

50000

60000

70000

ATLAS Internal
Simulation

the same top quark

different top quarks

Figure 1. Lepton–b-jet invariant mass spectra for the lepton and b-jet pairs from the same top quark object
(solid red line) and for those originating from two different top quark objects (dashed blue line).

206

only the events with b-jets that satisfy the conditions:207

m(!,b-jet(1,2)) < mcr and m(!,b-jet(2,1)) > mcr (5.5)

are accepted. The optimal value for the !b-pairing mass cut, mcr, is a trade-off between the effi-208

ciency (ε) and purity (P) (see Sec. 6.1) of the !b-pairing method. It was found by maximizing the209

– 6 –

N
o

t
r
e
v

i
e
w

e
d

,
f
o

r
i
n

t
e
r
n

a
l

c
i
r
c
u

l
a
t
i
o

n
o

n
l
y

quantity ε(2P! 1)2 which shows a nearly constant maximum in the region 140 GeV to 165 GeV.210

The value for the !b-pairing mass cut is chosen to be mcr = 155 GeV.211

As this criterion requires events with two b-tags, the efficiency of the method is small (ε =212

28%) but on the other hand it gives a high purity sample (P = 87%).213

6 Signal and background expectations214

The sensitivity for determining the SM top quark charge in the lepton+jets channel is investigated215

using MC samples with the aim of finding the Qcomb expectations for the SM signal and back-216

ground. Both single lepton (t  t " !ν j jb  b) and dilepton (t  t " !ν!νb  b) events have been generated.217

6.1 Reconstructed signal distribution218

In the MC analysis of the top quark charge the MC@NLO, POWHEG and ACERMC t  t samples are219

used. MC@NLO is taken as the default generator. The b-jet charge spectra reconstructed for the t  t220

electron+ jets events from MC@NLO are presented in Figure 2. The b-jet charge distributions for221

b-jets paired with positive (blue line) and negative (red line) leptons are shown after the !b-pairing.222

In addition, the Qcomb charge spectrum (see Eq. 5.4) is also shown in the plot (black line).223
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Figure 2. The reconstructed b-jet charge in electron+ jets t  t events (MC@NLO) associated with positive
(dotted blue line) and negative (dashed red line) leptons and the combined charge (solid black line) after the
invariant mass !b-pairing is applied; here Q is either Q!

b!jet or Qcomb accordingly.

Note that the peaks at ±1 in Figure 2 correspond to the cases when all the tracks within the224

b-jet cone of ΔR= 0.25 have the same sign charge. In this case the weighting procedure (Eq. 5.3)225

gives Qb!jet =±1.226

From Figure 2, the shift between the mean b-jet charges associated with !+ and !! is clearly227

seen. The results of the MC b-jet charge analysis are summarized in Table 1, where the mean com-228

bined charges and charge purities are shown for different MC generators and individual lepton+ jets229

channels. The uncertainties of the combined charges are scaled to the integrated luminosity of230
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Figure 5. Data and MC (MC@NLO) comparison of the mean b-jet charge, <| Qbjet |>, as a function of
vertex multiplicity after all t  t cuts for electron+ jets (left) and muon+ jets (right) events.

lepton Nexpect
!b Ndata

!b <Qcomb >

channel SM expected XM expected data
e 1594 ± 158 1638 -0.075 ± 0.008 0.073 ± 0.008 -0.079 ± 0.008
µ 2094 ± 205 2276 -0.074 ± 0.007 0.065 ± 0.007 -0.075 ± 0.007

e+µ 3688 ± 259 3914 -0.075 ± 0.005 0.069 ± 0.006 -0.077 ± 0.005

Table 4. Number of !b-pairs expected from MC (Nexpect
!b ) and observed in data (Nexpect

!b ), and reconstructed
mean combined charge, < Qcomb >, for the data in the different lepton+ jets channels compared to those
expected in the SM and the exotic model. The uncertainties include the statistical uncertainties scaled to
2.05 fb!1 and the uncertainties of the cross sections and integrated luminosity.

(<Qcomb >) for signal events, the b-jet charge calibration coefficientCb =Qb/ <Qcomb > is found322

to be 4.23 ± 0.03 (stat.) ± 0.07 (syst.) evaluated using the full t  t MC sample. The systematic323

uncertainty on Cb is taken as half the difference between the values of the calibration coefficient324

for the electron and muon channels. The top quark charge then can be calculated as:325

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 the326

expected background.327

The mean value of the top quark charge for the electron+ jets channel isQtop = 0.63 ± 0.04 (stat.)328

± 0.11 (syst.) and that for the muon+ jets channel is Qtop = 0.65 ± 0.03 (stat.) ± 0.12 (syst.). The329

combined result using both channels is 0.64 ± 0.02 (stat.) ± 0.08 (syst.). The quoted systematic330

uncertainty includes uncertainties on the calibration constant and all the uncertainties on the mean331

combined charge as described below.332
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the expected value of exotic combined charge in standard deviations, and the quantities α and β ,452

are summarised in Table 7 for the combined electron and muon case (e+ µ) as well as for the453

electrons (e) and muons (µ) separately.

channel pSM pXM σXM(S.D.) α β
e 0.715 < 10!7 8.7 9.4"10!6 1.6"10!5

µ 0.960 < 10!7 8.3 3.6"10!6 5.4"10!5

e+µ 0.852 < 10!7 8.8 3.0"10!6 1.8"10!5

Table 7. The p-values for the SM (pSM) and exotic model (pXM); the distance σXM of the observed value,
Qobs, from the expected value of the exotic combined charge in standard deviations; the significance level
(α) and the false negative rate (β ) for the integrated luminosity of 2.05 fb!1.

454

From Table 7 it can be seen that the data are fully compatible with the SM . The p-values455

for the SM scenario are high (the two-sided p-value is more than 80 %) while those for the ex-456

otic hypothesis are very small (less than 10!7). Note that the outcome of none of 20 million exotic457

hypothesis pseudo-experiments fell beyond the observed value of the mean combined charge. Con-458

verting the p-value into the number of standard deviations for the exotic scenario combined charge459

distribution, an exclusion at the level better than 8σ is obtained for the combination of the electron460

and muon channels. Due to fact that most of the systematic uncertainties were combined and are461

common for both electron and muon channels, the differences in the nuisance parameters do not462

lead to big differences in the exclusion limits for individual channels.463

9 Conclusion464

We have studied the top quark charge using 2.05 fb!1 of data accumulated by the ATLAS experi-465

ment at the centre-of-mass energy of 7 TeV. The obtained top quark charge is 0.64± 0.02 (stat.)± 0.08466

(syst.). It gives high preference for the Standard Model and excludes the exotic model at more than467

a 8σ .468
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Top polarisation: method

12

•Top quarks produced unpolarised in the SM
•Lepton+jets and dilepton events selected 
•Full reconstruction to determine the 

top quark centre of mass frame
•Decay product distribution wrt quantisation axis:

•P is the degree of polarisation
•α is the analysing power (=1 for lepton at tree level)

•  Template fit of cosθl distribution (in the helicity basis)
• f fraction of positively polarised top quarks 

                         (templates have αP = 0.3)
•CP conserving and CP violating hypotheses 

considered
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Measurement of top quark polarization in top-antitop events from proton-proton collisions atp
s = 7 TeV using the ATLAS detector

(The ATLAS Collaboration)3

(Dated: June 12, 2013)

This letter presents a measurement of the polarization of the top quark in top–antitop quark pair events,
using 4.66 fb�1 of proton–proton collision data at 7 TeV center of mass energy, recorded with the ATLAS
detector at the Large Hadron Collider. Final states containing one or two isolated leptons (electrons or
muons) and jets are considered. Two measurements of ↵`P , the product of the top quark polarization
and the leptonic spin analyzing power, are performed assuming the polarization to be introduced by ei-
ther a CP conserving (CPC) or a CP violating (CPV) production process. The measurements obtained,
↵`PCPC = �0.035± 0.014(stat)± 0.037(syst) and ↵`PCPV = 0.020± 0.016(stat)

+0.013
�0.017(syst), are in

good agreement with the Standard Model prediction of negligible top quark polarization.

The short lifetime of the top quark [1–5] implies that it
decays before hadronization takes place, allowing the study6

of its spin state using the angular distributions of its decay
products. In the Standard Model (SM), parity conserva-
tion in the strong production of top–antitop quark pairs (t¯t)9

in proton–proton (pp) collisions implies negligible polar-
ization of the individual top quarks of 0.003 from weak
contributions [6]. Physics beyond the SM could induce top12

quark polarization; for example, models that predict the top
quark forward-backward asymmetry to be larger than the
SM prediction, as seen by the Tevatron experiments CDF15

and D0 [7–9], can generate non-zero polarization of top
quarks [10–12]. A first study of polarization in t¯t has been
performed by D0 [8], showing good agreement between18

SM prediction and data.
In this letter, a measurement of the polarization of the top

quark in inclusive t¯t production in single charged lepton21

(t¯t ! `⌫qq̄b¯b) and dilepton (t¯t ! `+⌫`�⌫̄b¯b) events is
presented. The distribution of the polar angle, ✓i, of any
of the final state decay products i with respect to a given24

quantization axis is given by

W (cos ✓i) =
1

2

(1 + ↵iP cos ✓i) , (1)

where P represents the degree of polarization along the
chosen quantization axis and ↵i is the spin analyzing power27

of the final state object [13, 14], a measure of the sensitiv-
ity of the daughter particle to the parent’s spin state. At tree
level, charged leptons and down-type quarks from W bo-30

son decays are predicted to have the largest sensitivity to
the top quark’s spin state with a spin analyzing power of
↵ = 1. The helicity basis is used, in which the top quark’s33

momentum direction in the t¯t center of mass frame is cho-
sen as quantization axis. The charged leptons’ cos ✓` dis-
tributions are used as observables to extract a measurement36

of ↵`P .
The analysis is based on the full 2011 dataset of pp colli-

sion events, collected at a center of mass energy of 7 TeV by39

the ATLAS detector [15], corresponding to an integrated
luminosity of 4.66 ± 0.08 fb�1 [16] after data quality re-
quirements.42

ATLAS consists of an inner tracking detector, covering
a pseudorapidity [17] range |⌘| < 2.5, surrounded by a

superconducting solenoid providing a 2 T magnetic field.45

A liquid argon electromagnetic sampling calorimeter with
high granularity (up to |⌘| < 4.9) and an iron–scintillator
tile hadronic calorimeter (up to |⌘| < 1.7) provide the en-48

ergy measurements. The muon spectrometer consists of
tracking chambers covering |⌘| < 2.7, and trigger cham-
bers covering |⌘| < 2.4, in a dedicated toroidal magnetic51

field. Events considered in this analysis are required to
have one high transverse momentum (pT) electron or muon
passing the requirements of the three-level trigger system.54

In order to estimate the sample composition of the data,
data-driven techniques as well as Monte Carlo (MC) sim-
ulations are used. For each MC sample, generated events57

are processed through a GEANT4 [18] simulation of the
full ATLAS detector [19], and the same reconstruction and
analysis software is used on both MC and data. Signal t¯t60

events are simulated by the next-to-leading order (NLO)
generator MC@NLO 3.41 [20] with the NLO parton den-
sity functions (PDF) set CT10 [21], assuming a top quark63

mass of 172.5 GeV. Parton showering is modeled with
HERWIG 6.510 [22], and JIMMY 4.31 [23] is used to
model the underlying event. A t¯t production cross section66

of 167+17
�18 pb is used, calculated at approximate next-to-

next-to-leading order (NNLO) in QCD using the Hathor
v1.2 program [24]. Backgrounds have been simulated us-69

ing the MC@NLO, ACERMC [25], ALPGEN [26], and
HERWIG generators, as detailed in Ref. [27]. Each simu-
lated signal or background event is overlaid with additional72

pp collisions; the distribution of the average number of in-
teractions per beam crossing is reweighted to match the
distribution observed in data. For each sample the cross75

section is rescaled to the most up to date theoretical expec-
tations, as described in Ref. [28].

The data sample is enriched in t¯t events by applying78

several selection criteria based on the t¯t event topology.
The t¯t events consist of jets, isolated leptons and missing
transverse momentum (Emiss

T ) from the undetected neutri-81

nos. Jets are reconstructed from clustered energy deposits
in the calorimeters using the anti-kt algorithm [29] with
a radius parameter R = 0.4. Their energy is corrected to84

the hadronic scale using energy and ⌘ dependent correc-
tion factors derived from simulation and the uncertainty on
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3

lihood and the b-tagging efficiency and light quark rejec-180

tion probability is used to define the event probability. The
highest probability permutation is chosen as the best recon-
struction and used to calculate the charged lepton cos ✓`.183

In the dilepton channels the neutrino weighting method
is used [39]. Because of the presence of two neutrinos
from W boson decays, the final system is underconstrained186

and assumptions must be made to calculate all particle mo-
menta. Making a hypothesis for the pseudorapidities of
the two neutrinos (⌘1, ⌘2), a weight is assigned for each189

permutation of jets, based on the compatibility of the to-
tal neutrino transverse momentum vector and the measured
Emiss

T , accounting for Emiss
T resolution [35]. For each192

event, 100 different hypotheses for ⌘1 and ⌘2 are scanned,
drawn from the observed probability distribution in the sig-
nal MC sample. The configuration with the highest weight195

is selected and used to reconstruct the values of cos ✓` for
both charged leptons. Events for which no physical solu-
tion can be found with this method are discarded. They are198

estimated to be 15% of the selected events in the simulated
dilepton t¯t sample.

To extract the value of ↵`P from the data, a fit using par-201

tially polarized top quark templates is performed. The sig-
nal templates are obtained by reweighting the simulated t¯t
sample such that the decay products of the top quarks have204

the desired angular distribution. Both the top and the anti-
top are reweighted at the same time preserving the spin cor-
relation between them. It has been checked that this pro-207

cedure reproduces the angular distributions in cos ✓ of the
other decay daughter particles. Two different assumptions
about the top quark polarization are made to produce two210

template fits. In one case, the polarization is assumed to be
induced by a charge–parity (CP) conserving process which
leads to top and antitop quarks having equal values of ↵`P213

and therefore the same daughter particles’ angular distribu-
tion. In the other, maximal CP violation is assumed, lead-
ing to opposite values of ↵`P for top and antitop quark. In216

this case, when a value of ↵`P is quoted its sign is taken
to refer to the sign of the coefficient for positively charged
leptons. The positive and negative templates used in the219

fit are built assuming a value of ↵`P = ±0.3, to guaran-
tee the cross section be always positively defined given the
degree of spin correlation. The fraction, f , of the positive222

template component and the t¯t production cross section are
fitted simultaneously, in order to reduce the influence of
normalization uncertainties on the measured polarization.225

The polarization is computed as ↵`P = 0.6f � 0.3.
For all the considered channels, a template fit is per-

formed with a binned maximum likelihood method on228

positive and negative leptons’ distributions separately, and
combinations are performed by multiplying the likelihood
functions of the single channels. Combinations are done231

for the two single lepton channels, the dilepton channels,
and all channels together. Using pseudo-experiments, the
fitting method has been checked to be unbiased.234

For each source of systematic uncertainty, a new tem-

plate corresponding to the respective up and down varia-
tion is considered. When an uncertainty is evaluated as the237

difference between two points, it is symmetrized around
the central value. The mean of the distribution over 1000
pseudo-data sets of differences between the central fit val-240

ues and the up and down results is taken as the system-
atic uncertainty in that parameter. Systematic uncertainties
arising from the same source are treated as being correlated243

between the different lepton charge and flavor samples.
Detector systematic uncertainties, related to the deter-

mination of the energy or momentum scales, resolutions,246

and efficiencies of jets, electrons, muons, and the Emiss
T

are considered [31, 35, 40–44]. Simulated samples are cor-
rected in order to match the reconstructed objects perfor-249

mance observed in data, and the correction factors are var-
ied depending on the uncertainties of their values, in order
to estimate the uncertainty on the final measurement. The252

largest uncertainty in this measurement comes from the jet
energy measurement.

Systematic uncertainties from the modeling of the t¯t fi-255

nal state in simulation are accounted for using alternative
signal templates. These templates vary the MC event gen-
erator, initial and final state radiation, color reconnection,258

fragmentation modeling, and the PDF sets, as detailed in
Ref. [45]. The estimation of the uncertainty due to the
top quark mass is performed by repeating the fitting proce-261

dure using seven samples with different mass setting in the
MC, and interpolating the change in the parameter f corre-
sponding to a variation of the top quark mass of ±1.4 GeV264

around the nominal value. Because an assumption on the
degree of spin correlation is made when constructing the
template, an additional uncertainty is applied based on the267

difference in the observed spin correlation in simulated t¯t
events between the MC@NLO and POWHEG [46] gen-
erators.270

For the W+jets background in the `+jets final state, the
overall normalization is varied according to the residual
uncertainty after the rescaling based on measured charge273

asymmetry [36]. In addition, the W+jets template is var-
ied in shape and normalization by reweighting events based
on both the uncertainty in the associated heavy quark pro-276

duction flavor fractions and the parameters of the simula-
tion of extra jets [37]. For the estimate of events with fake
leptons, the templates are varied according to the uncer-279

tainties in the matrix method inputs [28, 37]. Uncertain-
ties on the normalization of the different background com-
ponents are also considered in the fit. The MC statistical282

uncertainty is taken into account by performing pseudo-
experiments, where the bin content of each template is var-
ied independently according to the uncertainty. Table II285

summarizes the different sources of systematic uncertainty
and their effect on ↵`P for the combined fit. The two
largest uncertainties come from jet reconstruction and MC288

modeling, both affecting the shape of the cos ✓` distribu-
tion. For sources of systematic uncertainty that do not de-
pend on the lepton charge in the event, the uncertainty in291
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1 Introduction88

Discovered in 1995 by the experiments CDF and D0 at the Tevatron collider [1, 2], the top quark is89

the heaviest elementary particle known today. Its large mass of mt = 173.2 ± 0.9 GeV [3] and short90

lifetime of about 0.5 ⇥ 10�25 s [4] make it an interesting particle to study. In the Standard Model (SM),91

top quarks are produced unpolarised because of parity conservation in QCD and the unpolarised initial92

state, but some models beyond the SM (BSM) can result in a measurable polarisation of the top quark.93

In particular, models that predict the top quark forward-backward asymmetry to be larger than the SM94

prediction, as was seen by the Tevatron experiments [5, 6, 7, 8], have di↵erent predictions of the top95

quark polarisation [9].96

In this note, we present a measurement of the top quark polarisation in single lepton and dilepton tt̄
events. Due to the top quark’s short lifetime, it decays before it hadronises. Therefore the spin informa-
tion of the top quark is conserved and it is possible to extract it from the decay products of the W boson.
We measure the top quark polarisation by studying the polar angle of the charged lepton in the parent top
quark’s rest frame. The distribution of the polar angles, ✓i for any daughter particle labeled i with respect
to a quantisation axis is given by

W(cos ✓i) / 1 + ↵ip cos ✓i, (1)

where p represents the degree of polarisation along this axis and ↵i is the spin analysing power. The spin97

analysing powers of the decay products vary as a function of particle type [10]. At tree level, charged98

leptons are predicted to have a spin analysing power of one (↵` = 1). They therefore have the most99

sensitivity to the top’s spin state. The measurement performed here is of the product of ↵` and p. It100

should be noted that the spin analysing powers of particles changes independently of the polarisation101

if anomalous couplings are present [11]. The helicity basis of the top quark is used to determine the102

quantisation axis. This corresponds to choosing the z-axis as the parent top’s momentum direction in the103

tt̄ centre of mass frame. A diagram depicting the construction of the decay angles is found in Figure 1.104
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Figure 1: The z-axis is defined by the direction of the decaying top quark momentum in the tt̄ center of
mass frame. The direction of the lepton’s momentum is defined in the top quark’s rest frame.

A full reconstruction of the tt̄ system is required in order to calculate cos ✓`. A kinematic likelihood
fit method is used to determine the neutrino momentum and the assignment of final state jets to the top
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TABLE II. Summary of the systematic uncertainties on ↵`P for
the CP conserving and CP violating fits in the combined channels.
The systematic uncertainties have been added in quadrature to
obtain the total uncertainty.

Source �↵`PCPC �↵`PCPV

Jet reconstruction +0.031 -0.031 +0.009 -0.005
Lepton reconstruction +0.006 -0.007 +0.002 -0.001
E

miss
T reconstruction +0.008 -0.007 +0.004 -0.001

t

¯

t Modeling +0.015 -0.016 +0.005 -0.013
Background Modeling +0.011 -0.010 +0.005 -0.007

Template Statistical Uncertainty +0.005 -0.005 +0.006 -0.006
Total Systematic Uncertainty +0.037 -0.037 +0.013 -0.017

TABLE III. Summary of fitted ↵`P in the individual channels for
the CP conserving and CP violating fits. The uncertainties quoted
are first statistical and then systematic.

Source ↵`PCPC ↵`PCPV

ee 0.12± 0.10

+0.09
�0.12 �0.04± 0.12

+0.18
�0.12

eµ �0.07± 0.04

+0.05
�0.06 0.00± 0.04

+0.05
�0.04

µµ �0.04± 0.06

+0.07
�0.07 0.04± 0.07

+0.06
�0.06

Dilepton �0.04± 0.03

+0.05
�0.05 0.01± 0.03

+0.04
�0.04

e+jets �0.031± 0.028

+0.043
�0.040 0.001± 0.031

+0.019
�0.019

µ+jets �0.033± 0.021

+0.039
�0.039 0.036± 0.023

+0.018
�0.017

`+jets �0.034± 0.017

+0.038
�0.037 0.023± 0.019

+0.012
�0.011

Combined �0.035± 0.014

+0.037
�0.037 0.020± 0.016

+0.013
�0.017

the CP violating scenario is greatly reduced. These uncer-
tainties push the fit parameters in opposite directions for
the different lepton charged samples, leading to smaller to-294

tal uncertainty in the combination.
The results of the fit to the data in single and dilepton

channels are summarized in Table III. Figure 1 shows the297

fitted observable in the single and dilepton final states with
the CP conserving hypothesis, and Fig. 2 shows the same
observable in the CP violating hypothesis. The nonlinear300

shape of the cos ✓` distributions is primarily a result of the
detector acceptance.

The single lepton and dilepton channels combined re-303

sults are:

↵`PCPC = �0.035± 0.014(stat)± 0.037(syst) (2)

in the CP conserving scenario, and

↵`PCPV = 0.020± 0.016(stat)+0.013
�0.017(syst) (3)

in the CP violating scenario. The polarization in both sce-306

narios agrees with the SM prediction of negligible polar-
ization within the uncertainties. The fitted �tt̄ is in good
agreement with the SM prediction as obtained from NNLO309

QCD calculations [47, 48].
In conclusion, the first measurement of top quark polar-

ization in t¯t events has been performed for two different312

scenarios with 4.66 fb�1 of proton–proton collision data
at 7 TeV center of mass energy with the ATLAS detector.

cos !(ℓ
+

)

-1 -0.8-0.6-0.4-0.2 0 0.2 0.4 0.6 0.8 1

Ev
en

ts
 / 

0.
1

0

500

1000

1500

2000

2500
ATLAS
single lepton

Internal

! ℒdt = 4.66fb
!1

"s = 7TeV

cos !(ℓ
!
)

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Data "P = 0

Fit "P = +0.3

Bkgd. "P = !0.3

cos !(ℓ
+

)

-1 -0.8-0.6-0.4-0.2 0 0.2 0.4 0.6 0.8 1

Ev
en

ts
 / 

0.
1

0

100

200

300

400

500

600 ATLAS
dilepton

Internal

! ℒdt = 4.66fb
!1

"s = 7TeV

cos !(ℓ
!
)

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Data "P = 0

Fit "P = +0.3

Bkgd. "P = !0.3

(b)

(a)

FIG. 1. The result of the full combined fit to the data in (a) the
single lepton channel and (b) dilepton channel, adding together
electrons and muons with the CP conserving polarization hypoth-
esis. It is compared to the polarization templates used and the SM
prediction of zero polarization. Positively charged leptons are on
the left, and negatively charged leptons on the right.

Single and dilepton final states have been used and no de-315

viation from the SM prediction of negligible polarization
is observed for either the CP conserving or CP violating
scenario.318
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TABLE II. Summary of the systematic uncertainties on ↵`P for
the CP conserving and CP violating fits in the combined channels.
The systematic uncertainties have been added in quadrature to
obtain the total uncertainty.

Source �↵`PCPC �↵`PCPV

Jet reconstruction +0.031 -0.031 +0.009 -0.005
Lepton reconstruction +0.006 -0.007 +0.002 -0.001
E

miss
T reconstruction +0.008 -0.007 +0.004 -0.001
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t Modeling +0.015 -0.016 +0.005 -0.013
Background Modeling +0.011 -0.010 +0.005 -0.007

Template Statistical Uncertainty +0.005 -0.005 +0.006 -0.006
Total Systematic Uncertainty +0.037 -0.037 +0.013 -0.017

TABLE III. Summary of fitted ↵`P in the individual channels for
the CP conserving and CP violating fits. The uncertainties quoted
are first statistical and then systematic.
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+0.09
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+0.18
�0.12
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+0.05
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+0.05
�0.04

µµ �0.04± 0.06

+0.07
�0.07 0.04± 0.07

+0.06
�0.06

Dilepton �0.04± 0.03
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e+jets �0.031± 0.028

+0.043
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+0.019
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µ+jets �0.033± 0.021

+0.039
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+0.018
�0.017

`+jets �0.034± 0.017

+0.038
�0.037 0.023± 0.019

+0.012
�0.011

Combined �0.035± 0.014

+0.037
�0.037 0.020± 0.016

+0.013
�0.017

the CP violating scenario is greatly reduced. These uncer-
tainties push the fit parameters in opposite directions for
the different lepton charged samples, leading to smaller to-294

tal uncertainty in the combination.
The results of the fit to the data in single and dilepton

channels are summarized in Table III. Figure 1 shows the297

fitted observable in the single and dilepton final states with
the CP conserving hypothesis, and Fig. 2 shows the same
observable in the CP violating hypothesis. The nonlinear300

shape of the cos ✓` distributions is primarily a result of the
detector acceptance.

The single lepton and dilepton channels combined re-303

sults are:

↵`PCPC = �0.035± 0.014(stat)± 0.037(syst) (2)

in the CP conserving scenario, and

↵`PCPV = 0.020± 0.016(stat)+0.013
�0.017(syst) (3)

in the CP violating scenario. The polarization in both sce-306

narios agrees with the SM prediction of negligible polar-
ization within the uncertainties. The fitted �tt̄ is in good
agreement with the SM prediction as obtained from NNLO309

QCD calculations [47, 48].
In conclusion, the first measurement of top quark polar-

ization in t¯t events has been performed for two different312

scenarios with 4.66 fb�1 of proton–proton collision data
at 7 TeV center of mass energy with the ATLAS detector.
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FIG. 1. The result of the full combined fit to the data in (a) the
single lepton channel and (b) dilepton channel, adding together
electrons and muons with the CP conserving polarization hypoth-
esis. It is compared to the polarization templates used and the SM
prediction of zero polarization. Positively charged leptons are on
the left, and negatively charged leptons on the right.

Single and dilepton final states have been used and no de-315

viation from the SM prediction of negligible polarization
is observed for either the CP conserving or CP violating
scenario.318
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Compatible with unpolarised top quarks
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•Fractions of longitudinally, left- and right-handed polarised W’s
•Template fit and asymmetry measurement in angular distribution

•Lepton+jets and dilepton channels, full reconstruction

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

! 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 "! 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

#

d#

d cos "!
=

3

4

!

1 ! cos2 "!
"

F0 +
3

8
(1 ! cos "!)2 FL +

3

8
(1 + cos "!)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 "! > z) ! N(cos "! < z)

N(cos "! > z) + N(cos "! < 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 e!ective field theories, dimension-

six operators can be introduced which modify the Wtb vertex [11–13]. Coe"cients 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 di!erent methods.

The first compares the observed cos "! distribution with templates for di!erent W boson

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

tries from an unfolded cos "! 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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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 "! 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

#

d#

d cos "!
=

3

4

!

1 ! cos2 "!
"

F0 +
3

8
(1 ! cos "!)2 FL +

3

8
(1 + cos "!)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 "! > z) ! N(cos "! < z)

N(cos "! > z) + N(cos "! < 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 e!ective field theories, dimension-

six operators can be introduced which modify the Wtb vertex [11–13]. Coe"cients 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 di!erent methods.

The first compares the observed cos "! distribution with templates for di!erent W boson

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

tries from an unfolded cos "! 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.

– 2 –
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Figure 2.5: Definition of the decay angle cos q in the rest frame of the W boson: q is the
polar angle between the momentum vector of the charged lepton (or d, s
quark) and the negative momentum direction of the b quark.

The normalized angular functions wi(q) (i = 0,�, +) reflect the angular dependence
of the different helicity states:

w0(q) =
3
4

sin2
q , (2.34)

w�(q) =
3
8
(1� cos q)2 , (2.35)

w+(q) =
3
8
(1 + cos q)2 . (2.36)

By using the helicity fractions fi introduced previously, Eq. 2.33 can be rewritten in
the following form:

w(q) =
3
4
(1� cos2

q) f0 +
3
8
(1� cos q)2 f� +

3
8
(1 + cos q)2 f+ . (2.37)

The fraction of W bosons with longitudinal polarization, f0, is given by [23, 24, 25]:

f0 ⇡ m2
t

2M2
W + m2

t
= (70.1± 1.6) % , (2.38)

where the current values [11] for the mass of the top quark, mt = 174.3± 5.1 GeV,
and for the mass of the W boson, MW = 80.425± 0.038 GeV, have been used. The
mass of the b quark has been neglected in this calculation as it is done only at the
Born level (mb ! 0). Due to the fact, that f0 is defined purely by the masses of the
involved particles, it is independent of the exact structure of the weak charged current
interaction as long as it is a linear combination of a vector and an axialvector current,
e.g. V � A or V + A.

In the standard model, i.e. in a pure V � A theory, the fraction f+ is suppressed by
chiral factors of order m2

b/m2
t , i.e. f+ =0 at the Born level. A next to leading order
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•Original ATLAS result and combination with CMS interpreted in terms 
of anomalous couplings in the effective Lagrangian

W boson helicity fractions
-1 -0.5 0 0.5 1

ATLAS RF LF 0F-1 L dt = 1.04 fb∫

Template (single leptons)
Template (dileptons)
Asymmetries (single leptons)
Asymmetries (dileptons)
Overall combination

NNLO QCD
Combination

)0/FL/FRData (F

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 e!ective 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 !µ (VLPL + VRPR) t W!

µ !
g"
2
b̄

i"µ!q!

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)
"q

v2

"2
, VR =

1

2
C33"

""
v2

"2
, gL =

"
2C33"

dW
v2

"2
, gR =

"
2C33

uW
v2

"2
. (6.2)

The parameter " is the new physics scale and C(3,3+3)
"q , C33"

"" , C33"
dW and C33

uW are the

e!ective operator coe#cients [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)
"q .

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,

– 18 –
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Figure 3: Allowed regions for the Wtb anomalous couplings using the combined helicity fractions and
assuming VL = 1 and VR = 0, at 68% and 95% CL.
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•Search for t →Zq FCNC decay (trilepton)
• Expected BR in the SM: O(10-14)
• Highest expected BR in BSM models: O(10-4)

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

channel observed ("1!) expected (+1!)

3ID 0.81% 0.63% 0.95% 1.4%

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

Combination 0.73% 0.61% 0.93% 1.4%

9 Conclusions

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

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

responding to an integrated luminosity of 2.1 fb!1. The search for the t ! qZ decay

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

according to the Standard Model and the other according to the FCNC (tt̄ ! bWqZ).

No evidence for such a signal was found. An observed limit at 95% C.L. on the t ! qZ

FCNC top-quark decay branching fraction was set at BR(t ! qZ) < 0.73%, assuming

BR(t ! bW )+BR(t ! qZ) = 1. The observed limit is compatible with the expected

sensitivity, assuming that the data are described correctly by the Standard Model, of

BR(t ! qZ) < 0.93%.
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•Many measurements of top quark properties performed at ATLAS

•Exploiting different decay channels and full kinematic reconstruction

•Data-driven estimate of major backgrounds 

•All results compatible with SM predictions

•Top quark charge and decay vertex as predicted by theory

•Precision limited by systematics in many measurements

•More and more sophisticated mass measurement methods used to 
reduce effect of systematic uncertainties


