
CDF

Top quark properties

FPCP 2013
23rd May 2013

 Jacob Linacre (FNAL)
on behalf of the ATLAS, CDF, CMS, and DØ collaborations



FPCP 2013 - Top quark properties - Jacob Linacre23/05/13

Introduction

‣ Why study top quark properties?

‣ heaviest quark in the standard model

‣ large coupling to Higgs

‣ probe for new theories above the electroweak scale

‣ top quark decays before hadronisation

‣ study properties of a “bare”quark

‣ stringent test of the SM, with many possibilities for manifestation of new 
physics

‣ tops could be produced from decay of new particles

‣ tops could decay into new particles

‣ important to understand top as a background for other measurements and 
searches
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4 Preselection yields and top polarization at reconstruction level90

The observed and simulated yields after the event preselection are listed in Table 1, in which91

the categories tt → �+�− and DY→ �+�− correspond to dileptonic tt and DY decays, including92

τ leptons only when they also decay leptonically. All other tt decay modes are included in the93

category tt → other. The yields are dominated (92%) by top-pair production in the dilepton94

final state, with the largest background coming from single top production. The tt → �+�−95

yields are normalized such that the total simulated yield matches the data. Comparisons be-96

tween data and the simulation for the number of vertices and the number of b tagged jets are97

shown in Figure 1.98

Table 1: The observed and simulated yields after the preselection described in the text. Un-
certainties are statistical only. The systematic uncertainties on the simulated yields are given in
Section 8. Where the simulated yields are zero, upper limits are given based on the weighted
yield, had one of the simulated events passed the preselection.

Sample ee µµ eµ all
tt → �+�− 1791.7 ± 4.4 2127.3 ± 4.7 5069.4 ± 7.3 8988.5 ± 9.7
tt → other 32.5 ± 2.9 4.8 ± 1.1 53.3 ± 3.6 90.7 ± 4.8
W + jets < 1.9 4.7 ± 3.3 4.7 ± 3.4 9.4 ± 4.7
DY→ ee 52.3 ± 5.8 < 0.6 < 0.6 52.3 ± 5.8
DY→ µµ < 0.6 72.8 ± 6.5 1.6 ± 0.9 74.4 ± 6.5
DY→ ττ 17.6 ± 3.3 8.7 ± 2.2 18.7 ± 3.2 45.0 ± 5.1
Di-boson 10.6 ± 0.5 13.0 ± 0.5 24.0 ± 0.7 47.6 ± 1.0
Single top 84.9 ± 2.3 101.2 ± 2.4 252.1 ± 3.9 438.2 ± 5.1
Total (simulation) 1989.6 ± 8.8 2332.6 ± 9.3 5423.8 ± 10.3 9746.0 ± 16.4
Data 1961 2373 5412 9746

Number of vertices
0 2 4 6 8 10 12 14 16 18

Ev
en

ts

0

200

400

600

800

1000

1200

1400

1600 Data
 (dilepton)tt
 (other)tt

-l+l!*"Z/
-#+#!*"Z/

Single top
VV

$l!W

CMS Preliminary
=7 TeVs at   -15.0 fb

µ/eµµEvents with ee/

Number of b tagged jets
0 1 2 3 4 5 6

Ev
en

ts

0

1000

2000

3000

4000

5000

6000

7000

8000 Data
 (dilepton)tt
 (other)tt

-l+l!*"Z/
-#+#!*"Z/

Single top
VV

$l!W

CMS Preliminary
=7 TeVs at   -15.0 fb

µ/eµµEvents with ee/

Figure 1: Comparison of data and simulation for number of vertices (left) and number of b
tagged jets (right).
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Top mass: CDF lepton+jets

‣ CDF lepton+jets channel until recently most 
precise single measurement 

‣ latest result with 8.7 fb-1 at 1.96 TeV,  e/µ + ≥4j

‣ jet energy scale (JES) leading systematic: reduce 
uncertainty by measuring residual JES 
simultaneously with mt using mW constraint

‣     system reconstructed using χ2 minimisation

‣ Kernel Density Estimate-based approach to 
forming probability density functions (pdfs) from 
simulated Pythia MC

‣ Done for signal and background for various 
values of mt and JES

‣ Per-event likelihood from sum of signal and 
background pdfs, with 3 observables:

‣ mtreco from each of the 2 smallest χ2 
permutations, and mWreco

‣ mt = 172.85 ± 0.71 (stat.+JES) ± 0.84 GeV (syst) 
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Figure 1: Comparison of data and simulation for number of vertices (left) and number of b
tagged jets (right).
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Top mass: CMS lepton+jets
‣ 5 fb−1 7 TeV lepton+jets data (e/µ + ≥4j, ≥2 b-tags)

‣ Kinematic fit to reconstruct mass of top quarks in 
each event, using mW constraint

‣ 2 possible parton to b-jet assignments per event, 
weighted based on fit χ2 (and with high χ2 cut to 
increase fraction of correct permutations and reject 
background)

‣ Per-event likelihood for mt and JES based on mt,fit 
and the reco-level mW (before constraint)

‣ includes sum of pdfs for     with “correct” and 
“wrong” jet permutations, and also “unmatched” 
where the 4 jets do not correspond to the 4 partons

‣ Mass and JES simultaneously extracted from 
combined likelihood (Ideogram method):

‣ mt = 173.49 ± 0.43 (stat.+JES) ±  0.98 (syst.) GeV

‣ JES = 0.994 ± 0.003 (stat.) ± 0.008 (syst.)
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Figure 6: (a) The 2D likelihood (−2∆ log (L)) measured for the �+jets final state. The

ellipses correspond to statistical uncertainties on mt and JES of one, two, and three stan-

dard deviations. (b) The statistical uncertainty distribution obtained from 10 000 pseudo-

experiments is compared to the uncertainty of the measurement in data of 0.43GeV.

We estimate the impact of the simultaneous fit of the jet energy scale by fixing the JES

to unity. This yields mt = 172.97 ± 0.27 (stat.) ± 1.44 (syst.)GeV. The larger systematic

uncertainty stems from a JES uncertainty of 1.33GeV and demonstrates the gain from the

simultaneous fit to mt and JES.

As a cross-check of the event selection and the mass extraction technique, a second

analysis is performed. The mass extraction technique used in this analysis is very similar

to the CMS measurement of the mass difference between top and antitop quarks [29].

The events are required to pass a lepton+jets trigger and fulfill the same lepton and jet

requirements implemented in the main analysis, except for a lower threshold on the muon

transverse momentum of pT > 20GeV. In addition, the requirement on the number of

b-tagged jets is lowered to at least one. The same kinematic fit is employed as for the main

analysis. All possible permutations of the four jets of largest pT that have a fit χ2 < 20,

corresponding to a goodness-of-fit probability of Pgof = 4.5× 10−5, are accepted, yielding

54 899 selected events. This fit to mt employs just the standard jet energy corrections,

equivalent to setting JES=1. New likelihood functions are formed that take account of the

contributions from background resulting from less stringent selection criteria. In addition,

the permutations are weighted with the probabilities for b tagging [29]. Figure 7 shows the

mass mfit
t after the kinematic fit for the permutation with the smallest χ2 in each event and

the likelihood obtained from data. After applying the calibration, we measure a top-quark

mass of mt = 172.72± 0.18 (stat.)± 1.49 (syst.)GeV, which is consistent with the result of

the main analysis but has a larger uncertainty as expected.
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Figure 1: Reconstructed masses of (a) the W bosons decaying to qq pairs and (b) the

corresponding top quarks, prior to the kinematic fitting to the tt hypothesis. (c) and (d)

show, respectively, the reconstructed W-boson masses and the fitted top-quark masses after

the goodness-of-fit selection and the weighting by Pgof . The distributions are normalized

to the theoretical predictions described in refs. [17–19]. The uncertainty on the predicted

tt cross section is indicated by the hatched area. The top-quark mass assumed in the

simulation is 172.5GeV.

where mt and JES are the parameters to be determined, n denotes the number of permu-

tations in each event, and c is a normalization constant. We note that the contribution

– 5 –

most precise single measurement to date
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Figure 1: Comparison of data and simulation for number of vertices (left) and number of b
tagged jets (right).
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The normalisation of the W+jets background is estimated from data and the shape is obtained from

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

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

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

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

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

negative charged lepton.

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

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

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

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

ments [32].

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

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

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

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

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

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

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

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

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

apply for Figures 1– 3 and Table 1.

5 Reconstruction of the three observables

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

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

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

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

mreco
W

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

is computed in

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

is defined as the ratio of the transverse

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

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

is defined as the ratio of the

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

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

boson decay, i.e.:

Rreco,2b
lb

=
pbhad
T
+ p

blep
T

p
Wjet1

T
+ p

Wjet2

T

,

Rreco,1b
lb

=
p
btag
T

(p
Wjet1

T
+ p

Wjet2

T
)/2

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

W
and

Rreco
lb

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

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

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

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

5

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

is propagated to the analysis by changing the measured Emiss
T

and lepton pT, and their corresponding

resolutions, within uncertainties.

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

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

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

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

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

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

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

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

the respective distributions of the number of vertices and 〈µ〉 in data and in the simulation. The maximum

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

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

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

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

Rreco
lb

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

2.02 GeV to 1.35 GeV by adding the Rreco
lb

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

the differences is given below in Section 7.3.

7.2 Results

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

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

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

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

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

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

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

Figure 6 shows the mreco
W

, Rreco
lb

and mreco
top distributions in the data together with the corresponding

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

contributions.

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

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

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

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

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

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

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

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

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

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

Because the Rreco
lb

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

2d-analysis and the 3d-analysis. The fitted top quark masses from the two methods are in agreement
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and compatible values, with larger uncertainties, in the data. The effect of these dependencies on mtop

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

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

the respective distributions of the number of vertices and 〈µ〉 in data and in the simulation. The maximum

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

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

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

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

Rreco
lb

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

2.02 GeV to 1.35 GeV by adding the Rreco
lb

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

the differences is given below in Section 7.3.

7.2 Results

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

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

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

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

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

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

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

Figure 6 shows the mreco
W

, Rreco
lb

and mreco
top distributions in the data together with the corresponding

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

contributions.

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

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

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

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

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

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

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

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

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

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

Because the Rreco
lb

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

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

18

4.7 fb-1 7 TeV data

‣ total uncertainty significantly reduced compared to 
result using traditional 2D fit (with bJSF set = 1):

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-046
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2013-046
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Analysis
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CDF March’07 2.66±     12.40  2.20)±1.50 ±(

Tevatron combination * 0.87±     173.20  0.71)±0.51 ±(
  syst)± stat  ±(

CDF-II MET+Jets * 1.85±     173.95  1.26)±1.35 ±(

CDF-II track 9.46±     166.90  2.90)±9.00 ±(

CDF-II alljets 2.07±     172.47  1.49)±1.43 ±(

CDF-I alljets 11.51±     186.00  5.70)±10.00 ±(

DØ-II lepton+jets 1.49±     174.94  1.24)±0.83 ±(

CDF-II lepton+jets 1.11±     172.85  0.98)±0.52 ±(

DØ-I lepton+jets 5.31±     180.10  3.60)±3.90 ±(

CDF-I lepton+jets 7.36±     176.10  5.30)±5.10 ±(

DØ-II dilepton 2.76±     174.00  1.44)±2.36 ±(

CDF-II dilepton 3.79±     170.56  3.09)±2.19 ±(

DØ-I dilepton 12.82±     168.40  3.60)±12.30 ±(

CDF-I dilepton 11.41±     167.40  4.90)±10.30 ±(

Mass of the Top Quark
(* preliminary)March 2013

/dof = 8.5/11 (67%)2

Tevatron top quark mass combination
‣ BLUE method (best linear unbiased estimator)

‣ Mtop = 173.20 ± 0.51 (stat) ± 0.71 (syst) GeV

‣ Mtop = 173.2 ± 0.9 (syst) GeV

‣ relative uncertainty of 0.50%

‣ Compared to previous (2011) combination, uses updated Run II CDF 
lepton+jets and MET+jets measurements

‣ full 8.7 fb-1 of data, and improved analysis technique and jet energy 
resolution for lepton+jets

‣ Precision of 2012 LHC combination already surpassed by single results

8

Table 5: Summary of the combination of the 12 measurements by CDF and DØ in terms of
four physical quantities, the mass of the top quark in the alljets, �+jets, �� and MEt decay
channels.

March 2013

Parameter Value (GeV/c2) Correlations

Malljets
t M l+j

t Mdi-l
t MMEt

t

Malljets
t 172.7± 1.9 1.00

M l+j
t 173.2± 0.9 0.25 1.00

Mdi-l
t 170.0± 2.1 0.19 0.41 1.00

MMEt
t 173.8± 1.8 0.13 0.26 0.18 1.00

0.19 GeV/c2 shift of the top-quark mass and a 0.03 GeV/c2 decrease of the total uncertainty.243

We also performed two separate combinations of all the CDF measurements and all the244

DØ ones. The results of these combintions are 172.72 ± 0.93 GeV/c2 for CDF and 174.89 ±245

1.42 GeV/c2 for DØ. Taking all correlations into account, we calculate the chi-square χ2(CDF−246

DØ) = 2.25/1 corresponding to a probability of 13%.247

6 Summary248

A preliminary combination of measurements of the mass of the top quark from the Tevatron249

experiments CDF and DØ is presented. The combination includes five published Run I measure-250

ments, six published Run II measurements, and one preliminary Run II measurements. Taking251

into account the statistical and systematic uncertainties and their correlations, the preliminary252

result for the Tevatron average is Mt = 173.20±0.51 (stat)±0.71 (syst) GeV/c2, where the total253

uncertainty is obtained assuming Gaussian systematic uncertainties. Adding in quadrature the254

statistical and systematic uncertainties yields a total uncertainty of 0.87 GeV/c2, correspond-255

ing to a relative precision of 0.50% on the top-quark mass. Rounding off the uncertainty to256

two significant digits, the combination yields Mt = 173.2 ± 0.9 GeV/c2. The central value is257

0.02GeV/c2 higher than our July 2011 average of Mt = 173.18± 0.94GeV/c2.258

The mass of the top quark is now known with a relative precision of 0.50%, limited by the259

systematic uncertainties, which are dominated by the jet energy scale uncertainty. This result260

will be further improved when all analysis channels from CDF and DØ using the full Run II261

data set are finalized.262

13
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top - antitop mass difference
‣ SM invariance under CPT predicts equality of particle and antiparticle masses

‣ test by measuring the mass difference between t and tbar,  ∆mt = mt - mtbar

‣ 19 fb−1 8 TeV lepton+jets data (e/µ + ≥4j, ≥1b-tag)

‣ Kinematic fit to reconstruct mass of hadronically decaying top in each event, using MW constraint

‣ jet energies first corrected to parton-level 

‣ Mass extracted from combined likelihood (Ideogram method)

‣ per-event likelihood terms for signal with correct and incorrect jet combinations, and for background

‣ Event sample split in two based on lepton charge:

‣  
‣ By far the most precise measurement to date

9

CMS PAS TOP-12-031

average fitted top-quark mass is found to be 
mt = 172.51 ± 0.10 (stat.) GeV (no syst.)
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tt cross section
‣ Similar event selection as for mass analyses

‣ Measurements typically using kinematic fits 
to distinguish signal and background, with a 
likelihood fit to estimate Nttbar

‣ Measured cross-section in good agreement 
with theory

‣ exact NNLO calculation recently completed: 
arXiv:1303.6254 [hep-ph]
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too, and a consistent NNLO treatment would require the
analysis of Ref. [35] to be extended to NNLO, which is
now possible with the help of the results derived in this
letter as well as Ref. [12]. Given the numerical effect is
small (a 0.7% shift at LHC 8 TeV and a 0.4% shift at the
Tevatron), in this work we take A = 0.
As can be concluded from table I the precision of the

theoretical prediction at full NNLO+NNLL is very high.
At the Tevatron, the scale uncertainty is as low as 2.2%
and just slightly larger, about 3%, at the LHC. The inclu-
sion of the NNLO correction to the gg-initiated reaction
increases the Tevatron prediction of Ref. [12] by about
1.4%, which agrees well with what was anticipated in
that reference.

Collider σtot [pb] scales [pb] pdf [pb]

Tevatron 7.009 +0.259(3.7%)
−0.374(5.3%)

+0.169(2.4%)
−0.121(1.7%)

LHC 7 TeV 167.0 +6.7(4.0%)
−10.7(6.4%)

+4.6(2.8%)
−4.7(2.8%)

LHC 8 TeV 239.1 +9.2(3.9%)
−14.8(6.2%)

+6.1(2.5%)
−6.2(2.6%)

LHC 14 TeV 933.0 +31.8(3.4%)
−51.0(5.5%)

+16.1(1.7%)
−17.6(1.9%)

TABLE II: Pure NNLO theoretical predictions for various
colliders and c.m. energies.

To assess the numerical impact from soft gluon re-
summation, in table II we present results analogous to
the ones in table I but without soft gluon resummation,
i.e. at pure NNLO. Comparing the results in the two
tables we conclude that the effect of the resummation
is a (2.2, 2.9, 2.7, 2.2)% increase in central values and
(2.4, 2.2, 2.1, 1.5)% decrease in scale dependence for, re-
spectively, (Tevatron, LHC7, LHC8, LHC14).
Next we compare our predictions with the most precise

experimental data available from the Tevatron and LHC.
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FIG. 3: Theoretical prediction for the Tevatron as a function
of the top quark mass, compared to the latest combination of
Tevatron measurements.
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The comparison with the latest Tevatron combination
[36] is shown in fig. 3. The measured value σtot = 7.65±
0.42 pb is given, without conversion, at the best top mass
measurement [37] m = 173.18 ± 0.94 GeV. From this
comparison we conclude that theory and experiment are
in good agreement at this very high level of precision.
In fig. 4 we show the theoretical prediction for the

tt̄ total cross-section at the LHC as a function of the
c.m. energy. We compare with the most precise avail-
able data from ATLAS at 7 TeV [38], CMS at 7 [39] and
8 TeV [40] as well as the ATLAS and CMS combination
at 7 TeV [41]. We observe a good agreement between
theory and data. Where conversion is provided [39], the
measurements have been converted to m = 173.3 GeV.
Finally, we make available simplified fits for the top

mass dependence of the NNLO+NNLL cross-section, in-
cluding its scale and pdf uncertainties:

σ(m) = σ(mref )
(mref

m

)4
(16)

×

(

1 + a1
m−mref

mref
+ a2

(

m−mref

mref

)2
)

.

The coefficient a1,2 can be found in table III.

CONCLUSIONS AND OUTLOOK

In this work we compute the NNLO corrections to
gg → tt̄ + X . With this last missing reaction included,
the total inclusive top pair production cross-section at
hadron colliders is now known exactly through NNLO
in QCD. We also derive estimates for the two-loop hard
matching coefficients which allows NNLL soft-gluon re-
summation matched consistently to NNLO. All results
are implemented in the program Top++ (v2.0) [33].

-

http://arxiv.org/abs/1303.6254
http://arxiv.org/abs/1303.6254
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Differential cross section

‣ ATLAS results in 2 fb-1        
7 TeV data

‣ CMS lepton+jets and 
dilepton channel results in 
12 fb-1 8 TeV data

‣ consistent with SM, but 
NNLO required to describe 
top pT dependence
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Top charge asymmetry
‣ Great interest in the tension between the Tevatron 

measurements and the SM prediction for charge asymmetry 

‣                                           where  ∆y = yt-ytbar

‣ Plots show latest CDF l+jets result with 8.7 fb-1 at 1.96 TeV

‣ distributions bkg-subtracted and unfolded to parton level

‣ The SM calculation has been improved

‣ electroweak processes that contribute to the asymmetry

‣ studies of the choice of renormalisation scale

‣ progress on NNLO calculation 

‣ small increase in the expected asymmetry, but not enough to 
resolve the tension with observation.
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FIG. 13: (top) The differential cross section dσ/d(∆y) as
measured in the data after correction to the parton level
compared to the SM prediction. Uncertainties include both
statistical and systematic contributions and are correlated
between bins. (bottom) The difference between the data
and prediction divided by the prediction.

after making reasonable variations to the assumptions

that are used when modeling the detector response. For

example, to estimate the effect on our measurement of

uncertainty in parton shower and color coherence mod-

els, we compare two detector response models, one using

the Lund string model [21] and one using the Catani-

Seymour dipole model [35]. We also include a system-

atic uncertainty for the correction algorithm itself, tak-

ing the difference between the true value in powheg
and the average result from the simulated experiments

based on powheg described above as the uncertainty

resulting from the correction procedure. The system-

atic uncertainties on the inclusive AFB measurement are

shown in Table V, and the total systematic uncertainty

is found to be small compared to the statistical uncer-

tainty. When adding the systematic uncertainties to the

the covariance matrices that result from the unfolding

procedure, the systematic uncertainties are assumed to

be 100% correlated across all bins.

Applying the correction procedure to the data of

Fig. 9 yields the distribution shown in Fig. 13, where

the measured result is compared to the SM powheg
prediction. Both the prediction and the observed data

distributions are scaled to a total cross section of 7.4

pb, so that Fig. 13 shows the differential cross section

for tt̄ production as a function of ∆y. The measured

values are summarized in Table VI. We measure an in-

clusive parton-level asymmetry of 0.164± 0.039(stat)±
0.026(syst) = 0.164 ± 0.047. At the parton level, the

observed inclusive asymmetry is non-zero with a sig-

nificance of 3.5σ and exceeds the NLO prediction of

powheg by 1.9σ, where we have included a 30% uncer-

tainty on the prediction.

TABLE VI: The measured differential cross section as a
function of ∆y. The total cross section is normalized to
7.4 pb. Errors include both statistical and systematic con-
tributions, and are correlated across bins.

∆y dσ/d(∆y) (pb)
≤ −1.5 0.13 ± 0.05

−1.5 to −1.0 0.36 ± 0.07
−1.0 to −0.5 0.95 ± 0.10
−0.5 to 0.0 1.66 ± 0.14
0.0 to 0.5 1.82 ± 0.13
0.5 to 1.0 1.37 ± 0.09
1.0 to 1.5 0.76 ± 0.09
≥ 1.5 0.35 ± 0.07

VI. THE DEPENDENCE OF THE
ASYMMETRY ON |∆y|

The dependence of AFB on the rapidity difference

|∆y| was studied in the 5 fb
−1

analyses [2, 4], but with

only two bins of |∆y|. The CDF and D0 results were

consistent and showed a rise of AFB with increasing

|∆y|. We perform a more detailed study of the rapidity

dependence of AFB using the full data set and improved

analysis techniques.

The forward-backward asymmetry as a function of

|∆y| at the reconstruction level can be derived from the

data shown in Fig. 8 according to

AFB(|∆y|) = NF (|∆y|)−NB(|∆y|)
NF (|∆y|) +NB(|∆y|) , (6)

where NF (|∆y|) is the number of events in a given |∆y|
bin with ∆y > 0 and NB(|∆y|) is the number of events

in the corresponding |∆y| bin with ∆y < 0. One im-

portant constraint on the ∆y dependance of the asym-

metry may be anticipated: any theory that predicts a

continuous and differentiable∆y distribution must have

AFB(|∆y| = 0) = 0, regardless of the size of the inclu-

sive asymmetry.

Figure 14 shows AFB(|∆y|) in four bins of |∆y|, with
the measured values and their uncertainties listed in

Table VII. To quantify the behavior in a simple way,

we assume a linear relationship, which provides a good

approximation of both the data and the powheg pre-

diction (see also Ref. [36]). From the theoretical con-

siderations described above, we make the assumption

AFB(|∆y| = 0) = 0 and fit the slope only. The slope

α∆y of the line does not correspond to a specific param-

eter of any particular theory, but provides a quantita-

tive comparison of the |∆y| dependence of the asymme-

try in the data and prediction. The measurements of

AFB(|∆y|) in data at the reconstruction level are well-

fit by a line with a χ2 per degree of freedom of 1.7/3

PRD: arXiv:1211.1003
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FIG. 14: The reconstruction-level forward-backward asym-
metry as a function of |∆y| with a best-fit line superimposed.
The errors on the data are statistical, and the shaded region
represents the uncertainty on the slope of the prediction.
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FIG. 15: The background-subtracted asymmetry as a func-
tion of |∆y| with a best-fit line superimposed. Error bars
include both statistical and background-related systematic
uncertainties. The shaded region represents the theoretical
uncertainty on the slope of the prediction.

and a slope α∆y = (11.4±2.5)×10−2, a rapidity depen-
dence that is non-zero with significance in excess of 4σ.
The predicted slope from powheg and the background
model is (3.6± 0.9)× 10−2.

The behavior of the asymmetry as a function of
|∆y| is also measured after the removal of the back-
ground contribution as described previously. Figure 15
shows the distribution AFB(|∆y|) for the background-
subtracted data, with the measured values summa-
rized in Table VIII. Systematic uncertainties on the
background-subtraction procedure are included in the
error bars. The data measurements and the predictions
are well-fitted by the linear assumption, with an ob-
served slope of α∆y = (15.5± 3.3)× 10−2 that exceeds
the prediction of (5.3 ± 1.0) × 10−2 by approximately
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FIG. 16: The parton-level forward-backward asymmetry as
a function of |∆y| with a best-fit line superimposed. Un-
certainties are correlated and include both statistical and
systematic contributions. The shaded region represents the
theoretical uncertainty on the slope of the prediction.

3σ. The observed slope is larger than at the reconstruc-
tion level owing to the removal of the background, with
the significance of the difference relative to the standard
model staying approximately the same.
The |∆y| dependence of the asymmetry at the par-

ton level can be derived from Fig. 13 by comparing the
forward and backward bins corresponding to a given
value of |∆y|. This parton-level AFB(|∆y|) distribution
is shown in Fig. 16, with the asymmetries in each bin
also listed in Table IX. A linear fit to the parton-level
results yields a slope α∆y = (25.3 ± 6.2) × 10−2, com-
pared to an expected slope of (9.7 ± 1.5) × 10−2. We
use the full covariance matrix (including both statisti-
cal and systematic contributions) for the corrected AFB

values when minimizing χ2 in order to account for the
correlations between bins in the parton-level distribu-
tion.

VII. DEPENDENCE OF THE ASYMMETRY
ON Mtt̄

The dependence of AFB on the invariant mass of the
tt̄ system was also studied in the 5 fb−1 analyses [2, 4]
with only two bins. Mtt̄ is correlated with the rapid-
ity difference ∆y, but because ∆y depends on the top-
quark production angle in addition to Mtt̄, a measure-
ment of the Mtt̄ dependence can provide additional in-
formation about the underlying asymmetry relative to
the AFB(|∆y|) measurement. In the previous publica-
tions [2, 4], the CDF and D0 measurements of AFB

at small and large Mtt̄ were consistent within statisti-
cal uncertainties but had quite different central values,
leading to an ambiguity in the comparison of the results
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TABLE XIV: The measured inclusive forward-backward asymmetry and the best-fit slopes for AFB(|∆y|) and AFB(Mtt̄)

at the different levels of correction. The uncertainties include the statistical uncertainties and the appropriate systematic

uncertainties for each correction level as discussed in the text.

Inclusive Slope Slope

Correction level AFB α∆y αMtt̄

Reconstruction 0.063 ± 0.019 (11.4± 2.5)× 10
−2

(8.9± 2.3)× 10
−4

(GeV/c2)−1

Background-subtracted 0.087 ± 0.026 (15.5± 3.3)× 10
−2

(10.9± 2.8)× 10
−4

(GeV/c2)−1

Parton 0.164 ± 0.047 (25.3± 6.2)× 10
−2

(15.5± 4.8)× 10
−4

(GeV/c2)−1
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FIG. 20: (a) The parton-level Mtt̄ distributions for events

with positive and negative ∆y and (b) the parton-level

forward-backward asymmetry as a function of Mtt̄ with a

best-fit line superimposed. The last bin contains overflow

events. Uncertainties are correlated and include both sta-

tistical and systematic contributions. The shaded region in

(b) represents the theoretical uncertainty on the slope of the

prediction.

FIG. 21: Interfering qq̄ → tt̄ (top) and qq̄ → tt̄j (bottom)

diagrams.
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FIG. 22: Expected AFB as a function of the ptt̄T of the tt̄ sys-
tem at the parton level from mcfm, powheg, and pythia,
as well as a NLO prediction for events where the top-quark

pair is produced in association with an extra energetic jet.

events with only four jets. The smaller asymmetry in
events with extra jets is seen to be consistent with the
observed AFB(ptt̄T ) behavior.

4

boson, that might not be easily observed as excesses in
the top quark production rate or as resonances in the
tt̄ invariant mass distribution.
The CDF and D0 collaborations have previously

reported on forward-backward asymmetries (AFB) in
pp̄ → tt̄ production at

√
s = 1.96 TeV at the Fer-

milab Tevatron. In the standard model (SM), the tt̄
production process is approximately symmetric in pro-
duction angle, with a O(7%) charge asymmetry arising
at next-to-leading order (NLO) and beyond [1]. Us-
ing a sample corresponding to 5.3 fb−1 of integrated
luminosity, CDF measured a parton-level asymmetry
AFB = 0.158± 0.074 [2] in the lepton+jets decay chan-
nel (tt̄ → (W+b)(W−b) → (l+ν)(qq̄�)bb̄ [3]), and very
good agreement was found by the D0 measurement
AFB = 0.196 ± 0.065 [4] in a lepton+jets sample cor-
responding to 5.4 fb−1. CDF and D0 have also per-
formed simple differential measurements using two bins
each in the top-antitop rapidity difference |∆y| and the
top-antitop invariant mass Mtt̄. The two experiments
agreed on a large |∆y| dependence. CDF also saw a
large Mtt̄ dependence, and while that observed at D0
was smaller, the CDF and D0 results were statistically
consistent. One of the aims of this paper is to clarify
the |∆y| and Mtt̄ dependence of the asymmetry using
the full CDF data set.

The 5 fb−1 results have stimulated new theoretical
work, both within and outside the context of the SM.
The SM calculation has been improved by calculations
of electroweak processes that contribute to the asymme-
try, studies of the choice of renormalization scale, and
progress on a next-to-next-to-leading order (NNLO)
calculation of the asymmetry [5–9]. The new calcu-
lations result in a small increase in the expected asym-
metry, but not enough to resolve the tension with ob-
servation. Other work has focused on the dependence
of the asymmetry on the transverse momentum of the
tt̄ system [10], on which we report here.

A number of speculative papers invoke new interac-
tions in the top sector [11] to explain the large asym-
metry. In one class of models, tt̄ pairs can be pro-
duced via new axial s-channel particles arising from
extended gauge symmetries or extra dimensions. For
these models, the asymmetry is caused by interference
between the new s-channel mediator and the SM gluon.
In other models, light t-channel particles with flavor-
violating couplings create an asymmetry via a u, d → t
flavor change into the forward Rutherford-scattering
peak. All potential models of new interactions must ac-
commodate the apparent consistency of the measured
cross section and Mtt̄ spectrum with the SM predic-
tions. Tevatron and LHC searches for related phenom-
ena, such as di-jet resonances, same-sign tops, and other
exotic processes, can provide additional experimental
limits on potential models. Measurements by the LHC
experiments of the top-quark charge asymmetry AC,
an observable that is distinct from AFB but correlated

with it, have found no significant disagreement with the
SM [12]; however, any observable effect at the LHC is
expected to be small, and the nature of the relationship
between AFB and AC is model-dependent [13]. A more
precise measurement of the Tevatron forward-backward
asymmetry and its mass and rapidity dependence may
help untangle the potential new physics sources for AFB

from the standard model and from each other.
This paper reports on a study of the asymmetry in the

lepton+jets topology, with several new features com-
pared to the previous CDF analysis in this channel [2].
We use the complete Tevatron Run II data set with
an integrated luminosity of 9.4 fb−1. We additionally
expand the event selection by including events trig-
gered by large missing transverse energy and multiple
hadronic jets, increasing the total data set by approx-
imately 30% beyond what is gained by the increase in
luminosity. In total, the number of candidate events in
this analysis is more than twice the number of events
used in Ref. [2]. An improved NLO Monte Carlo gen-
erator is used to describe the predicted tt̄ signal, and
we also add small corrections reflecting new results on
the electroweak contributions to the asymmetry [5–7].
Finally, parton-level shape corrections utilize an im-
proved algorithm which yields binned parton-level mea-
surements of the rapidity and mass dependence of the
asymmetry. We also study the dependence of the asym-
metry on the tt̄ transverse momentum, ptt̄T , showing that
the modeling of this quanity is robust, and that the ex-
cess asymmetry above the SM prediction is consistent
with being independent of ptt̄T .

II. EXPECTED ASYMMETRIES AND MONTE

CARLO MODELS

The asymmetry is measured using the difference of
the t and t̄ rapidities, ∆y = yt − yt̄, where the rapidity
y is given by

y =
1

2
ln

�
E + pz
E − pz

�
, (1)

with E being the total top-quark energy and pz being
the component of the top-quark momentum along the
beam axis as measured in the detector rest frame. ∆y
is invariant to boosts along the beamline, and in the
limit where the transverse momentum of the tt̄ system
is small, the forward-backward asymmetry

AFB =
N(∆y > 0)−N(∆y < 0)

N(∆y > 0) +N(∆y < 0)
(2)

is identical to the asymmetry in the top-quark pro-
duction angle in the experimentally well-defined tt̄ rest

http://arxiv.org/abs/1211.1003
http://arxiv.org/abs/1211.1003
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‣ AFB(∆y) ~= AFB(cosθt)

‣ Angular dependence of qq->tt scattering in CM 
completely characterised by sum of Legendre 
polynomials

‣ contributing polynomials determined by angular 
momentum J of intermediate states

‣ LO SM: contributions only from ℓ=0,2.  Non-zero 

AFB comes from odd moments (ℓ=1,3,5)

‣ Results from fit to cosθt in data, background 
subtracted and corrected to parton level

‣ Observed AFB all comes from ℓ=1 term

Characterisation of dσ/dcosθt

15

θt

∆y

p̄ (q̄, g)p (q, g)

t

t̄

� P�(x)

0 1
1 x
2 1

2 (3x
2 − 1)

3 1
2 (5x

3 − 3x)
4 1

8 (35x
4 − 30x2 + 3)

5 1
8 (63x

5 − 70x3 + 15x)

ℓ=1ℓ
od

d,
 >

1

s-channel model with axigluon of mass 2 TeV
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( equal when pT(ttbar)=0 )

http://www-cdf.fnal.gov/physics/new/top/2013/TopAngularXS/cdf10974_PubTopCosTheta.pdf
http://www-cdf.fnal.gov/physics/new/top/2013/TopAngularXS/cdf10974_PubTopCosTheta.pdf


FPCP 2013 - Top quark properties - Jacob Linacre23/05/13

Charge asymmetry at the LHC
‣ AFB variable not useful at LHC because initial state 

is symmetric (qq)

‣ If top quark preferentially emitted along the 
direction of q, expect tops to be more forward 
than antitops, i.e.  |yt|>|ytbar|

‣ LHC measurements consistent with SM

‣ same is true for lepton charge asymmetry, which 
can be measured in dilepton events

‣ But this is possible for some NP models
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variables Vi (“model-dependence”). We perform pseudoexperi-
ments with reweighted simulated signal samples and evaluate the
differences between true and measured asymmetries in various
reweighting scenarios, as described above. We take the average of
the absolute values of the observed deviations and assign it as sys-
tematic uncertainty.

The contributions of the different sources of systematic un-
certainties to the total uncertainty of the inclusive measurement
are summarized in Table 2. The total systematic uncertainty is
smaller than the one obtained in Ref. [6]. The two main changes in
the evaluation of systematic uncertainties with respect to Ref. [6],
which account for this difference, are discussed below. Variations
in the threshold for the matching of matrix elements and parton
shower evolution for the simulation of the tt̄ signal [15], causing
the largest contribution to the total systematic uncertainty in the
previous measurement, have no impact on the present measure-
ment due to the usage of the NLO event generator powheg for
modeling the tt̄ signal. Furthermore, we do not quote a separate
uncertainty due to variations in the amount of ISR and FSR on the
measurement, as this contribution is covered by the uncertainties
due to the choice of the Q 2 scale and the model-dependence sys-
tematic. The probability for additional radiation increases with de-
creasing Q 2 and vice versa. Due to the strong correlation between
the amount of additional radiation and the transverse momentum

Table 2
Systematic uncertainties for the inclusive measurement of AC .

Systematic uncertainty Shift (±) in inclusive AC

JES 0.003
JER 0.002
Lepton ID/sel. efficiency 0.006
Generator 0.001
Hadronization 0.001
Q 2 scale 0.002
PDF 0.002
Pileup < 0.001
W + jets 0.004
Multijet 0.001
Migration matrix 0.002
Model dependence 0.007

Total 0.011

of the tt̄ system, the variation of the generated asymmetry as a
function of ptt̄

T , as done in the estimation of the model dependence
uncertainty, is also suited to estimate the effects of variations in
the amount of ISR/FSR on the measurement.

The systematic uncertainties on the differential measurements
are included in the error bars of the corrected differential dis-
tributions (see Fig. 4). Depending on Vi and the actual bin, the

Fig. 4. Unfolded inclusive !|y| distribution (upper left), corrected asymmetry as a function of |ytt̄| (upper right), ptt̄
T (lower left), and mtt̄ (lower right). The measured values

are compared to NLO calculations for the SM — based on the calculations of Ref. [5] — and to the predictions of a model featuring an effective axial-vector coupling of
the gluon (EAG) [24]. The error bars on the differential asymmetry values indicate the statistical and total uncertainties, determined by adding statistical and systematic
uncertainties in quadrature. The shaded areas indicate the theoretical uncertainties on the NLO calculations.
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tt charge asymmetry
NLO corrections in qq ! tt introduce tiny asymmetries in t and t rapidity distributions. 

t
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! y = yt " yt

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

larger asymmetry in <y> of t and t w.r.t. SM observed at Tevatron in pp collisions
LHC has pp collisions: the initial state is symmetric, no <y> shift
but: t(t) quark preferentially emitted along the direction of q(q)
and: in p there are only q valence quarks (they carry on average more momentum than virtual q)

therefore: at LHC tops tend to be “more forward” than antitops! 

Reconstructing tt:
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doubly differential measurements currently lacking in statistics

1

1 Introduction
The standard model (SM) predicts a charge asymmetry in tt̄ production through quark-anti-
quark annihilation. This asymmetry is due to interference between the Born diagram and the
box diagram, as well as between initial- and final-state radiation and it is predicted by QCD
calculations at next-to-leading order (NLO) [1, 2].

Recently CDF and DO Collaborations at the Tevatron have published measurements of such
asymmetry [3, 4] attracting increasingly interest to the field. The measurements deviate from
predictions [1, 2, 5, 6] by about two standard deviations and, for CDF, even more in certain
phase regions (Mtt̄ > 450 GeV/c2) [3]. These results have led to speculations that the large
asymmetry might be generated by additional axial couplings of the gluon [7] or by heavy par-
ticles with unequal vector and axial-vector couplings to top quarks and antiquarks [8–21]. The
motivation to perform the same measurement at the LHC is therefore broad.

Unlike at the Tevatron, at the LHC the rapidity distributions of top quarks and antiquarks are
symmetric around y = 0. However, since the quarks in the initial state are mainly valence
quarks, while the antiquarks are always sea quarks, the larger average momentum fraction of
quarks leads to an excess of top quarks produced in the forward directions. The rapidity distri-
bution of top quarks in the SM is therefore broader than that of the more centrally produced top
antiquarks and ∆|y| = |yt|− |yt̄| is a suitable observable to measure the tt̄ Charge Asymmetry.
Therefore we define the Charge Asymmetry as:

AC =
N(|yt| > |yt̄|)− N(|yt| < |yt̄|)
N(|yt| > |yt̄|) + N(|yt| < |yt̄|)

,

Recently, the CMS and ATLAS collaborations reported on first measurements of the inclusive
tt̄ charge asymmetry at the LHC. CMS measured AC = 0.004 ± 0.010 (stat.)± 0.012 (syst.) [22]
and the ATLAS collaboration found AC = −0.024 ± 0.016 (stat.) ± 0.023 (syst.) [23] in single
lepton channel and AC = 0.057 ± 0.024 (stat.) ± 0.015 (syst.) [24] in the dilepton channel. All
results are consistent with the SM theory prediction of AC(theory) = 0.0115 ± 0.0006 [6].

In this PAS we report on the first differential measurements of the charge asymmetry in top
quark pair production in the 2 leptons final states at the LHC, using the full dataset collected
with the CMS detector in 2011. We measure the charge asymmetry as a function of the rapidity,
the transverse momentum, and the invariant mass of the tt̄ system.

Inspired by a recent paper by Krohn, Liu, Shelton, and Wang [25] the following asymmetries
are also studied. The first of these is the lepton charge asymmetry, which depends only on the
pseudo rapidity (η�) of the two observed leptons:

AlepC =
N(|ηl+ | > |ηl− |)− N(|ηl+ | < |ηl− |)
N(|ηl+ | > |ηl− |) + N(|ηl+ | < |ηl− |)

,

where |ηl | is the pseudorapidity of leptons. The second is the top forward-backward asymme-
try, defined as

AtopFB =
N(cos(θt) > 0)− N(cos(θt) < 0)
N(cos(θt) > 0) + N(cos(θt) < 0)

,

where θt is the production angle of the top quark in the tt̄ rest frame with respect to the direction
of the boost of the tt̄ system.

AlepC is a purely leptonic variable and is correlated to AtopFB with a correlation factor of about
50%.
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W helicity fractions in top decays (LHC combination)

‣ Fractions of events containing W bosons with right-handed (FR), left-handed (FL), and 
longitudinal (F0) polarisation

‣ measured using θ* distribution in     events:  angle of the lepton in the W rest frame, measured 
wrt the W momentum in top rest frame (helicity basis)

‣ ATLAS measurements using template fitting method and acceptance-corrected angular 
asymmetries

‣ CMS measurement based on reweighting MC in a likelihood technique to find Fi preferred in data

‣  

‣ CMS and ATLAS results combined using BLUE
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1 Introduction

In the standard model (SM), top quarks (t) decay predominantly into a W boson and a bottom quark
(b). The V−A structure of the Wtb vertex can be tested by measurements of the polarization of W
bosons produced in top-quark decays. The fractions of events containing W bosons with longitudinal,
left-handed and right-handed polarization, referred to as helicity fractions, are predicted by next-to-
next-to-leading order (NNLO) pQCD calculations to be F0 = 0.687 ± 0.005, FL = 0.311 ± 0.005 and
FR = 0.0017 ± 0.0001 [1], assuming a top-quark mass of mtop = 172.8 ± 1.3 GeV.

Experimentally, helicity fractions can be investigated in events where a top-quark pair (tt̄) is pro-
duced, using the kinematic properties of the tt̄ decay products. In particular, the distribution of cos θ∗

is sensitive to the helicity fractions. For leptonically decaying top quarks, i.e. t → W(→ "ν)b (with
"=electron or muon), θ∗ is defined as the angle between the direction of the charged lepton and the re-
versed direction of the top quark, both in the rest frame of the W boson. The differential decay rate
is

1

Γ

dΓ

d cos θ∗
=

3

8

(

1 + cos θ∗
)2 FR +

3

8

(

1 − cos θ∗
)2 FL +

3

4

(

1 − cos2 θ∗
)

F0 . (1)

Recent results on the helicity fractions combining measurements by the CDF and DØ Collabora-
tions [2] are in agreement with the NNLO predictions within the experimental uncertainties of about
10%. At the LHC, first measurements of the helicity fractions have been performed by the ATLAS and
CMS Collaborations [3–5]. They are based on proton-proton collision data corresponding to integrated
luminosities between 35 pb−1 and 2.2 fb−1 taken at a center-of-mass energy of

√
s = 7 TeV in 2010

and 2011. The measurements were performed in top-quark pair events, utilising those t → Wb decay
modes in which either one or both W bosons decay leptonically. They are referred to as single-lepton
and dilepton channel, respectively. The uncertainties on the helicity fractions range from 8% to about
25%.

This note describes the combination of the helicity fractions measured by the ATLAS and CMS
Collaborations based on data collected in 2010 and 2011. The results are used to set limits on anomalous
couplings. The note is organized as follows: in Section 2, the method chosen for the combination
is reviewed. The measurements included in the combination — performed in the single-lepton and
dilepton channels — and the modifications applied to the original measurements are summarized in
Section 3. The sources of systematic uncertainty considered are discussed in Section 4, the corresponding
correlations between the helicity fractions in Section 5 and their impact on the combination in Section 6.
In Section 7, results of the combination and their interpretation in terms of anomalous couplings are
described. Summary and conclusions are presented in Section 8.

2 Combination method

The combination is performed using the Best Linear Unbiased Estimator (BLUE) method [6, 7]. All
measurements are weighted linearly in the combination under the constraints that the total uncertainty is
minimal and that the estimator is unbiased.

By construction, the sum of the three observables, F0, FL and FR, is constrained to unity, so that
only two observables are independent. In the current analysis, measurements of F0 and FL are combined
while FR is estimated as FR = 1 − F0 − FL.

1 The resulting uncertainties on FR were estimated taking
into account the total correlation between F0 and FL provided by BLUE.

Since two observables, F0 and FL, are measured in the present analysis, each measurement comes
with two weights, the BLUE coefficients, for the overall LHC combination presented in Section 7. The

1No constraint on the individual fractions was placed. In particular, this can result in negative values of FR, as shown in
Table 1.

1

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

‣ Also measured in 
single-top events
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4 Preselection yields and top polarization at reconstruction level90

The observed and simulated yields after the event preselection are listed in Table 1, in which91

the categories tt → �+�− and DY→ �+�− correspond to dileptonic tt and DY decays, including92

τ leptons only when they also decay leptonically. All other tt decay modes are included in the93

category tt → other. The yields are dominated (92%) by top-pair production in the dilepton94

final state, with the largest background coming from single top production. The tt → �+�−95

yields are normalized such that the total simulated yield matches the data. Comparisons be-96

tween data and the simulation for the number of vertices and the number of b tagged jets are97

shown in Figure 1.98

Table 1: The observed and simulated yields after the preselection described in the text. Un-
certainties are statistical only. The systematic uncertainties on the simulated yields are given in
Section 8. Where the simulated yields are zero, upper limits are given based on the weighted
yield, had one of the simulated events passed the preselection.

Sample ee µµ eµ all
tt → �+�− 1791.7 ± 4.4 2127.3 ± 4.7 5069.4 ± 7.3 8988.5 ± 9.7
tt → other 32.5 ± 2.9 4.8 ± 1.1 53.3 ± 3.6 90.7 ± 4.8
W + jets < 1.9 4.7 ± 3.3 4.7 ± 3.4 9.4 ± 4.7
DY→ ee 52.3 ± 5.8 < 0.6 < 0.6 52.3 ± 5.8
DY→ µµ < 0.6 72.8 ± 6.5 1.6 ± 0.9 74.4 ± 6.5
DY→ ττ 17.6 ± 3.3 8.7 ± 2.2 18.7 ± 3.2 45.0 ± 5.1
Di-boson 10.6 ± 0.5 13.0 ± 0.5 24.0 ± 0.7 47.6 ± 1.0
Single top 84.9 ± 2.3 101.2 ± 2.4 252.1 ± 3.9 438.2 ± 5.1
Total (simulation) 1989.6 ± 8.8 2332.6 ± 9.3 5423.8 ± 10.3 9746.0 ± 16.4
Data 1961 2373 5412 9746
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Figure 1: Comparison of data and simulation for number of vertices (left) and number of b
tagged jets (right).
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Limits on anomalous couplings
‣ The combined helicity fractions are in agreement with NNLO QCD 

predictions and can be used to set limits on new physics contributing to the 
Wtb vertex.

‣ Start with most general Wtb vertex:

‣ Assuming VL=1 and VR = 0, set limits on real parts of gL and gR
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1 Introduction

This note presents a search for charge-parity (CP) violation by probing the couplings of the top quark
in the Wtb1 vertex at the ATLAS experiment [1] at the LHC. CP violation was first observed in 1964 in
decays of neutral kaons [2] and later also in B decays [3, 4].

In cosmology CP violation is usually an essential ingredient to explain the baryon asymmetry of
the universe [5]. However, the known sources of CP violation in the kaon and B decays are thought to
be too weak to account for the observed asymmetry. New sources of CP violation, not foreseen by the
Standard Model (SM), are therefore searched for at B factories, hadron colliders and neutrino oscillation
experiments.

This analysis is based on the measurement of an asymmetry in the angular distribution of the charged
lepton from the W decay in the single top quark t-channel (see Figure 1). The theoretical framework is
presented in detail in Ref. [6] and is summarised below.
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Figure 1: Representative Feynman diagrams for t-channel single top quark production. The initial-state
b-quark stems from a b sea quark (a) or from a gluon splitting into a bb pair (b).

At hadron colliders, top quarks are produced mainly in pairs via the flavour-conserving strong inter-
action. Alternative production modes proceed via the weak interaction involving aWtb vertex, leading to
a single top quark intermediate state. Single top quark production can be described by three processes:
the exchange of a virtual W boson in the t-channel (see Figure 1) or in the s-channel and the associated
production of a top quark and an on-shell W boson in the Wt-channel. At the LHC, colliding protons at√
s = 7 TeV, the production cross-sections for the single top processes are calcutated at next-to-leading

order (NLO) QCD with resummed next-to-next-to-leading logarithmic (NNLL) accuracy, called approx-
imate next-to-next-to-leading order (NNLO) in the following. They are found to be: 64.6+2.7−2.0 pb [7] for
the t-channel, 15.7±1.1 pb [8] for the Wt-channel and 4.63+0.19−0.17 pb [9] for the s-channel. As the heaviest
known elementary particle and due to its short lifetime (about 20 times shorter than the timescale for
strong interactions) the top quark decays before hadronising and in the SM it decays almost exclusively
to aW boson and a b-quark. Probing the couplings of theWtb vertex offers an interesting window to new
physics and single top quark events provide a direct probe of these couplings.

In the most general effective operator framework the Wtb vertex can be written as [10, 11]:

LWtb = −
g
√
2
bγµ (VLPL + VRPR) tW−µ −

g
√
2
b
iσµνqν
mW

(gLPL + gRPR) tW−µ + h.c. (1)

In this formula, g is the weak coupling constant, mW is the mass and qν the four momentum of theW
boson. PL,R ≡ (1 ∓ γ5)/2 are the left and right-handed projection operators and σµν = [γµ, γν]/2. VL,R
and gL,R are the left and right-handed vector and tensor couplings, respectively.

1In this note, W, b and t stand forW boson, bottom quark and top quark, respectively.

1

SM part, VL = Vtb anomalous couplings (zero in SM)

left and right handed vector couplings left and right handed tensor couplings

region highly disfavoured by single top 
cross-section measurements 

The largest effect of the input correlation is seen on the observed coefficient of correlation of the
combined F0 and FL, which is -0.86 for the default hypothesis. If ρLHC(F0, FL) is assumed to be
zero, the anti-correlation of the measurement reduces by about 5%.

7.2 Limits on anomalous couplings

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

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

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

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

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

Re(C33
uW)

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

−2 ,

where Λ is the scale of new physics and Re(C33
uW) the effective operator coefficient.

8 Summary and conclusion

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

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

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

FR = 0.015 ± 0.034 ,

where the uncertainty includes the statistical and systematic uncertainties. These results are consistent
with SM predictions, and are used to set limits on the anomalous couplings gL and gR.
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‣ Assuming gL=0:
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Search for CP violation in single top quark events

‣ CP violation has been observed in the decays of kaons and B mesons but not at higher energies (i.e. top)

‣ helicity fractions measured using θ* not sensitive to all anomalous couplings

‣ limits apply to real part of coupling, not the complex phases that would imply that the top quark decay has a 
CP-violating component

‣ Single-top quarks produced in the t channel predicted to be                                                                
highly polarised (P~0.9) in direction of spectator quark

‣ Define θN: similar to θ*, but angle measured wrt normal to                                                                    
W direction and spectator quark direction (top spin direction)

‣ forward-backward asymmetry in the normal direction,  ANFB, very sensitive to imaginary part of gR:

‣                                    (for small values of gR and with  VL = 1 and VR = gL = 0)

‣ cosθN distribution unfolded to parton level for comparison with theory

20
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rest frame (helicity basis). In a similar way to θ∗, the angles θN or θT are defined between the lepton in
the W boson rest frame and the new directions "N or "T , respectively. In order to measure these angular
distributions, the top quark and W boson need to be fully reconstructed since boosts to their rest frames
are performed.

It is shown in Ref. [6] that the forward-backward asymmetry in the normal direction, ANFB, is very
sensitive to the imaginary part of the anomalous coupling gR. For small values of gR and taking VL = 1
and VR = gL = 0, the relation is:

ANFB = 0.64 P I(gR) . (5)

The goal of this analysis is to measure the forward-backward asymmetry ANFB and to probe the anoma-
lous coupling gR. Currently there is no experimental limit on the imaginary part of gR. In the SM
I(gR) vanishes at leading order (LO) and including one loop electroweak corrections the prediction is
gR = (−7.17 − 1.23i) × 10−3 [16]. Note that this imaginary part is 17% of the real one and therefore one
could expect that non-SM contributions have sizable CP-violating components.

The note is organised as follows: Section 2 briefly describes the ATLAS detector. Section 3 gives an
overview of the data and simulated samples. Section 4 describes the object definition, the event selection
and the event yields. In Section 5 the major backgrounds and their estimation from data or simulation
are presented. Section 6 describes the measurement of the forward-backward asymmetry in the normal
direction. Section 7 summarises the systematic uncertainties. Section 8 shows the final results and
Section 9 presents the conclusions.

2 The ATLAS detector

The ATLAS detector is built from a set of cylindrical subdetectors, which cover almost the full solid
angle2 around the interaction point. It consists of an inner tracking detector (ID), electromagnetic and
hadronic calorimeters and a muon spectrometer. The ID comprises a silicon pixel detector, a silicon
microstrip detector and a transition radiation tracker. It is surrounded by a superconducting solenoid
providing a 2 T magnetic field. The ID is used for reconstruction of tracks and primary vertices and plays
a crucial role in b-quark jet identification. The ID is surrounded by liquid-argon (LAr) electromagnetic
(EM) sampling calorimeters with high granularity. An iron/scintillator tile calorimeter provides hadronic
energy measurements in the central pseudorapidity range (|η| < 1.7). The end-cap and forward regions
are instrumented with LAr calorimeters for both electromagnetic and hadronic energy measurements up
to |η| = 4.9. The information from the calorimeters and the inner tracking detector is used for electron
identification and jet reconstruction. The calorimeter system is surrounded by a muon spectrometer (MS)
incorporating a system of air-core superconducting toroid magnet assemblies. Since the signal channel
of this analysis contains leptons (electrons, muons), heavy and light flavour jets3 and missing transverse
momentum (EmissT ) all ATLAS detector components are used.

2In the right-handed ATLAS coordinate system, the pseudorapidity η is a coordinate describing the angle of a particle
relative to the LHC beamline and it is defined as η = −ln [tan (Θ/2)], where the polar angle Θ is also measured with respect
to the beamline. The azimuthal angle φ is measured with respect to the x-axis, which points towards the center 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 Θ and ET = E sin Θ, respectively. The ∆R is the distance defined as ∆R =

√

∆η2 + ∆φ2.
3A jet is defined as a cone of hadrons and other particles produced by the hadronisation of a quark (with the exception of

the top quark that decays before it hadronises) or a gluon. A heavy jet refers to a jet originating from either a c or a b-quark,
other jets being labelled as light jets. The jet flavour labeling is defined by the existence of a heavy quark within an angular
distance ∆R = 0.3 from the jet axis.
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 Ratio B(t → Wb)/B(t → Wq)
‣ Measurement in dilepton final state with 16.7 fb-1 8 TeV data

‣ Construct probability model for expected b-tag 
multiplicities vs R where                                                  

‣ done separately for different event categories based on 
channel (ee, eµ, µµ) and jet multiplicity

‣ Likelihood fit for R using observed b-tag multiplicity 
distribution
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The ratio of the top quark branching fractions R = B(t → Wb)/B(t → Wq), where q
can be a d, s, or a b quark, is measured in the tt̄ dilepton final state. The measurement
is performed with 16.7 fb−1 of proton-proton collision data at

√
s=8 TeV collected with

the CMS detector. Data-driven strategies are used to constrain the main background
contributions to the data sample. By counting the number of b-jets identified per
event, the ratio of branching fractions is determined to be R = 1.023+0.036

−0.034 (stat+syst),
in good agreement with the SM prediction. A lower limit R >0.945 at 95% CL is ob-
tained after requiring that R ≤1. Assuming a unitary, three-generation CKM matrix,
|Vtb| = 1.011+0.018

−0.017 (stat.+syst.) is measured and |Vtb| >0.972 is obtained at 95% CL.
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Search for FCNC in top decays
‣ Flavour changing neutral currents highly suppressed in SM

‣ Search for     events with FCNC decay, t → Zq

‣ tt → Zq +Wb →ℓℓq +ℓνb

‣ Require two opposite-sign, isolated leptons (e or μ) consistent with a 
Z-boson decay and an extra charged lepton consistent with W decay, 
also ≥2 jets (no b-tagging)

‣ Less likely Z-j combinations vetoed by cut on      on                            , 
then      pair with largest ∆phi selected

‣ Perform counting  experiment:

23

ℓ+

ℓ-
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Table 2
Signal selection efficiency for each three-lepton channels in percent. The efficiency
is calculated as the fraction of events with leptonically (e,µ,τ ) decaying W and Z
bosons passing the selection. Only statistical uncertainties are shown.

Channel ST selection [%] b-tag selection [%]

eee (12.4 ± 1.1) (3.8 ± 0.6)
eeµ (13.8 ± 1.2) (5.0 ± 0.7)
µµe (14.8 ± 1.2) (5.1 ± 0.7)
µµµ (14.7 ± 1.2) (5.3 ± 0.7)

stricter, with tight requirements on the mZj and mWb quantities
and the requirement that one of the jets should be consistent with
the hadronization of a b quark, namely a “b jet”. In this Letter,
we refer to these two selections as the “ST” and “b-tag” selections,
respectively. The first selection is the more sensitive and hence is
taken as the reference analysis. Table 2 shows the estimates of the
overall signal efficiency determined from simulated events.

4.1. ST selection

In the ST selection, at least two jets with pT > 30 GeV are
required, which are assumed to come from the primary vertex.
A constituent track candidate in a jet is removed from the recon-
struction if it does not point to the same vertex, but there is no
association requirement between jets and the Z candidate which is
chosen in the basic selection.

A candidate event is required to have ST above 250 GeV, mZj
and mWb are required to be between 100 GeV and 250 GeV. The
ST requirement reduces the boson-jet combinations. The ST dis-
tribution of the best candidate is shown in Fig. 1. All possible tt̄
combinations are examined and the reconstructed tt̄ pair that has
the largest separation in azimuthal angle is selected. Fig. 2 (top)
shows the comparison of the distributions of mZj and mWb in data
and simulation after the basic event selection described in Sec-
tion 3 (Table 1), combined with the two or more jets and the ST
requirements.

4.2. b-tag selection

To further reduce the background from diboson events, a b-tag
based selection is performed. In this selection, at least two jets are
required to be associated with the primary vertex associated with
the Z candidate and the event can contain only one b jet.

The b jets are identified by the track counting high-efficiency
b-tagging algorithm described in Ref. [23], which relies on tracks
with large impact parameter significance. This tagging method has
an identification efficiency of 65% to 85% for b jets with transverse
momentum between 30 GeV to 100 GeV and a misidentification
rate below 15%.

The jet which gives the invariant mass of mZj closest to the
top mass is selected and the reconstructed top quark mass mZj

Fig. 2. Comparison between data and simulated events of the mZj and mWb distributions after the basic event selection described in Section 3 for an integrated luminosity
of 5.0 fb−1, requiring at least two jets and: (top) the minimum ST value, as required in the ST selection; (bottom) exactly one b jet as required in the b-tag based selection.
The data are represented by the points with error bars and the open histogram is the expected signal assuming B(t → Zq) is equal to 1%. Stacked solid histograms represent
the dominant backgrounds. The statistical uncertainties of these backgrounds are around a few percent level and are not drawn. The last bin contains all the overflow events.
The red dotted lines show the boundaries of the allowed mass region. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this Letter.)
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in the plane transverse to the beam direction. A two-tier trigger
system selects the most interesting proton–proton collision events
for use in physics analysis. A more detailed description of the CMS
detector can be found in Ref. [8].

3. Basic selection

Events with two opposite-sign, isolated leptons (e or µ) con-
sistent with a Z-boson decay and an extra charged lepton are se-
lected, e+e−e± , e+e−µ± , µ+µ−e± , µ+µ−µ± . All three leptons
must be isolated and have transverse momentum pT > 20 GeV,
and the electrons (muons) must have |η| < 2.5 (|η| < 2.4). Events
are required to pass at least one of the ee or µµ high-pT double-
lepton triggers. Their efficiencies for events containing two leptons
satisfying the analysis selection are measured to be 99%, 98%, 91%
and 93% for the eee, eeµ, µµe and µµµ channels, respectively.

Muon candidates are reconstructed with a global fit of trajec-
tories using hits in the tracker and the muon system. The muon
candidate must have associated hits in the silicon strip and pixel
detectors, have segments in the muon chambers, and have a high-
quality global fit to the track trajectory. The efficiency for these
muon selection criteria is at least 99% [9].

Electron reconstruction starts from clusters of energy deposits
in the electromagnetic calorimeter, which are matched to hits in
the silicon strip and the pixel detectors. Electrons are identified us-
ing variables which include the ratio between the energy deposited
in the hadron and the electromagnetic calorimeters, the shower
width in η, and the distance between the calorimeter shower and
the particle trajectory in the tracker, measured in both η and φ.
The selection criteria used are optimized [9] to maintain an effi-
ciency of approximately 95% for the electrons from W or Z decays.

The invariant mass of at least one e+e− or µ+µ− pair is re-
quired to be between 60 GeV and 120 GeV. If two dilepton pairs
lie in this mass window, the one closest to the Z mass is taken.
Due to the high instantaneous luminosity of the LHC, there are
multiple interactions per bunch crossing (pileup). Therefore, events
are required to have at least one good primary vertex, which is
chosen as the vertex with the highest

∑
p2
T of its associated tracks.

All leptons, which are used to select or reject events, must come
from the same primary vertex. The µ+µ− pair opening angle is
required to differ from π radians by more than 0.05 radians to re-
ject cosmic rays.

Electrons and muons from Z and W decays are expected to be
isolated from other particles. A cone of size $R ≡

√
($η)2 + ($φ)2

= 0.3 is constructed around the lepton momentum direction. The
lepton relative isolation is quantified by summing the transverse
energy (as measured in the calorimeters) and the transverse mo-
mentum (as measured in the silicon tracker) of all objects within
this cone, excluding the lepton, and then dividing by the lepton
transverse momentum [10]. The resulting quantity, corrected for
additional underlying event activity due to pileup events, is re-
quired to be less than 0.125 (0.1) for Z → %+%− (W → %ν). This
requirement rejects misidentified leptons and background arising
from hadronic jets.

The third lepton in the event should be the result of a leptonic
decay of a W boson. In order to increase the electron purity, more
stringent reconstruction requirements are used for W → eν candi-
dates. In this case the selection criteria are optimized [9] to reject
the background from jets while maintaining an efficiency of 80%
for the electrons from W or Z decays. The muon purity for the Z
selection described above is high and the same reconstruction re-
quirements are used to identify W →µν candidates. Events with a
fourth lepton satisfying the W → %ν criteria are rejected.

The jets and the missing transverse energy vector (−∑ $pT) and
its magnitude (/ET) are reconstructed using a particle-flow tech-

nique [11]. An anti-kT clustering algorithm [12] with a distance
parameter of 0.5 is used for jet reconstruction. The energy cali-
bration [13] is performed separately for each particle type in the
jet, and the resulting jet energies require only a small correction
accounting for thresholds and residual inefficiencies. In addition,
a correction for pileup is included and jets are required to sat-
isfy identification criteria that eliminate jets originating from noisy
channels in the calorimeters [14,15]. Jets are required to have
pT > 30 GeV, |η| < 2.4, and to be separated by $R > 0.4 from
leptons passing the analysis selection. Neutrinos from W-boson
decays escape detection and produce a significant momentum im-
balance in the detector. We require the missing transverse energy
to be larger than 30 GeV.

The samples of Drell–Yan events with invariant mass of lep-
ton pairs m%% larger than 50 GeV, SM tt̄, Ztt̄, Wtt̄ and WZ are
generated using MadGraph [16]. The samples of WW and ZZ dibo-
son events are simulated using pythia [17], while single-top-quark
events are generated using powheg [18–20]. The signal sample
pp → tt̄ → Zq + Wb → %+%−q + %±νb (% = e,µ,τ ) is generated
with MadGraph and the top quarks decay and hadronize through
pythia. Due to the loss of top quark spin information for FCNC in
pythia, events are reweighted according to the SM prediction of
the helicity distribution. This study is not sensitive to the choice
of anomalous coupling settings, which are taken into account in
systematic uncertainties. The set of parton distribution functions
used is CTEQ6L [21]. The CMS detector response is simulated us-
ing a Geant4-based [22] model, and the events are reconstructed
and analyzed using the same software used to process collision
data. The simulated events are weighted so that the trigger effi-
ciencies, reconstruction efficiencies and the distribution of recon-
structed vertices observed in data are reproduced.

The observed and expected yields based on MC after the ba-
sic event selection described above are listed in Table 1. The initial
data sample of 1.3 (1.6) million Z to ee (µµ) events is reduced
to less than 100 events per three-lepton channel. All entries in
Table 1 also include the τ decay mode contributions. Single-top-
quark production is dominated by the Wt channel. The total yields
are dominated by diboson production and a reasonable agreement
is observed between data and simulation. The details of the back-
ground estimations are discussed in Section 5.

Fig. 1 shows the distributions for data and simulated events of
the missing transverse energy, transverse mass of the W boson
candidate (mT), and the scalar sum of the transverse energy ST,
after the trigger, Z boson, third lepton, fourth-lepton veto, missing
transverse energy, and the additional requirement of two or more
jets. The ST variable is defined as

∑
pT% + ∑

pTj + /ET, where only
the three leptons and two jets from the tt̄ candidate are consid-
ered. The mT is calculated using the transverse momentum and az-
imuthal direction of the third lepton and the magnitude and direc-
tion of the missing transverse energy, as

√
2pT%/ET(1− cos($φ)).

4. Signal reconstruction

For the t → Zq → %+%−j signal, a full reconstruction of the top
quark mass mZj is possible and straightforward, but the possibility
of a combinatorial background arises since there is no unambigu-
ous way to pair multiple light-quark jets with the Z boson. There-
fore all possible combinations are examined.

The invariant mass of the W and b jet system (mWb) can be
reconstructed by assuming that the transverse components of the
neutrino momentum are given by the missing transverse energy
vector information, while the longitudinal component is calculated
as
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and the uncertainties of the luminosity measurement, the back-
ground prediction, and the fraction of all tt̄ → Zq+Wb → !!q+!b
events expected to be selected. The signal event yield is obtained
from the efficiency times acceptance and branching fraction for
simulated events. As B(t → Zq) is expected to be small, the pos-
sibility of both top quarks decaying via flavor changing neutral
currents is not considered.

The best observed and expected 95% CL upper limits on the
branching fraction B(t → Zq) are 0.21% and 0.40%, respectively,
obtained in the ST selection from the combined three-lepton anal-
yses. The one-sigma boundaries of the expected limit are 0.30–
0.59%. The corresponding observed and expected upper limits, and
one-sigma boundaries for the b-tag selection are 0.30%, 0.41% and
0.30–0.53%, respectively. The expected limit for the ST and b-tag
selections show that they have comparable sensitivity. The one
with slightly better expected limit is taken as the final result.

8. Summary

A search for flavor changing neutral currents in top quark de-
cays in tt̄ events produced in proton–proton collisions at

√
s =

7 TeV is presented. A sample of three-lepton events is selected
from data recorded by CMS during 2011 corresponding to an in-
tegrated luminosity of 5.0 fb−1. These events are compatible with
a pp → tt̄ → Zq + Wb → !!q + !νb (! = e,µ) topology. Since
three-lepton events originating from the SM processes are rare the
background contributions are small. No excess of events over the
SM background is observed and a B(t → Zq) branching fraction
larger than 0.21% is excluded at the 95% confidence level.
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4 Preselection yields and top polarization at reconstruction level90

The observed and simulated yields after the event preselection are listed in Table 1, in which91

the categories tt → �+�− and DY→ �+�− correspond to dileptonic tt and DY decays, including92

τ leptons only when they also decay leptonically. All other tt decay modes are included in the93

category tt → other. The yields are dominated (92%) by top-pair production in the dilepton94

final state, with the largest background coming from single top production. The tt → �+�−95

yields are normalized such that the total simulated yield matches the data. Comparisons be-96

tween data and the simulation for the number of vertices and the number of b tagged jets are97

shown in Figure 1.98

Table 1: The observed and simulated yields after the preselection described in the text. Un-
certainties are statistical only. The systematic uncertainties on the simulated yields are given in
Section 8. Where the simulated yields are zero, upper limits are given based on the weighted
yield, had one of the simulated events passed the preselection.

Sample ee µµ eµ all
tt → �+�− 1791.7 ± 4.4 2127.3 ± 4.7 5069.4 ± 7.3 8988.5 ± 9.7
tt → other 32.5 ± 2.9 4.8 ± 1.1 53.3 ± 3.6 90.7 ± 4.8
W + jets < 1.9 4.7 ± 3.3 4.7 ± 3.4 9.4 ± 4.7
DY→ ee 52.3 ± 5.8 < 0.6 < 0.6 52.3 ± 5.8
DY→ µµ < 0.6 72.8 ± 6.5 1.6 ± 0.9 74.4 ± 6.5
DY→ ττ 17.6 ± 3.3 8.7 ± 2.2 18.7 ± 3.2 45.0 ± 5.1
Di-boson 10.6 ± 0.5 13.0 ± 0.5 24.0 ± 0.7 47.6 ± 1.0
Single top 84.9 ± 2.3 101.2 ± 2.4 252.1 ± 3.9 438.2 ± 5.1
Total (simulation) 1989.6 ± 8.8 2332.6 ± 9.3 5423.8 ± 10.3 9746.0 ± 16.4
Data 1961 2373 5412 9746
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Figure 1: Comparison of data and simulation for number of vertices (left) and number of b
tagged jets (right).
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Conclusions and prospects for 13 TeV
‣ LHC mass measurements matching precision of Tevatron

‣ Abundance of tops at LHC allows for more detailed studies of top quark 
properties compared to Tevatron

‣ differential cross-section compared to theory at NNLO

‣ top, antitop mass difference and limits on Vtb and FCNC far exceed Tevatron 
precision

‣ Tevatron AFB result still the only hint at new physics (good agreement with SM 
elsewhere)

‣ Many results for full LHC dataset at 8 TeV still to come!

‣     cross section increases by factor of ~3 from 8 TeV to 13 TeV

‣ uncertainties will quickly be dominated by systematics

‣ good understanding of top background very important at 13 TeV
24
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Figure 1: Comparison of data and simulation for number of vertices (left) and number of b
tagged jets (right).
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Backup
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Mass combination at the LHC

‣ June 2012        
combination,                
using BLUE

‣ Lepton+jets channel   
best sensitivity

‣ smallest syst. unc.

‣ CMS results updated 
since combination

‣ CMS combination:

‣ mt = 173.4±0.4±0.9 GeV

‣ Consistent with Tevatron
26

CMS PAS TOP-11-018

 [GeV]topm
150 160 170 180 1901

12

Tevatron July 2011  0.8± 0.6 ±173.2 

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

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

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

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

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

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

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

ATLAS 2010, l+jets  4.9± 4.0 ±169.3 

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

 (syst.)± (stat.) ±

 [GeV]topm
160 165 170 175 180 185-0.5

7.8

Tevatron 2012 combination  0.8± 0.6 ±173.2 
arXiv:1207.1069v2 up to 5.8/fb  syst.)± stat. ±(val. 

CMS combination  0.9± 0.4 ±173.4 
up to L= 5.0/fb  syst.)± stat. ±(val. 

CMS 2011 all-jets  1.3± 0.7 ±173.5 
PAS-TOP-11-017 (L=3.54/fb)  syst.)± stat. ±(val. 

CMS 2011 lepton+jets  1.0± 0.4 ±173.5 
arXiv:1209.2319 (L=5.0/fb)  syst.)± stat. ±(val. 

CMS 2011 dilepton  1.5± 0.4 ±172.5 
arXiv:1209.2393 (L=5.0/fb)  syst.)± stat. ±(val. 

CMS 2010 lepton+jets  2.7± 2.1 ±173.1 
)-1PAS-TOP-10-009 (L=36 pb  syst.)± stat. ±(val. 

=7 TeVsCMS Preliminary, CMS 2010 dilepton  4.6± 4.6 ±175.5 
)-1JHEP 07 (2011) (L=36 pb  syst.)± stat. ±(val. 

=7 TeVsCMS Preliminary, 

CMS combined result

CMS Preliminary

± 0.5 ± 0.72013

2013 ± 0.5 ± 0.7

CMS PAS TOP-11-018

CMS PAS TOP-12-001
ATLAS-CONF-2012-095

http://cdsweb.cern.ch/record/1478194
http://cdsweb.cern.ch/record/1478194
http://cdsweb.cern.ch/record/1460097?ln=en
http://cdsweb.cern.ch/record/1460097?ln=en
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-095/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-095/
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Top polarisation
‣ Atlas: lepton+jets, template fit

‣ CMS: dilepton, unfolded to parton level

‣ Distribution of angle of lepton in top CM (helicity basis) 

‣ alpha=1 in SM at LO

‣ fraction of + polarised tops:
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ATLAS-CONF-2012-133 CMS PAS TOP-12-016
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7.2 Conclusion

A first measurement by the ATLAS Collaboration of the top quark polarisation in tt̄ production has been
presented. The full 2011 data, with an integrated luminosity of 4.66 fb−1 has been used to analyse tt̄
decays in the lepton plus jets final state. The result of the template fit yields a value for the fraction of
positively polarised top quarks of,

f = 0.470 ± 0.009(stat)+0.023
−0.032(syst). (8)

This value agrees with the Standard Model prediction of fS M = 0.5. The largest sources of uncertainty on
this measurement come from the determination of the jet energy scale and the effect of the top quark mass
on the signal modelling. The result assumes that the cos θ� distributions for positively and negatively
charged leptons are the same. This is equivalent to the assumption of CP conservation in the production
mechanism forcing ptop = −pantitop so that α�ptop = α�pantitop. The analysis was repeated separately for
events with positively and negatively charged leptons and the results are found to be fully consistent with
each other within the quoted uncertainties.
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1 Introduction

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

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

about 0.5×10
−25

s [4] make it an interesting particle to study. In the Standard Model (SM), top quarks are

produced unpolarised because of parity conservation in QCD and the unpolarised initial state, but some

models beyond the SM (BSM) can result in a measurable polarisation of the top quark. In particular,

models that predict the top quark forward-backward asymmetry to be larger than the SM prediction, as

was seen by the Tevatron experiments [5–8], have different predictions of the top quark polarisation [9].

Recently, the CMS Collaboration has also made public a measurement of top quark polarisation in the

dilepton channel [10].

This note presents a measurement of the top quark polarisation in single lepton tt̄ events. Due to

the top quark’s short lifetime, it decays before it hadronises. Therefore the spin information of the top

quark is conserved and it is possible to extract it from the decay products of the W boson. The top

quark polarisation is measured by studying the polar angle of the charged lepton in the parent top quark’s

rest frame. The distribution of the polar angle, θi, for any daughter particle labeled i with respect to a

quantisation axis is given by

W(cos θi) ∝ 1 + αip cos θi, (1)

where p represents the degree of polarisation along this axis and αi is the spin analysing power [11]. The

spin analysing powers of the decay products vary as a function of particle type. At the tree level, charged

leptons are predicted to have a spin analysing power of one (α� = 1). They therefore have the largest

sensitivity to the top quark’s spin state. Here the product of α� and p is measured. It should be noted

that if anomalous couplings are present, the spin analysing power of particles changes independently

of the polarisation. The helicity basis of the top quark is used to determine the quantisation axis. This

corresponds to choosing the quantisation axis as the parent top quark’s momentum direction in the tt̄
centre of mass frame.

A full reconstruction of the tt̄ system is required in order to calculate cos θ�. A likelihood fit is used

to determine the neutrino momentum and the assignment of final state jets to the top and antitop quark

decays. To measure the polarisation of the top quarks, a fit of the reconstructed cos θ� distribution is

performed using signal templates created from simulated signal events, corresponding to positive and

negative polarisation ( 1 + cos θ�,truth ) and ( 1 − cos θ�,truth ) combined with templates for background

events. The result of the fit is the fraction of positively polarised top quarks f , which is defined by:

1

2
f (1 + cos θ�) +

1

2
(1 − f )(1 − cos θ�) =

1

2
(1 + α�p cos θ) (2)

and is related to the asymmetry by:

f =
1

2
+

N(cos θl > 0) − N(cos θl < 0)

N(cos θl > 0) + N(cos θl < 0)
. (3)

The degree of polarisation can be put in terms of the fraction f by the relation:

α�p = 2 f − 1. (4)

2 Data and Simulated Samples

The analysis in this note is performed using the full 2011 7 TeV centre of mass energy pp collision dataset

collected by the ATLAS detector. ATLAS is a multipurpose particle detector at the CERN Large Hadron

Collider and is described in full detail in Ref. [12]. The detector is roughly cylindrical and consists of

1

Reco level Parton level

1 Introduction

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

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

about 0.5×10
−25

s [4] make it an interesting particle to study. In the Standard Model (SM), top quarks are

produced unpolarised because of parity conservation in QCD and the unpolarised initial state, but some

models beyond the SM (BSM) can result in a measurable polarisation of the top quark. In particular,

models that predict the top quark forward-backward asymmetry to be larger than the SM prediction, as

was seen by the Tevatron experiments [5–8], have different predictions of the top quark polarisation [9].

Recently, the CMS Collaboration has also made public a measurement of top quark polarisation in the

dilepton channel [10].

This note presents a measurement of the top quark polarisation in single lepton tt̄ events. Due to

the top quark’s short lifetime, it decays before it hadronises. Therefore the spin information of the top

quark is conserved and it is possible to extract it from the decay products of the W boson. The top

quark polarisation is measured by studying the polar angle of the charged lepton in the parent top quark’s

rest frame. The distribution of the polar angle, θi, for any daughter particle labeled i with respect to a

quantisation axis is given by

W(cos θi) ∝ 1 + αip cos θi, (1)

where p represents the degree of polarisation along this axis and αi is the spin analysing power [11]. The

spin analysing powers of the decay products vary as a function of particle type. At the tree level, charged

leptons are predicted to have a spin analysing power of one (α� = 1). They therefore have the largest

sensitivity to the top quark’s spin state. Here the product of α� and p is measured. It should be noted

that if anomalous couplings are present, the spin analysing power of particles changes independently

of the polarisation. The helicity basis of the top quark is used to determine the quantisation axis. This

corresponds to choosing the quantisation axis as the parent top quark’s momentum direction in the tt̄
centre of mass frame.

A full reconstruction of the tt̄ system is required in order to calculate cos θ�. A likelihood fit is used

to determine the neutrino momentum and the assignment of final state jets to the top and antitop quark

decays. To measure the polarisation of the top quarks, a fit of the reconstructed cos θ� distribution is

performed using signal templates created from simulated signal events, corresponding to positive and

negative polarisation ( 1 + cos θ�,truth ) and ( 1 − cos θ�,truth ) combined with templates for background

events. The result of the fit is the fraction of positively polarised top quarks f , which is defined by:

1

2
f (1 + cos θ�) +

1

2
(1 − f )(1 − cos θ�) =

1

2
(1 + α�p cos θ) (2)

and is related to the asymmetry by:

f =
1

2
+

N(cos θl > 0) − N(cos θl < 0)

N(cos θl > 0) + N(cos θl < 0)
. (3)

The degree of polarisation can be put in terms of the fraction f by the relation:

α�p = 2 f − 1. (4)

2 Data and Simulated Samples

The analysis in this note is performed using the full 2011 7 TeV centre of mass energy pp collision dataset

collected by the ATLAS detector. ATLAS is a multipurpose particle detector at the CERN Large Hadron

Collider and is described in full detail in Ref. [12]. The detector is roughly cylindrical and consists of

1

f = 0.491±0.029±0.041

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-133/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-133/
http://cdsweb.cern.ch/record/1460102?ln=en
http://cdsweb.cern.ch/record/1460102?ln=en
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Lepton charge asymmetry

‣ First, the lepton inherits some of the asymmetry of its parent top

‣ also sensitive to the polarization of the ttbar

28

CDF Run II Preliminary
�
L = 9.4/fb

Correction Level CDF Data powheg
Data Only 0.067±0.016 0.032

Backgrounds Subtracted 0.070±0.019± 0.011 0.023

Fully Extrapolated 0.094±0.024
+0.022
−0.017 0.027

CDF Conf. Note 10975

http://www-cdf.fnal.gov/physics/new/top/2013/AfbLep_public_page/cdf10975_afblep.pdf
http://www-cdf.fnal.gov/physics/new/top/2013/AfbLep_public_page/cdf10975_afblep.pdf
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more top mass

29

Study of the dependence of the top-quark mass measurement on event kinematics
5.0 /fb
link
 
CMS PAS TOP-12-029

Top mass with the kinematic endpoints method
5.0 /fb
link
 
CMS PAS TOP-11-027

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP12029
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP12029
https://cds.cern.ch/record/1521357
https://cds.cern.ch/record/1521357
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP11027
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP11027
http://cdsweb.cern.ch/record/1478421?ln=en
http://cdsweb.cern.ch/record/1478421?ln=en
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top width
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top mass systematics
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Top spin correlation
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