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• Sensitive test of perturbative QCD and the SM prediction of top-quark decays

- understanding of important background for many BSM and SM Higgs searches

- as decays before hadronisation (lifetime 5·10-25s) it gives access to a bare quark

• Top quark events are produced (mostly gg-fusion) in abundance at the LHC

- allows precision measurements of several SM quantities

- can also be used for calibration (e.g. b-tagging)

• Some of the most basic quantities of the elementary particles are their mass 
(lifetime), charge and spin and also their couplings

Motivation
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Polarisation Power

• Spin information can be accessed via the angular momentum of the top quark 
decay products

• Amount of spin information a daughter particle carries from the parent top is 
encoded in αi

• Largest fractions are carried by leptons and down-type quarks

- dilepton channel: simple to tag leptons, but event reconstruction required to define 
spin basis

- lepton+jets channel: event reconstruction less challenging but critical to tag the 
down-type quark with high efficiency
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1 Introduction

The top quark was discovered in 1995 [1,2] at the Tevatron collider and has a measured mass of 173.2 ±
0.9 GeV [3]. In addition to this high mass, the large width of the top quark corresponds to a predicted
lifetime of ≈ 5×10−25 s, according to the Standard Model (SM) [4–6]. The SM prediction is in agreement
with the extracted width of 1.99+0.69

−0.55 GeV and lifetime of (3.3+1.3
−0.9) ×10−25 s obtained using Tevatron

data [7]. This is at least an order of magnitude shorter than the timescale for strong interactions, implying
that the top quark decays before hadronisation. Thus the top quark does not form bound states before its
decay, allowing the opportunity to study the properties of a bare quark [6]. Properties such as the spin
correlation in the tt̄ system are transferred to the decay products and can be measured directly via their
angular distributions [5]. This note presents a measurement of the spin correlation in dileptonic decays,
where the tt̄ pairs were produced in pp collisions at

√
s = 7 TeV.

A measurement of the spin correlation would test the predictions of QCD such as whether the decay
of the top quark occurs before its spin is flipped by the strong interaction [8–11]. The apparent spin
correlation may differ from that expected in the SM if, for example, the top quark decayed into a scalar
charged Higgs boson and a b-quark (t → H

+
b) [12]. In addition, many other beyond-the-Standard

Model (BSM) scenarios predict different production and decay dynamics of the top quark, which could
be detected by measuring the spin correlation [13–17].

While top quark pairs produced at hadron colliders are unpolarised, their spins are correlated. In pp

collisions at the centre-of-mass energy of the LHC, top quark pair production occurs mostly through the
gg → tt̄ channel and also through the process qq̄ → tt̄. This is in contrast with the Tevatron, where top
quark pair production is dominated by the qq̄ mechanism. This, and the different centre-of-mass energy,
make a measurement of the spin correlation at both colliders complementary.

In top quark decays in the SM, the V-A couplings fix the angular distribution of the decay products
according to the polarisation of the parent top quark via

1
N

dN

d cos(θi)
=

1
2

[1 + αi cos(θi)] , (1)

where θi is the angle between the direction of decay particle i in the top quark rest frame and the spin
quantisation direction. The coefficient αi is the spin analysing power of particle i. Table 1 lists the
calculated spin analysing power at leading order (LO) and next-to-leading order (NLO) for different
decay products of the top quark and for the W-boson decay products in the top quark rest frame [18–20].

Table 1: Standard Model spin analysing power, at LO and NLO for the decay products of the top quark
from the decay t → bW

+. The decay products of the W-boson can also be used as spin analysers, hence
the decay products from leptonic decays W

+ → l
+νl and the hadronic decays W → q1q̄2 are given in the

table. Signs are reversed for a spin down top quark [18–20].

b-quark W
+

l
+

d̄-quark or s̄-quark u-quark or c-quark
αi (LO) -0.41 0.41 1 1 -0.31
αi (NLO) -0.39 0.39 0.998 0.93 -0.31

Charged leptons and down-type quarks are the most effective spin analysers, since they carry the full
information concerning the spin of the parent top quark at LO. Jets emerging from down-type quarks
cannot be easily distinguished from jets emerging from up-type quarks experimentally, therefore the full
spin correlation information is not accessible in events containing hadronically decaying W-bosons. The
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Spin Correlation

• Short lifetime →can access spin via decay particles

• Strength of the correlation may differ for BSM models (e.g. H+ contribution)

• For spin-1/2 top particles two states possible → 1S0 and 3S1

• In gg-fusion at threshold top pair produced in 1S0 state (tLtL and tRtR)

- at high energies dominant production is 3S1 state (tLtR and tRtL)  

• In qq-annihilation produced in 3S1 state

• Asymmetry parameter, A, describing difference between like and unlike spin 
configuration depends on quantization axis

• At the LHC no axis for 100% correlation

- for helicity basis A is predicted to be Ahel≈ 0.326

- complementary to Tevatron measurement
4

- Christian Schwanenberger -Update: Top Pair Spin Correlation Top Working Group

Spin correlation strength

complementary between Tevatron and LHC

Tevatron

3S1

• dominated by qq annihilation
• tt pairs close to the threshold
• beam axis as spin quantisation axis
   NLO QCD: A = 0.78

• optimised “off-diagonal” basis

• dominated by gg fusion
• tt pairs far off the threshold
• helicity basis as spin quantisation axis
   NLO QCD: A = 0.32

• maximal basis
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Bernreuther, Brandenburg, Si, Uwer, Nucl. Phys. B690, 81 (2004)

g g

LHC

evidence for SM spin 
correlation (3.1σ)
D0 Collaboration, 

arXiv:1110.4194 [hep-ex]
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A =
N −N

N + N

=
N(↑↑) + N(↓↓)−N(↑↓)−N(↓↑)
N(↑↑) + N(↓↓) + N(↑↓) + N(↓↑)

Table 3.3 compares results between samples generated at centre-of-mass energies

of 14 TeV, 10 TeV and 7 TeV.

ECM 14 TeV 10 TeV 7 TeV

Abeamline -0.051 ± 0.009 -0.004 ± 0.009 0.053 ± 0.009

Aoff-diagonal -0.076 ± 0.009 -0.023 ± 0.009 0.034 ± 0.009

Ahelicity 0.347 ± 0.007 0.299 ± 0.007 0.270 ± 0.007

Amaximal 0.479 ± 0.009 0.458 ± 0.009 0.420 ± 0.009

AD -0.231 ± 0.005 -0.211 ± 0.005 -0.180 ± 0.005

Table 3.3: Values of A and AD calculated using parton level Herwig++.

The quoted error is statistical using 1× 10
5

events.

From Table 3.3 it is clear that both the beam line and off-diagonal basis cannot

distinguish uncorrelated (A = 0) from correlated spins at the LHC. The table

also demonstrates that there is a small decrease in the magnitude of A due to the

reduction in centre-of-mass energy from 14 TeV to 10 TeV, for the helicity basis

and the maximal basis.

Applying a cut on the invariant mass of the tt̄ system can increase the amount

of observed spin correlation at the LHC [43]. In this note, an increase from

Ahelicity = 0.318 to Ahelicity = 0.453 is observed for the helicity basis. For the

maximal basis an increase of Amaximal = 0.484 to Amaximal = 0.502 is observed

after applying the cut

(kt + kt̄)
2 < 550 GeV. (3.22)

This cut may be useful in a future analysis of a large top quark pair dataset.

Preliminary studies of top quark spin correlation at
√

s = 14 TeV indicate that

40

G72,%?$((+5"#$,%?$+I'2+,1

3Wednesday, 2 February 2011

Spin Correlation Coefficient 
4 

!  Degree of spin correlation is defined by fractional 
difference between events where top spins are 
alligned and where they have opposite allignement  

  

!  As it is a ratio of cross sections several systematic 
uncertainties (e.g. PDF, scales, luminosity …) cancel 
to a large extend 

!  Quantization axis – including two vectors 
representing t and tbar needed to be defined 

E CM 14 TeV 10 TeV 7 TeV 

A beamline -0.051±0.009 -0.004±0.009 0.053±0.009 

A off-diagonal -0.076±0.009 -0.023±0.009 0.034±0.009 

A helicity 0.347±0.007 0.299±0.007 0.270±0.007 

A maximal 0.479±0.009 0.458±0.009 0.420±0.009 

A = Nlike ! Nunlike

Nlike + Nunlike

=
N("")+ N(##)! N("#)! N(#")
N("")+ N(##)+ N("#)+ N(#")

Strength of measured 
correlation depends on chosen 
axis (how to reconstruct?) 
 

Bernreuther, Brandenburg, Si, Uwer, Nucl. Phys. B690, 81 (2004)
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Template Fit

• In dilepton channel almost 100% of correlation 
carried by the two leptons

• Opening angle between leptons carry information 
about spin correlation 

             G. Mahlon and S. Parke, Phys. Rev. D81 (2010) 074024

• Template fit separately performed for the three 
dilepton channels and in a combined fit

• Combined result gives correction factor of f=1.30 
to the input SM correlation

5
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The data are inconsistent with zero (or negative) spin 
correlation with a significance of 5 standard deviations
     →first observation of spin correlation!

Results

• Figures show control plots for best fit and scaling 
parameter transformed to helicity parameter

• Main systematics arising from JES and shape of 
background (fakes) templates
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SUPPLEMENTARY MATERIAL FOR APPROVAL508

TABLE III. Observed dilepton yield in data for each analysis channel and the expected signal and background composition

from MC and DD samples. All systematic uncertainties are included.

e+e− µ+µ− e±µ∓

Z/γ∗
(→ e+e−/µ+µ−

)+jets (MC+DD) 20± 6 44
+9
−14 -

Z/γ∗
(→ ττ)+jets (MC) 13.5± 3.0 33± 10 130± 26

Fake leptons (DD) 12
+10
−6 19

+28
−12 129

+140
−68

Single top (MC) 19
+4
−3 49± 7 130± 20

Diboson (MC) 18.5± 3.1 28± 5 100± 19

Total (non-tt̄) 82
+13
−10 172

+33
−23 490

+150
−80

tt̄ (MC) 400
+60
−80 760± 100 2370

+250
−310

Total expected 480
+60
−80 930± 100 2860± 310

Observed 477 906 2930
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FIG. 3. Measurement of fSM
(left) and values of Ahelicity (center) and Amaximal (right) compared to the SM prediction for the

e+e−, µ+µ−
and e±µ∓

channels and the combination. The variable fSM
= 1 in the SM and fSM

= 0 in the case of no spin

correlation. The results are consistent with the Standard Model prediction.
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(best fit with scaling applied)

http://prl.aps.org/abstract/PRL/v108/i21/e212001
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Helicity

• Top quarks decay as left-handed fermions through the V-A weak interaction

• Helicity of  W boson in the decay is constraint to 0, +1, -1 (massive particles 
have 2S+1 states)

• Angular momentum conservation → only left handed and longitudinal W helicity 
configuration allowed

• The relative fractions of the three contributions (F0, FL and FR):

• Sensitivity to anomalous (non-SM) couplings

7

Negative helicity:
Zero helicity:
Positive helicity:

FL = Γ(t→W(h=-1)b)/Γ(t→Wb)
F0 = Γ(t→W(h=0)b)/Γ(t→Wb)
FR = Γ(t→W(h=+1)b)/Γ(t→Wb)
   FL + F0 + FR = 1

~ 30 % 
~ 70%
~   0 %

SM prediction

top quark rest frame

t (+1/2) t (+1/2)

(0)(+1) (+1/2)(-1/2)

W b Wb

A. Czarnecki, J. G. Korner, and J. H. Piclum,  Phys. Rev. D 81 (2010) 111503
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• The Wtb vertex is defined by the electroweak interaction and has V-A structure

• W bosons are produced as real particles → polarisation can be longitudinal-,  left- 
and right-handed

Wtb Vertex Structure 
17 

!  In SM top quark has V-A charged current weak 
interactions as the other fermions 

!  In the helicity basis to quantise spin, helicity of W 
boson in the decay is constraint to 0,+1,-1 

!  W bosons cannot be produced with right handed 
helicity (neglecting b mass) 

!  Investigate dependence on angle between charged 
lepton momentum and b quark momentum in W 
boson rest frame 

1
!

d!
d cos! *

=
3
8
(1+ cos! *)2FR +

3
8
(1" cos! *)2FL +

3
4
sin2! *F0

! " !(t#W +b) = !R +!L +!0

W-Helicity Templates
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!  Extract information about the polarization states of 
the W bosons evaluating angular asymmetries 

!  For z=0 this transforms into forward-backward 
asymmetry which is directly related to the helicity 
fractions by 

March 8, 2011 – 14 : 45 DRAFT 2

FL =
x2(1 − x2 + y2 +

√
λ)

(1 − y2)2 + x2(1 − 2x2 + y2)
(3)

FR =
x2(1 − x2 + y2 −

√
λ)

(1 − y2)2 + x2(1 − 2x2 + y2)
(4)

where x = MW/mt, y = mb/mt, and λ = 1 + x
4 + y4 − 2x2y2 − 2x2 − 2y2. With the present measurements49

of mt = 173.3 ± 1.1 GeV, mW = 80.399 ± 0.023 GeV [12] and taking mb = 5.0 GeV the expected values50

are F0 = 0.698, FL = 0.301, FR = 4.1 × 10−4. The distribution of cos θ∗ can be used to measure the51

W-boson polarizations and hence probe physics beyond the SM.52

A simple method to obtain information about the polarization states of the W bosons is to perform a

counting experiment by evaluating angular asymmetries in the distribution of cos θ∗ [13]. For any fixed

value of z in the interval [−1, 1], one can define an asymmetry

Az =
N(cos θ∗ > z) − N(cos θ∗ < z)
N(cos θ∗ > z) + N(cos θ∗ < z)

. (5)

The most obvious choice is z = 0, giving the forward-backward (FB) asymmetry AFB, which is related

to the W-boson helicity fractions by

AFB =
3

4
[FR − FL] . (6)

The measurement of this asymmetry alone is not enough to fully specify the cos θ∗ distribution. Other

asymmetries, for different values of z, have therefore to be considered. The determination of Fi is easier

if asymmetries are constructed involving only FR and F0, or FL and F0 (and not all three of them). This

is achieved by choosing z = ∓(22/3 − 1):

z = −(22/3 − 1) → Az = A+ = 3β[F0 + (1 + β)FR] ,

z = (22/3 − 1) → Az = A− = −3β[F0 + (1 + β)FL] , (7)

where β = 21/3 − 1. The SM values in leading order (LO) for these angular asymmetries are AFB =
−0.227, A+ = 0.544 and A− = −0.841. From the A+ and A− asymmetries and using FR + FL + F0 = 1,
theW-boson helicity ratios can be obtained:

FR =
1

1 − β
+
A− − βA+
3β(1 − β2)

,

FL =
1

1 − β
−
A+ − βA−
3β(1 − β2)

,

F0 = −
1 + β

1 − β
+
A+ − A−
3β(1 − β)

. (8)

Any deviations of FR, FL and F0, or AFB, A+ and A− from the SM prediction can be caused by new

physics beyond the SM contributing to the Wtb vertex. Such new interactions associated with the top

quark may exist at higher energies. Above the electroweak symmetry breaking scale v = 246 GeV, new

physics can be parameterised in terms of effective operators [14],

Leff =
∑ Cx

Λ2
Ox + . . . , (9)

whereOx are dimension-six effective operators invariant under the SM gauge symmetry SU(3)c×SU(2)L×53

U(1)Y ; Cx are dimensionless constants and Λ is the new physics scale. Dimension-eight and higher-54

order operators are suppressed by higher powers of Λ, and are usually ignored. This parameterisation is55

model-independent, based only on the gauge symmetry of the SM and the fact that the new physics is56

characterised by a new scale Λ ' v.57
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!  Using the normalization 
constraint one can use two 
independent asymmetries which 
fully constrain the three fractions
(with   ) 

FR =
1

1!!
+
A! ! A!!
3!(1!! 2 )

FL =
1

1!!
!
A!! ! A!
3!(1!! 2 )

F0 = !
1+!
1!!

+
A! ! A!!
3!(1!! 2 )

! = 21/3 !1

 arXiv:1205.2484v1

l

υ

b t

cosΘ*

- angle between lepton and negative top quark direction

• Two different methods used:
1. template fit using distributions for different signal and 

background contributions
2. counting events after bkg subtraction above and below 

z=±(1-22/3) in unfolded distribution

http://arxiv.org/abs/1205.2484v1
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W boson helicity fractions
-1 -0.5 0 0.5 1

ATLAS RF LF 0F-1 L dt = 1.04 fb

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

NNLO QCD
Combination

)0/FL/F
R

Data (F

• Results of four measurements 
combined using BLUE method:

• Main systematics from lepton ID,  JES 
and from method-specific 
uncertainties 

No significant deviations from NNLO QCD 
predictions observed supporting the model of 
a pure V-A structure of the Wtb vertex
→Most precise measurement of hel. fractions!

Helicity - Combined Results
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Combined Result NNLO
F0

FL

FR

 0.67±0.03 (stat+syst) 0.687±0.005

 0.32±0.02 (stat+syst) 0.311±0.005

-0.01±0.01 (stat+syst) 0.0017±0.0001

 arXiv:1205.2484v1

http://arxiv.org/abs/1205.2484v1
http://arxiv.org/abs/1205.2484v1
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Effective Lagrangian
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Figure 7. Allowed regions at 68% and 95% confidence level (CL) for the Wtb anomalous couplings
gL and gR. In the Standard Model, the anomalous couplings vanish at tree level [59].

Re (VR) ∈ [−0.20, 0.23] →
Re (C33

φφ)

Λ2
∈ [−6.7, 7.8] TeV−2 ,

Re (gL) ∈ [−0.14, 0.11] →
Re (C33

dW )

Λ2
∈ [−1.6, 1.2] TeV−2 ,

Re (gR) ∈ [−0.08, 0.04] →
Re (C33

uW )

Λ2
∈ [−1.0, 0.5] TeV−2 .

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

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

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

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

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

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

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

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

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

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

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

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

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

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

4The limits from the DØ Collaboration were derived assuming a massless b-quark.
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• New physics can be parametrized in terms of an effective Lagrangian (above the 
electroweak symmetry breaking  scale of v=246 GeV)

- couplings VR, gL and GR absent in the SM at tree-level

• Measured limits at 95 % CL are: 
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Figure 2: Allowed regions at 68% CL (green) and at 95% CL (green+yellow) for the Wtb anomalous
couplings, obtained using TopFit. In the Standard Model, the anomalous couplings gR and gL vanish at
tree level [55].

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

LWtb = −
g
√
2
b̄ γµ (VLPL + VRPR) t W

−
µ −

g
√
2
b̄
iσµνqν
MW

(gLPL + gRPR) t W
−
µ + h.c. , (7)

where

VL = Vtb +C
(3,3+3)
φq

v2

Λ2
, VR =

1

2
C33∗
φφ

v2

Λ2
, gL =

√
2C33∗

dW

v2

Λ2
, gR =

√
2C33

uW

v2

Λ2
. (8)

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

φφ , C
33∗
dW

and C33
uW are the effective operators coefficients [12,

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

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

7.3.1 Constraints from angular asymmetries

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

In addition to this two-dimensional limit it is useful to give limits on single anomalous couplings,
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Summary
• Top physics (at the LHC) provides the possibility to test the SM in various ways

• Two analysis from top properties presented:
1. “Observation of spin correlation in tt events from pp collisions at √s = 7 TeV using the ATLAS 

detector”
2. “Measurement of the W boson polarization in top quark decays with the ATLAS detector”

• No significant deviation from SM prediction observed
1. hypothesis of zero spin correlation excluded with 5 sigma
2. helicity measurements supports model of pure V-A Wtb vertex structure
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Thanks for your attention!
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Backup
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The ATLAS detector

25Wednesday, 9 June 2010

The Usual Pictures

13

proton proton collisions at√s = 7 TeV

• More than 5 fb-1 recorded in 2011
• Will present analyses with 2.1/1 fb-1

•Both using 7 TeV (we have 8 TeV in 2012)
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tt Selection

• Single lepton and dilepton events selected by lepton triggers and require to have a 
good primary vertex (at least 5 tracks associated to it)

14

One lepton
-pT > 25 (20) GeV
-|η| <2.5 (and transition cuts for e)

At least four Jets (anti-kt R=0.4)
-pT > 20 GeV
-|η| <2.5

Background Rejection
-(e): ETMiss>35 GeV and mTW >25
-(μ): ETMiss>20 GeV and                 
ETMiss+mTW>60 GeV

Two oppositely charged leptons
-pT > 20 (25) GeV
-|η| <2.5 (2.47 and transition cuts)

At least two Jets (anti-kt R=0.4)
-pT > 25 GeV
-|η| <2.5

Background Rejection
-(ee, μμ): ETMiss>60 GeV,  mll > 15 GeV  
and |mll-mZ|>10 GeV
-(eμ): HT>130 GeV
-(Tl): ETMiss>60 GeV,  HT>150 GeV and 
|mTl-mZ|>10 GeV    

Lepton+jets Dilepton

t

W+

!̄

ν!

b

t̄ b̄

W− q

q̄′

t

W+

!̄

ν!

b

t̄ b̄

W− ν̄!
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Event Reconstruction

• To associate reconstructed objects to truth partons and to determine event 
kinematic full event reconstruction necessary

- for some analysis like W helicity or spin correlation reference frame has to be 
defined for boosting

• In lepton+jets channel missing information (z-component) of the neutrino can 
be reconstructed using MET and constraints from know top and W masses

• For more clean dilepton environment system is under constraint and in 
general several solutions exist

15

Lepton+Jets Dilepton
Neutrino momentum unknown
→ use constraints from

1. transverse momentum (MET)
2. Top mass
3. W mass

(and additional input from b-tagging for                
jet-permutations)

Use chi2 minimization or kinematic likelihood fit to 
find best solution

Two neutrino momenta unknown
→ same constraints as for lepton+jets
Up to four remaining solutions due to      
under-constraint system

Take solution with minimal
product of neutrino 
momenta

Alternative is ME 
approach .....

4 Reconstruction of top quark pairs

4.1 Reconstruction of top quark pairs in the single lepton channels

Events in the single lepton channels were either reconstructed using a χ2 minimisation technique or using
a maximum likelihood estimate, referred to as kinematic likelihood in the following. Both are described
here briefly.

4.1.1 χ2 minimisation

Event reconstruction based on χ2 minimisation was accomplished by minimizing

χ2 =
(m"νja − mt)

2

σ2t
+
(mjbjcjd − mt)

2

σ2t
+
(m"ν − mW)2

σ2W
+
(mjcjd − mW)2

σ2W
, (3)

where mt = 172.5 GeV, mW = 80.4 GeV, σt = 14 GeV and σW = 10 GeV are the expected top quark
and W boson mass resolutions, the subscript " represents the charged lepton, m"ν is the invariant mass
of the charged lepton and the neutrino, and the ja,b,c,d correspond to all possible combinations of four
jets among all selected jets in the event (with m"νja , mjbjcjd and mjcjd being the corresponding invariant
masses). The neutrino was reconstructed using the missing transverse energy, with the pνz component
allowed to vary. The solution corresponding to the minimum χ2 value was assumed to be the correct one.

4.1.2 Kinematic likelihood

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

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

4.2 Reconstruction of top quark pairs in the dilepton channels

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

pν1x + pν2x = /Ex,

pν1y + pν2y = /Ey,

(p"1 + pv1 )
2 = m2

W,

(p"2 + pv2 )
2 = m2

W,

(pW1 + p j1 )
2 = m2

t ,

(pW2 + p j2 )
2 = m2

t . (4)

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

• Due to cut on two good leptons main background is from 
Z decay or from events with at least one fake lepton

• To evaluate the Z/ϒ*+jets background the MC prediction 
for the number of events in the SR is normalized to the 
data using the events measured in CR                             
(|mll-mZ|<10 GeV and ETMiss>30 (35) GeV)

• The yield of fake leptons is determined from data using a 
matrix-method (put dileptons into four categories using 
loose and tight definitions for both leptons)

16
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Background Enriched Control Plots

• Control plots for background enriched (mainly DY) region

- ETMiss for events with at least two jets for ee inside the Z mass window

- Number of jets with same Z mass window cut and ETMiss<60 GeV

- Invariant dilepton mass for events with at least two jets and ETMiss< 60 GeV

17
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Spin Basis
• Number of unlike spin combinations of the top 

pair depends on choice of spin basis

• Spin correlation strength (A) depends on 
collision energy

• For Tevatron off-diagonal basis is best choice, 
where up to 90 % of top pairs have unlike-sign 
spin

• For LHC beam-line and off-diagonal basis have 
very poor strength

• Helicity (or more complicated maximal) basis 
provide possibility to extract spin correlation

• Center-of-mass dependence is not very large

18

601/10/03 Christian Schmitt, Wuppertal University

Spin Basis

Number of unlike spin 
combinations of the ttbar 
pair depends on choice of 
the spin basis:

At Tevatron: Off-diagonal 
Basis is best choice
(92% of ttbar pairs have 
unlike Spin)

Beam-Axis (Tevatron): NLO QCD: A = 0.78
Bernreuther, Brandenburg, Si, Uwer, Nucl. Phys. B690, 81 (2004)

Helicity-Axis (LHC): NLO QCD: A = 0.32 
Uwer, Phys. Lett., B609:271–276, 2005 maximal basis requires matrix solving

 (eigenvectors of spin density matrix)
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Spin Correlation - BSM

• Several BSM scenarios predict different top decay/production mechanisms yielding 
in a different spin polarization

19

- Christian Schwanenberger -Update: Top Pair Spin Correlation Top Working Group

New physics impact on spin correlations

5

• important test of SM and sensitive search for physics beyond
• analyse the whole chain of top pair production and top decay 

SM

Higgs, KK gravitons, Z’, stop pairs, ... charged Higgs, b’, ...

5

φ0

- Christian Schwanenberger -Update: Top Pair Spin Correlation Top Working Group

New physics impact on spin correlations

5

• important test of SM and sensitive search for physics beyond
• analyse the whole chain of top pair production and top decay 

SM

Higgs, KK gravitons, Z’, stop pairs, ... charged Higgs, b’, ...

5

φ0

Higgs, KK gravitons, Z’, stop pairs, ... 

charged Higgs, b’, ...
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Spin Correlation - Channels

20
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FIG. 6. The E
miss
T distribution in the signal region for the e

+
e
− channel (left) and the µ

+
µ
− channel (center) without the

requirement that E
miss
T > 60 GeV. The distribution of the scalar sum of the pT of all selected jets and leptons, HT, is shown

for the e
±
µ
∓ channel (right), without the requirement that HT > 130 GeV. The total systematic uncertainty is shown as a

hatched area. A new evaluation of the modeling of the jet energy resolution has resulted in larger uncertainties at low E
miss
T

for the 2.1 fb−1 dataset compared to that used in Ref. [38].
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+
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±
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tt̄ samples is fixed to the value from the fit. MC background samples are normalized to their predicted cross sections and the
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TABLE III. Observed dilepton yield in data for each analysis channel and the expected signal and background composition

from MC and DD samples. All systematic uncertainties are included.

e+e− µ+µ− e±µ∓

Z/γ∗
(→ e+e−/µ+µ−

)+jets (MC+DD) 20± 6 44
+9
−14 -

Z/γ∗
(→ ττ)+jets (MC) 13.5± 3.0 33± 10 130± 26

Fake leptons (DD) 12
+10
−6 19

+28
−12 129

+140
−68

Single top (MC) 19
+4
−3 49± 7 130± 20

Diboson (MC) 18.5± 3.1 28± 5 100± 19

Total (non-tt̄) 82
+13
−10 172

+33
−23 490

+150
−80

tt̄ (MC) 400
+60
−80 760± 100 2370

+250
−310

Total expected 480
+60
−80 930± 100 2860± 310

Observed 477 906 2930
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FIG. 3. Measurement of fSM
(left) and values of Ahelicity (center) and Amaximal (right) compared to the SM prediction for the

e+e−, µ+µ−
and e±µ∓

channels and the combination. The variable fSM
= 1 in the SM and fSM

= 0 in the case of no spin

correlation. The results are consistent with the Standard Model prediction.
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tainty is calculated by combining all systematic uncer-
tainties in quadrature.

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

Uncertainty source ∆fSM

Data statistics ±0.14
MC simulation template statistics ±0.09

Luminosity ±0.01
Lepton ±0.01

Jet energy scale, resolution and efficiency ±0.12
NLO generator ±0.08

Parton shower and fragmentation ±0.08
ISR/FSR ±0.07

PDF uncertainty ±0.07
Top quark mass ±0.01
Fake leptons +0.16/−0.07

Calorimeter readout ±0.01

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

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

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

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

basis = ASM
basis ·fSM, where the subscript

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

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

−0.10 (syst), where the SM predictions are 0.31 and
0.44 respectively. MC simulation pseudo-experiments in-
cluding systematic uncertainties are used to calculate the
probability that a value of fSM or larger is measured us-
ing the assumption of fSM = 0. For the observed limit
the value of fSM measured in data is used and for the ex-
pected limit a value of fSM = 1 is used. The hypothesis
of zero tt̄ spin correlation is excluded with a significance
of 5.1 standard deviations. The expected significance is
4.2 standard deviations.
In conclusion, the first measurement of tt̄ spin corre-

lation at the LHC has been presented using 2.1 fb−1 of
ATLAS data in the dilepton decay topology. A template
fit is performed to the ∆φ distribution and the measured
value of fSM = 1.30± 0.14 (stat) +0.27

−0.22 (syst) is consistent
with the SM prediction. The data are inconsistent with
the hypothesis of zero spin correlation with a significance
of 5.1 standard deviations.
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• Extracting information about the polarization states of the W bosons evaluating 
angular asymmetries

• For z=0 this transforms into forward-backward asymmetry which is directly 
related to the helicity fractions by 

• Using the normalization constraint it is possible to define two independent 
asymmetries which fully constrain the three fractions (with                  )

• This provides an alternative method to extract helicity fractions
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√
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(3)
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x2(1 − x2 + y2 −
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(1 − y2)2 + x2(1 − 2x2 + y2)
(4)

where x = MW/mt, y = mb/mt, and λ = 1 + x
4 + y4 − 2x2y2 − 2x2 − 2y2. With the present measurements49

of mt = 173.3 ± 1.1 GeV, mW = 80.399 ± 0.023 GeV [12] and taking mb = 5.0 GeV the expected values50

are F0 = 0.698, FL = 0.301, FR = 4.1 × 10−4. The distribution of cos θ∗ can be used to measure the51

W-boson polarizations and hence probe physics beyond the SM.52

A simple method to obtain information about the polarization states of the W bosons is to perform a

counting experiment by evaluating angular asymmetries in the distribution of cos θ∗ [13]. For any fixed

value of z in the interval [−1, 1], one can define an asymmetry

Az =
N(cos θ∗ > z) − N(cos θ∗ < z)
N(cos θ∗ > z) + N(cos θ∗ < z)

. (5)

The most obvious choice is z = 0, giving the forward-backward (FB) asymmetry AFB, which is related

to the W-boson helicity fractions by

AFB =
3

4
[FR − FL] . (6)

The measurement of this asymmetry alone is not enough to fully specify the cos θ∗ distribution. Other

asymmetries, for different values of z, have therefore to be considered. The determination of Fi is easier

if asymmetries are constructed involving only FR and F0, or FL and F0 (and not all three of them). This

is achieved by choosing z = ∓(22/3 − 1):

z = −(22/3 − 1) → Az = A+ = 3β[F0 + (1 + β)FR] ,

z = (22/3 − 1) → Az = A− = −3β[F0 + (1 + β)FL] , (7)

where β = 21/3 − 1. The SM values in leading order (LO) for these angular asymmetries are AFB =
−0.227, A+ = 0.544 and A− = −0.841. From the A+ and A− asymmetries and using FR + FL + F0 = 1,
theW-boson helicity ratios can be obtained:

FR =
1

1 − β
+
A− − βA+
3β(1 − β2)

,

FL =
1

1 − β
−
A+ − βA−
3β(1 − β2)

,

F0 = −
1 + β

1 − β
+
A+ − A−
3β(1 − β)

. (8)

Any deviations of FR, FL and F0, or AFB, A+ and A− from the SM prediction can be caused by new

physics beyond the SM contributing to the Wtb vertex. Such new interactions associated with the top

quark may exist at higher energies. Above the electroweak symmetry breaking scale v = 246 GeV, new

physics can be parameterised in terms of effective operators [14],

Leff =
∑ Cx

Λ2
Ox + . . . , (9)

whereOx are dimension-six effective operators invariant under the SM gauge symmetry SU(3)c×SU(2)L×53

U(1)Y ; Cx are dimensionless constants and Λ is the new physics scale. Dimension-eight and higher-54

order operators are suppressed by higher powers of Λ, and are usually ignored. This parameterisation is55

model-independent, based only on the gauge symmetry of the SM and the fact that the new physics is56

characterised by a new scale Λ ' v.57
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Table 3. Sources of systematic uncertainty and their impact on the measured W boson helicity
fractions for the combined single-lepton and dilepton channels. The systematic uncertainties were
symmetrized by using the larger uncertainty.

Source Uncertainties

F0 FL FR

Signal and background modelling

Generator choice 0.012 0.009 0.004

ISR/FSR 0.015 0.008 0.007

PDF 0.011 0.006 0.006

Top quark mass 0.016 0.009 0.008

Misidentified leptons 0.020 0.013 0.007

W+jets 0.016 0.008 0.008

Other backgrounds 0.006 0.003 0.003

Method-specific uncertainties 0.031 0.016 0.035

Detector modelling

Lepton reconstruction 0.013 0.006 0.007

Jet energy scale 0.026 0.014 0.012

Jet reconstruction 0.012 0.005 0.007

b-tagging 0.007 0.003 0.004

Calorimeter readout 0.009 0.005 0.004

Luminosity and pileup 0.009 0.004 0.005

Total systematic uncertainty 0.06 0.03 0.04

The uncertainties on the momenta of electrons, muons and jets were propagated into

the missing transverse momentum. A 10% uncertainty from pileup was added in addition.

The b-tagging efficiencies and mis-tag rates have been measured in data [42]. Jet pT-

dependent scale factors, applied to simulation to match the data, have uncertainties which

range from 9% to 16% and 12% to 45%, respectively.

The uncertainty on the measured luminosity was estimated to be 3.7% [15].

Due to a hardware failure, a small, rectangular region of the ATLAS electromagnetic

calorimeter could not be read out in a subset of the data (0.87 fb−1). Data and Monte

Carlo events in which a jet or an electron were close to the affected calorimeter region

were rejected. The systematic uncertainty labelled “calorimeter readout” in Table 3 was

evaluated by varying the criteria to reject these events.

6 Results

The two methods discussed in Section 4 were applied to the data set described in Section 2.

Figure 4 shows the observed distribution of cos θ∗ in the single-lepton and dilepton channels

together with the sum of the templates scaled to the best fit parameters obtained from the
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