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Introduction and overview

� Top quarks decay before 
hadronisation & lifetime is shorter 
than decorrelation time
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� Spin information passed directly to decay products
� V-A structure of Wtb vertex defines W decay properties
� Extract spin and polarisation information from angular distributions 

in top quark decays

� In this talk:
� Overview of 𝑡 ̅𝑡 spin/polarisation measurements
� Single top quark polarisation in the t-channel at 13 TeV
� Overview of W polarisation measurements
� W boson polarisation in dilepton 𝑡 ̅𝑡 events at 13 TeV New!



Spin polarisation and correlation in 𝑡 ̅𝑡 events

� Top quarks mainly produced as 𝑡 ̅𝑡 pairs at the LHC
� Strong interaction conserves parity

� 𝑡 and ̅𝑡 quarks are essentially unpolarised
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Polarisation observables 
from spin density matrix 
of 𝑡 ̅𝑡 production at 8 TeV

Consistent with NLO 
QCD and ~0 polarisation

JHEP 03 (2017) 113 

https://link.springer.com/article/10.1007/JHEP03(2017)113


Spin polarisation and correlation in 𝑡 ̅𝑡 events
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Correlation observables from spin density 
matrix of 𝑡 ̅𝑡 production at 8 TeV

JHEP 03 (2017) 113 

� Top quarks mainly produced as 𝑡 ̅𝑡 pairs at the LHC
� Strong interaction conserves parity

� 𝑡 and ̅𝑡 quarks are essentially unpolarised
� However, the spins of the 𝑡 and ̅𝑡 are correlated

ATLAS: Eur. Phys. J. C 80 (2020) 754 

LHCtopWG

Lab frame azimuthal angle between 
leptons in 𝑡 ̅𝑡 dilepton events, 13 TeV

https://link.springer.com/article/10.1007/JHEP03(2017)113
https://link.springer.com/article/10.1140/epjc/s10052-020-8181-6
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots


Polarisation in single top processes

� t-channel is dominant process for Electroweak single-top 
production at the LHC 

� Top quarks in t-channel are strongly polarised
� Spins aligned with the direction of down-type quarks (V-A 

coupling in 𝑊𝑡𝑏 vertex) 
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� Dominant polarisation 
directions:
� t quark: along

‘spectator’ quark 
direction

� ̅𝑡 quark: opposite
incoming quark 
direction

arXiv:2202.11382
Sub. to JHEP
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Single top-quark t-channel process @Flip Physics 2022

Mariam Chitishvili 
Instituto de Fisica Corpuscular (IFIC)-CSIC/UV

The degree of the polarisation in each axis depends on the mixture of the leading and subleading processes 
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dominant sub-process

Peculiarities of the t-channel single top-quark process polarisation: 
• Due to the fact that the valence u-quark density of the proton is about twice as high as the 

valence down-quark density → top quarks vs. top antiquarks in t-channel: 
‣ Different cross-sections 
‣ Different background levels (S/B) 
‣ Different subprocesses 
‣ Different polarisations
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dominant sub-process

Peculiarities of the t-channel single top-quark process polarisation: 
• Due to the fact that the valence u-quark density of the proton is about twice as high as the 

valence down-quark density → top quarks vs. top antiquarks in t-channel: 
‣ Different cross-sections 
‣ Different background levels (S/B) 
‣ Different subprocesses 
‣ Different polarisations

https://arxiv.org/abs/2202.11382


Data selection in t-channel

� Single-top selection with 139 fb-1 at 13 TeV
� Uses t → W+b → bl+n (and charge conjugates)
� 1 charged lepton (e/μ), passing trigger   pT > 30 GeV
� 2 jets, of which 1 b-tagged pT > 30 GeV (35 GeV forward)
� mT, ET

miss and other kinematic cuts
� QCD background estimated using data-driven methods 

� Non-b-jet is “spectator” jet:
� Expect strong polarisation                                                          

in this direction
� Define 3 axes in top quark                                                        

reference frame
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Spectator 
quark

arXiv:2202.11382

https://arxiv.org/abs/2202.11382


Extraction of polarisation

� Build angular distributions of unit 
vector for charged lepton with 
respect to each axis 𝜃𝑙𝑖
i = {𝑥#, 𝑦#, 𝑧#}

� Octant Variable 𝑄 defines all signal 
regions, divided by sign of cos 𝜃𝑙𝑖
and lepton charge

� Fit 𝑄+, 𝑄- to extract polarisation  
𝑃 = { 𝑃!! , 𝑃"#, 𝑃$#} for 𝑡 and ̅𝑡

Miriam Watson 7
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https://arxiv.org/abs/2202.11382


Template fit for top quark polarisation

� Binned profile-likelihood fit 
� Simulated Protos+Pythia8 templates with fully polarised states 

used in the fit 
� Control regions for 𝑡 ̅𝑡,W+jets
� 3 normalisations (t−channel signal, 𝑡 ̅𝑡 and W+jets) 
� Sensitive to jet energy resolution

Miriam Watson 8

Parameter Extracted value (stat.)
t-channel norm. +1.045 ± 0.022 ( ± 0.006)
W+ jets norm. +1.148 ± 0.027 ( ± 0.005)
tt̄ norm. +1.005 ± 0.016 ( ± 0.004)

Pt
x0 +0.01 ± 0.18 ( ± 0.02 )

Pt̄
x0 �0.02 ± 0.20 ( ± 0.03 )

Pt
y0 �0.029 ± 0.027 ( ± 0.011)

Pt̄
y0 �0.007 ± 0.051 ( ± 0.017)

Pt
z0 +0.91 ± 0.10 ( ± 0.02 )

Pt̄
z0 �0.79 ± 0.16 ( ± 0.03 )

� Strongly polarized along 𝑧#

� 𝑃$# consistent with zero

arXiv:2202.11382

https://arxiv.org/abs/2202.11382


1.5− 1− 0.5− 0 0.5 1 1.51.5−

1−

0.5−

0

0.5

1

1.5
ATLAS

-1=13 TeV, 139 fbs

top antiquark

top quark

best Fit
68% CL stat. only
68% CL stat.+syst.
NNLO SM Prediction

z'P

x'P

Polarisation values in 2D

� Good agreement with SM prediction to NNLO
� Top quark strongly polarised along spectator quark direction
� Top antiquark polarised in opposite direction
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𝑃$#

𝑃%#

𝑧#

arXiv:2202.11382

https://arxiv.org/abs/2202.11382
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Unfolded distributions

� Unfold angular distribution w.r.t. each axis to remove 
detector and event selection distortions

� Iterative Bayesian unfolding to fiducial particle level
� Differential cross-sections measured for 3 angles for 𝑡, ̅𝑡

and both combined
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Bounds on EFT coefficients

� Measurement is sensitive to BSM phenomena affecting tWb vertex 
� Unfolded, normalised distributions give bounds on complex Wilson 

coefficient of dimension-6 operator 𝒪tW

Miriam Watson 11

� Real 𝐶𝑡𝑊 mostly affects 𝑃𝑥′

� Imaginary 𝐶𝑖𝑡𝑊 mostly affects 𝑃𝑦′

� Simultaneous fit to cos θlx′  and 
cos θly′

� Results are compatible with the 
SM predictions

arXiv:2202.11382

https://arxiv.org/abs/2202.11382


Measurements of W boson polarisation

� Wtb vertex structure + particle masses define decay 
properties of W boson from top decay

� W boson spin density matrix determines the angular 
distribution of the products of the W decay

� Extract W boson “helicity fractions” fL, f0, fR from 
angular distributions of decay products:
� Fractions of longitudinal (f0), left-handed (fL), and right-

handed (fR) polarisations 

Miriam Watson 12

Introduction
Left (fL) Longitudinal (fO) Right (fR )

I fL = 0.311 ± 0.005, fO = 0.687 ± 0.005, fR = 0.0017 ± 0.0001 @ NNLO in theory. (Phys. Rev D81 (2010),
111503)

I Observable cos ◊ú sensitive to these helicity fractions.

I cos ◊ú distribution dependent on full tt̄ reconstruction.
I Helicity templates generated from reweighting the cos ◊ú

distribution, used only for stress tests.

1
‡

d‡
d cos ◊ú = 3

8 (1 ≠ cos ◊ú)2
fL + 3

4 (1 ≠ cos2 ◊ú)fO + 3
8 (1 + cos ◊ú)2

fR

Ishan Pokharel 1 / 35



Measurements of W boson polarisation

� Consider products of the W leptonic decay W → l n, with l = e, μ

� Observable cos θ∗ sensitive to helicity fractions:

� θ∗ is angle between charged lepton and reversed b-quark 
direction in W rest frame

Miriam Watson 13

ATLAS DRAFT

1 Introduction20

Discovered in 1995 by the CDF and D0 experiments [1, 2], the top quark is the heaviest known elementary21

particle so far. Its abundant production at the Large Hadron Collider (LHC) allows for measurement of its22

properties with unprecedented precision. The properties of the top quark decay vertex Wtb are determined23

by the (V � A) vertex structure of the weak interaction in the Standard Model (SM), where V and A refer24

to the vector and axial vector components of the weak coupling, respectively. The Wtb vertex structure,25

and the masses of the three particles, govern the decay properties of the W boson produced in the top26

quark decay. In particular, they define the fractions of longitudinal ( f0), left-handed ( fL) and right-handed27

( fR) W boson polarisation, referred to as helicity fractions. Calculations at next-to-next-to-leading order28

(NNLO) in Quantum chromodynamics (QCD) fractions to be f0 = 0.687 ± 0.005, fL = 0.311 ± 0.005 and29

fR = 0.0017 ± 0.0001 [3] assuming top quark mass mtop = 172.8 GeV, W boson mass mW = 80.401 GeV and30

b-quark mass mb = 4.8 GeV. The uncertainties on the f0 and fL fractions are dominated by the experimental31

uncertainties on the top-quark mass, while the uncertainty on fR is dominated by uncertainties in the strong32

coupling constant and the b-quark mass. This analysis tests the structure of the Wtb vertex by measuring the33

helicity fractions of W bosons produced in top-quark decays with high precision. The SM prediction for these34

fractions have been calculated with high precision such that the precise measurement of these fractions can35

probe possible new physics processes which modify the structure of the Wtb vertex, such as dimension-six36

operators, introduced in e�ective field theories [4, 5]. Additionally, the expected value of fR is very small37

making it particularly sensitive to possible signs of new physics. The W`⌫ vertex is assumed to follow the SM38

prediction, as this vertex was extensively studied at LEP [6–9].39

The W boson helicity fractions can be extracted from measurements of the angular distribution of the decay40

products of the W boson and the top quark. The eight-component W boson spin density matrix with the41

three spin operator and the five tensor operator components entirely determines the angular distribution of42

the products of the W leptonic decay W± ! `±⌫, with ` = e, µ. It can be expressed in terms of polar and43

azimuthal angles of the charged lepton momentum in the W boson rest frame. Integrating over the azimuthal44

angle, the o�-diagonal contributions vanish, and the normalised di�erential distribution of the cosine of polar45

angle ✓⇤, cos ✓⇤, depending on the helicity fractions, reads [10]46

1
�

d�
d cos ✓⇤

=
3
4
(1 � cos2 ✓⇤) f0 +

3
8
(1 � cos ✓⇤)2 fL +

3
8
(1 + cos ✓⇤)2 fR. (1)

The angle ✓⇤ is defined as the angle between the momentum direction of the charged lepton from the W boson47

decay and the reversed momentum direction of the b quark from the decay of the top quark, both calculated in48

the W boson rest frame.49

Previous measurements of the W boson helicity fractions from the ATLAS [11], CMS [12], CDF [13],50

and D0 [14, 15] collaborations show agreement with the SM within the uncertainties. The most re-51

cent ATLAS measurement in the single lepton channel of tt̄ decays at 8TeV [11] obtained f0 = 0.709 ±52

0.012(stat. + bkg.)+0.015
�0.014(syst.), fL = 0.299±0.008(stat. + bkg.)+0.013

�0.012(syst.) and fR =�0.008±0.006(stat. + bkg.)±53

0.012(syst.) using the template fit method. This result was combined with measurements from CMS. The54

LHC combination yields f0 = 0.693 ± 0.014, fL = 0.315 ± 0.011 and fR = �0.008 ± 0.007, where total55

uncertainties are quoted [16].56
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Polarisation of W bosons at 8 TeV

� ATLAS and CMS 𝑡 ̅𝑡 lepton+jets events at √s = 8 TeV (~20 fb−1)
� CMS single top t-channel events
� Combined result (from W decays to e, µ)
� Consistent with SM predictions to NNLO in perturbative QCD
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JHEP 08 (2020) 51 

https://link.springer.com/article/10.1007/JHEP08(2020)051


Polarisation of W bosons at 13 TeV

� ATLAS 𝑡 ̅𝑡 dileptonic events at √s = 13 TeV, Run 2 (139 fb−1)
� ≥ 2 jets and ≥ 2 b-tagged jets pT > 25 GeV 
� 2 opposite-charge leptons   pT > 25 (27) GeV for 2015 (2016-18)
� Z veto and ET

miss cuts on ee, µµ channels
� Neutrino Weighting algorithm used to reconstruct dileptonic 𝑡 ̅𝑡

Miriam Watson 15

ATLAS-CONF-2022-063

Iterative 
Bayesian 
algorithm to 
unfold data to 
parton level

New!
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-063/


Differential cross-sections

� Absolute and normalised differential distributions in cos θ∗

� Systematic uncertainties from detector and modelling effects
� Good agreement with the NLO prediction from Powheg+Pythia8
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1- 0.8- 0.6- 0.4- 0.2- 0 0.2 0.4 0.6 0.8 1
*)qparton level cos(

0.8
0.85
0.9

0.95
1

1.05
1.1

1.15
1.2

Pr
ed

./D
at

a

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

*)qparton level cos(

20

30

40

50

60

70

80

 [p
b]

*)q
d 

co
s(sd

Data
Statistical Uncertainty
Total Uncertainty
PowHeg + Pythia8

ATLAS Preliminary
-1 = 13 TeV, 139 fbs

1- 0.8- 0.6- 0.4- 0.2- 0 0.2 0.4 0.6 0.8 1
*)qparton level cos(

0.8
0.85
0.9

0.95
1

1.05
1.1

1.15
1.2

Pr
ed

./D
at

a

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

*)qparton level cos(
0

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1*)q
d 

co
s(sd

 s1

Data
PowHeg + Pythia8
PowHeg + Pythia8 (reweighted)
Statistical Uncertainty
Total Uncertainty

ATLAS Preliminary
-1 = 13 TeV, 139 fbs

ATLAS-CONF-2022-063

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-063/


1- 0.5- 0 0.5 1
*)qparton level cos(

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

*q
dc

ossd
 s1

Unfolded data

Fit function

ATLASPreliminary
-1 = 13 TeV, 139 fbs

1- 0.8- 0.6- 0.4- 0.2- 0 0.2 0.4 0.6 0.8 1
*)qparton level cos(

0.25-

0.2-

0.15-

0.1-

0.05-

0

0.05

0.1

0.15

0.2

Fr
ac

tio
na

l u
nc

er
ta

in
ty

Jet Sig. modelling PDF Bkg. modelling
Electron miss

TE Muon Pileup
b-Tag Bkg. norm. Lumi JVT
Total syst.

ATLAS Simulation Preliminary
-1 = 13 TeV, 139 fbs

Extraction of the helicity fractions

� Systematic uncertainty 
dominates, particularly 𝑡 ̅𝑡
modelling and jet 
reconstruction
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� Fit normalised differential cross-
section, minimum c2 method.

� Include full covariance between bins
� Fit with 
� Alternative unitarity constraint: 

Lagrange Multipliers

ATLAS DRAFT

An uncertainty of 1.7% in the integrated luminosity is considered [95] for all processes. The uncertainty291

due to pile-up is determined by varying the average number of interactions per bunch-crossing by 3% in the292

simulation. Uncertainties in the calibration, reconstruction and identification for the di�erent reconstructed293

objects are also considered. For electrons and muons these include the uncertainties on the measured SFs294

for triggering, reconstruction, identification and isolation [22, 23, 67, 68] as well as the electron-energy and295

muon-momentum calibration and resolution [67, 77]. For hadronic jets the uncertainty on the jet energy296

scale (JES) [78] and jet energy resolution (JER) [79] as well as the uncertainties on the SFs for JVT [80]297

and tagging jets as b-jets [74, 81, 82] is considered.. All uncertainties on the reconstructed objects are also298

propagated to the Emiss
T and additionally an uncertainty on the soft term is additionally considered [76]. The299

JES and JER uncertainties are determined using a model with 30 and 8 independent components, respectively.300

The uncertainties on the b-tagging calibration include 9/5/5 independent variations for the b-/c-/light-jet301

calibrations and two components for the MC-based uncertainty extrapolation to very high pT jets.302

9 Results303

Figure 2 shows unfolded cos ✓⇤ di�erential distribution with statistical and total uncertainties compared to304

the prediction of tt̄ MC simulation (left) and the unfolded normalised cos ✓⇤ distribution along with the fit305

function used to measure the helicity fractions f0, fL and fR (right). In the fit, the f0 parameter is replaced306

with f0 = 1 � fL � fR. The helicity fractions are found to be307

f0 = 0.684 ± 0.015 (stat. + syst.),
fL = 0.318 ± 0.008 (stat. + syst.),
fR = �0.002 ± 0.014 (stat. + syst.),

with the covariance matrix of the fit shown in Table 1. The covariance matrix is estimated from a two-308

dimensional matrix obtained directly from the fit, with the third dimension calculated analytically from the309

unitarity constraint of the helicity fractions. The obtained values and uncertainties, including the covariance310

matrix, do not change if fL or fR parameters are replaced in the fit with a term equal to one minus the sum of311

the other fractions, respectively. The expected uncertainties on the helicity fraction obtained from a fit to312

the MC predictions are �f0 = ±0.014, �fL = ±0.008 and �fR = ±0.014, which agree with the uncertainties313

measured in data.314

Using the linearity of the response test described in Section 7 and inserting the measured values for the315

helicity fractions, a non-closure uncertainty for the helicity fractions is observed. The unfolding non-closure316

uncertainty, obtained from the inserted values fitted from data, is summarised in Table 2. Additionally, a fit is317

performed where the unitarity constraint of the helicity fractions is implemented via Lagrange multipliers.318

The di�erence between the mean values of the fitted helicity fractions obtained from this fit is treated as319

non-closure uncertainty due to the analysis method and is shown in Table 2.320

Adding the unfolding non-closure and method non-closure uncertainty in quadrature to the total uncertainty321

gives322

2nd September 2022 – 10:02 10
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Extraction of the helicity fractions
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� Good agreement with SM 
prediction to NNLO QCD
f0 = 0.687 ± 0.005
fL= 0.311 ± 0.005
fR = 0.0017 ± 0.0001 

ATLAS DRAFT

propagated to the Emiss
T and additionally an uncertainty on the soft term is additionally considered [76]. The289

JES and JER uncertainties are determined using a model with 30 and 8 independent components, respectively.290

The uncertainties on the b-tagging calibration include 9/5/5 independent variations for the b-/c-/light-jet291

calibrations and two components for the MC-based uncertainty extrapolation to very high pT jets.292

9 Results293

Figure 2 shows unfolded cos ✓⇤ di�erential distribution with statistical and total uncertainties compared to294

the prediction of tt̄ MC simulation (left) and the unfolded normalised cos ✓⇤ distribution along with the fit295

function used to measure the helicity fractions f0, fL and fR (right). In the fit, the f0 parameter is replaced296

with f0 = 1 � fL � fR. The helicity fractions are found to be297

f0 = 0.684 ± 0.015 (stat. + syst.),
fL = 0.318 ± 0.008 (stat. + syst.),
fR = �0.002 ± 0.014 (stat. + syst.),

with the covariance matrix of the fit shown in Table 1. The covariance matrix is estimated from a two-298

dimensional matrix obtained directly from the fit, with the third dimension calculated analytically from the299

unitarity constraint of the helicity fractions. The obtained values and uncertainties, including the covariance300

matrix, do not change if fL or fR parameters are replaced in the fit with the appropriate term, respectively.301

The expected uncertainties on the helicity fraction obtained from a fit to the MC predictions are �f0 = ±0.014,302

�fL = ±0.008 and �fR = ±0.014, which agree with the uncertainties measured in data.303

Using the linearity of the response test described in Chapter 7 and inserting the measured values for the304

helicity fractions, a non-closure uncertainty for the helicity fractions is observed. The unfolding non-closure305

uncertainty is summarised in Table 2. Additionally, a fit where the unitarity constraint of the helicity fractions306

is implemented via the Lagrange multipliers is performed. The di�erence between the mean values of the307

fitted helicity fractions obtaind from this fit is considered a method non-closure uncertainty and shown in308

Table 2.309

Adding the unfolding non-closure and method non-closure uncertainty in quadrature to the total uncertainty310

gives311

f0 = 0.684 ± 0.015 (stat. + syst.),
fL = 0.318 ± 0.008 (stat. + syst.),
fR = �0.002 ± 0.015 (stat. + syst.).

The impact of di�erent categories of systematic uncertainties and data statistics on the f0, fL and fR312

measurement is summarised in Table 2. It is estimated by generating a covariance matrix which includes313

all sources of uncertainties except for the considered category and repeating the fit. The group impact is314

then evaluated by subtracting in quadrature the resulting symmetrised uncertainty on the fractions from the315

corresponding total uncertainty of the nominal fit, which is also symmetrised. The systematic uncertainty316
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An uncertainty of 1.7% in the integrated luminosity is considered [95] for all processes. The uncertainty291

due to pile-up is determined by varying the average number of interactions per bunch-crossing by 3% in the292

simulation. Uncertainties in the calibration, reconstruction and identification for the di�erent reconstructed293

objects are also considered. For electrons and muons these include the uncertainties on the measured SFs294

for triggering, reconstruction, identification and isolation [22, 23, 67, 68] as well as the electron-energy and295

muon-momentum calibration and resolution [67, 77]. For hadronic jets the uncertainty on the jet energy296

scale (JES) [78] and jet energy resolution (JER) [79] as well as the uncertainties on the SFs for JVT [80]297

and tagging jets as b-jets [74, 81, 82] is considered.. All uncertainties on the reconstructed objects are also298

propagated to the Emiss
T and additionally an uncertainty on the soft term is additionally considered [76]. The299

JES and JER uncertainties are determined using a model with 30 and 8 independent components, respectively.300

The uncertainties on the b-tagging calibration include 9/5/5 independent variations for the b-/c-/light-jet301

calibrations and two components for the MC-based uncertainty extrapolation to very high pT jets.302

9 Results303

Figure 2 shows unfolded cos ✓⇤ di�erential distribution with statistical and total uncertainties compared to304

the prediction of tt̄ MC simulation (left) and the unfolded normalised cos ✓⇤ distribution along with the fit305

function used to measure the helicity fractions f0, fL and fR (right). In the fit, the f0 parameter is replaced306

with f0 = 1 � fL � fR. The helicity fractions are found to be307

f0 = 0.684 ± 0.015 (stat. + syst.),
fL = 0.318 ± 0.008 (stat. + syst.),
fR = �0.002 ± 0.014 (stat. + syst.),

with the covariance matrix of the fit shown in Table 1. The covariance matrix is estimated from a two-308

dimensional matrix obtained directly from the fit, with the third dimension calculated analytically from the309

unitarity constraint of the helicity fractions. The obtained values and uncertainties, including the covariance310

matrix, do not change if fL or fR parameters are replaced in the fit with a term equal to one minus the sum of311

the other fractions, respectively. The expected uncertainties on the helicity fraction obtained from a fit to312

the MC predictions are �f0 = ±0.014, �fL = ±0.008 and �fR = ±0.014, which agree with the uncertainties313

measured in data.314

Using the linearity of the response test described in Section 7 and inserting the measured values for the315

helicity fractions, a non-closure uncertainty for the helicity fractions is observed. The unfolding non-closure316

uncertainty, obtained from the inserted values fitted from data, is summarised in Table 2. Additionally, a fit is317

performed where the unitarity constraint of the helicity fractions is implemented via Lagrange multipliers.318

The di�erence between the mean values of the fitted helicity fractions obtained from this fit is treated as319

non-closure uncertainty due to the analysis method and is shown in Table 2.320

Adding the unfolding non-closure and method non-closure uncertainty in quadrature to the total uncertainty321

gives322
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Summary

� Angular distributions of the decay products in top decays give 
access to detailed information on spin and polarisation

� Precise measurements in single-top t-channel decays:
� Components of polarisation for top and antitop quarks
� Differential cross-sections
� Bounds on EFT operators

� Measurement of W boson helicity in dilepton 𝑡 ̅𝑡 events:
� Extraction of 3 helicity fractions
� Absolute and normalised differential cross-sections

� Complementary top quark spin and polarisation measurements in 
𝑡 ̅𝑡 decays
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