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Introduction

• The top quark is the heaviest known fundamental particle.  Could it play 

a special role in electroweak symmetry breaking?

• The top quark has a very short lifetime, and is the only quark that decays 

before forming hadronic bound states

• This leads to many measureable properties that we can test from its 

decay products, probing the predictions of QCD

• Understanding 𝒕 ҧ𝒕 production is crucial for many searches for rare SM 

processes and physics beyond the SM

• The LHC is a Top factory!
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Outline

• Spin Correlation arXiv:1903.07570

• Review of, and updates to, ATLAS’ 36 fb−1 2019 𝑡 ҧ𝑡 Spin Correlation 

measurement and interpretations with respect to the Standard 

Model and Supersymmetry.  Focussing on inclusive distributions 

today (differential by 𝑚𝑡 ҧ𝑡 also available, see backup).

• Charge Asymmetry ATLAS-CONF-2019-026

• ATLAS’ 139 fb−1 2019 𝑡 ҧ𝑡 Charge Asymmetry measurement, which 

established evidence of a non-zero Charge Asymmetry to four 

standard deviations

• Top-quark Decay Width ATLAS-CONF-2019-038

• ATLAS’ 139 fb−1 2019 𝑡 ҧ𝑡 Top Width measurement, the direct 

measurement may be used to probe a broad class of BSM physics

5 May 2020

https://arxiv.org/abs/1903.07570v2
https://cdsweb.cern.ch/record/2682109/
https://cds.cern.ch/record/2684952
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Spin Correlation arXiv:1903.07570

5 May 2020

• Un-polarised top quark produced at LHC

• However spins are expected to be correlated 

• Top quarks decay before hadronisation

• Spin information is preserved in the angular 

distribution of the decay products!

• Measurements of spin correlation test the full 

chain from production to decay

• New Physics could show up through 

alternative top production mechanisms, or

new intermediate particles

Stop pairs, KK 

gravitons, 𝑍′, Higgs…
Charged Higgs, 𝑏′…

• Recent analyses have shown ‘steeper’ ∆𝜑 in MC 

than data (backup)

https://arxiv.org/abs/1903.07570v2
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Measurement arXiv:1903.07570

∆𝜑 – Uncorrelated tops from stops

∆η – ME for production of tops 

and stops

Simultaneous profile-likelihood fit of 

SUSY+top prediction in two variables:

5 May 2020

2015 + 2016 data (36fb−1) with a 

standard dilepton 𝑒𝜇 selection:

• Exactly 2 opposite-sign leptons

• At least 2 jets

• At least one b-jet

• No cuts on 𝐸𝑇
miss or 𝑚𝑙𝑙

Fiducial particle level:

• Stable particles in generator record

• Same kinematic cuts as above

Parton level, full phase space:

• 𝑒𝜇 channel only (no 𝜏 decays)

Nominal 𝒕 ҧ𝒕 MC:
• Powheg-Box NLO matrix element

• Pythia8 parton shower and 

fragmentation

• NNPDF3.0 NLO PDF

https://arxiv.org/abs/1903.07570v2
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Initial Results arXiv:1903.07570

All MC was found to deviate from the data in the 

inclusive measurement. 

5 May 2020

• Fraction of SM-like spin correlation 𝑓𝑆𝑀
extracted using hypothesis templates fitted 

to parton-level, unfolded normalised cross-

sections from data.  The nominal templates 

consist of:

• PP8 with spin correlations

• PP8+Madspin with spin correlations “off”

Powheg+Pythia8 

[Nominal]
• NLO in production

• Not full NLO in top 

quark decays

• Use NWA to 

factorisation 

production and decay 

(no interference 

between initial and 

final states)

https://arxiv.org/abs/1903.07570v2
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Generator studies

• See Miriam’s talk

arXiv:1903.07570

5 May 2020

• NLO in decays of top quarks – MCFM 

generator – result is close to PP8

• Powheg+Madspin+Pythia8 with spin correlations “on” differs slightly from nominal 

Powheg+Pythia8  An uncertainty was added to cover the difference

• Full 𝑡 ҧ𝑡 + 𝑡𝑊 processes without NWA 

(Powheg-Box-Res 𝑏𝑏4𝑙) compared to 

nominal 𝑡 ҧ𝑡 and 𝑡𝑊 MC – no significant 

differences

• Fixed order NNLO predictions became 

available, which are closer to the data 

but still deviate

https://arxiv.org/abs/1903.07570v2
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Generator studies

• See Miriam’s talk

arXiv:1903.07570

5 May 2020

–

very 

Effect of NNLO in production: 

or unfolded data from ATLAS  

• NLO and NNLO samples expanding the 

normalised cross-section ratio in 𝛼𝑆 (see here

and here - A. Behring et al.). 

• ‘NLO expanded’ agrees well with ‘NLO 

QCD+Weak’

• ‘NNLO expanded’ agrees well with 

previous NNLO, so expansion cannot 

solve this difference

SUSY

• Investigation of 𝑚𝑡 bias due to presence of top squarks

• 𝜎𝑡 ҧ𝑡 overestimation  SUSY limits too stringent close to 𝑚𝑡

• Tested bias corrections to 𝜎𝑡 ҧ𝑡 when setting SUSY cross-section limits for low 𝑚ሚ𝑡

• No change to mass upper limits set by the paper.

• A NLO QCD+Weak interaction corrections 

sample showed potential for good 

agreement but with very large scale 

uncertainties (see backup)

• 𝑓𝑆𝑀 : Re-evaluation of asymmetric scale uncertainties

https://arxiv.org/abs/1903.07570v2
https://arxiv.org/abs/1901.05407
http://www.precision.hep.phy.cam.ac.uk/results/ttbar-decay/


Jacob Kempster - University of Birmingham 9

Results

Scale and 
PDF 
uncertainties 
on templates

arXiv:1903.07570

5 May 2020

None of the studied 

generators are able 

to reproduce the 

normalised ∆𝜑
distribution within 

the experimental 

errors

Spin correlation 

found to be higher

than that predicted 

by the SM as 

implemented in 

NLO MC generators 

with a significance 

of 2.2𝜎

SUSY limits 

unchanged 

(backup)

https://arxiv.org/abs/1903.07570v2
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Charge Asymmetry ATLAS-CONF-2019-026

5 May 2020

• LO 𝑡 ҧ𝑡 production is symmetric 

• Higher-order interferences between 𝑞ത𝑞 and 

𝑞𝑔 create an asymmetric production

• 𝑡 is produced preferentially in the 

direction of the incoming 𝑞

• At the LHC, this produces a central-

forward charge asymmetry:

𝐴𝐶 =
𝑁 ∆ 𝑦 > 0 − 𝑁(∆ 𝑦 < 0)

𝑁 ∆ 𝑦 > 0 + 𝑁(∆ 𝑦 < 0)

∆ 𝑦 = 𝑦𝑡 − |𝑦 ҧ𝑡|

• Charge symmetric 𝑔𝑔 production dilutes 

measurable asymmetry

• Several BSM models predict alterations to 𝐴𝐶 , 

especially with variation as a function of 𝑚𝑡 ҧ𝑡

and 𝛽𝑧,𝑡 ҧ𝑡

• Anomalous vector/axial couplings (e.g

axigluons)

• Heavy 𝑍′ bosons

Possible to do an EFT interpretation 

to test many models!

ҧ𝑡
𝑡

arXiv:1709.05327v3

https://cdsweb.cern.ch/record/2682109/
https://arxiv.org/abs/1709.05327
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Measurement ATLAS-CONF-2019-026

5 May 2020

• Full 140 fb−1 dataset

• “Standard” + “Boosted” lepton+jets

• Measurement performed inclusively, 
and as a function of 𝑚𝑡 ҧ𝑡, 𝛽𝑧,𝑡 ҧ𝑡

• BDT employed to further separate 

backgrounds

Fully Bayesian Unfolding to parton level

- using nuisance parameter terms to 

marginalise systematics

https://cdsweb.cern.ch/record/2682109/
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Results ATLAS-CONF-2019-026

5 May 2020

𝑨𝑪 = 𝟎. 𝟎𝟎𝟔𝟎 ± 𝟎. 𝟎𝟎𝟏𝟓 (stat+syst.)

Both inclusive and differential measurements 

are found to be compatible with SM 
predictions, at NNLO in perturbation theory 

with NLO electroweak corrections

EFT interpretation probes single important 

parameter in the Warsaw basis (see CONF 

note!):  Τ𝑪− 𝜦𝟐

𝐶− is linear combination of Wilson Coefficients

Λ is scale of new physics

Tighter bounds 

achieved than for 

previous LHC 8 TeV

combination!

This is valid for many 

models (axigluons, 

kaluza-klein, randall-

sundrum), for 

example:

Τ𝑪− 𝜦𝟐 = Τ−𝟒𝒈𝒔
𝟐 𝒎𝑨

𝟐

Data excludes zero CA 

by 𝟒𝝈!

https://cdsweb.cern.ch/record/2682109/
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Top Width ATLAS-CONF-2019-038

5 May 2020

One of the fundamental properties of the top quark is its decay width 𝚪𝒕

• Very high mass suggests very large decay width

• LO Perturbation theory in the SM leads to a prediction for 𝚪𝒕
• Dependent on 𝑚𝑡, 𝐺𝐹, 𝑉𝑡𝑏

• Most precise NNLO predictions give 𝚪𝒕
𝐍𝐍𝐋𝐎 = 𝟏. 𝟑𝟐𝟐 GeV for 𝑚𝑡 = 172.5 GeV

• Corrections from 𝑚𝑏, Γ𝑊, NLO EW and NLO+NNLO QCD corrections

• Deviations from SM could provide hints of decays to charged Higgs, FCNC, 

modified CKM elements, non-SM radiative corrections to top-quark decays 

• Direct measurements are less precise than 

indirect for 𝚪𝒕
• Also less dependent on SM predictions 

(single-top cross-section, assumption of 

𝑉𝑡𝑏 = 1…)

• Less-model dependent – so could be 

used to probe broader classes of BSM 

physics

https://cds.cern.ch/record/2684952
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Measurement ATLAS-CONF-2019-038

5 May 2020

• Full 140 fb−1 dataset in dilepton channel 

using high-statistics 𝑒𝜇 events

• 𝑚𝑙𝑏 - Invariant mass of a charged lepton and 

b-tagged jet

• Profile-likelihood fit with simulated templates 

of top-quark decay widths to extract width 

from data – (for 𝑚𝑙𝑏 > 150 GeV only)

• Systematic uncertainties incorporated 

into the fit as NPs
• Simultaneously fitting 𝑚𝑏 ത𝑏 to constrain 

systematics

Lepton-b-jet 

Pairing 

performed 

with simple ∆𝑅
with 63% purity

𝚪𝒕 = 𝟏. 𝟗 ± 𝟎. 𝟓 GeV

Measurement and Result

https://cds.cern.ch/record/2684952
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Summary

5 May 2020

• The LHC is a Top factory (and a great place to study Top physics!).  A breadth of 

studies are taking place with increasingly high precision and increasingly 

sophisticated interpretations

• The Spin Correlation measurement has been updated, the deviation from the SM is 

in agreement with historical results but with tighter uncertainties.  Many alternative 

MC models have been explored with no clear ‘good’ candidate.

• The Charge Asymmetry measurement establishes to 𝟒𝝈 a non-zero charge 

asymmetry, and sets tighter limits on EFT coupling operators than the LHC 8 TeV

combination

• The direct Top Width measurement finds compatibility with the SM prediction and 

may be used to probe BSM physics in the future
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BACKUP

5 May 2020
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Spin Correlation arXiv:1903.07570

5 May 2020

https://arxiv.org/abs/1903.07570v2
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Spin Correlation arXiv:1903.07570
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https://arxiv.org/abs/1903.07570v2
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Spin Correlation arXiv:1903.07570
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https://arxiv.org/abs/1903.07570v2
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Spin Correlation arXiv:1903.07570
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• Fixed order NNLO predictions became available, which are closer to the data but still 

deviate

• Powheg+Madspin+Pythia8 with spin correlations “on” differs slightly from nominal 

Powheg+Pythia8  An uncertainty was added to cover the difference

• Full 𝑡 ҧ𝑡 + 𝑡𝑊 processes without NWA (Powheg-Box-Res 𝑏𝑏4𝑙) compared to nominal 𝑡 ҧ𝑡 and 𝑡𝑊
MC – no significant differences

• Top 𝑝𝑇 reweighting to NNLO fixed-order predictions was tested but showed similar difference

to the nominal scale uncertainties

• NLO and NNLO samples with alternative definition of expanded normalised cross-section 

(see here and here - A. Behring et al.). 

• ‘NLO expanded’ agrees well with ‘NLO QCD+Weak’

• ‘NNLO expanded’ agrees well with previous NNLO, so expansion cannot solve this 

difference

• 𝑓𝑆𝑀 : Re-evaluation of asymmetric scale uncertainties

• A NLO QCD+Weak interaction corrections sample showed potential for good agreement 

but with very large scale uncertainties (see backup)

• NLO in decays of top quarks – MCFM generator – result is close to PP8

https://arxiv.org/abs/1903.07570v2
https://arxiv.org/abs/1901.05407
http://www.precision.hep.phy.cam.ac.uk/results/ttbar-decay/
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Spin Correlation arXiv:1903.07570

5 May 2020

https://arxiv.org/abs/1903.07570v2
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Spin Correlation arXiv:1903.07570
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https://arxiv.org/abs/1903.07570v2
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Spin Correlation arXiv:1903.07570
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Spin Correlation arXiv:1903.07570
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Spin Correlation arXiv:1903.07570

5 May 2020

https://arxiv.org/abs/1903.07570v2
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Spin Correlation arXiv:1903.07570

Note:

• 𝑚𝑡 ҧ𝑡 regions require top reconstruction – via Neutrino Weighting, and 

also a requirement of 2 𝑏-tagged jets

• Only a subset of events ‘pass’ the reconstruction

• Dividing the data causes significant pain in statistical uncertainty

• The reconstruction also increases the contribution MET, 𝑏-tagging and 

leptonic systematic uncertainties

• Hence the differential results do not significantly deviate from the 

data

5 May 2020

https://arxiv.org/abs/1903.07570v2
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Some Historical Results arXiv:1903.07570

5 May 2020

https://arxiv.org/abs/1903.07570v2
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SUSY arXiv:1903.07570

5 May 2020

https://arxiv.org/abs/1903.07570v2
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SUSY arXiv:1903.07570

• Investigation of 𝑚𝑡 bias due to presence of top squarks – leading to 

assumed 𝜎𝑡 ҧ𝑡 overestimation.  SUSY Limits would be too stringent close to 𝑚𝑡

• Tested bias estimates from two papers – small shift in SUSY cross-section 

limits for low 𝑚 ሚ𝑡 but no change to mass upper limits set by the paper.

5 May 2020

https://arxiv.org/abs/1903.07570v2
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Charge Asymmetry ATLAS-CONF-2019-026

5 May 2020

https://cdsweb.cern.ch/record/2682109/
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Charge Asymmetry ATLAS-CONF-2019-026

5 May 2020

https://cdsweb.cern.ch/record/2682109/


Thanks for your attention
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