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Introduction

Participants at the 2022 ATLAS Top
Workshop in Valencia, Spain

There are many recent results from
the top group in ATLAS!

Since last years LLWI: 20 papers,
4 CONF notes, and 3 PUB notes
I cannot cover them all...

For top+X, see talk by Knut right
after me

I have been tasked to cover 6 analyses in the next 12 minutes, so hang on tight

for a whistle stop tour of top quark cross-sections and properties
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Why do measurements of top quark processes?

The top quark is unique in the SM due to its large mass:
decays before hadronisation

→ only quark that can be studied in isolation
↪→ precision QCD test

same order as V.E.V in SM

→ mt ' 173 GeV, v = 246 GeV
↪→ Direct sensitivity to new physics

mt = ytv/
√

2

∆mt
h ∼ −

m2

v 2

Λ

4π2

Also a major background to many interesting SM and exotic searches

Not always well described in current MC generators
→ Precision measurements crucial input to MC tuning efforts!
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Top Cross-Section
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Top Cross-Section
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ATLAS Preliminary
November 2022

* Preliminary

-1=5.02 TeV, 257 pbscombined dilepton, l+jets*, 
-1=7 TeV, 4.6 fbs, µe

-1=7 TeV, 4.7 fbsl+jets*, 
-1=8 TeV, 20.2 fbs, µe

-1=8 TeV, 20.2 fbsl+jets, 
-1=13 TeV, 36.1 fbs, µe
-1=13 TeV, 139 fbs*, µe

-1=13 TeV, 139 fbsl+jets, 
-1=13 TeV, 36.1 fbsall-jets, 

NNLO+NNLL (pp)

Czakon, Fiedler, Mitov, PRL 110 (2013) 252004

 0.001±) = 0.118 
Z

(Msα = 172.5 GeV, 
top

NNPDF3.0, m

Measurements at all energies consistent with SM, including from special runs
at 5TeV!
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13.6TeV tt̄ XSec CONF Note

Use 1.2fb−1 of 13.6 TeV data from 2022

Serves as an extensive validation of the upgraded detector!

Conservative uncertainties are used to cover the preliminary nature of object
calibrations, background predictions, luminosity measurement, etc

Profile-likelihood fit method to extract cross-section and b-tagging efficiency
simultaneously
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ATLAS Preliminary
-1 = 13.6 TeV, 1.2 fbs

/Ztt
Pre-Fit

Data Z Sherpa
 Powheg+Pythia8tt SingleTop tW-chan

Diboson Mis-ID leptons
Uncertainty

Standard Model Prediction: σtt̄ = 924+32
−40 pb

Fit result: σtt̄ = 830± 12(stat)± 27(syst)± 86(lumi) pb = 830pb±11%

εb = 0.553± 0.007(stat)± 0.005(syst)± 0.001(lumi)

→ consistent within 1σ with SM
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tt̄/ Z XSec Ratio @ 13.6 TeV CONF Note

0.34 0.36 0.38 0.40 0.42 0.44 0.46
Rtt/Z

Data 2022
Aug. 6-9 2022, 1.2 fb 1

SM prediction (PDF4LHC21)

LHC Fill 8102
Aug. 6 2022, 450 pb 1

LHC Fill 8103
Aug. 7 2022, 210 pb 1

LHC Fill 8106
Aug. 7 2022, 125 pb 1

LHC Fill 8112
Aug. 9 2022, 470 pb 1

ee only region
Aug. 6-9 2022, 1.2 fb 1

 only region
Aug. 6-9 2022, 1.2 fb 1

ATLAS Preliminary√
s = 13.6TeV, 1.2 fb 1

data ± stat. ± exp. ± lumi.
data ± stat. ± exp.
data ± stat. uncertainty

combined result
theory prediction
stat. only result

Some uncertainties - eg
luminosity - can cancel
when measuring ratios of
cross-sections

Also sensitive to PDFs

Utilise ee and µµ Z
decays: orthogonal to eµ
tt̄ selection

Consistency between fills,
lepton channels

Consistent with SM to 1σ,
total uncertainty 4.7%

The same strategy was followed for an early Run II measurement
as well as at 7 and 8 TeV
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-070/
https://link.springer.com/article/10.1007/JHEP02(2017)117


7TeV tt̄ Xsec 2212.00571

Most precise ever measurement of top cross-section by using machine learning

Select single lepton events and separate backgrounds with a 3-dimensional
support vector machine based event classifier
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ATLAS
-1 = 7 TeV, 4.6 fbs

Data tt
+jetsZ/W Single-top

Fake lep. Uncertainty

Profile likelihood fit to 3D SVM output

Result: σtt̄ = 168.5± 0.7(stat)+6.2
−5.9(syst)+3.4

−3.2(lumi) pb = 168.5pm ±4%

SM prediction: σtt̄ = 177+10
−11 pb

Limited by luminosity uncertainty, lepton ID/trigger, and signal modelling
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13 TeV s-chan Single Top XSec 2209.08990
q

q′

t

b

W
s-chan single top not yet observed at the LHC!

Discovered by CDF+D0 combination
ATLAS reached 3.2σ in Run1 (CMS 2.5σ)
Sig:Bkg ratio gets worse at 13TeV: 2.1% → 1.2%
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­1 = 13 TeV, 139 fbs
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Post­Fit

4−10×2.0 0.012 0.034 0.062 0.13 1.0
)X|S(P

Profile likelihood fit to Matrix Element Method probability
Result: σs−chan = 8.2± 0.6(stat)+3.4

−2.8(syst) pb
SM: prediction: σSM = 10.32±+0.40

−0.36 pb
Observed (expected): 3.3σ (3.9σ)

Limited by signal & tt̄ modelling, jet uncertainties
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-04/
https://arxiv.org/abs/1402.5126
https://arxiv.org/abs/1511.05980
https://arxiv.org/abs/1603.02555
https://journals.jps.jp/doi/10.1143/JPSJ.57.4126


Top Properties
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13 TeV Top Mass 2022-058

Top quark mass a crucial SM parameter - stability of the
universe depends on it!

(Monte-Carlo) Mass extracted via template fit to m`b

lep-b-jet pairing with DNN using event kinematics as inputs

Result: 172.63± 0.20(stat)± 0.67(syst)± 0.37(recoil) GeV

Limited by previously unaccounted for systematic uncertainty due to recoil
effects of colored objects in top decays
Other significant uncertainties from tt̄ modelling, jet reconstruction and color
reconnection
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-058/
https://www.sciencedirect.com/science/article/pii/S0370269312008611
https://www.sciencedirect.com/science/article/pii/S0370269312008611
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.076006
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.076006
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2019-01/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2019-01/


W polarisation 2209.14903

Polarisation of W -boson from top decay comes from Wtb vertex structure

Longitudinal, left-, and right-handed fractions extracted from polar angle in
the W rest frame with χ2 fit

tt̄ Reconstruction in dilepton channel with neutrino-weighting technique
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ATLAS
-1 = 13 TeV, 139 fbs

Results:

f0 = 0.684± 0.005(stat)± 0.014(syst)
fL = 0.318± 0.003(stat)± 0.008(syst)
fR = −0.002± 0.002(stat)± 0.014(syst)

SM Prediction:

f0 = 0.687± 0.005
fL = 0.311± 0.005
fR = 0.0017± 0.0001

Leading systematics from jet reconstruction and tt̄ modelling
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-28/
https://arxiv.org/abs/hep-ex/9706014


W polarisation 2209.14903
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W boson helicity fractions

ATLAS

Rf Lf 0f

-1=1.04 fb
int

=7 TeV, Ls 1 lepton, ≥ATLAS 2011, 

-1=20.2 fb
int

=8 TeV, LsATLAS 2012, single lepton, 

-1=139 fb
int

 = 13 TeV, LsATLAS 2022, di-lepton, 

JHEP 1206 (2012) 088

Eur. Phys. J. C (2017) 77, Eur. Phys. J. C (2019) 79

Theory (NNLO QCD)
PRD 81 (2010) 111503 (R) )0/fL/f

R
Data (f

total         stat

Michael Fenton (UCI) Recent highlights of top-quark cross section and properties measurements with the ATLAS detector at the LHCFebruary 19, 2023 13 / 16

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-28/


Search for Charged Lepton Flavor Violation 2023-001

Charged lepton flavor is conserved in the SM; but recent (now superceded...)
LHCb results made searches for violation of the symmetry very interesting

Search for interactions like µτqt diagrams involving top production/decay

eg some models with leptoquarks predict BR(t → µτq) ' 10−6

Interpret in EFT and set limits on Wilson Coefficients

Sensitive to 2Q2L operators that are highly unconstrained to date
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τFake VV/VVV t+X

+Xtt Other µ+NPtt
µOther+NP eFake Uncertainty

Operator Lorentz Structure

O1(ijkl)
lq (l̄iγ

µlj)(q̄kγµql) Vector

O3(ijkl)
lq (l̄iγ

µσI lj)(q̄kγµσ
Iql) Vector

O(ijkl)
eq (ēiγ

µej)(q̄kγµql) Vector

O(ijkl)
lu (l̄iγ

µlj)(ūkγµul) Vector

O(ijkl)
eu (ēiγ

µej)(ūkγµul) Vector

‡O1(ijkl)
lequ (l̄iej)ε(q̄kul) Scalar

‡O3(ijkl)
lequ (l̄iσ

µνej)ε(q̄kσµνul) Tensor

Set overall limit of BR(t → µτq) < 11× 10−7

Statistically limited, tt̄ modelling and fake muons also significant

See further: measurement of BR(tau)/BR(mu) from 2020
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-001/
https://arxiv.org/abs/1812.08484
https://www.nature.com/articles/s41567-021-01236-w


Search for Charged Lepton Flavor Violation 2023-001

95% CL upper limits on Wilson coefficients c/Λ
2

[TeV
−2

]

c
−(ijk3)
lq c

(ijk3)
eq c

(ijk3)
lu c

(ijk3)
eu c

1(ijk3)
lequ c

1(ij3k)
lequ c

3(ijk3)
lequ c

3(ij3k)
lequ

Previous (u) [22] 12 12 12 12 26 26 3.4 3.4

Expected (u) 0.47 0.44 0.43 0.46 0.49 0.49 0.11 0.11

Observed (u) 0.49 0.47 0.46 0.48 0.51 0.51 0.11 0.11

Previous (c) [22] 14 14 14 14 29 29 3.7 3.7

Expected (c) 1.6 1.6 1.5 1.6 1.8 1.8 0.35 0.35

Observed (c) 1.7 1.6 1.6 1.6 1.9 1.9 0.37 0.37

95% CL upper limits on BR(t→ µτq) (× 10
−7

)

c
−(ijk3)
lq c

(ijk3)
eq c

(ijk3)
lu c

(ijk3)
eu c

1(ijk3)
lequ c

1(ij3k)
lequ c

3(ijk3)
lequ c

3(ij3k)
lequ

Expected (u) 4.6 4.2 4.0 4.5 2.5 2.5 5.8 5.8

Observed (u) 5.1 4.6 4.4 5.0 2.8 2.8 6.4 6.4

Expected (c) 54 51 51 52 35 35 61 61

Observed (c) 60 56 56 57 38 38 68 68
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Conclusion

Top quark measurements are a
vibrant industry at the LHC

Limitations are usually from
Monte-Carlo modelling and jet
reconstruction

New techniques, such as deep
learning, are pushing the boundary
of sensitivity

Most measurements so far are
consistent with the Standard
Model
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Backup
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b-tag counting method for Run3 Xsec

N1 = Lσtt̄εeµ2εb(1− Cbεb) + Nbkg
1 (1)

N2 = Lσtt̄εeµCbε
2
b + Nbkg

2 (2)

Cb = εbb/ε
2
b =

4N tt̄N tt̄
2(

N tt̄
1 + 2N tt̄

2

)2 (3)

Cb is a correlation factor to correct for kinematic dependence of the two b’s in
each tt̄ event, NX is the number of events with X b-tags, and εeµ is the efficiency
for selecting eµ events.
εb, the b-tagging efficiency, is then floated in the fit and measured simultaneously
with σtt̄ .
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Run3 XSec Uncertainties

2− 1.5− 1− 0.5− 0 0.5 1 1.5 2

θ∆)/0θ-θ(

PDF4LHC22

PDF4LHC19

PDF4LHC36

Electron identification SF

PDF4LHC37

PDF4LHC15

PDF4LHC04

PDF4LHC35

PDF4LHC16

PDF4LHC02

)µeSingle top DSvsDR (

 FSRtt

 1bµeMis-ID norm. 

Single top norm.

PDF4LHC39

 modelling PStt

Muon trigger SF (syst.)

Luminosity

, NP 0)b-tagging eff. (b

Z ME+PS

0.03− 0.02− 0.01− 0 0.01 0.02 0.03

pred.

/Ztt
/R

/Ztt
R∆

:
/Ztt

Pre-fit impact on R
θ∆+θ = θ
θ∆-θ = θ

:
/Ztt

Post-fit impact on R
θ∆+θ = θ
θ∆-θ = θ

Nuis. Param. Pull

ATLAS Preliminary
-1 = 13.6 TeV, 1.2 fbs

Category Uncert. [%]

σtt̄ σm``>40
Z→`` Rtt̄/Z

tt̄ tt̄ parton shower/hadronisation 0.6 0.2 0.7
tt̄ scale variations 0.5 0.1 0.5

Z Z scale variations 0.2 2.9 2.9
Bkg. Single top modelling 0.6 < 0.01 0.6

Diboson modelling 0.1 < 0.01 0.5
Mis-Id leptons 0.6 < 0.01 0.6

Lept. Electron reconstruction 1.6 2.3 1.1
Muon reconstruction 1.3 2.4 0.3
Lepton trigger 0.2 1.3 1.1

Jets/tagging Jet reconstruction 0.2 < 0.01 0.2
Flavour tagging 1.9 < 0.01 1.9

PDFs 0.5 1.4 1.3
Luminosity 10.3 9.6 1.3

Systematic Uncertainty 10.8 10.7 4.4
Statistical Uncertainty 1.5 0.1 1.5

Total Uncertainty 11 10.7 4.7
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7TeV XSec Uncertainties & SVM Inputs

2− 1.5− 1− 0.5− 0 0.5 1 1.5 2

θ∆)/0θ-θ(

PDF CT10 Component 12

ISR/FSR Shape Quad. 2

ISR/FSR Norm. Migration

Generator Norm. Migration

ISR/FSR Shape Quad. 3

Shower/Had. Norm. Migration

Shower/Had. Overall Norm.

Lepton Trigger

Lepton Identification

Luminosity

0.02− 0.01− 0 0.01 0.02

µ∆:µPre-fit impact on 
θ∆+θ = θ θ∆-θ = θ

:µPost-fit impact on 
θ∆+θ = θ θ∆-θ = θ

Nuis. Param. Pull

ATLAS
-1 = 7 TeV, 4.6 fbs

Number Feature Divided by

1 Emiss
T [GeV] 250

2 φ(Emiss
T ) [radians] 2π

3 Lepton E [GeV] 400
4 Lepton p‖ [GeV] 400
5 Lepton pz [GeV] 400
6 Mass(lepton+jets) [GeV] 750
7 Fox–Wolfram moment 1 1
8 Fox–Wolfram moment 2 1
9 Fox–Wolfram moment 3 1

10 Fox–Wolfram moment 4 1
11 Fox–Wolfram moment 5 1
12 Sum all jets ET [GeV] 500
13 Sum all jets E [GeV] 750
14 Sum all jets p‖ [GeV] 750
15 Sum all jets p⊥ [GeV] 750
16 Sum all jets pz [GeV] 750
17 HT [GeV] 500
18 p-tensor eigenvalue 1 1
19 p-tensor eigenvalue 2 1
20 Number of jets 10
21 Number of b-tags 10
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s-chan Uncertainties

Source ∆σ/σ [%]

tt̄ normalisation +24/−17
tt̄ shape modelling +18/−15

PS & had. +12/−10
ME/PS matching +10/−8
hdamp < 1

s-channel modelling +18/−8
PS & had. +18/−8
ISR/FSR +3/−1

Jet energy resolution +18/−12
Jet energy scale +18/−13
MC statistics +13/−11
Flavour tagging +12/−10
W+ jets normalisation +11/−8
PDFs +10/−9
tt̄ +10/−9
s-channel ±1
t-channel ±1
tW ±1

t-channel modelling ±6
PS & had. ±5
ISR/FSR ±4

W+ jets µr/µf shape +6/−5
Normalisation of other processes +6/−5
Pile-up +5/−3
Luminosity +4/−3
tW modelling +1/−2

PS & had. ±1
tt̄ overlap ±1
ISR/FSR ±1

Missing transverse momentum ±1
Multijet shape modelling ±1
Other detector sources ±1

Systematic uncertainties +42/−34

Statistical uncertainty ±8

Total +42/−35

2− 1.5− 1− 0.5− 0 0.5 1 1.5 2

θ∆)/
0

θ­θ(

JER effective NP 2

t­channel PS & had.

 (SR bin 16)γ
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Top Mass Uncertainties

mtop [GeV]
Result 172.63

Statistics 0.20
Method 0.05 ± 0.04
Matrix-element matching 0.35 ± 0.07
Parton shower and hadronisation 0.08 ± 0.05
Initial- and final-state QCD radiation 0.20 ± 0.02
Underlying event 0.06 ± 0.10
Colour reconnection 0.29 ± 0.07
Parton distribution function 0.02 ± 0.00
Single top modelling 0.03 ± 0.01
Background normalisation 0.01 ± 0.02
Jet energy scale 0.38 ± 0.02
b-jet energy scale 0.14 ± 0.02
Jet energy resolution 0.05 ± 0.02
Jet vertex tagging 0.01 ± 0.01
b-tagging 0.04 ± 0.01
Leptons 0.12 ± 0.02
Pile-up 0.06 ± 0.01
Recoil effect 0.37 ± 0.09

Total systematic uncertainty (without recoil) 0.67 ± 0.05
Total systematic uncertainty (with recoil) 0.77 ± 0.06
Total uncertainty (without recoil) 0.70 ± 0.05
Total uncertainty (with recoil) 0.79 ± 0.06

Uncertainty ∆mtop [GeV]
Absolute in situ JES 0.23 ± 0.02
Relative in situ JES 0.12 ± 0.02
Flavour Composition 0.00 ± 0.02
Flavour Response 0.00 ± 0.02
Pile-up 0.26 ± 0.02
AFII non-closure 0.10 ± 0.02
Punch Through 0.00 ± 0.02
Total 0.38 ± 0.02
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Recoil Scheme for Top Mass

“Recently discovered” systematic effect in top MC

First gluon emission from top decay products straightforward
Second emission has am ambiguity on how the colored object should recoil

Credit: P. Skands

Default is to the other colored object ie the b-quark

Results in too little out of cone radiation → narrower mass peak

“Better” scheme recoils against the top quark itself

More out of cone radiation
But setup is untuned and therefore probably over-estimates the effect

→ for now, take full difference as uncertainty
↪→ long term, switch to recoilToTop as default and tune this setup to data, or

switch to more modern shower like VINCIA
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.076006
https://indico.cern.ch/event/1205859/contributions/5114124/attachments/2545096/4382682/22-TopRecoilAndVincia.pdf


Color Reconnection 2209.07874

Monte-Carlo generators use the leading-color approximation

Dealing with overlapping phase space with MPI then requires poorly
understood color reconnection models
This is now a leading uncertainty in measurements of top mass!

→ Unfold variables sensitive to these effects to aid in MC tuning
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Sherpa (no CR) has the worst agreement as expected

Nominal Pythia does best, but not able to exclude any CR models

Dominant uncertainties from track and jet reconstruction
These distributions will be valuable components of future tuning efforts
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W polarisation Uncertainties

Category 𝜎 𝑓0 𝜎 𝑓L 𝜎 𝑓R

Detector modelling

Jet reconstruction 0.008 0.004 0.010
Flavour tagging 0.003 0.001 0.001

Electron reconstruction 0.003 0.002 0.002
Muon reconstruction 0.003 0.003 < 10−3

𝐸miss
T (soft term) < 10−3 0.002 < 10−3

Pile-up 0.002 0.002 < 10−3

Luminosity 0.001 0.001 < 10−3

Signal and background modelling

𝑡𝑡 production 0.011 0.005 0.010
PDF 0.002 0.001 < 10−3

Single top production < 10−3 0.002 < 10−3

Other background 0.002 0.001 < 10−3

Total systematic uncertainty 0.014 0.008 0.014
Data statistical uncertainty 0.005 0.003 0.002

Total uncertainty 0.015 0.008 0.014
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