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Recent highlights on top-quark 
physics with the ATLAS detector

HEP Seminar Michigan State University, 
December 8, 2020

Wolfgang Wagner

Bergische Universität Wuppertal



The top quark
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§ Weak-isospin partner of the b-quark.
§ Charge: +2/3 e
§ Spin: ½
§ By far the heaviest elementary particle: mt = 172.7 ± 0.5 GeV/c²     

0,3% precision!
® large loop corrections

§ Coupling to the Higgs boson: yt ≈ 1

§ No bound states:
Þ Top quark decays as a quasi free particle
Þ Spin information and polarisation are accessible

(Spin decorrelation time: 10!"# s for hadrons)

1 10 210 310 410 510 610

Up Down Strange Charm Bottom Top

𝑚! [ MeV / c2]



High-𝑝! interactions in proton-proton collisions …

W
ol

fg
an

g 
W

ag
ne

r  
 --

R
ec

en
t h

ig
hl

ig
ht

s 
on

 to
p-

qu
ar

k 
ph

ys
ic

s 
w

ith
 A

TL
AS

3

Proton A Proton B

𝑓" 𝑥", 𝑞# 𝑓$ 𝑥$, 𝑞#
Parton i Parton j

Parton distribution functions 

Partonic interaction
(hard process)

Perturbative regime
(asymptotic freedom)

Factorisation theorem

𝜎 𝑝𝑝 → 𝑋𝑌 = ∑#,% ∫𝑑�̂� ℒ#% �̂�; 𝑠, 𝜇& 0 1𝜎#% 𝑖𝑗 → 𝑋𝑌; �̂�; 𝜇&

With ℒ$% �̂�; 𝑠, 𝜇& =
1
𝑠 -(̂

(
𝑓$/*

�̃�
𝑠 𝑓%/+

�̂�
�̃�

1
�̃� 𝑑�̃� Parton luminosity

Partonic cross-section

… described in the parton model



Top-quark-antiquark pair production

W
ol

fg
an

g 
W

ag
ne

r  
 --

R
ec

en
t h

ig
hl

ig
ht

s 
on

 to
p-

qu
ar

k 
ph

ys
ic

s 
w

ith
 A

TL
AS

4

Gluon-gluon fusion Quark-antiquark annihilation

~90% ~10%

Predicted total cross-section:         𝜎 = 832 %&'(#' (scale) ± 35 (PDF and 𝛼)) pb
Relative uncertainty =   5.5%            

At the LHC at 
𝑠 = 13 TeV



... and more partonic top-quark processes
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t-channel
(tq production)

s-channel
(𝑡3𝑏 production)tW production

Single top-quark 
production
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ATLAS DRAFT

above is considered signal. However, selections are applied to reduce contributions by photons from top192

decays, and to enhance contributions which include the top-photon coupling.193

The strategy is to select a final state of tt̄, and request the presence of a photon. The full data set collected194

during the Run 2 data-taking period between 2015 and 2018 is employed to perform the measurements,195

corresponding to an integrated luminosity of 139 fb�1.196

The final state considered is the eµ channel, excluding electrons and muons from possible leptonic decays197

of ⌧ leptons. These are not considered as part of the signal to compare to the latest NLO tt̄� calculation by198

Bevilacqua et al. [16] who only consider the decay of W-bosons to electrons and muons as final state. The199

calculation constitutes the first full computation for top quark pair production with a final state photon in200

hadronic collisions at NLO in QCD and includes all resonant and non-resonant diagrams, interferences,201

and o�-shell e�ects of the top quarks and the W bosons. The inclusive and di�erential cross-sections are202

extracted. The di�erential cross-sections are presented as a function of the photon transverse momentum,203

the photon pseudo-rapidity, as well as angular variables related to the photon and the leptons and b-jets204

in the event. An unfolding procedure is performed, and the results are compared with the theoretical205

prediction.206

Compared to the previous tt̄� ATLAS analysis with 13 TeV data no multivariate analysis techniques to207

separate signal and background processes are applied owing to the clean final state in the eµ channel.208

Additionally, the di�erential cross-section are measured at parton level instead of at particle level to209

compare to the theory calculation in Ref. [16].210

The note is organised as follows. Section 2 provides a brief introduction to the ATLAS detector. Section 3211
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Figure 1: Feynman diagrams of tt̄� production where the photon is radiated during production (a, b, c) and radiated
from initial partons (d).
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Figure 2: Feynman diagrams of tt̄� production where the photon is radiated during top-quark decay.

7th September 2019 – 16:05 9

𝑡 ̅𝑡 + 𝑊 production 𝑡 ̅𝑡 + 𝑍 production 𝑡 ̅𝑡 + 𝛾 production



The top-quark realm
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§ Cross-sections of top-
quark processes span
5 orders of magnitude!

§ In 139 fb-1 (Run 2 data 
set):

§ O(100M) 𝑡 ̅𝑡 events

§ O(1k) 𝑡 ̅𝑡𝑡 ̅𝑡 events

produced 

O(105)

Processes discussed today:



Challenging the Standard Model with top quarks
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Top
quark

Direct searches
Supersymmetry

Leptoquarks

Vector-like quarks

Heavy Higgs bosons

Indirect searches
Flavour-changing neutral currents

CP violationRare decays

Lepton-flavour violation

Precision measurements
Differential and total cross-sections

Charge asymmetry

W helicity in top-quark decay
Top-quark mass

Spin correlations
Polarisation

Top-quark + X production

Top quarks as a tool

Physics of the top quark and with top quarks.
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Precision measurements of top-quark 
properties 

Conclusion

Top Reconstruction and Modelling Weekly   19.09.2019     D. Hirschbühl         Bergische Universität Wuppertal 11

• A better understanding of the matching parameters to Pythia8 is neccessary

• Since many (new physics) processes can only be generated with 
MG5_aMC@NLO we should spend time into the understanding of the this! 

• The studies might also need some 
input from the authors

• Should also look again into
FxFx matching/merging

Reduce statistical and systematic 
uncertainties!



Pushing the frontiers of complexity
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𝑡 ̅𝑡 𝑡𝑞 𝑡𝑊 𝑡3𝑏 𝑡 ̅𝑡𝑊 𝑡 ̅𝑡𝑍 𝑡 ̅𝑡𝛾 𝑡𝑞𝑍 𝑡 ̅𝑡𝐻 𝑡 ̅𝑡𝑡 ̅𝑡 𝑡𝑊𝑍 𝑡𝐻

Total cross-
section Y Y Y Y Y Y Y Y Y Y

Fiducial
cross-

sections
Y Y Y Y

Asymmetries Y Y
Differential

cross-
sections

Y Y Y Y Y

“rareness” of process
𝜎<=

Complexity of 
analysis



Part 1

Evidence for four-top-quark production

and

Test of the universality of τ and μ lepton 
couplings in W-boson decays
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ATLAS DRAFT

Figure 2: Schematic representation of the d0 and pT distributions for the three dominant contributions in the analysis.
.

Figure 3 shows the d0 distributions in the two channels to give an idea of the resolution, di�erence in254

shapes and the major backgrounds. Figure 4 shows the same d0 distributions but grouped by a more general255

truth-level categorisation of all leptons.256

3 Data and Simulation Samples257

The analysis is performed on the data sample of pp collisions at
p

s = 13 TeV collected by ATLAS in258

2015–2018. Events are required to fulfill the standard data quality requirements. The corresponding GRL259

files and the integrated luminosity of the selected samples are given in Table 2.260

Table 2: The GRL files and the integrated luminosity used in the analysis.
Year GRL file

Ø
L dt (fb�1)

2015 data15_13TeV/20170619/physics_25ns_21.0.19.xml 3.2
2016 data16_13TeV/20180129/physics_25ns_21.0.19.xml 33.0
2017 data17_13TeV/20180619/physics_25ns_Triggerno17e33prim.xml 44.3
2018 data18_13TeV/20190219/physics_25ns_Triggerno17e33prim.xml 58.5

Events are selected using the TOPQ1 derivation [29] of the main Physics stream, which contains both261

electron- and muon-triggered events. This derivation includes all events with at least one lepton with262

pT > 20 GeV. We use the data samples produced with p-tag p3794 for all years of data taking.263

Monte Carlo simulated event samples were used to develop the analysis, to compare to data and to evaluate264

the signal and background e�ciencies and uncertainties. Standard ATLAS top group MC16a, MC16d265

and MC16e samples were used. Their list is given in Appendix A. The extended information on all MC266

samples used can be found in Ref. [30]. The main signal (both tt̄ and Wt) and background samples267

3rd May 2020 – 14:03 10



Four top-quarks production
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Very rare high-𝑝, scattering process:

In the SM at NLO (QCD and EWK corr.): 𝜎 𝑡 ̅𝑡𝑡 ̅𝑡 = 12.0 ± 2.4 (scale) fb

Leading SM Feynman diagrams

JHEP 02 (2018) 031

Higgs boson contribution

Sensitive to the top 
Yukawa coupling!

Phys. Rev. D 95 (2017) 053004
§ SM process not yet observed!

§ Sensitive to BSM physics, for example gluino pair production, two-Higgs-doublet models, 
contact interactions

https://inspirehep.net/literature/1634855
https://inspirehep.net/literature/1419976


Signatures and analysis channels
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1 lepton; 42,2 %

2 leptons same 
charge; 7,1%

2 leptons opposite 
charge; 14,3%

>= 3 leptons; 
5,3 %

all-hadronic; 
31,1 %

§ 4-top-quarks final state contains 4 W-bosons: 𝑊-𝑊!𝑊-𝑊!

§ Categorize analysis channels according to W-boson decay modes: 𝑊 → ℓ𝜈 or 𝑊 → 𝑞# 3𝑞"

§ Channels with best signal-to-
background ratio:

Ø 2 leptons with same-charge

Ø ≥ 3 leptons

§ Other channels suffer from large
𝑡 ̅𝑡 + jets (𝑏3𝑏 and 𝑐 ̅𝑐) background



Background processes
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1) Hard-scattering processes with high-𝑝, prompt 
isolated (same-charge) leptons:

Major:   𝑡 ̅𝑡𝑊+jets, 𝑡 ̅𝑡𝑍+jets, 𝑡 ̅𝑡𝐻+jets, 𝑡 ̅𝑡𝑡
Minor:   𝑡 ̅𝑡𝑊𝑊, 𝑡𝑊𝑍, 𝑡𝑍𝑞 („Others“)

Josh McFayden   |  LHC Seminar  |  9/6/2020 

! This new ATLAS result:  
! Uses full Run 2 dataset: 139 fb-1 
! Targets clean leptonic signatures where at least two of the W bosons 

decay leptonically. 

! Basic selection requirements: 
! 2 same-sign leptons or 3 leptons (ℓ=e,μ) 
! ≥ 6 jets (pT > 25 GeV) 
! ≥ 2 b-tagged jets (77% effi ciency working point) 
! HT > 500 GeV 

! HT =
leptons,jets

∑ pT

39

Analysis strategy

 

[ATLAS-CONF-2020-013]
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WW:
WW=
WW+
0DW�&RQY
4PLV,'
+)�ȝ
+)�H
/RZ�0HH
WWW
2WKHUV

Backgrounds:

2) Non-prompt lepton backgrounds
detector

Low 𝑴𝒆𝒆
„internal“ 
conversions

𝛾∗ 𝑒%
𝑒(

𝛾

𝑒(

𝑒%
Material 
conversion

𝑒(

𝑒(𝑒%

Q mis ID (trident)



Background control regions
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Control region for muons 
from heavy-flavour 
decays (single bin)

Control region for 𝑡 ̅𝑡𝑊 events

§ Control regions are included in 
the final profile-likelihood fit

§ Five backgrounds are free 
floating
→ normalisation factors are fitted



Optimised signal-background separation 

W
ol

fg
an

g 
W

ag
ne

r  
 --

R
ec

en
t h

ig
hl

ig
ht

s 
on

 to
p-

qu
ar

k 
ph

ys
ic

s 
w

ith
 A

TL
AS

15

§ Use Boosted Decision Tree (BDT) to separate 
signal from background events in the signal 
region (SR).

§ Most important input variable:
Sum of pseudo-continuous b-tagging score for 
all jets.

Shapes of the BDT discriminant in 
the SR (signal versus background)

§ Essentially counting b-jets in a clever way 
(signal has 4 b-jets).

Eu
r. 

Ph
ys

. J
 C

 7
9 

(2
01

9)
 9

70

https://inspirehep.net/literature/1743576


Evidence for four-top-quarks production
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arXiv: 2007.14858

§ Measured signal strength:

𝜇 𝑡 ̅𝑡𝑡 ̅𝑡 = /!"#$
/%&

= 2.0!0.2-0.3

§ Measured cross-section:

σ 𝑡 ̅𝑡𝑡 ̅𝑡 = 24 ± 5 stat !4
-5 syst fb 

predicted: 𝜎 𝑡 ̅𝑡𝑡 ̅𝑡 = 12.0 ± 2.4 fb

§ Strong evidence of 4.3 s.d. (2.4 s.d. expected) for 
this very rare process!

Consistent to 1.7 s.d. with the SM prediction.

Eur. Phys. J. C 80 (2020) 1085

https://arxiv.org/abs/2007.14858
https://link.springer.com/article/10.1140/epjc/s10052-020-08509-3


Top-quarks as a tool: a prime example

W
ol

fg
an

g 
W

ag
ne

r  
 --

R
ec

en
t h

ig
hl

ig
ht

s 
on

 to
p-

qu
ar

k 
ph

ys
ic

s 
w

ith
 A

TL
AS

17

„Do research with top quarks, not on top quarks.“

Production of 𝑡 ̅𝑡 pairs is a copious source of on-shell W-boson pairs.

Check universality of the weak coupling at W decay vertex by measuring: 𝑅 𝜏/𝜇 =
ℬ 𝑊 → 𝜏𝜈
ℬ 𝑊 → 𝜇𝜈

Note:

𝜎 𝑡 ̅𝑡
𝜎 𝑊𝑊 ≈ 10



A long standing open issue
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Motivation and context
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! The branching ratios of W→eν,μν are precisely known. 
! Measured most precisely at LEP in the WW final state. 

! However the uncertainties on τ measurements are still reasonably large 
making this interesting to pursue. 

! There is also some  
tension with the SM  
in the τ measurements: 
! In particular in the ratios 

of branching ratios.

𝑅 𝜏/𝜇 measured at LEP II with 𝑊-𝑊! pairs: discrepancy of 2.7 s.d. from 1 observed

1.07 ± 0.026

2.7 𝜎

Note:
Measurements of 𝜏 lifetime and branching ratios 
provide a very precise test of lepton-flavour 
universality at low energy:

𝑔!
𝑔"

= 0.9999 ± 0.0014

2nd, more recent motivation:
B factories and LHCb find 3.1 s.d. discrepancy in

𝑅 𝐷 ∗ =
ℬ 𝐵 → 𝐷 ∗ 𝜏𝜈

ℬ 𝐵 → 𝐷 ∗ 𝜇𝜈



Analysis strategy
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Tag-and-probe technique

Select events

Unbiased sample 
of W bosons

Measure 𝜏 leptons in their muon 
decay channel: 𝜏 → 𝜇 + 𝜈7 + 𝜈8
Ø Uncertainties in muon reconstruction 

efficiencies largely cancel

N
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ATLAS DRAFT

Figure 2: Schematic representation of the d0 and pT distributions for the three dominant contributions in the analysis.
.

Figure 3 shows the d0 distributions in the two channels to give an idea of the resolution, di�erence in254

shapes and the major backgrounds. Figure 4 shows the same d0 distributions but grouped by a more general255

truth-level categorisation of all leptons.256

3 Data and Simulation Samples257

The analysis is performed on the data sample of pp collisions at
p

s = 13 TeV collected by ATLAS in258

2015–2018. Events are required to fulfill the standard data quality requirements. The corresponding GRL259

files and the integrated luminosity of the selected samples are given in Table 2.260

Table 2: The GRL files and the integrated luminosity used in the analysis.
Year GRL file

Ø
L dt (fb�1)

2015 data15_13TeV/20170619/physics_25ns_21.0.19.xml 3.2
2016 data16_13TeV/20180129/physics_25ns_21.0.19.xml 33.0
2017 data17_13TeV/20180619/physics_25ns_Triggerno17e33prim.xml 44.3
2018 data18_13TeV/20190219/physics_25ns_Triggerno17e33prim.xml 58.5

Events are selected using the TOPQ1 derivation [29] of the main Physics stream, which contains both261

electron- and muon-triggered events. This derivation includes all events with at least one lepton with262

pT > 20 GeV. We use the data samples produced with p-tag p3794 for all years of data taking.263

Monte Carlo simulated event samples were used to develop the analysis, to compare to data and to evaluate264

the signal and background e�ciencies and uncertainties. Standard ATLAS top group MC16a, MC16d265

and MC16e samples were used. Their list is given in Appendix A. The extended information on all MC266

samples used can be found in Ref. [30]. The main signal (both tt̄ and Wt) and background samples267

3rd May 2020 – 14:03 10

Separate 
Ø prompt muons directly from W decay
Ø muons from the 𝑊 → 𝜏𝜈8 → 𝜇𝜈7𝜈8𝜈8 decay chain
Ø non-prompt muons
by  

Transverse impact parameter 𝑑0 𝜇

and

transverse momentum 𝑝, 𝜇



Maximum-likelihood fit …
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... to 2D distribution in 𝑑0 𝜇 and 𝑝, 𝜇 with 8 bins and 3 bins, respectively.
§ Treat electron-tagged and muon-tagged events separately.

§ The normalisation of the two main backgrounds, non-prompt muons from hadron decays and 
𝑍 → 𝜇𝜇 are determined in control regions.



Result on 𝑅 𝜏/𝜇
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§ Measured value:

𝑅 𝜏/𝜇 = 0.992 ± 0.013 ± 0.07 stat ± 0.011 syst

§ In excellent agreement with the SM prediction.

§ Most precise measurement of 𝑅 𝜏/𝜇 to date.   🤙

§ Almost twice the precision of the LEP II 
measurement. 

Another example for the LHC 
as a precision experiment!

arXiv: 2007.14040 Accepted by Nature Physics.

https://arxiv.org/abs/2007.14040


Breakdown of uncertainties
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§ Important uncertainties are of 
experimental nature (marked 
with    ).

→ improvements are possible 
with more data

§ Improvements in modelling are 
less obvious and most likely 
longer term (marked with    ).



Part 2

Measurements of 𝑡 ̅𝑡 + 𝑋 production
with 𝑋 = 𝛾 and 𝑋 = 𝑍
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Measuring 𝑡 ̅𝑡 + 𝛾 and 𝑡𝑊 + 𝛾 production
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Main aim: comparison of differential distributions to a dedicated NLO computation: JHEP 10 (2018) 158

§ Full computation of the 𝑝𝑝 → 𝑏𝑒!�̅�9 3𝑏𝜇-𝜈7 final state
§ Includes 𝑡 ̅𝑡 + 𝛾 and 𝑡𝑊 + 𝛾 interference and off-shell effects of 𝑊 bosons and top quarks

§ Partonic phase space has large acceptance for photons from final-state radiation.

§ Analysis is not optimised for sensing the 𝑡𝛾 electroweak coupling

https://inspirehep.net/literature/1664327


Inclusive cross-section measurement
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§ Main selection requirements:
§ 1 electron and 1 muon with 𝑝, > 25 GeV and 𝜂 < 2.5
§ 1 isolated photon with 𝐸, > 20 GeV and 𝜂 < 2.37
§ ≥ 2 jets with 𝑝, > 25 GeV and 𝜂 < 2.5, 

at least one of them b-tagged

§ Profile maximum-likelihood fit to

𝑆, =^
:;<=
𝑝, + 𝑝, 𝑒 + 𝑝, 𝜇 + 𝐸,>?==

§ Result: fiducial cross-section

𝜎+,- 𝑡 ̅𝑡 + 𝛾 = 39.6 ± 0.8 stat ± %#.#
(#./ syst fb *

𝜎@AB 𝑡 ̅𝑡 + 𝛾 = 38.5 ± !".#C
-0.52 scale ± !#.#C

-#.04 PDF fb

Excellent agreement!

* Relative uncertainty: 6.3% JHEP 09 (2020) 049

https://inspirehep.net/literature/1806806


Differential cross-sections: Unfolding
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𝑑𝜎
𝑑𝑋f

=
1

ℒ#gh Δ𝑋f 𝜀f
7
%

𝑀%f<= 𝑁%ijk −𝑁%l 𝑓mn,% 1 − 𝑓iop,%
Bin at 
parton level

Bin at 
reconstruction 
level

Fraction of 
events outside 
of the fiducial 
region, but 
selected at 
reconstruction 
level

Migration matrix
Selection efficiency of 
fiducial events



Absolute differential cross-sections
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§ Measured distributions: 𝑝, 𝛾 , 𝜂 𝛾 , ∆𝑅 𝛾, ℓ >?D, Δ𝜙 𝑒, 𝜇 , ∆𝜂 𝑒, 𝜇
§ Uncertainties at the 10% level.
§ Good agreement with NLO prediction! 



Normalised differential cross-sections
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§ Uncertainties slightly below 10%.
§ Distributions of 𝑝, 𝛾 , 𝜂 𝛾 , ∆𝜂 𝑒, 𝜇 are well modelled by the fixed-order prediction and 

MG5_aMC@NLO.



Normalised differential cross-sections
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§ Distributions of ∆𝑅 𝛾, ℓ >?D and Δ𝜙 𝑒, 𝜇 not well modelled by MG5_aMC@NLO but well described by 
fixed-order calculation.

§ Δ𝜙 𝑒, 𝜇 is sensitive to 
𝑡 ̅𝑡 spin correlations.

§ In 𝑡 ̅𝑡 production Δ𝜙 is 
neither well described 
by NNLO fixed-order 
calculations nor by MC 
generators.



A word on the uncertainty breakdown
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Inclusive cross-section Differential cross-sections

§ Statistical uncertainties are still sizeable
§ More data will help (see projections for HL-LHC: 

ATL-PHYS-PUB-2018-049) 
§ Other systematics: experimental, signal and 

background modelling are at a similar level

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-049/


Total and differential cross-sections of 𝑡 ̅𝑡 + 𝑍 production
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§ Probe the 𝑡𝑍 coupling at high scales (LEP I probed top-quarks in loops)
§ Sensitive to modifications in electroweak symmetry breaking mechanism

§ Selection targets 𝑍 → 𝑒-𝑒! / 𝜇-𝜇! and 
𝑡 ̅𝑡 → 𝑏3𝑏ℓ-𝜈ℓ!�̅� / 𝑏3𝑏ℓ±𝜈𝑗𝑗 decay channels

§ Define 3-lepton and 4-lepton signal regions with 𝑝,
thresholds:
3-lepton: 𝑝, ℓ > 27, 20, 20 GeV
4-lepton: 𝑝, ℓ > 27, 20, 10, 7 GeV

Low 𝑝, thresholds correspond to large acceptance!
Still room for improvement in the 3-lepton channel.

§ Z-mass window requirement: 𝑚 ℓ-ℓ! −𝑚F < 10 GeV

§ Requirements on 𝑁:;<= and 𝑁G!:;<=



Total cross-section measurement
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§ Profile maximum-likelihood fit to event yields in 6 signal regions and 2 control regions

§ Fitted signal strength 𝜇 𝑡 ̅𝑡𝑍 = /!"#$
/%&

Fit configuration µtt̄Z

Trilepton 1.17± 0.07 (stat.)+0.12
�0.11 (syst.)

Tetralepton 1.21± 0.15 (stat.)+0.11
�0.10 (syst.)

Combined 1.19± 0.06 (stat.) ± 0.10 (syst.)

§ Measured cross-section:

σ 𝑡 ̅𝑡𝑍 = 1.05 ± 0.05 stat ± 0.09 pb

3 lepton 
signal regions

4 lepton 
signal regions

𝑊𝑍 + jets and 
𝑍𝑍 + jets 

control regions

ATLAS-CONF-2020-028

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-028/


Breakdown of uncertainties
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Uncertainty ��tt̄Z/�tt̄Z [%]

tt̄Z parton shower 3.1

tWZ modelling 2.9

b-tagging 2.9

WZ/ZZ + jets modelling 2.8

tZq modelling 2.6

Lepton 2.3

Luminosity 2.2

Jets + Emiss
T 2.1

Non-prompt/fake leptons 2.1

tt̄Z A14 tune 1.6

tt̄Z µf , µr scales 0.9

Other backgrounds 0.7

Pile-up 0.7

tt̄Z PDF 0.2

Total systematics 8.4

Data statistics 5.2

Total 9.9

§ Systematic uncertainties dominate, but there is still 
some room to bring down the statistical uncertainty.

§ Modelling uncertainties are important, in total 6.0%.



LHC 𝑡 ̅𝑡 + 𝑋 Summary plot
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2020-022/


Differential cross-sections
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§ Unfolding to parton level and particle level (stable particles in Monte Carlo event generators).

§ Absolute and normalised cross-sections.

§ Considered variables:

In the tetralepton channel a reconstruction of the tt̄ system is performed, but in the transverse plane only.
The underlying assumption is that the two neutrinos from the tt̄ decay represent the dominant source of
missing transverse momentum in the event; the value of the reconstructed E

miss
T can therefore be taken to be

a reasonable proxy for the vector sum of the neutrino momenta in the � plane. Such a partial reconstruction
avoids having to determine the full kinematics of the two neutrinos separately, while still allowing one to
reconstruct the p

t t̄
T and |��(tt̄, Z ) | variables for the di�erential measurements. The selection of the two

b-tagged jets is performed analogously to the trilepton case, namely that the two reconstructed jets with the
highest MV2c10 value from the b-tagging algorithm are selected. In the case of the particle-level definition,
the two jets ghost-matched to a b-hadron are selected; in the case of only one such ghost-matched jet, the
jet with the highest pT of those remaining is selected as the second b-jet.

Table 8: Summary of the variables used for the di�erential measurements. Some variables are considered for the
trilepton or tetralepton signal regions only as indicated. The jet multiplicity is measured for both topologies separately,
whereas for the variables related only to the kinematics of the Z boson (pZ

T and |yZ |), the trilepton and tetralepton
regions are combined.

Variable Definition

3`
+

4` p
Z
T Transverse momentum of the Z boson

|yZ | Absolute value of the rapidity of the Z boson

3`

Njets Number of selected jets with pT > 25 GeV and |⌘ | < 2.5

p
`,non�Z
T Transverse momentum of the lepton which is not associated with the Z boson

|��(Z, tlep) | Azimuthal separation between the Z boson and the top quark (antiquark) featuring the W ! `⌫ decay

|�y(Z, tlep) | Absolute rapidity di�erence between the Z boson and the top quark (antiquark) featuring the W ! `⌫ decay

4`

Njets Number of selected jets with pT > 25 GeV and |⌘ | < 2.5

|��(`+t , `
�
t̄

) | Azimuthal separation between the two leptons from the tt̄ system

|��(tt̄, Z ) | Azimuthal separation between the Z boson and the tt̄ system

p
t t̄
T Transverse momentum of the tt̄ system

9.2 Unfolding procedure

To measure the di�erential cross-section distributions at particle and parton levels in the specific fiducial
phase-spaces defined in Section 4.2, an iterative Bayesian unfolding procedure is used [76]. It relies on the
Bayesian probability formula starting from a given prior of the particle- or parton-level distribution and
iteratively updating it with the posterior distribution. The unfolding is performed using the R��U�����
package [77]. The di�erential tt̄ Z cross sections are calculated using the following equation:

d�t t̄Z
dX i

=
1

L · B · �X i · ✏ ie�
·
X

j

[R
�1]i j · f

j
acc ·
⇣
N

j
obs � N

j
bkg

⌘
, (2)

where X denotes the variable used for the di�erential measurement (with the bin-width �X), the index i

indicates the bins at particle (or parton) level and j the detector-level bins.

22



𝑝! 𝑍 and 𝑦 𝑍
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Shows relative large deviations in 3 
bins, but no trend.



∆𝜙 𝑍, 𝑡"#$ and ∆𝑦 𝑍, 𝑡"#$
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Uncertainties of differential measurements
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§ Uncertainties are at the level of 10 to 20%.

§ Statistical uncertainties clearly dominate.

§ Next iteration of the analysis is in 
preparation: 

- Will focus on an interpretation in 
Effective Field Theory (EFT)

- Implement improvements in lepton 
identification and lower 𝑝, thresholds 
for leptons.



Part 3

Differential cross-sections of 𝑡 ̅𝑡 production 
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all hadronic
44%

e/𝜇 + jets
30%

ee + 𝜇𝜇 + e𝜇
5%

𝜏 + X
21%

Categorize 𝑡 ̅𝑡 final 
states according to 
the decay modes of 
the 2 W bosons



Three analyses covering three main channels
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Channel 𝑒𝜇 e/𝜇 + jets all hadronic 

Publication Eur. Phys. J. C 80 (2020) 528 Eur. Phys. J. C 79 (2019) 1028 arXiv: 2006.09274

HEPData ins1759875 Record: 95748 Not available 

Background level 9% 11% 30%

Main backgrounds 𝑡𝑊 production 𝑡𝑊, 𝑊 + jets and multijet
production Multijet production

Topology leptonic variables only Resolved and boosted
𝑡 ̅𝑡 system reconstructed

Resolved only
𝑡 ̅𝑡 system reconstructed

Unfolding method Bin-by-bin Iterative Bayesian Iterative Bayesian

§ All analysis use an integrated luminosity of 36 fb-1 recorded in 2015 and 2016.

§ Analyses are complementary in various ways: background composition, background 
level, topology, access to the 𝑡 ̅𝑡 system and resolution.

Disclaimer: Today: Will not discuss the experimental details, but compare main results.

https://inspirehep.net/literature/1759875
https://inspirehep.net/literature/1750330
https://inspirehep.net/literature/1801434
https://www.hepdata.net/record/ins1759875
https://www.hepdata.net/record/95748


Objectives 
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Differential 
cross-sections

Excess the matrix element (ME) of 
the hard scattering process:
§ Sensitivity to physics beyond the 

standard model
§ Study modelling with NLO ME 

generators
§ Variables:
𝑝, 𝑡 , 𝑦 𝑡 , 𝑦 𝑡 ̅𝑡 , 𝑚 𝑡 ̅𝑡

Study the modelling of extra 
radiation by parton-shower 
generators and the matching 
between NLO ME generators 
and parton-shower programs:
§ Variable: 𝑝, 𝑡 ̅𝑡 and 𝑁:;<=

Parameter extraction
1) Top-quark mass: Use 𝑝, 𝑡 and 𝑚 𝑡 ̅𝑡
2) Parton distribution functions (PDFs): Use 𝑦 𝑡 , 𝑦 𝑡 ̅𝑡 , 𝑚 𝑡 ̅𝑡



Predictions
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§ Generator setups: Use NLO matrix-element (ME) generator matched to a parton-shower generator
§ Nominal setup: Powheg-Box ver. 2 (PWG) + Pythia 8.210 (PY8) 

§ Scales: 𝜇J = 𝜇K = 𝑚L
" + 𝑝, 𝑡 " =: 𝜇DM>?DNO

§ PDF set: NNPDF3.0NLO for the ME calculation, NNPDF2.3LO for the parton shower
§ Matching scale: ℎPN>Q = 1.5 𝑚L

§ Variant „Radiation up“ with settings: 𝜇J = 𝜇K = 0.5 𝜇DM>?DNO, ℎPN>Q = 1.5 𝑚L, Var3c=Up of the A14 
tune

§ Variant “Radiation down” with settings: 𝜇J = 𝜇K = 2.0 𝜇DM>?DNO, Var3c=Down of the A14 tune
§ PWG+Herwig 7
§ MadGraph5_aMC@NLO (ver. 2.3.3.p1) + PY8
§ Sherpa 2.2.1, 1st emission at NLO, up to 4 additional parton emissions at LO
§ Fixed-order calculations at NNLO by M. Czakon and A. Mitov et al.
§ Caveat: Quantitative comparisons with the predictions (𝜒"/d.o.f. and p-values) do not include 

uncertainties in the predictions.



Top quark 𝑝! 𝑡
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§ 𝑝, ℓ related to 𝑝, 𝑡
§ None of the generators describes 

the data well, but MG5aMC does 
better than PWG 
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§ Both PWG+PY8 and the 
NNLO FO calculation model 
𝑝, 𝑡 well. 

All-hadronic channel
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§ All generators show the same 
trend of underestimating the 
cross-section at high 𝑝, 𝑡 .

§ MG5aMC and PWG+H7 do 
better than the nominal 
PWG+PY8 and Sherpa.



Rapidity of the 𝑡 ̅𝑡 system: 𝑦 𝑡 ̅𝑡
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𝑒𝜇 channel e/𝜇 + jets channel All-hadronic channel
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§ Uncertainties are too 
large to draw conclusions

§ No trend visible.§ All generator setups show a trend to 
lower cross-sections at high 𝑦 𝑡 ̅𝑡 .
⟹ parton shower and ME generator 
may be not the driving issue



𝑦 𝑒𝜇 for different PDFs
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Figure 18: Ratios of predictions of normalised di�erential cross-sections to data as a function of (a) |yeµ | and (b)
��eµ. The data statistical uncertainties are shown by the black error bars around a ratio of unity, and the total
uncertainties are shown by the cyan bands. Several di�erent tt̄ predictions are shown in each panel, grouped from top
to bottom as shown in Table 11, and the error bars indicate the uncertainties due to the limited size of the simulated
samples.
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With MG5aMC the CT10 PDF set gives a better description of the data than the default 
NNPDF3.0NLO and HERAPDF2.0.



Mass of the 𝑡 ̅𝑡 system: 𝑚 𝑡 ̅𝑡
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𝑒𝜇 channel e/𝜇 + jets channel All-hadronic channel
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§ Distribution is badly described 
by PWG+PY8 and all other 
MC setups (not shown)

§ 𝜒"/d.o.f. = 32.1/8
§ P-value < 0.01

§ Distribution is badly described 
by PWG+PY8 (p-value = 
6×10!2)

§ MG5aMC+PY8 does better (p-
value =0.049)

§ Within the large uncertainties 
the modelling is acceptable.



𝑚 𝑡 ̅𝑡 for different PDFs
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Figure 17: Ratios of predictions of normalised di�erential cross-sections to data as a function of (a) p
eµ
T and (b) m

eµ.
The data statistical uncertainties are shown by the black error bars around a ratio of unity, and the total uncertainties
are shown by the cyan bands. Several di�erent tt̄ predictions are shown in each panel, grouped from top to bottom as
shown in Table 11, and the error bars indicate the uncertainties due to the limited size of the simulated samples.
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§ With MG5aMC the CT10 PDF set gives a slightly better description (p-value = 0.11) of the data than 
the default NNPDF3.0NLO (p-value =0.049) and HERAPDF2.0 (p-value = 6×10!R).

§ This study demonstrates sensitivity of the measurements to the PDFs.

§ Good motivation to be included in PDF fits.



Summary
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§ ATLAS is exploiting the full statistical power of the Run 2 data set.

§ Recent highlights in the top-quark sector:

§ Evidence for 4-top-quarks production

§ Test universality of 𝑊𝜏 and 𝑊𝜇 weak couplings

§ Differential cross-section measurements of 𝑡 ̅𝑡 + 𝛾 and 𝑡 ̅𝑡 + 𝑍
production

§ Comprehensive measurements of differential cross-sections 
of 𝑡 ̅𝑡 production


