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Why is the top so interesting?
◦ Heaviest fundamental particle

◦ Short lifetime: Decays before forming bound states
◦ Directly measure top properties from decays
◦ Top quark predominantly produced through QCD interactions
◦ Dominant decays through weak interactions

◦ Large coupling to Higgs 
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The top is a window into EWSB
◦ Longitudinal W’s ⬌ Goldstones

◦ Longitudinal gauge interactions with top are enhanced
◦ Higher dimension interactions can give effects growing with energy
◦ Tails of top distributions are sensitive to new physics effects
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Deep connection 
between Higgs and top
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Status: May 2020

ATLAS Preliminary

Run 1,2
p
s = 7,8,13 TeV

Theory

LHC pp
p
s = 13 TeV

Data 3.2 � 79.8 fb
�1

LHC pp
p
s = 8 TeV

Data 20.2 � 20.3 fb
�1

LHC pp
p
s = 7 TeV

Data 4.5 � 4.6 fb
�1

Standard Model Total Production Cross Section Measurements

Why is the top so interesting?
◦ Huge statistics
◦ Many precision measurements and calculations: 
◦ production
◦ measure Yt

◦ test EWSB

◦ Precision QCD/EW  calculations tested and SM 
parameters extracted
◦ as, Mt, Gt, gluon PDFs, Vtb….

◦ Large background to SM measurements (in particular 
Higgs production)

◦ Tool for new physics studies and to precisely verify 
consistency of SM
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p

s = 13 TeV May 2020CMS

�meas. ± (stat.) ± (syst.)
stat.total

�theo.(tt̄Z) = 0.86 +0.07
�0.08(scale) ± 0.02(PDF) pb

mtop = 172.5 GeV
NLO(QCD+EW)+NNLL, PDF4LHC15 nlo 30
Eur. Phys. J. C 80 (2020) 428

�theo.(tt̄W) = 0.59 +0.15
�0.10(scale) ± 0.01(PDF) pb

mtop = 172.5 GeV
NLO(QCD+EW)+NNLL, PDF4LHC15 nlo 30
Eur. Phys. J. C 80 (2020) 428

tt̄Z, Lint = 78 fb�1

JHEP 03 (2020) 0560.95 ± 0.05 ± 0.06 pb

tt̄Z, Lint = 36 fb�1

JHEP 08 (2018) 011
0.99 +0.09

�0.08
+0.12
�0.10 pb

tt̄W, Lint = 36 fb�1

JHEP 08 (2018) 011
0.77 +0.12

�0.11
+0.13
�0.12 pb

tt, t, tt�
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The top mass determines the fate of the 
universe and constrains new physics
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1307.3536 NNLO top 
calculations 
sensitive to 
DMt ~ 1 GeV

PDG, 2020

https://arxiv.org/pdf/1307.3536.pdf
https://pdg.lbl.gov/2020/reviews/rpp2020-rev-standard-model.pdf


The top is heavy
◦ Top coupling to Higgs is O(1)

◦ Motivates connection between Higgs mass and top quark interactions at the 
TeV scale
◦ Many possibilities for top partners that would cancel SM top contributions to 

Higgs mass

HH

t
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New physics from top
◦ Directly: Probe on-shell new physics with direct searches

◦ Indirectly: Probing the effect of new physics on SM observables through 
precision physics

Precision 
calculations and 
measurements of 
SM top properties

EFT Fits
Search for new 
resonances

Progress in all three areas
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Top and precision measurements
◦ Top quark pair production
◦ NNLO : STRIPPER [Czakon, Heymes, Mitov,’15], qT subtraction [Catani, Devoto, 

Grazzini, Kallweit, Mazzitelli, ‘19]
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• Tour de force!
• New tools and new 

insights into QFT needed
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ATLAS+CMS Preliminary Sept 2019

* Preliminary

)-1 8.8 fb£Tevatron combined 1.96 TeV (L 
)-1CMS dilepton,l+jets 5.02 TeV (L = 27.4 pb

)-1 7 TeV (L = 4.6 fbµATLAS e
)-1 7 TeV (L = 5 fbµCMS e

)-1 8 TeV (L = 20.2 fbµATLAS e
)-1 8 TeV (L = 19.7 fbµCMS e

)-1 8 TeV (L = 5.3-20.3 fbµLHC combined e
)-1* 13 TeV (L = 36.1 fbµATLAS e

)-1 13 TeV (L = 35.9 fbµCMS e
)-1* 13 TeV (L = 35.9 fbµ+e/tCMS 
)-1ATLAS l+jets* 13 TeV (L = 139 fb

)-1CMS l+jets 13 TeV (L = 2.2 fb
)-1CMS all-jets* 13 TeV (L = 2.53 fb
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Top quark spin correlation at NNLO
◦ Spin information of tops carried by 

leptons

◦ Fiducial results in good agreement 
with experiment
◦ At NNLO consistent theory results
◦ Can expand consistently in as (red 

curves)
◦ Blue curves are full result
◦ Tension in comparison of data with 

inclusive measurements
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[Czakon, Mitov, Poncelet, ‘20]
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Top quark lepton observables at NNLO
◦ Impressive agreement with data; significantly reduced scale dependence at 

NNLO
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https://arxiv.org/pdf/2008.11133.pdf


10�3

10�2

10�1

d
�
/d

m
(`

¯̀ )
[p

b
/G

eV
]

LHC 13 TeV mt = 171.5 GeV
Scale: HT/4 PDF: NNPDF31

LO

NLO

NNLO

ATLAS

0 100 200 300 400 500

m(` ¯̀) [GeV]

0.85

0.90

0.95

1.00

1.05

1.10

ra
ti

o
to

N
L
O

10�3

10�2

10�1

d
�
/d

m
(`

¯̀ )
[p

b
/G

eV
]

LHC 13 TeV mt = 172.5 GeV
Scale: HT/4 PDF: NNPDF31

LO

NLO

NNLO

ATLAS

0 100 200 300 400 500

m(` ¯̀) [GeV]

0.85

0.90

0.95

1.00

1.05

1.10

ra
ti

o
to

N
L
O

Top mass sensitivity @NNLO
◦ Sensitive to DMt~ 1 GeV
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2008.11133

https://arxiv.org/pdf/2008.11133.pdf


Top quark lepton observables at NNLO
◦ Reanalysis of CMS fiducial analysis 

with n momentum included in jets
◦ Excellent agreement
◦ Black is reanalyzed data
◦ Grey is original analysis
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[Poncelet]

Note sensitivity to DMt shift of 1 GeV
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Differential distributions at NNLO
◦ Continuing question:  Are we measuring pole mass or         mass?
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[Catani]
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• Scheme dependence 
reduced at NNLO
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Differential distributions at NNLO
◦ Difference between using pole mass or         mass reduced at NNLO
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• Good agreement with data
• Threshold uncertaintiesPoleMS
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Top mass extraction beyond NNLO
◦ Even including NNLO, NNLL’ (soft gluon resummation), QCD x EW,  there is 

theory/experimental discrepancy at low Mtt (which is region most sensitive to Mt)

S. Dawson 15
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Improve by including Coulomb 
corrections ➙ resum to all orders in as 
using effective field theory techniques

[Yang]



Top mass extraction
◦ Include next-to-leading power 

resummation of Coulomb corrections 
and combine with NNLO calculations

S. Dawson
[Yang]

170 171 172 173 174 175
 (GeV)tm

0.80

1.05

1.30

1.55

1.80

(p
b/

G
eV

)
tt

/d
M

sd NLO
NLO+NLP
NNLO
NNLO+NLP

/4T = Hrµ = 
f
µLHC 13 TeV, 

NNPDF31_nnlo_as_0118

 [300,380] GeVÎ ttM

1.0

1.5

2.0

2.5

(p
b/

G
eV

)
tt

/d
M

sd

CMS
NLO
NNLO
NLO+NLP
NNLO+NLP

=172.5 GeVtLHC 13 TeV, m
NNPDF31_nnlo_as_0118

 [300,380] GeVÎ ttM
/4T = Hdef

f
µ = def

rµ

Improved agreement

Resummation moves the 
extracted mass up by more than a 
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production
◦ is window for new physics, anomalous top couplings, important 

background for multi-lepton signatures, background to 
◦ ATLAS and CMS see excess over SM NLO+NNLL theory

S. Dawson 17

[Bevilacqua]

Theory improvements 
highly motivated!

1812.08622

ttW
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Theory progress in 
◦ NLO QCD complete off-shell (resonant and non-resonant diagrams, interferences, finite 

width)  for 3 lepton channel

◦ 2 independent calculations at 13 TeV

S. Dawson 18

[Bevilacqua]

pp ! e+⌫eµ
�⌫µ⌧

+⌫⌧ bb
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Off-shell effects increase up 
to 30-50% in tails, well 
above scale uncertainties

2005.09427
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Theory progress in 
◦ NLO corrections to off-shell 

◦ Large K factors when tt recoils against W + light 
jet at NLO

◦ Both calculations find that integrated cross 
section shows excellent agreement with 
double pole approximation

S. Dawson 19

[Pelliccioli]

pp ! e+⌫eµ
�⌫µ⌧

+⌫⌧ bb
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Theory progress in      productiontt�
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• at NLO including off-shell effects, resonant and non-resonant interactions, 
interferences pp ! e+⌫eµ

�⌫µbb�
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[Worek]

Theory uncertainties 
reduced significantly by 
use of dynamical scale
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• NLO correction up to -43%
• Theory uncertainties up to ± 56%

• NLO correction up to +8%
• Theory uncertainties up to ± 7%

1803.09916

https://arxiv.org/pdf/1803.09916.pdf


Improving precision with 
◦ Can improve precision by taking NLO ratios
◦ Fiducial integrated sttg with dynamical scale theory error of ± 6%
◦ Fiducial differential dsttg/dX theory error ± 10-30%

◦ sttg /stt ±(1-3)% theory uncertainty
◦ Differential cross section ratios give theory uncertainties of ±(1-6)%

S. Dawson 21

[Worek]
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Connecting theory and experiment
◦ Progress in including NLO effects in generators
◦ bb4l generator in POWHEG box describes top pair production and decay 

including full offshell and non-resonant contributions exactly at NLO  (Wt and  
combined straightforwardly)

S. Dawson 22

[Ferrario-Ravasio]

New generators include QCD 
corrections also in decays with 
resonance aware subtractions that 
preserve virtuality of resonances

Kinematic 
edges well 
described

tt

<latexit sha1_base64="DO9kNm9++CJ3zZgTdyjeWsO5BsA=">AAAB+HicbVDLSgMxFM3UV62Pjrp0EyyCqzIjFV0W3LisYB/QDiWTZtrQTDIkd4Q69EvcuFDErZ/izr8x085CWw8EDuecm9ycMBHcgOd9O6WNza3tnfJuZW//4LDqHh13jEo1ZW2qhNK9kBgmuGRt4CBYL9GMxKFg3XB6m/vdR6YNV/IBZgkLYjKWPOKUgJWGbhVwNlA2kV+AYT50a17dWwCvE78gNVSgNXS/BiNF05hJoIIY0/e9BIKMaOBUsHllkBqWEDolY9a3VJKYmSBbLD7H51YZ4UhpeyTghfp7IiOxMbM4tMmYwMSsern4n9dPIboJMi6TFJiky4eiVGBQOG8Bj7hmFMTMEkI1t7tiOiGaULBdVWwJ/uqX10nnsu436lf3jVqzUdRRRqfoDF0gH12jJrpDLdRGFKXoGb2iN+fJeXHenY9ltOQUMyfoD5zPH7xlkxs=</latexit>



Generator progress at NLO
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[Ferrario-Ravasio]

◦ Discrepancy between the        generators  ➜ can be reduced by proper scale 
choice (Buccioni et al]

ttbb
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New techniques with ML
◦ Need for more efficient event generation at HL-LHC
◦ Train generative adversarial networks directly on events to generate more 

statistics and replace fast detector simulations
◦ Significant technical progress on GANs
◦ Example: LHC 

S. Dawson 24

[Butter]

1907.03764

2D correlations

tt ! 6jets
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Systematic 
undershoot in tails

https://arxiv.org/pdf/1907.03764.pdf


Technical progress with GANs
◦ Progress using GANs for event subtraction

◦ Example:  
◦ Background: 
◦ Signal: 
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[Butter]
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GANs may be useful for subtracting 
dipoles from real emission terms

pp ! e+e�
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4 top production
◦ Large sensitivity to BSM effects

◦ Many possibilities:
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CMS: | Yt

Yt,SM
| < 1.7
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@ 95% CL



4 top production
◦ Sensitive to EFT effects that grow with energy

◦ Motivates high energy colliders
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Ĥ = C⇤
M

2
H

⇤2

<latexit sha1_base64="rYFa0m3gF1irl/bDHKotdNa8R2Y="></latexit>

LEFT ⇠ LSM +
C⇤
⇤2

| ⇤H |2

<latexit sha1_base64="6HzFJ5DDrcaszczV3ZR2WShapKw=">AAACLHicdVBdS8MwFE39dn5NffQlOARBKG2tbr4NhuLDBEWnwlpLmmYaTNqapMIo/UG++FcE8cEhvvo7THWCil4InJxzz03uCVNGpbKsgTEyOjY+MTk1XZmZnZtfqC4uncokE5h0cMIScR4iSRiNSUdRxch5KgjiISNn4XWr1M9uiZA0iU9UPyU+R5cx7VGMlKaCaqsd5Lt7J4UnKYcaHx8UG3kryD15kyFBCi/Rbui19cQIXT iFx2kEhyLcL28XTlCtWeZOY9txt6FlWlbdduwSOHV304W2ZsqqgWEdBtVHL0pwxkmsMENSdm0rVX6OhKKYkaLiZZKkCF+jS9LVMEacSD//WLaAa5qJYC8R+sQKfrDfHTniUvZ5qDs5Ulfyt1aSf2ndTPUafk7jNFMkxp8P9TIGVQLL5GBEBcGK9TVAWFD9V4ivkEBY6XwrOoSvTeH/4NQxbdfcOnJrTXcYxxRYAatgHdigDppgHxyCDsDgDjyAZzAw7o0n48V4/WwdMYaeZfCjjLd3bFuoTw==</latexit>

1903.07725

https://arxiv.org/pdf/1903.07725.pdf


4 tops in the future
◦ Contact interactions probed at FCC-hh and high energy e+e-

◦ Contribution to        from 4-fermion top operator?
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Top as a window to new physics
◦ Effective field theory connects 

contributions from different types of 
measurements
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[Westhoff]

• Consider 22 operators 
involving top quarks and fit 
to
including NLO QCD  

tt, t, tW, tZ, ttW, ttZ, t decay
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Top as a window to new physics
◦ How to untangle effects of different operators?
◦ 4-quark vs gluon operators using boosted tops

◦ Sensitivity to 4-quark operators grows with energy

◦ Similarly, charge asymmetries sensitive to chiral structure of operators
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[Westhoff]
Precision QCD calculations crucial for subtracting SM background in tails



EFT and the top
◦ Fit to 
production at the LHC, along with               , 

◦ NLO QCD effects included in fit
◦ Effects of inclusion of LEP data apparent in 

improved fit to CHQ
3 (affects        and 

vertices)
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Note 2020 improvement
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New physics and the top
◦ Flavor changing neutral currents in top sector 

can arise in BSM scenarios
◦ Add effective FC top interaction with leptophobic 

scalar 

◦ Example of poorly constrained scenario: 

◦ Can be probed at LHC with 150 fb-1
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* q is light quark

https://arxiv.org/pdf/2005.09594.pdf


◦ b→ B at low energy described by non-perturbative fragmentation function
◦ Many pieces to get fully NNLO description of B meson production from top

◦ Goal:  fully differential MC calculation of one B-hadron + X at NNLO

B meson production in top events
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B meson production in top events
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B production in decay of 
unpolarized top quark at NNLO

[Mitov]

Grey band is 
variation of 
fragmentation 
function

B production in 
production and decay 
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Beyond the usual paradigm
◦ Quantum information and entanglement with top 

quarks

◦ Idea is to detect entanglement at the LHC by 
characterizing spin correlations of     pairs

◦ j is angle between the lepton directions in the     
and    rest frames
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Statistical deviation 
from null hypothesis

t

<latexit sha1_base64="lKuHTNoRAYgobhU0k2LfcwrUTuA=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsxIRZcFNy4r2Ae0Q8mkaRuamYzJnUIZ+h1uXCji1o9x59+YaWehrQcCh3Pu4d6cIJbCoOt+O4WNza3tneJuaW//4PCofHzSMirRjDeZkkp3Amq4FBFvokDJO7HmNAwkbweTu8xvT7k2QkWPOIu5H9JRJIaCUbSSn/aUdbMwwXm/XHGr7gJknXg5qUCORr/81RsoloQ8QiapMV3PjdFPqUbBJJ+XeonhMWUTOuJdSyMacuOni6Pn5MIqAzJU2r4IyUL9nUhpaMwsDOxkSHFsVr1M/M/rJji89VMRxQnyiC0XDRNJUJGsATIQmjOUM0so08LeStiYasrQ9lSyJXirX14nrauqV6teP9Qq9VpeRxHO4BwuwYMbqMM9NKAJDJ7gGV7hzZk6L86787EcLTh55hT+wPn8ARJfkkI=</latexit>

t

<latexit sha1_base64="+lfqHlIaNflPHBnAcGdYbTfOEhA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseCF48V7Ae0oWy2m3bpbhJ2J0IJ/QtePCji1T/kzX/jps1BWx8MPN6bYWZekEhh0HW/ndLG5tb2Tnm3srd/cHhUPT7pmDjVjLdZLGPdC6jhUkS8jQIl7yWaUxVI3g2md7nffeLaiDh6xFnCfUXHkQgFo5hLGcH5sFpz6+4CZJ14BalBgdaw+jUYxSxVPEImqTF9z03Qz6hGwSSfVwap4QllUzrmfUsjqrjxs8Wtc3JhlREJY20rQrJQf09kVBkzU4HtVBQnZtXLxf+8forhrZ+JKEmRR2y5KEwlwZjkj5OR0JyhnFlCmRb2VsImVFOGNp6KDcFbfXmddK7qXqN+/dCoNRtFHGU4g3O4BA9uoAn30II2MJjAM7zCm6OcF+fd+Vi2lpxi5hT+wPn8Affgjig=</latexit>

2003.02280

https://arxiv.org/pdf/2003.02280.pdf


Thanks

◦Thanks to organizers and speakers for such 
an interesting meeting!
◦Apologies for my inadequate coverage of 
the immense number of interesting results 
presented here
◦I predict many more exciting meetings 
about the top quark!
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