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Top Quark Discovery
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Joint discovery by CDF and D0 experiments at Fermilab Tevatron



Why measure the top quark?
• Special properties of top quark… 

• Heaviest particle in SM — largest Yukawa coupling to Higgs 

• Decays before hadronization — can measure properties of bare 
top quark 

• …make top physics sensitive to SM and new physics 

• Large Yukawa coupling -> sensitive to form of EWK symmetry 
breaking 

• Precise measurements of QCD, PDFs, EWK through top mass, 
cross section, properties 

• SUSY, extra dimensions, etc. predict heavy resonances decaying 
to pair of tops
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Top Quark Production (at LHC)
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Top Quark Decay

• Short top quark lifetime means top quark decays before it 
can hadronize
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• Top quark always (>99%) 
decays to Wb 

• b quark hadronizes to 
produce b hadron jet 

• W decays to qq (66%) or lv 
(33%)



Reconstructing a Top Quark
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b jet lepton(s)

MET (missing 
transverse energy) 

from neutrino

jets



b Jet Identification

• b jet has long lifetime —> 
travels perceptible 
distance before decaying 

• Identify b jet by 
reconstructing secondary 
decay vertex, containing 
tracks which do not point 
back to primary vertex 

• Currently rely on machine 
learning for ID 

•  DeepCSV, DeepJet
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Reconstructing a Boosted Top Quark

• Want to be able to measure top production at all energy scales 

• Tails of differential distributions 

• New high-mass particles decaying to top quarks 

• When top quark has high momentum, decay products are 
boosted 

• Hadronic top decay products merge into single jet
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Boosted Top Tagging
‣ Two algorithms in use at CMS 

‣ For lower boosts, use R = 1.5 jets with 
the HEPTopTagger algorithm 
‣ Good for pT above ~200 GeV 

‣ For high boosts, use R = 0.8 jets with the 
CMSTopTagger algorithm 
‣ Better efficiency for pT above ~400 

GeV 

‣ Currently re-optimizing algorithm choices 
for Run 2 analysis
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Identifying Boosted Tops

• Merged jets can be 
identified using 
substructure (‘bumpiness’ 
of jet) 

• Prune jet (drop 
constituent particles with 
low momenta) then look 
for clumps / axes within 
the remaining particles 

• Number of subjets 
indicates type of merged 
jet (e.g. 2 subjets for W, 3 
for top)
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Measurements
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NNLO+NNLL  PRL 110 (2013) 252004
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scale uncertainty
 uncertaintySα ⊕ PDF ⊕scale 

total  stat
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µATLAS, dilepton e
-1 = 36.1 fb

int
EPJC 80 (2020) 528,  L

µATLAS, dilepton e  16 pb± 12 ± 4 ±826 

ATLAS, l+jets
-1 = 139 fb

int
PLB 810 (2020) 135797,  L
ATLAS, l+jets  14 pb± 36 ± 0.4 ±830 

µCMS, dilepton e
, 50 ns-1 = 43 pb

int
PRL 116 (2016) 052002,  L

µCMS, dilepton e  36 pb± 53 ± 58 ±746 

µCMS, dilepton e
, 25 ns-1 = 35.9 fb

int
EPJC 79 (2019) 368,  L

µCMS, dilepton e  20 pb± 25 ±  2 ±803 

µ+e/τCMS, dilepton 
, 25 ns-1 = 35.9 fb

int
JHEP 02 (2020) 191,  L

µ+e/τCMS, dilepton  20 pb± 62 ±  7 ±781 

CMS, l+jets
, 25 ns-1 = 2.2 fb

int
JHEP 09 (2017) 051,  L
CMS, l+jets  20 pb± 26 ±  2 ±888 

CMS, all-jets *
, 25 ns-1 = 2.53 fbintCMS-PAS TOP-16-013,  L

CMS, all-jets *  23 pb± 118 ± 25 ±834 

CMS, l+jets 
, 25 ns-1 = 137 fbintarXiv:2108.02803,  L

CMS, l+jets  14 pb± 21 ±  1 ±791 

ABM12
) = 0.113

Z
(msα

   PRD 89 (2015) 054028

CT14   PRD 93 (2016) 033006

MMHT14   EPJC 75 (2015) 5

NNPDF3.0   JHEP 04 (2015) 040

tt Cross Section - Inclusive
• Pair production is 

most common way 
to produce top 
quarks at LHC 

• High statistics —> 
precision test of SM
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tt Cross Section - Inclusive

• Cross section varies with center-of-mass energy —
> combine measurements at different energies to 
improve precision

13

2 4 6 8 10 12 14
 [TeV]s

10

210

310

 c
ro

ss
 s

ec
tio

n 
[p

b]
t

In
cl

us
iv

e 
t

WGtopLHC

WGtopLHC

ATLAS+CMS Preliminary
September 2021

* Preliminary

)-1 8.8 fb≤Tevatron combined 1.96 TeV (L 
)-1ATLAS dilepton* 5.02 TeV (L = 257 pb

)-1, l+jets* 5.02 TeV (L = 27.4-304 pbµCMS combined e
)-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/τCMS 
)-1ATLAS l+jets 13 TeV (L = 139 fb

)-1CMS l+jets 13 TeV (L = 137 fb
)-1CMS all-jets* 13 TeV (L = 2.53 fb

NNLO+NNLL (pp)
)pNNLO+NNLL (p

Czakon, Fiedler, Mitov, PRL 110 (2013) 252004
 0.001±) = 0.118 

Z
(Msα = 172.5 GeV, topNNPDF3.0, m

13  [TeV]s

700

800

900



      Cross Section - Differential

• Differential cross section = cross section as a function of 
kinematic variable (top pT, mass of ttbar pair, etc.) 

• Differential cross section more sensitive to QCD effects 
(αS), PDF
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tt+X Cross Section

• Top quark pairs can also be produced in association with 
other bosons (W, Z, photon) 

• Cross section dependent on coupling between top quark and 
associated boson
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ATLAS+CMS
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  Preliminary  = 13 TeV, March 2022s
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-1= 35.9 fbintCMS, L
JHEP 08 (2018) 011
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Single Top Cross Section

• Single top quark production is less common, but 
still measurable at the LHC
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ATLAS 086 (2017) 04 531, JHEP (2017) 77 112006, EPJC (2014) 90 PRD

CMS 135042 (2019) 800 090, PLB (2014) 06 035, JHEP (2012) 12 JHEP

ATLAS+CMS 088 (2019) 05 JHEP
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ATLAS 063 (2018) 01 064, JHEP (2016) 01 142, JHEP (2012) 716 PLB

CMS 117 (2018) 10 231802, JHEP (2014) 112 022003, PRL (2013) 110 PRL

ATLAS+CMS 088 (2019) 05 JHEP
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CMS 027 (2016) 09 JHEP
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Top Quark Mass

• Top quark mass gives direct 
pope of Yuakawa coupling 

• Very sensitive to modifications 
fo EWSB 

• Difficult to measure top quark 
mass directly 

• Leptonic W decay produces 
neutrino in final state —> 
missing information 

• Hadronic W decay yields 
many jets in final state —> 
difficult to correctly associate 
jets to tops 
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World comb. (Mar 2014) [2]
stat
total uncertainty

total  stat

 syst)± total (stat ± topm        Ref.s
WGtopLHCLHC comb. (Sep 2013) 7 TeV  [1] 0.88)± 0.95 (0.35 ±173.29 

World comb. (Mar 2014) 1.96-7 TeV  [2] 0.67)± 0.76 (0.36 ±173.34 
ATLAS, l+jets 7 TeV  [3] 1.02)± 1.27 (0.75 ±172.33 
ATLAS, dilepton 7 TeV  [3] 1.30)± 1.41 (0.54 ±173.79 
ATLAS, all jets 7 TeV  [4] 1.2)± 1.8 (1.4 ±175.1 
ATLAS, single top 8 TeV  [5] 2.0)± 2.1 (0.7 ±172.2 
ATLAS, dilepton 8 TeV  [6] 0.74)± 0.85 (0.41 ±172.99 
ATLAS, all jets 8 TeV  [7] 1.01)± 1.15 (0.55 ±173.72 
ATLAS, l+jets 8 TeV  [8] 0.82)± 0.91 (0.39 ±172.08 
ATLAS comb. (Oct 2018) 7+8 TeV  [8] 0.41)± 0.48 (0.25 ±172.69 
ATLAS, leptonic invariant mass (*) 13 TeV  [9] 0.67)± 0.78 (0.40 ±174.48 
CMS, l+jets 7 TeV  [10] 0.97)± 1.06 (0.43 ±173.49 
CMS, dilepton 7 TeV  [11] 1.46)± 1.52 (0.43 ±172.50 
CMS, all jets 7 TeV  [12] 1.23)± 1.41 (0.69 ±173.49 
CMS, l+jets 8 TeV  [13] 0.48)± 0.51 (0.16 ±172.35 
CMS, dilepton 8 TeV  [13] 1.22)± 1.23 (0.19 ±172.82 
CMS, all jets 8 TeV  [13] 0.59)± 0.64 (0.25 ±172.32 
CMS, single top 8 TeV  [14] 0.95)± 1.22 (0.77 ±172.95 
CMS comb. (Sep 2015) 7+8 TeV  [13] 0.47)± 0.48 (0.13 ±172.44 
CMS, l+jets 13 TeV  [15] 0.62)± 0.63 (0.08 ±172.25 
CMS, dilepton 13 TeV  [16] 0.69)± 0.70 (0.14 ±172.33 
CMS, all jets 13 TeV  [17] 0.70)± 0.73 (0.20 ±172.34 
CMS, single top 13 TeV  [18] 0.70)± 0.77 (0.32 ±172.13 
CMS, boosted jet mass 13 TeV  [19] 2.4)± 2.5 (0.4 ±172.6 

[1] ATLAS-CONF-2013-102
[2] arXiv:1403.4427
[3] EPJC 75 (2015) 330
[4] EPJC 75 (2015) 158
[5] ATLAS-CONF-2014-055
[6] PLB 761 (2016) 350
[7] JHEP 09 (2017) 118

[8] EPJC 79 (2019) 290
[9] ATLAS-CONF-2019-046
[10] JHEP 12 (2012) 105
[11] EPJC 72 (2012) 2202
[12] EPJC 74 (2014) 2758
[13] PRD 93 (2016) 072004
[14] EPJC 77 (2017) 354

[15] EPJC 78 (2018) 891
[16] EPJC 79 (2019) 368
[17] EPJC 79 (2019) 313
[18] JHEP 12 (2021) 161
[19] PRL 124 (2020) 202001



Top EFT

• Effective Field Theory gives ‘generic’ description of high-energy 
new physics at low energies 

• No new particles, just new interactions among existing particles 

• New interactions parametrized through new operators in SM 
Lagrangian 

• Complete basis of SM EFT has 59 operators at lowest order 

• Difficult to explore these simultaneously — look for information from 
many different types of measurements 

• Top measurements give best performance in investigating operators 
modifying top couplings
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 - Individual limits(Top) quark - vector boson operators 
ATLAS CMS ATLAS+CMS

March 2022

Z [1]tCMS, tZq/t -1138 fb
* [2]γtCMS, t -1137 fb

Z [3]tCMS, t -178 fb
+Z/W/H, tZq,tHq [4]tCMS, t -142 fb

* [2]γtCMS, t -1137 fb
Z [3]tCMS, t -178 fb

Z [5]tATLAS, t -136 fb

ATLAS, Top polarization [6] -1139 fb
Z [5]tATLAS, t -136 fb

ATLAS+CMS, W helicity [7] -120+20 fb
Z [1]tCMS, tZq/t -1138 fb

 and tW, BSM search [8]tCMS, t -136 fb
+Z/W/H, tZq,tHq [4]tCMS, t -142 fb

ATLAS, Top polarization [6] -1139 fb

+Z/W/H, tZq,tHq [4]tCMS, t -142 fb

 l+jets boosted [9]tATLAS, t -1139 fb

 and tW, BSM search [8]tCMS, t -136 fb
 spin correlations [10]tCMS, t -136 fb
+Z/W/H, tZq,tHq [4]tCMS, t -142 fb

 spin correlations [10]tCMS, t -136 fb

* [11]γATLAS, FCNC tq -1139 fb

* [11]γATLAS, FCNC tq -1139 fb

* [11]γATLAS, FCNC tq -1139 fb

* [11]γATLAS, FCNC tq -1139 fb

ATLAS, FCNC tZq [12] -1139 fb

ATLAS, FCNC tZq [12] -1139 fb

ATLAS, FCNC tZq [12] -1139 fb

ATLAS, FCNC tZq [12] -1139 fb

ATLAS, FCNC tZq [12] -1139 fb

ATLAS, FCNC tZq [12] -1139 fb

ATLAS, FCNC tZq [12] -1139 fb

ATLAS, FCNC tZq [12] -1139 fb

ATLAS, FCNC tqg [13] -1139 fb
 and tW, BSM search [8]tCMS, t -136 fb

ATLAS, FCNC tqg [13] -1139 fb
 and tW, BSM search [8]tCMS, t -136 fb

Dimension 6 operators
Following arXiv:1802.07237

2Λ/i  C≡ iC~ * Preliminary

EFT formalism is employed at different levels of
experimental analyses

10− 5− 0 5 10
] -295% CL limit [TeV

WGtopLHC
Preliminary ATLAS+CMS

1
ttC~

[1] JHEP 11 (2019) 082

1
QtC~

1
QQC~

8
QtC~

3(l)

QlC~

[2] JHEP 03 (2021) 095

-(l)

QlC~

(l)

QeC~
(l)

tlC~
(l)

teC~

S(l)

tC~
T(l)

tC~

11
QqC~

[3] arXiv:2110.05453

18
QqC~

[4] ATLAS-CONF-2021-050 *

1
tqC~

8
tqC~

[5] arXiv:2202.12134

1
tuC~

8
tuC~

8
tdC~

8
QdC~

8
QuC~

38
QqC~

 - Individual limitsFour-fermion operators 
ATLAS CMS ATLAS+CMS

March 2022

CMS, 4 top quarks [1] -136 fb

CMS, 4 top quarks [1] -136 fb

CMS, 4 top quarks [1] -136 fb

CMS, 4 top quarks [1] -136 fb

+Z/W/H, tZq,tHq [2]tCMS, t -142 fb

+Z/W/H, tZq,tHq [2]tCMS, t -142 fb

+Z/W/H, tZq,tHq [2]tCMS, t -142 fb

+Z/W/H, tZq,tHq [2]tCMS, t -142 fb

+Z/W/H, tZq,tHq [2]tCMS, t -142 fb

+Z/W/H, tZq,tHq [2]tCMS, t -142 fb

+Z/W/H, tZq,tHq [2]tCMS, t -142 fb

 energy asymmetry [3]tATLAS, t -1139 fb

 all-hadronic boosted* [4]tATLAS, t -1139 fb
 energy asymmetry [3]tATLAS, t -1139 fb

 energy asymmetry [3]tATLAS, t -1139 fb

 l+jets boosted [5]tATLAS, t -1139 fb
 all-hadronic boosted* [4]tATLAS, t -1139 fb
 energy asymmetry [3]tATLAS, t -1139 fb

 energy asymmetry [3]tATLAS, t -1139 fb

 all-hadronic boosted* [4]tATLAS, t -1139 fb
 energy asymmetry [3]tATLAS, t -1139 fb

 all-hadronic boosted* [4]tATLAS, t -1139 fb

 all-hadronic boosted* [4]tATLAS, t -1139 fb

 all-hadronic boosted* [4]tATLAS, t -1139 fb

 all-hadronic boosted* [4]tATLAS, t -1139 fb

Dimension 6 operators
Following arXiv:1802.07237

2Λ/i  C≡ iC~ * Preliminary

EFT formalism is employed at different levels of
experimental analyses



Summary

• Many interesting measurements of top quark since 
discovery in 1995 

• LHC is top quark factory — opportunity to perform 
precision measurements of cross sections, 
properties 

• New physics likely to couple strongly to top —> top 
measurements give interesting probe to new physics 

• Interesting to see where the future takes us!
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