
Introduction to Particle Physics
- Top Quark Physics -

Teresa Barillari

Max-Planck-Institut für Physik München (MPP)

Rome, La Sapienza, December 20th, 2021



Overview

� The top quark: proprieties, mass, decay
� Top quark history
� Top-quark @ Tevatron & LHC
� Top quark physics
� tt cross section measurements
� Top quark mass measurements
� Conclusions
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Atomic Nucleus & Elementary Particle Scale

T. Barillari Top Quark Physics 3



Standard Model of Elementeray Particles
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Top-Quark Mass

• The top quark is the heaviest known
elementary particle, mtop ≈ 173 GeV

• It is outperforming the Higgs mass by
∼ 40%

• But also for comparison:
MW = 80.425± 0.038 GeV
MZ0 = 91.1876± 0.0021 GeV

Mg = 0

Mγ ≈ 0 i.e. 6× 10−26

• It has a mass comparable to the
mass of a gold atom
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Top quark proprieties

• The top quark has charge Q = +2/3e and weak
isospin T3 = +1/2

• The top -quark is the partner of the bottom quark
in the third generation quark doublet

• Yukawa coupling Yt ∼ 1

• It decays before hadronizing
? Hadronization timescale: τhad ∼ ×10−23 s

? Top quark lifetime: τtop ∼ 5× 10−25 s

? Bottom quark lifetime: τbottom ∼ ×10−12 s

• Due to its short lifetime, it offers the unique
opportunity to study the properties of a “bare”
quark which are transferred to its decay products,
e.g. its spin information
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Top quark production

• Main top decay: t→ Wb (> 99.8%)
• The Ws and Wd decays suppressed relatively to

Wb by the square of the CKM matrix elements Vts
and Vtd

• Leading tt-production process final states divided
in three classes:
? All-jets (46.2%):

tt→ W+bW−b→ qq’bq”q”’b
? Lepton+jets (43.5%):

tt→ W+bW−b→ qq’b`−ν̄`b
? Dilepton (10.3%):

tt→ W+bW−b→ `+ν`b`−ν̄`b
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History of particles discovery

Quarks Up/Down 1964/68 SLAC 1980 Nobel Prize

Strange 1964/68 SLAC 1990 Nobel Prize

Charm 1974 SLAC/BNL 1976 Nobel Prize

Bottom 1977 Fermilab

Top 1995 Fermilab

Leptons Electron 1897 Thomson 1906 Nobel Prize

e-Neutrino 1956 Reactor 1995 Nobel Prize

Muon 1937 Cosmic Rays

Mu-Neutrino 1962 BNL 1988 Nobel Prize

Tau 1976 SLAC 1995 Nobel Prize

Tau-Neutrino 2000 Fermilab first direct evidence

Bosons Photon 1905 Planck/Einstein 1918/1921 Nobel Prize

Gluon 1979 DESY 1995 EPS Prize

W/Z 1983 CERN 1984 Nobel Prize

Higgs 2012 CERN 2013 Nobel Prize

• In 2008 Makoto Kobayashi, and Toshihide Maskawa got the Nobel Prize for “the
discovery of the origin of the broken symmetry which predicts the existence of at least
three families of quarks in nature”, postulated in 1973
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Top Quark Discovery, February 24th, 1995

• February 24th, 1995: Simultaneous submission of
“top-quark discovery” papers by CDF and D0 @
Tevavtron, Fermilab
? Luminosity collected at D0 50 pb−1

? mtop = 199± 30 GeV
? σtt = 6.4± 2.2 pb
? Background-only hypothesis rejected at 4.6σ
? Luminosity collected at CDF 67 pb−1

? mtop = 176± 13 GeV

? σtt = 6.8+3.6
−2.4 pb

? Background-only hypothesis rejected at 4.8σ
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History of the Top Quark Discovery

Spinger Nature,2007, Vol. 28 ISBN : 978-3-540-71059-2 arXiv:hep-ph/9704332v1
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From Tevatron to LHC

• Location: Fermilab, USA CERN, Geneva, CH
• Collider name: Tevatron Large Hadron Collider (LHC) and

High Lumi. Large Hadron Collider (HL-LHC)
• Start - end: 1987 - 2011 2008 (restart 2010) - ∼ 2035
• Collisions: protons and antiprotons (pp) protons-protons (pp)
•
√
s: 1.8 GeV→ 1.96 GeV 14 TeV (7 TeV - 8 TeV Run1, 13 TeV Run2)

• Top quark experiments: CDF, DO ATLAS, CMS
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ATLAS Detector at LHC
� A Toroidal LHC ApparatuS (ATLAS), at the (LHC): layout and detectors

� Overall weight 7000 Tonnes
� 40 Countries + CERN, 180 Institutions
� About 2700 scientific authors
� ∼ 1200 PhD students and∼ 520 Master / Diploma students
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CMS Detector at LHC
� Compact Muon Solenoid (CMS), at the (LHC): layout and detectors

� 50 Countries + CERN, 200 Institutions
� About 5000 particle physicists, engineers, technicians, students and support staff
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Top quark @ LHC
• LHC (and the HL-LHC) is a top quark factory
• Total cross section for tt-production is about a factor of 100 larger at LHC than at

Tevatron (figure down-left)
• σtt(14.0 TeV) = 800 pb: 2 tt events per second
• Perfect place for mtop precision measurements
• Huge additional potential still to come
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Top quark production @ LHC

• Production mechanisms at LHC
? Top quarks produced in pairs (tt)

through the strong interaction:
gluon-gluon fusion dominant tt
production process at LHC
(∼ 85%) and quark-anti quark
annihilation (∼ 15%). See
top-right Feynman diagrams @ LO

? Single top production possible by
virtue of the electroweak
interaction, with a smaller
production cross-section; t-channel
and tW production processes
dominant at the LHC. See
bottom-right Feynman diagrams @
LO
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Top quark physics
• Top proprieties

? Mass, width, charge, spin, ...

• Top production
? tt cross-section, production dynamics, spin polarization

• Top decay
? Vtb, brancing ratios, rare decays, W helicity

t
ν, q'

l+, q

W 
+

b

• Top quark allows tests of the participating forces

• Top quark plays an important role in the search for new physics beyond the
SM (BSM) (new particles decaying to top quark)

• Top quark events are background to many physics processes
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Top quark reconstruction
• A tt events contains:

? At least 2 b-quark jets
• and

? Either 2 charged lepton and missing transverse energy (Emiss
T ) (neutrinos)

? Or 1 charged lepton, Emiss
T and at least 2 more jets

? Or at least 4 more jets
• All detector components used to identify the above leptons (mostly electrons and

muons), jets, b-quark jets, Emiss
T

• Top quarks events can be used to understand the performance of the detector
• Reconstruct tt events in data and Monte Carlo (MC) events using e.g. kinematics fits
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A tt candidate event at 13 TeV in ATLAS @ LHC
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Top quark cross-section

• Cross-section measurements conceptually
simple to measure, though the devil is in the
details

σ =
Nmeas−Nbkg
LA ε

• Where: Nmeas number of measured events, Nbkg

number of background events from data driven
methods or MC, L measured integrated
luminosity, A and ε are the detector acceptance
obtained with MC and the trigger efficiency

• Measured cross sections are compared with the
predictions, to test models, e.g. the SM
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Top quark cross-section @ Tevatron and LHC

• Figure shows LHC & Tevatron tt cross-section measurements compared to the NNLO
QCD calculation and NNLL resummation
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Top quark cross-section in ATLAS
• Figure shows top-quark cross-section measurements compared to theoretical.

expectation (NLO or higher)
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Top quark mass

• The top-quark mass, mtop, is a fundamental parameter of the Standard Model (SM)
• Precise determinations of the SM parameters (mtop, mW, mH, . . . ) allow to challenge

consistency tests of the SM and to look for signs of new physics beyond the SM (BSM)
• Plots show: (left) Regions of absolute stability, meta-stability and instability of the SM

vacuum in the top-quark pole mass and the Higgs mass, mpole
top − mH, plane; (right)

ellipses for the 1σ uncertainties in the mpole
top − mH plane confronted with the SM

vacuum expectations;
arXiv:1205.6497v2 arXiv.1207.0980v3
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Electroweak fits
• Plot show: electroweak fits at NNLO: contours at 68% and 95% CL obtained from

scans of mass of the W, mW, versus mtop

arXiv:1407.3792v1
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Top-quark mass measurements

• Direct mtop measurements:
? Reconstruct tt events in data and MC
? Reduce backgrounds to obtain a

clean sample
? Reconstruct the final state
? Use sophisticated technique to

extract the mtop, using e.g. a
kinematic fit

• Indirect mpole
top measurements

? Instead of fitting to MC distributions
“folded” with the detector response
unfold the data to e.g parton-level

? Caveat: Larger uncertainties on both
theory and experiment

? Measure cross section as function of
mpole

top in LO, NLO and NNLO and

determine mpole
top

Eur. Phys. J. C75 (2015) 330
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Top quark mass summary

• Direct mtop measurements
? Most precise from LHC combinations
? ATLAS: mtop = 172.69± 0.48tot GeV
? CMS: mtop = 172.44± 0.48tot GeV

• Indirect mtop measurements
? Most precise from CMS @ 13 TeV

? CMS: mpole
top = 170.9± 0.8tot GeV

? ATLAS: mpole
top = 171.2+1.2

−1.0tot
GeV

JHEP 09 (2017) 118
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Single top production summary
• Cross-section similar or much smaller than the one for the top-quark pairs (tt

cross-section), much more difficult to distinguish from the background
• It needs sophisticated analysis, e.g. boosted decision trees
• Can be used to measure |Vtb|

? Example: |Vtb| =
√

σmeas
σtheo.(Vtb=1)

? |Vtb| = 1.02± 0.4(meas.)± 0.02(theo.) , see JHEP 05 (2019) 088.
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Conclusions

• Top quark predicted for long time and discovered at the Fermilab Tevatron

• Top quark has a large mass, after Higgs discovery test consistency, can be a link to
physics BSM

• Since the discovery with few events, top quark physics evolved into precision physics @
LHC

• Direct mtop measurements reached O(0.5 GeV) precision

• Indirect mpole
top measurements reached O(0.8 GeV) precision

• So far no tension between the results
• Many analyses using data at 13 TeV @ LHC in preparation, using different and

alternative reconstruction methods
• Huge additional potential still to come
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