
Physics of the Top Quark: From Precision 
Tests of the Standard Model to

Searches for New Physics

Top quark as an important signal at the Large Hadron Collider will be presented with 
focus on measuring its kinematic spectra in proton-proton collisions. From precision 

tests of the Standard Model and measurements challenging theoretical descriptions of 
its differential cross-sections we shall move to the search for top quark pairs 

production in proton-lead collisions with the ATLAS experiment at CERN, and will 
touch the top-quark role in searches for possible new physics.
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Particles content of the Standard Model
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Top quark – properties and motivation

● Discovered in 1995 at Fermilab, Tevatron accelerator, 
experiments CDF and DZero.

● Top quark the only fermion with mass of the order of the Higgs 
boson vacuum expectation energy.

● Could it be special in some way?
● Decaying via weak interaction so fast as via the strong one.
● The only quark not forming a rich Zoo of mesons.
● Elementary, yet heavier than the gold nucleus.
● Top quark is 

○ an interesting and important SM signal
○ a tool for precision physics and searchess.
○ background to some processes.
○ accompanying final state e.g. for the Higgs boson production
○ a background process for some SM as well as beyond the SM 

processes ⇒ It is important to understand its spectra.
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LHC collider experiments
● The Large Hadron Collider and 

the ATLAS, ALICE, CMS and 
LHCb experiments at CERN.

● LHC: proton-proton but also 
ion-ion collider.

● 40 MHz collision rate.
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The ATLAS Experiment at CERN
● A versatile particle detector aimed at Higgs 

boson discovery 
○ but also at precision Standard Model physics and new 

physics searches.

● Precision tracking in solenoid magnetic field.
● Calorimetry of electrons and photons, 

calorimetry of hadrons.
● Dedicated muons detectors in a toroidal 

magnetic field.
● Many pp interactions per bunch crossing in a 

single event (pile-up), many “primary” vertices.
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Top quark – production and decay
● LHC is a 

○ gluon-gluon collider: gluons dominate the proton structure at 
the momentum fractions needed for production of heavy 
particles.

○ ‘top’ factory.
● Top quark

○ most abundantly produced in pairs, see the QCD 
Leading Order (LO) Feynman diagrams below.

○ decays into a W boson and a b-quark.
○ decays to a W boson and a b-quark.
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Top quark – production and decay
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● The ttbar final states lead to two b-quarks and two W 
bosons which hadronice and decay further, respectively.

● Experiments observe the decay products.
● Four-momenta of W and top candidates formed from the 

detected particles.



Top quark – technology driver
● The b-quark leads to long-lived B-mesons, tracks 

pointing to displaced vertices w.r.t. the collision point.
● Driver of experimental techniques for precision 

tracking and vertex reconstruction.
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Top quark pairs decay modes
● Defined by the decay modes of the two W 

bosons: leptonic, semileptonic, hadronic.

https://cds.cern.ch/record/2771727/plots 

https://cds.cern.ch/record/2771727/plots


Top quark pairs – reconstruction of their kinematics
● Various algorithms to access the four-momenta of the top quarks from their decay products.
● Combinatorial issues from extra hadronic activity in the event (jets).
● Underconstraint kinematics due to escaping neutrinos in leptonic decays.
● Different algorithms lead to different resolution e.g. in the invariant mass of the ttbar system 

where resonances are searched for.
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Experimental high energy physics in general
● Choice / design of sensitive variables for selection and measurement.
● Objects definitions and calibrations

○ electrons, muons, hadronic “jets”, …
● Events 

○ selected based on expected objects in the final state.
○ ideally enriched in the desired signal process.
○ Such events are a composition of the desired signal and various backgrounds 

mimicking the signal.
● Backgrounds

○ estimated using simulation or data-driven techniques.
● Statistical methods

○ kinematics reconstruction, spectra unfolding;
○ signal strength fit, results combination.

● A search for a process 
○ quantifies its cross-section or signal strength w.r.t. Standard Model expectations.
○ or sets upper limits on the cross-section if the process is not observed.

● A measurement corrects spectra of reconstructed objects for the detector 
resolution (unfolding).

● Design and evaluation of systematics uncertainties
○ objects calibrations, background and signal modelling.

● Results comparison to theory predictions 
○ at various order of the perturbation theory: LO, NLO, NNLO…
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Example analyses within the ATLAS experiment
● proton-proton collisions at centre-of-mass energies of

○   7 TeV (2011,   5 fb-1)
○   8 TeV (2012, 20 fb-1)
○ 13 TeV (2015–2018, 93 fb-1).
○ 13.6 TeV (ongoing, 2022–2026, currently 300 fb-1)

● proton-lead collisions
○ at the nucleon-nucleon centre-of mass energy of 8.16 TeV (2016).

● Measurements of spectra of the top quark
○ top quark transverse momentum (pT)

■ sensitive to higher orders of perturbative Quantum Chromodynamics
○ top-antitop (ttbar) pair invariant mass

■ sensitive to new physics resonances
○ angular and momentum-projection variables

■ sensitive to different modelling of the process and systematics uncertainties.
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Spectra unfolding
● Restricting to a certain kinematic “fiducial” phase-space defined by 

objects selection criteria.
● Correcting for the detector resolution from the detector to the 

particle level.
● Fluctuations in measured objects energies and angles.
● Corrections evaluated using simulation.
● The migration matrix between the detector and particle level bins 

defined in the overlap region.
● Corrections needed to remove events outside of the phase-space.

13

-1

=



Top quark – a tool for precision physics measurements
● A pp analysis at 7 TeV of c.m.s. energy.
● Observation: a slope in top quark transverse momentum

○ NLO prediction/data ranging from -10% to +10%.
○ top quark transverse momentum spectrum is softer in data.
○ this means less events in the so-called boosted regime.

● Also some preference for parton distribution functions (middle).
● Preference for NLO generators compared to older ones (left).
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● Similar transverse momentum disagreement found in analyses at 8 and 13 TeV in 
resolved as well as boosted regimes.

● here normalized spectra; comparison to various NLO generators with different 
systematics settings.

15

Top quark – a tool for precision physics measurements

13 TeV boosted13 TeV resolved
8 TeV resolved



● A slope in top quark transverse momentum compared to NLO – at the edge of systematics.
● Explained and described by a new NNLO prediction – within statistical uncertainties.
● A triumph of the theory, an important moment for top physics at the LHC.
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Top quark – a tool for precision physics measurements

https://arxiv.org/abs/1606.03350 

NLO/data NNLO/data

https://arxiv.org/abs/1606.03350


Top quark in heavy ion collisions
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● Motivation:
○ are parton distribution functions the same inside bound nucleons as in a free proton?

■ nuclear modification factors
○ what are the strongly-interacting medium effects on various final states?
○ CMS observed in l+jets; ATLAS: included also the dilepton channel.

● Challenges:
○ a different environment of collision remnants
○ need for dedicated objects energy scale and other calibrations
○ need to validate background estimation in dedicated control regions.

https://arxiv.org/abs/1612.05741 https://arxiv.org/abs/1207.0131 

https://arxiv.org/abs/1709.07411 
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Statistical analysis: signal fit
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● Confirmation of the top 
quark mass peak:



Validation, pre-fit and post-fit data/prediction agreement
● Simultaneous fit of the signal and background templates to a 

sensitive variable.
○ 6 regions based on lepton flavour and number of b-jets.

■ one signal strength.
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Validation, pre-fit and post-fit data/prediction agreement
● Backgrounds shape and normalization modified during the fit.

○ better data/prediction agreement.
● Systematics are constraint after the fit.
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Top quark in heavy ion collisions
● Measure the cross-section ratio 

to the proton-proton case:
● ~2x better precision than CMS:

21CMS:



Top quark – a tool for searching new physics
● Possible new physics processes involving the top quark

● Three general new physics scenarios:
a. new physics is out of energy reach of the collider, hints can be 

observed at the very kinematic edge, direct resonance mass not 
possible

b. new physics is within kinematic reach, but at the edge of the 
statistical power.

c. new physics is within reach both kinematically and statistically.
● ⇒ check spectra of top quarks modified by the new 

physics!
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Top quark – a tool for searching new physics
● Simulation of the top quark transverse momentum and the peak in the ttbar invariant 

mass for various cases of possible new physics scenarios.
● Design of new sensitive kinematic variables and robust to systematic uncertainties.
● Search for simulated excess due to the presence of new physics.
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Top quark physics – conclusions

● Top quark spectra measured at the LHC have 
been an uncharted territory and required higher 
orders of the theory calculations

○ example of interplay between experiment and theory. 
● Top quarks in heavy ion collisions explore a 

complementary environment and probe nuclear 
structure.

● Top quark final states remain attractive 
candidates for a connection to possible physics 
beyond the Standard Model.
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Outlook
● A production of 4 top quarks was observed recently.

○ a spectacular process mediated by the strong interaction at a threshold of ~700 GeV!
○ opens doors for observing 3 top quarks (both strong and weak interaction in play)

● Hints of top-antitop bound states near their production threshold.
● Well established ttbar + Higgs production opens ways for other interesting 

electroweak final states involving the top quark like ttV, ttVV
● Recent ATLAS observation of ttbar in lead-lead collisions

○ opens way to measuring top quark spectra in ion collisions environment
● New NNLO + parton shower generators for better theory precision.
● Study of interference effects with other processes.
● A ground for searching for new physics via resonances or associated 

production.
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Question by doc. Michal Šumbera
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Answer 1

● I have been considering the level of details, to avoid the thesis becoming a 
textbook, and I am not a theorist.

● I have tried to support the experimental, statistical and data analysis parts 
with a reasonable introduction, context and a level of detail, supported by 
references.

● Indeed, the story of the measurement of the transverse momentum of the top 
quark is an example of an interplay between experiment and theory.

● The data disagreement to NLO QCD calculations paired with a parton shower 
was a surprise and had been a long standing problem.

● Theory at the NNLO level seems to address the discrepancy with experiment.
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Answer 2: Perturbative QCD and higher orders
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https://arxiv.org/pdf/1303.6254 

● Including higher-order Feynman diagrams (virtual and real emissions)

https://arxiv.org/pdf/1303.6254


Answer 2: Perturbative QCD and higher orders

● Leading order (LO), next-to-leading order (NLO), NNLO, …
○ a regularization scale 𝜇 is needed to tame divergences in the individual terms in the perturbation 

series in powers of the strong coupling constant 𝛂S.
○ summed to all orders, the result would be 𝜇-independent
○ calculations to a fixed order of the series depend on 𝜇 which needs to be selected.
○ this dependence usually diminishes as the order increases.
○ general approach is to make the result less sensitive to the choice of 𝜇
○ terms in the results typically involve log( 𝜇/Q).
○ the idea is to have a result not largely sensitive to the scale choice, though this may be subjective
○ motivated choices use the typical energy or momentum transfer of the process Q
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Answer 3: Perturbative QCD and higher orders
● In contrast to Drell-Yann production of leptons in hadronic collision, the scales 

involved in  the process of top quark production are two:
○ the momentum transfer (dynamic scale)
○ the mass of the top quark mt (fixed scale)
○ and usually a combination of the above, e.g. ( Q2 + mt

2 )1/2, is used.
● I cite the paper dedicated to different scale choices for different spectra.

○ Dynamical scales for multi-TeV top-pair production at the LHC, 
https://arxiv.org/abs/1606.03350:
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Overview of the theoretical developments
● NNLO ttbar

○ qq → ttbar + X: https://arxiv.org/abs/1204.5201 
○ qq → ttbar + qq: https://arxiv.org/abs/1207.0236
○ gg → ttbar threshold expansion: https://arxiv.org/abs/0911.5166 
○ gg → ttbar: https://arxiv.org/abs/1303.6254 

● additional soft gluon resummation (NNLL)
○ https://arxiv.org/abs/1111.5869 

● NNLO correction to leptonic observables
○ https://arxiv.org/abs/2008.11133 

● Monte Carlo generators:
○ NLO + Parton Shower + non-resonant: https://arxiv.org/pdf/1607.04538 
○ NNLO + Parton Shower: https://arxiv.org/abs/1908.06987 

● 3 jets production at NNLO
○ https://arxiv.org/abs/2106.05331
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Backup slides
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Top quark pairs – the way they can be observed

● We observe top quark decay products from which the 
decay mode, mass, and spectra can be inferred.

● Bosonic and fermionic propagators corrected for 
some higher order contributions lead resonant-shape 
Breit-Wigner distributions.

● Hence we see enhancements of the cross section 
near the resonance pole.

● Also, mass of a particle can be inferred from the 
invariant mass of the four-vectors making up the 
assumed particle four-vector.
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Top quark – discovery at Tevatron, 1995
● Proton-antiproton collisions of at almost 2 TeV in the 

central-mass-system.
● Experiment CDF (pioneered silicon tracking detectors)
● Experiment DZero (precise calorimetry and muon 

detectors).
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Top quark – rediscovery at the LHC, 2011.
● In the beginning, a counting experiment
● Verification of the new larger detectors at a new 

accelerator at a 4x higher energy, in different 
collisions.



Resonant and non-resonant WbWb production
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Top quark – a tool for precision physics measurements
● Evaluation of correlations over bins for all variables.

○ necessary to compare multiple spectra from a single model to data.
○ evaluated using the bootstrap method.
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● Higgs potential
● Higgs field in unitary gauge

● Resulting mass terms and the Higgs field 
expectation value.

Top quark – the last of the “tiniest”

37J. Hořejší, https://arxiv.org/pdf/2210.04526 
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● Higgs potential
● Higgs field in unitary gauge

● Resulting mass terms and the Higgs field 
expectation value.

Top quark – the last of the “tiniest”
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Top quark the only 
fermion with mass 
of the order of v.

J. Hořejší, https://arxiv.org/pdf/2210.04526 

https://arxiv.org/pdf/2210.04526


Resolved and boosted top quarks
● different degree of the transverse boost
● various final states requiring different experimental 

reconstruction techniques
● access to different energy transfer testing different 

regimes of the perturbative QCD
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The semileptonic channel



Resolved and Boosted regimes
● the consistency of the resolved and boosted regimes
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Modified nuclear parton distribution functions
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New physics: 2D variables
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LHC Run Periods
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Publications and Contributions
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…student supervision, learning the concept of the boosted 
top quarks for the ATLAS 13 TeV analysis.
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… a sequel analysis with spectra 
measured for various extra jest 
multiplicities.
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…a small team (~5 people), initiated 
the analysis, leading role, first 
observation of the process with the 
ATLAS experiment, double the 
precision of the CMS experiment, and 
in additional dilepton channels.
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Personal look back: The story of the top quark pT and towards using 
top quark final states as a probe to new physics searches at the LHC

● I had the privilege to witness the revolution in precision of measuring top quark final 
states, and actually contribute and help drive the unfolding the differential spectra 
using the high statistics samples with the ATLAS experiment at the LHC using 1D and 
2D variables, bringing in new ones sensitive to particular aspects of the ttbar 
modelling.

● Results have shaped the definition and constrained the systematic uncertainties 
concerning additional QCD radiation in ttbar samples, of top quark transverse 
momentum (in)description compared to pQCD predictions at various precision.

● I value
○ the opportunity to take part in the adventure of uncovering the top quark physics at high momenta, an 

uncharted territory before LHC, leading to surprise and resulting in the data requiring higher order QCD 
predictions

○ my contribution of bringing the top quark transverse momentum from Tevatron to LHC, introducing the 
pout variable at LHC which turned out to be valuable in tuning systematics in the ttbar modelling

○ the opportunity to supervise students who continue in the field and are able to find post-doc positions 
and obtain grants
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Personal – where next

● Top quark spectra in ion collisions or in diffractive events.
○ private simulations / analysis within ATLAS.

● Astroparticle physics
○ unfolding, private simulations, possible new physics signatures in air showers.

● Neutrino physics
○ prototype experiment Water Cherenkov Test Experiment

■ data taking, particle identification, Cherenkov signal analysis, students supervision
○ member of the Hyper-Kamiokande experiment

■ testing photomultipliers for Hyper-K.
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