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The special role of the top quark
• The top quark has the largest mass of all the elementary particles. In the Standard Model the top 

quark is therefore predicted to have the largest Yukawa coupling to the Higgs boson, a prediction 
which is confirmed experimentally by ATLAS and CMS.

This expansion connects 
fermion masses and their 

Yukawa couplings
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The top quark and the Higgs boson

The loop-induced nature of this 
process makes it an excellent 

place to search for SM deviations 
within an EFT framework.

• This large coupling of the top quark to the Higgs boson drives much of Higgs phenomenology at the LHC:  

• Nearly 90% of the Higgs production cross section comes from gluon-fusion production which is dominated 
by top-quark loops.  

• The ttH associated production mode is driven by the coupling as well.  

• The H→γγ discovery decay channel receives important contributions from top-quark loops as well.

SM BSM
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The top quark and the fate of the universe
• The mass of the top quark is also connected to fundamental questions such as the ultimate fate of our 

universe. RG evolution in the SM can potentially drive the Higgs quartic coupling negative, indicating that the 
SM vacuum may eventually decay. The exact mass of the top quark plays an important role in determining 
whether our universe is stable or “meta-stable” (which means it will eventually decay through a quantum 
tunneling process).

Degrassi et al (2012) Alekhin, Djouadi, Moch (2012) See also G. Perez’s talk
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The top quark and the hierarchy problem
• The large mass of the top quark leads to its outsized role in the hierarchy problem: the attempt to understand 

why the electroweak scale is so much less than the Planck scale. The attempt to find “top-quark partners” 
that cancel the quadratic contribution of the top quark to the electroweak scale has driven much of HEP 
theory for the past decades, and motivates supersymmetry, Little Higgs models, and a host of other ideas.

The attempt to cancel 
this correction leads to:
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Top quark properties: decays
• The top-quark width is larger than ΛQCD, and it therefore decays before hadronization. It is 

therefore the only quark that doesn’t hadronize, and offers the unique opportunity to observed 
properties of a “bare” quark.

• The top quark decays almost 
entirely through the parton-level 
process t→Wb. Other decays are 
suppressed within the SM.  

• The other decay modes can be 
significantly enhanced in BSM 
models with flavor-changing 
neutral currents, and there is an 
active program to search for 
such decays.

ATLAS limits

CMS limits

SM predictions

Various BSM
 

predictions
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Top quark properties: decays
• The helicity of the W-boson in top-quark decays can be 

computed with great accuracy in the SM, and can provide strong 
constraints on new physics. Can parameterize new physics with 
EFT and constrain operators that appear only at the loop level.
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Constraints from total width 
and helicity fractions currently, 
and from future experiments, 

on the operators:

RB et al (2019)
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Beyond the narrow-width limit for off-shell and boosted differential top quark decays

Ines  Ruffa

10



Beyond the narrow-width limit for off-shell and boosted differential top quark decays

Ines  Ruffa

Analytic calculation of the top peak region shows good agreement with MadGraph, 
with power corrections in mt^2/Q^2 having some effect on the normalization
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Top quark properties: production
• The top quark is predominantly pair produced at the LHC. The three broad categories of final state are di-lepton, 

lepton+jets, and fully hadronic.  
• The cross section has been computed through NNLO in perturbative QCD, and the NNLL resummation of large threshold 

logarithms has been performed for ttbar inclusive cross section and for top-quark differential distributions. Results overall 
are in good agreement with experimental measurements in multiple modes.
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Simultaneous CTEQ-Tea extraction of PDFs and SMEFT parameters from jet and tt data

Precision predictions 
require  a precise 
determination of PDFs

Tim Hobbs
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• The joint fit within the CTEQ-Tea framework finds some correlations between SM parameters 
and SMEFT Wilson coefficients. However, with current data the impact of SMEFT on the fitted 
PDFs is minimal.

Simultaneous CTEQ-Tea extraction of PDFs and SMEFT parameters from jet and tt data
Tim Hobbs

Further investigations are needed with future high luminosity LHC data!

Best fit mass essentially unshifted  when fitted along side 
EFT, but the allowed region of mt changes as Ctu is varied

Small variation in gluon PDFs, unc.,  
from co-fitting SMEFT
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PDFs from future colliders for precision physics
Keping Xie

More input from future colliders is needed for PDF fits to bring the top quark cross section 
uncertainty down to the percent level precision benchmark. 
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Top quark properties: single top
• Single-top production is directly sensitive to the CKM matrix element Vtb. This provides 

a cross check of the lower bound obtained by searching for non b-tagged top decays at 
the LHC and the Tevatron: 

(from the PDG)

(from direct ATLAS+CMS measurements)
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|Vtb| = 1.010± 0.036
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! |Vtb| > 0.975
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Gilad Perez

Time varying CKM matrix elements are a very novel phenomenon to search for in the top sector!
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Gilad Perez
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More on the axion-top connection
• We can introduce a “top-philic” ALP with preferential coupling to the top quark:

Two benchmark scenarios: 
(1) Decays into SM particles: search 

for in tt, ttbb, and tttt 
(2) Long-lived or decays into BSM 

particles: jet+missing energy or 
tt+missing energy

Decays to SM particles

Collider searches in top final states 
improve bounds for heavier ma. 

Lower masses are best bounded by 
Higgs decays

Simone Tentori

limit from Higgs 
decays

tt cross section 
limits



Accessing CKM suppressed top decays at the LHC
Manuel  Szewc

20

This work in a 
nutshell: 

Strong hierarchy makes the off-diagonal 
elements difficult to measure but also  

more sensitive to BSM effects



Accessing CKM suppressed top decays at the LHC
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Manuel  Szewc

Blue line includes both  b and 
light-flavor tagging capabilities

• New idea: include both b-tagging and light quark/gluon tagging to incorporate more 
statistical power in a direct measurement of |Vtd|2+|Vts|2.

This new method can 
increase the sensitivity to 
these small CKM matrix 

elements by a factor of 4.5

Includes both b-tagging and light-flavor 
parton tagging



Top quark properties: associated production
• The top quark can be produced in association with EW gauge bosons or the Higgs, 

which allows its Yukawa coupling and the structure of the ttV vertex to be probed. 

Interesting new measurements where some tension is 
observed in single top production; stay tuned!

Nils Faltermann
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Top quark properties: associated production
• The top quark can be produced in association with EW gauge bosons or the Higgs, 

which allows its Yukawa coupling and the structure of the ttV vertex to be probed. 

For ttV no significant deviations are observed so far 
with the SM predictions



Massimiliano Grazzini



Massimiliano Grazzini

Note that tension with 
data when using fixed 
order NLO QCD+EW 
corrections is larger, 

about 2-3 𝞼
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ttHMassimiliano Grazzini A very significant reduction of scale 
uncertainty at NNLO: this calculation 

is ready for future LHC data!
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ttjj
Michele Lupattelli

• ttjj is an important background to ttH production, and therefore must be known 
well in order to precisely extract the top-quark Yukawa coupling.
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ttjj
Michele Lupattelli

• These mixed contributions, 
where an additional jet is 
included in both the 
production and decay 
processes, is studied in this 
work for the first time.

Large NLO effect from mixed corrections; this 
calculation is needed to bring this background 

under theoretical control 28



Top quark properties: mass 
• The mass of the top quark is an important input to numerous applications: the precision 

EW fit, the determination of the fate of the EW vacuum, and numerous other topics. 

• Numerous precise determinations at 
hadron colliders through direct 
reconstruction of top events. 

• Measured is a “Monte Carlo mass” 
since the analysis determines the 
mass by varying the top mass 
parameter in MC programs. This is 
not a precisely defined 
renormalization scheme.  

• It has been argued that this is close 
to the pole mass with a few-hundred 
MeV difference, but it is difficult to 
make a more precise statement. 

(For s review see 2209.11267)
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• Many methods for top quark mass extraction are limited by the details of theoretical modeling (PDFs, 
higher-order QCD) or the jet energy scale. Extracting the top quark mass from the B-hadron decay length 
can bypass these issues.

\

Simple 1→2 kinematics leads to a peak in the b-quark 
energy distribution which is correlated with the top quark 

mass. Can extract mtop from the B-hadron decay length

Doojin Kim
Energy-peak based method to measure mtop via B-hadron decay lengths
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Greatly reduced sensitivity to theoretical modeling than currently used 
experimental methods

Doojin Kim

Energy-peak based method to measure mtop via B-hadron decay lengths
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Quantum entanglement and top quarks

We’ve had a lot of entanglement in Top2023!
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Quantum entanglement and top quarks
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Basic idea, from 
Claudio Severi:

Test foundations 
of quantum 

mechanics at 
colliders!



Testing quantum mechanics with tops
• Bell’s inequality in top physics: if we can measure the angular momentum of top quarks 

experimentally, then quantum mechanics predicts that the following inequality is violated:

a, b are the angular momentum measurements 
C is the  spin correlation

• Can measure both 
angular momentum 
and spin correlations 
by reconstructing the 
ttbar system in the 
dilepton final state

Can perform fundamental 
tests of Quantum Mechanics 
at the LHC and with future 
high-energy collider data

Kun Cheng



Testing quantum mechanics with tops
• Can extend the study of quantum entanglement, and Bell’s inequalities, to the 

boosted region of top quark production as well. 

Threshold 
region, low mtt

Boosted region, high mtt

Measure of entanglement:

Dorival Gonçalves
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Testing quantum mechanics with tops
• Modifications of entanglement properties from new physics can provide sensitive 

searches for beyond the Standard Model phenomena.

Claudio Severi

H is a pseudoscalar Higgs 
with mass greater than 2mt

Entanglement search stronger than a 
resonance search for heavy pseudoscalar 

masses! Can also search for SMEFT effects 
as well with such entanglement analyses.
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Testing quantum mechanics with tops
• We can also imagine testing even more basic assumptions underlying quantum 

mechanics and quantum field theory, such as linear time evolution.

replace with:

Impact: time evolution in QM 
becomes dependent on the 
state under consideration 

Tests:

Surjeet Rajendran



Thank you!
To all the amazing speakers and to the Local Organizing Committee and the International 
Advisory Committee for putting together such an exciting workshop in a beautiful location!
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