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Top-quark production at the LHC

e Heaviest known particle — special place in the SM

e Many connections to other fields: Higgs, BSM,
EW precision

e Many opportunities to study QCD/SM in high
precision

e Abundantly produced at the LHC
— top-quark factory

— high quality and precision data
e High perturbative accuracy needed to describe and
squeeze out most of the data available



Total and differential tf cross sections

Total cross section arxiv:1303.6254 [Czakon,Fiedler,Mitov '13]
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Towards realistic top-quark states

Elephant in the room:

Top-quarks are not stable and are measured utilising the decay products

o Decay products are measured in fiducial phase space — all previous results
rely on the extrapolation of the phase space

o The phase space extrapolation relies heavily on MC modeling of the
top-quark production and its decay

e The modeling might have more or less subtle impacts on results derived in

the extrapolated phase space



Towards realistic top-quark states

Off-shell calculations Narrow-Width-Approximation
e Considering the complete process: e Considering limit I';/m; — 0
pp — £ 0" vibb + X e Factorization of production and
e Technically challenging due to high decay
multiplicity, difficult phase space e Reduction of complexity by
e Off-shell and non-resonant effects keeping crucial features of decay
important in certain phase space like spin-correlations

region e Expected error of O(I':/m;)



Production and decay in NWA @ NNLO QCD

e NNLO QCD correction to NWA with leptonic decays now available
e Extension of the STRIPPER framework used for differential tf

e Predictions for inclusive and fiducial phase spaces

Many applications in work: leptonic distributions, top-quark (differential)
cross sections in fiducial phase space, top-quark mass extraction

Study of top-quark spin-correlation



fiducial cross sections at 8 TeV

e comparison between CMS

data [cms,1505.04480] and
NWA @ NNLO QCD

e good description of many
distributions:

® transverse momentum
of £ and b-jets

e rapidities of £ and b-jets

e transverse momentum
of lepton and b-jet pairs

e invariant masses of
lepton and b-jet pairs

e Work on 13 TeV update in
progress
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Spin-correlation @ NNLO QCD

e Direct measurement of top-quark spin
density matrix [CMS,PAS TOP-18-006]

e full spin information
e systematic difficulties (neutrinos —
top-momenta)

e Leptonic observables are sensitive to tt
spin-correlations. For example the opening
angles of the leptons: A®y, and |Ang|

e Boosted top favor antiparallel leptons
e Spin correlation counter acts

e Effect of higher corrections?
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Spin-correlation @ NNLO QCD

Fiducial phase space Inclusive phase space
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Spin-correlation - checks and anatomy

Radiation effects vs. spin

correlation
Scale dependence

Parameteric
dependence/fiducial phase
space @ NLO

e PDF (<1% in norm.)

e m: (small < 1%)
Check of NLO EW and
off-shell effects (small in
fiducial region)
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Spin-correlation - checks and anatomy

Radiation effects vs. spin
correlation

Scale dependence

Parameteric
dependence/fiducial phase
space @ NLO

e PDF (<1% in norm.)

e m: (small < 1%)
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Spin-correlation @ NNLO QCD
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Summary

e Top-quark production at the LHC is theoretically very well understood and

under control and allows for precision test and parameter extraction of the
SM

o Refined calculation (through resummation and/or NLO EW) allow to
improve theoretical stability and understanding

o Precision calculations for more realistic final states including the
top-quarks decay.

o NNLO QCD predictions including leptonic top-quark decays. Production
cross sections and differential distributions in fiducial volumes.

Outlook

e Using precision predictions to get out as much as possible of LHC data
e SM model precision test and parameter estimations: m;, as, PDFs,. ..

e Incoming NNLO QCD predictions including leptonic decays: differential
distributions of decay products — overcome penalties of extrapolation
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Backup
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tt cross sections @ NNLO QCD

Total cross section
e NNLO QCD + NNLL soft gluon
resummation
e Uncertainties of a few percent

e Remarkable agreement with measurements
at 7, 8 and 13 TeV

Differential

e Modification of shape for pr and m;;
e Reduction of scale dependence
e Multi-dimensional distributions

e choice of dynamical scale is crucial
— extensive study of perturbative
convergence

arxiv:1303.6254 [Czakon,Fiedler,Mitov '13]
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Renormalization and Factorization scale dependence
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Resummation for differential observables

Advances in resummation for differential
observables

Threshold (low pr) and small-mass (high pr -

'boosted tops’) logarithms

Stabilizes results w.r.t. scale choice form

Results support Hr /4 as the 'best’ scale since

Hr /4 seems to capture most of of the
resummation features
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NLO-EW corrections

e Studied in additive and multiplicative approach

doldpy [pb/GeV]

e Consistent treatment of Photon PDF — LUXqed
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NLO for off-shell tt
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NLO + PS for off-shell tt

e Matching fixed order calculation to PS

8Ty bbat

t®decay —o—

e Technical subtlety: resonance-aware matching.
Implementation in POWHEG framework
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