Plan for the course

Lecture 3: jet substructure
e The question of flavour

e Calculability: groomed jet mass
e Observables at the LHC




How to define jet flavour? And why is it important?
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Importance of jet flavour algo for matching NkLO and NKLL

Combining fixed-order and resummation calculations, e.qg.
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Importance of jet flavour algo for matching NkLO and NKLL

Combining fixed-order and resummation calculations, e.qg.
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Importance of jet flavour algo for matching NkLO and NKLL

Combining fixed-order and resummation calculations, e.qg.
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Importance of jet flavour algo for matching NkLO and NKLL

Combining fixed-order and resummation calculations, e.qg.
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Origina\ solution: flavour kt a\gorithm (for ee) [Banfi et al EurPhys.J.C 47 (2006) 113-124]
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https://inspirehep.net/literature/708784

Importance of jet flavour algo for matching NkLO and NKLL

Combining fixed-order and resummation calculations, e.qg.
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Original solution: flavour k, algorithm in action

[Caola et al Phys.Rev.D 108 (2023) 9, 094010]



https://inspirehep.net/literature/2668331

Issues with heavy-flavour: theory

Theoretically, there are two ways of dealing with heavy-quarks

| ## masgive, anti-kr, R=0.4
] &= massless, flav-k7, R=0.4

NNLO

[Behring et al PRD 101 (2020) 11, 114012]
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https://inspirehep.net/literature/1785954

Issues with heavy-flavour: theory and experiment

An ( ant/—kt ) jet is flavoured if it contains at least one heavy hadron
within AR < R with p, > Dt cut


https://inspirehep.net/literature/2141281
https://inspirehep.net/literature/2636774

Issues with heavy-flavour: theory and experiment

least one heavy haadron

Problem: ¢ — ¢gq is flavoured even in
the collinear limit.

Solution: consider flavour jet to have
odd number of g and ¢g




Issues with heavy-flavour: theory and experiment

least one heavy haadron
Pt 2 Picut

Dy Pr

Problem: collinear g — gg might make
the heavy-quark tall below the p, ..

Solution: introduce a fragmentation
function




Issues with heavy-flavour: theory and experiment

least one heavy haadron
AR < R pt > pt,cut

Dr Pr

Problem: soft, large-angle g — gqg
pollutes the flavour of other jets

Solution: none within a flavour agnostic
jet algorithm




Issues with heavy-flavour: theory and experiment

An ( anti—kt ) jet is flavoured If it contains at least one heavy hadron
within AR < R with p; > P, .
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This definition is IRC
unsafe in massless
pQCD calculations




Several solutions are now available.

Check https://qgithub.com/|etflav



https://github.com/jetflav

What to do with anti-k, jets?

[CMS Collab arXiv:2312.16669 |
3357 (13 TeV)
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Test QCD (including EW corrections) over 7 orders of magnitude


https://arxiv.org/abs/2312.16669

What to do with anti-k, jets? Discover resonances

[Qu et al. arXiv:2202.03772]

outgoing particles

[ATLAS Collab PLB 786 (2018) 59]
[CMS Collab PRL 121, 121801]
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Have to deal with boosted object reconstruction


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.121801
https://inspirehep.net/literature/1691634
https://inspirehep.net/literature/2029602

Boosted object reconstruction (\/E > Erw)
| HC energies (104 GeV) >> electroweak scale (102 GeV)
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Highly Lorentz-boosted resonances end up reconstructed as a single,

large-R jet
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Signal QCD background

How to distinguish signal jets from QCD background? &




Jet mass discriminating power
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Not enough to put a cut on the plain jet mass



ldea: exploit substructure
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ldea: exploit substructure
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ldea: exploit substructure
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ldea: exploit substructure
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ldea: exploit substructure
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Cut on jet substructure enables bump hunting



How do you impose the Z.,. In

practice?



Grooming (using SoftDrop as an example) experimentally

[Larkoski et al JHEP 05 (2014) 1406]

® Recluster anti-k, jet with C/A algorithm: angular ordered sequence

® UNndo last clustering step, I.e. pair of subjets with largest angle
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® Check SoftDrop condition: L%/P 2ot U . Reat, 2) & g pofemets

® |f branch point satisfies the condition, stop
® Else, remove the softer branch and continue down the hard branch

Net effect for / = 0O is to remove soft radiation from the jet &



https://inspirehep.net/literature/1281068

Grooming (using SoftDrop as an example) theoretically
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Grooming (using SoftDrop as an example) theoretically
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Grooming (using SoftDrop as an example) theoretically
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Grooming: theory meets experiment
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Amazing agreement (% level) between pQCD and data

[Calculation: Frye et al JHEP 07 (2016) 064] [Data: ATLAS Collab PRL 121 (2018) 092001]
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https://inspirehep.net/literature/1437957
https://inspirehep.net/literature/1637587

Another interesting SoftDrop observable: Zo

[Larkoski et al PRL 119 (2017) 13, 132003]
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Exposing the QCD splitting function with jet substructure
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https://inspirehep.net/literature/1591972

THE substructure observable: the Lund jet plane
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THE substructure observable: the Lund jet plane
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The primary Lund-plane density
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[Lifson, Salam, Soyez JHEP 10 (2020) 170]



The primary Lund-plane density: measurements

[ATLAS PRL 124 (2020) 22, 222002]
ATLAS {s =13 TeV, 139 fb™, p. > 675 GeV
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https://inspirehep.net/literature/2741216

The primary Lund-plane density: theory-to-data
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PLo(0, k) agrees with data in bulk of LP. NKLL terms required elsewhere



The primary Lund-plane density: MC-to-data
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Powerful tool to disentangle between different MC ingredients


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.222002

The Lund multiplicity: most recent substructure measurement

[ATLAS Collab arXiv:2402.13052]
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[Medves, ASO, Soyez, JHEP 10 (2022) 156,
JHEP 04 (2023) 104]

State-of-the-art calculation describes data within 10-20% precision D



https://inspirehep.net/literature/2759899

Mission (hopefully) accomplished !
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