The Lund jet plane, the early
splittings, heavy flavours and other
applications

Leticia Cunqueiro

ssssssssssssssssssssssssssssssssss



The inner life of jets

Instead of using jets as “monolithic” objects
look at their internal dynamics
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tagging SUBSTRUCTURE machine
boosted leath;
objects w__“/ N carming
: \; QCD
-P.lleup / \ precision
mitigation pheno
Monte-Carlo Heavy-ion
generators collisions

sketch from G.soyez

Essentially two ways
to look inside jets:

-Measuring energy flow
like EECs or jet shapes

-Building a jet tree
creating a hierarchical
structure that resembles
the parton shower

(LJP most general
example)



The primary Lund jet plane

Harder subjet
Initial jet 1

e The primary Lund jet plane (PLJP) is a
representation of the emissions within a jet kT=pT2A

e Formed by combining the jet constituents into a
clustering tree using the Cambridge—Aachen Cambridge-Aachen declustering

algorithm (only angle dependence in clustering, - @
combining closest particles first) '

e Retrace back the splittings, following the
primary (higher p.) branch

e Record each emission’s angle (A) and ®
momentum relative to the emitter (k)

In(1/A)

sketch from V.Vladimirov
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The primary Lund jet plane

CcMS 138 fb™ (13 TeV)
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Modular constraints on models and calculations
By eye, the running of the coupling sculpts the pLJP

In(1/AR)

CMS, JHEP 05 (2024) 116

small angle



The primary Lund jet plane:

CMS, JHEP 05 (2024) 116

what goes into the measurement?

Flat matching of prongs in ng
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Emission density p(k_, AR)

Pred./Data
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The primary Lund jet plane
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Three examples of modular constraints on models and the parton shower parameters
Most dramatic case is Pythia CP5 overestimation of splitings at low k;



The primary Lund jet plane

CMS JHEP 05 (2024) 116 138 fb™ (13 TeV)
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Consistency between data and calculations
Lifson, Salam, Soyez JHEP 10 (2020) 170

Phys.Lett.B 859 (2024) 139090
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The primary Lund jet plane and the heavy quarks

Lund jet plane regions of

prompt D° jets

; In(k7) In(ky)

@ Gluon splitting
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sketch from J.Mijuskovic

Dead cone darkened by hadronisation and HF particle decays

Latek, groomer to select collinear & hard splittings LCM, Napoletano, Soto-Ontoso Phys.Rev.D 107 (2023) 9, 094008
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The primary Lund jet plane and the heavy quarks

CMS Simulation PYTHIAS (pp 5.02 TeV) CMS Simulation PYTHIAS (pp 5.02 TeV)
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ML trained to classify charged particles as coming from the b hadron decay or not

Profit from the enhanced stats of b-tagging as compared to full B hadron reconstruction
CMS HIN-24-005 12



The primary Lund jet plane and the heavy quarks

o CMS preliminary pp 301 pb* (5.02 TeV)
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https.//cerncourier.com/a/cms-peers-inside-heavy-quark-jets/

b and D jets’

selected splitting angular
distribution peaks at
higher angles than
inclusive jets

Direct quark mass effect
Inputs for better
understanding of heavy

flavour parton showers

Baseline for upcoming
heavy-ion measurements
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D°to-inclusive jet ratio

The primary Lund jet plane and the heavy quarks

CMS Preliminary pp 301 pb™ (5.02 TeV)
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An example: gluon splittings are picked typically at large angles as implemented in Pythia

and Herwig

Shift observed with SoftDrop is entirely driven by gs

CMS HIN-24-007 1



The primary Lund jet plane and the heavy quarks

Stay tuned, ongoing analysis in PbPb to test the filling of the dead cone
by medium-induced radiation and the hierarchy of scales

>0
deadcone decoherence

Armesto, Salgado, Wiedemann Phys.Rev.D 69 (2004) 114003
LCM, Napoletano, Soto-Ontoso, Phys.Rev.D 107 (2023) 9, 094008

Andres, Dominguez, Holguin, Marquet Phys.Rev.D 110 (2024) 3, L031503
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The primary Lund jet plane in PbPb

In(k,) Additional scales and effects
in heavy ions compared to pp

Experimental scans via grooming, mostly
SoftDrop and Dynamical Grooming

2
g
g P(k) k4

As usual, several confounding effects,
great effort in trying to isolate to constrain

I'll give two examples:

e the groomed jet radius
resolved by QGP @, unresolved by QGP In(1/6) e the angular structure of the hardest
— = k; emission
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The groomed jet radius

Tag energetic photon E>100 GeV
jet1 t, jet3 Reconstruct the recoil jet

with R=0.2, fake jets are not a
problem above 40 GeV

Initial Hard
Scattering
Creation

QGP and fake prongs are not a problem
" = with SoftDrop zcut=0.2

Build xJ=ijet/pTY

Report fully corrected substructure

VSXJ

Selection bias uncovered explicitly for the first
time

17



The groomed jet radius

less quenched sample more quenched sample
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CMS PbPb 1 .7 b, pp 301 pb” (5.02 TeV)
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The groomed jet radius

A clear path to move forward:

Low energy jet reconstruction is
limited by detector effects

Strategy is to increase the photon
energy to reduce x| to suppress
selection bias

just a matter of more stats
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The primary Lund jet plane in PbPb

e Strategy to scan the Lund plane from top to bottom
LCM, Pablos, Soto-Ontoso, Spousta, Takacs, Verweij

Phys.Rev.D 110

Medium induced and

underlying event

combinatorial background

Colour coherence:

as a single source —
less quenching

\_

below ., particles act

In(k,)

J

Expect vacuum-like
emissions and elastic
scattering at high k;

resolved by QGP @ unresolved by QGP 1
c n(1
- (1/6)
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The primary Lund jet plane in PbPb

Takacs et al, Phys.Rev.D 110

e Select energetic jets in central PbPb collisions to suppress non-perturbative effects
e For simplicity, consider just one splitting per jet, the hardest emission above a certain cut

e Scan LP from top to bottom and inspect angular distribution of emissions, allows for:
> k;-ordered scan
> Could constrain assumption of vacuum-like and in-medium factorisation

> Gradual onset of colour coherence according to jet quenching models (as compared to
SoftDrop cuts in which case diagonal lines always contain a mixture of coherent and
incoherent splittings

21



The primary Lund jet plane, from top to bottom
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The measurement

CMS Simulation Preliminar PbPb (5.02 TeV)
| AR

102 CMS Simulation Preliminary PbPb (5.02 TeV)
R I L B L BN NN BN 100
= Pythia8 (CP5) + Hydjet (Drum5F)
C 3[ |3 Centrality 0-30%
i [ ] Reconstruction level |
10 | — —
= B Truth level E
% E ruth level = %
IS 6[ | ] o,
= L i o
< 50 4 6 9 |8 g’xl—
e 2] sl E
~ 2 =
C 1|:| ]
- 5 .
10—1 | P B | v b v b b by
1 15 2 25 3 35 4 45 : 25 3
In(1/A) |n(1/Areco)

Low matching purities at high
angles and low k . — combinatorial
background from UE

Report particle-level angular distribution by unfolding
in3D - A, ki, jet p;
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The measurement

. . . CMS Simulation Preliminar PbPb (5.02 TeV
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The primary Lund jet plane, from top to bottom, in pp

o 2CMS Preliminary pp 301 pb" (5.02 TeV) g 2CMS Preliminary pp 301 pb' (5.02 TeV)
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Discrepancies up to ~15% for the different MCs
Worst case is Pythia CP5, which we know overpredicts emissions at Iow-kT



The primary Lund jet plane, from top to bottom

-

CMS Preliminary PbPb 1.6 nb™ + pp 301 pb™ (5.02 TeV
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Fraction of jets with kT in[20,40] smaller in PbPb than in pp due to energy loss

Ratio at kT[20,40] compatible with flat distribution, consistent with vacuum-like emissions!
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Good agreement with JETSCAPE,
JetMed and Hybrid with Lres=0

Also in good agreement with an
interleaved evolution shower like JEWEL
(not shown, will be in the paper)
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Attempts to reach lower kt range
Able to reach smaller angles due to kinematics

Modelling prior uncertainties become sizable at
high angles

At the moment, unable to reach k. <10 GeV
values because of the underlying event
background
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Summary

Lund Jet Plane, an interesting tool to access the parton shower in vacuum and in medium
Modular separation of large-angle/small-angle and hard/soft physics
Direct measurements, scans via grooming: new opportunities for heavy flavour jets

First measurement of the pLJP (hardest emission) in PbPb
Consistent with probing the early vacuum part of the parton shower in heavy ions
Well-defined baseline from which to depart in a top-bottom scan of the pLJP

No clear connection (yet) to the topic of the workshop :-)
How medium anisotropies affect the pLJP?
Inspiration from techniques as for soft spin correlation observables
https://arxiv.org/pdf/2111.011617?
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