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Jets in particle colliders

. . energy
e In particle colliders, partons undergo a scale
multi-scale parton shower evolution B hard process
e Make use of the detected hadrons to
reconstruct the parton initiator of the jet
100 GeV

e Multiple ways of combining the particles
together — jet finding algorithms

e Jet reconstruction algorithms have been 10 GeV
employed and tested extensively

e Can also be used to probe the dynamics of

1 GeV . ..
the parton shower hadronisation




Exploring intra-jet dynamics

Instead of using jets as “monolithic” objects
look at their internal dynamics

e Can study internal structure in two
complementary methods:

> Jet shape observables like l
generalised angularities, JET
Energy-Energy correlators

tagging SUBSTRUCTURE machine
> Parton shower clustering %%?ZZ?S e ool - learning
history — undoing the \
clustering in order Pileup QCD
mitigatior ey
< Monte-Carlo Heavy-ion

clustering generators collisions



The primary Lund jet plane (PLJP)

Harder subjet

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

Initial jet 1

e Formed by combining the jet constituents into a szpTZA
clustering tree using the Cambridge—Aachen ’
algorithm (only angle dependence in clustering,
combining closest particles first)

e Retrace back the splittings, following the In(k;) @
primary (higher p.) branch

Cambridge—Aachen declustering

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

In(1/A)
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The primary Lund jet plane in pp collisions
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The CMS detector

Oom

Key:

Muon

Electron

Hadron (e.g.Pion)
""" Photon

CMS acceptance

Muon
ZDC HCAL
ECAL

Tracking

ZDC

Full azimuthal coverage for all subdetectors

Wide pseudorapidity coverage: tracker up to |n|<2.4

Good resolution due to magnetic field and detector granularity
High rate DAQ system: 20 GB/s
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The PLJP in pp collisions

JHEP 05 (2024) 116
PRL 124

Measured

in 13 TeV pp collisions

Different regions of the plane are sensitive to
different physical processes

Modular tool for providing constraints on current
models and calculations
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https://link.springer.com/article/10.1007/JHEP05(2024)116
https://inspirehep.net/literature/1790256
https://inspirehep.net/literature/1682306
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The PLJP in pp collisions B,
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e Measuredin 13 TeV pp collisions  PRL 124 (2020) 22
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https://link.springer.com/article/10.1007/JHEP05(2024)116
https://inspirehep.net/literature/1790256
https://cds.cern.ch/record/2759456?ln=en
https://link.springer.com/article/10.1007/JHEP10(2020)170

Quark mass and the Lund plane Neture 605, 440446 0027)

e The dead cone — a cone of size m/E, around e
a quark in which gluon emissions are o WS, Sl
suppressed |

Fully reclustered jet

e
e aant Charm

quark

e Scan the Lund plane in the region sensitive to -
the quark mass by selecting hard and collinear . o omission vertex
emissions ~~~ Emitted gluon

0, > 0,> ... >

o Different algorithms are employed, late-k  and s> Froders

CAft Nian

~— Charm quark Dead-cone effect

Gluon emissions are
suppressed in a cone
with 6, = m/E,

Radiator

HIN-24-007

Lund jet plane regions of
prompt D° jets

P2

In(ky) or =
pPT.1 + P12

In(k;)

Gluon splitting
(g—>CC)

In(k, /GeV)

____________ ! k.~1GeV
hadronization

1 _1_ large angle small angle
late-k. it Soft Drop Int) In(1/0)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.094008
https://link.springer.com/article/10.1007/JHEP05(2014)146
http://cds.cern.ch/record/2906404?ln=en
https://www.nature.com/articles/s41586-022-04572-w

Lund plane and heavy flavours

__ CMS Preliminary _pp 301 pb™ (5.02 TeV) CMS Preliminary pp 301 pb™ (5.02 TeV)
. & [ o ) R e e A
e Observe a shift towards = [ P <1205V o §’ | _antiky, R=0.4 jets ]
_ E o5k M7I<16.R=02 k; > 1 GeV < 1= 100<p'9' <120 GeV Iniml <0
large anglesin D and b T [ . s [ St dion (chamed varlicies) 3
jets compared to inclusive % | ~* D etsdata 2 o8f l e e
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JetS = i b= | :*: ]
i 0.6 -
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e Inputs for better o 021 miieis ; o—
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http://cds.cern.ch/record/2906404?ln=en
http://cds.cern.ch/record/2909071?ln=en

Example application of the Lund plane

JME-23-001

CMS Preliminary 138 fb' (13 TeV)
Subjet 240 < p, <300 GeV

@ Data/Sim. Ratio
A Uncertainty

Often boosted large-R jet substructure not well
modelled in MC, calibrated using data samples of W
boson and top quark jets

1.8
1.6
1.4
1.2

What about jets with more prongs which are not as

abundantly available in data? 0.8

0.6
0.4
0.2

Use the primary LJP as a proxy for the parton
shower, defining a jet reweighting procedure based
on the emissions within each prong of a jet from
boosted W bosons

T MO

Data/Sim. Ratio
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http://cds.cern.ch/record/2924412?ln=en

Example application of the Lund plane
JME-23-001

Events / 0.03

e Examine effect on observables not directly related to
the PLJP — N-subjettineSS'

Rjet Zmem Az L, Ai’N)

N - number of subjet axes
AHN — distance between particle i and axis N

™ =

e Ratio t,,=1,/t, expected to be smaller in W-jets than
in background

Events /0.05 Data/ Sim.

e \alidated W-jet-based reweighting in top quark jets

e Observe improvement in data-MC agreement
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http://cds.cern.ch/record/2924412?ln=en

Example application of the Lund plane |, eussmurem,

%) 5 R — WW (4 pronged) ]
:\ ° HeRwi 2/ndof=4/1
JME-23-001 54;: gzl::ﬁ reweighted b o ‘ E
_§3¥ . - 4
=l 5 ;
e Applied method to jets with = 4 prongs, for which I
there are no standard candles in data 02
e Observe good performance in MC-to-MC reweighting %:Z: R I
o
e Method provides robust substructure calibration of *70s 04 05 08 07 08 %9
jets with more than three prongs for the first time i
CM$Preliminar¥ ‘138 fb-! (13|TeV)

EN

- ¥ SM-proxy-based techniques E
X CMS triboson search
- § Lund jet plane reweighting i

o @ T [ ]

0.6 S

e Already implemented in measurements:

[N

> EXO-22-026: Search for resonance decaying to
jets with anomalous substructure

Correction factor
>

©:
©

> HIG-23-012: Search for boosted H—-WW

0.4 -1

| | | 1 =L|
w w w top R - WwW
(t21)  (DeepAK8-MD) (ParticleNet) (T32) (DeepAK8)

Jet type (Tagging variable)



http://cds.cern.ch/record/2892677?ln=en
http://cds.cern.ch/record/2904879?ln=en
http://cds.cern.ch/record/2924412?ln=en

Outline

The primary Lund jet plane in heavy-ion collisions
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Heavy ion collisions and the QGP —

Ann.Rev.Nucl.Part.
Sci. 68 (2018

e Heavy ion collisions lead to the
creation of quark-gluon plasma

(QGP) [final state hadrons

4 y:]_ y=6

e Hot, near perfect fluid of deconfined i | 50 (time (fm/c))
strongly interacting quarks and
gluons

w3

e As system expands and cools, it

transitions to hadronic matter | d e
e The main goal of the heavy-ion 3 L
TR Ultr?cold Fermi gas

programme is to study the properties i
of the QGP 02 - "Na———=~77  arxiv:1206.3581

0.1 — ] O

B 20


https://arxiv.org/abs/1206.3581
https://inspirehep.net/literature/1654912
https://inspirehep.net/literature/1654912

Jets as QGP probes

vacuum in-medium

Jets as coloured objects interact . )
with the QGP while propagating o et jet
through it \\ VST 2 '

7

Multi-scale interaction between jet

and medium lead to the

modification of jet rates and ‘
radiation pattern relative to pp — , A —_
(vacuum) — quenching — —— = -

Compare results of jet observables
between systems to isolate
different physics mechanisms and
extract microscopic properties of Fe e o7\ [-TE
the QGP jet jet

medium-induced [®
radiation y

21



Jet-medium interactions

Weakly coupled description consisting of

e Collisional energy loss through
elastic scattering — probe the QGP
(pseudo-)particles

> dominates at low momenta

e Radiative energy loss through
inelastic scattering within medium

> dominates at high momenta

Elastic

Inelastic

22



Colour coherence

Expect medium to have an

associated colour coherence ).F

angle 6

> below it, the medium can :l:
not resolve separate X
sources — they act as a
single emitter . 16 >6_?

> above it, the medium no

resolves them and they lose

energy incoherently — _)_'_Q

more quenching |

23



Medium response

e Propagating jet drags the medium
e Development of diffusion wake

e Negative wake behind propagating
particle — due to displaced medium

CMS Preliminary PbPb (pp) 5.02 TeV 1.67 nb™' (301 pb™)

4F- 40<pZ<350 GeV  1<pfc2 GeV 2piaGev | Rbn ™ 410 Gev
E oy, l<2.4 M - - Hybrid No wake
E— 35_ ‘ < PbPD 030% Reflected ;jpgv%r\zz"fz_o ~|
g 2 CGolBT .
. . . . o iE - - PYTHIA8 pZ>20 GeV
e First direct observation of medium 5 f
1 1 0 SHRIIIIIART
response in Z-jet system \;g,/ L
HIN-23-006 particles in direction of jet —_ 25
particles in directionof Z7 & 21—
. Ko] 0E % 26 - ooy — y
A, ., —azimuthal angle o £ A= b i
betweencharged particlesandz l_2LIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIlIIllIIIIIlII!IIIlIIIIIII[IIIIIIIIIIIIIIIIIIIIILI]

-4 0 1 2 3 4 -1 0 1 2 3 4 -1 0 1 2 3 44
boson Ad A® Ad
ch,Z ch,Z ch,Z


https://upload.wikimedia.org/wikipedia/commons/5/5c/Fjordn_surface_wave_boat.jpg
https://cds.cern.ch/record/2912799/files/HIN-23-006-pas.pdf

The PLJP in PbPb collisions

QCD jets, averaged primary Lund plane

VS =14 TeV, p,>2 TeV
Pythia8.230{Monash13)

in pp

In(k,/GeV)

0.0 05 1.0 15 20 25 30 35 40 45 50
In(1/4)

0.0 0.2 0.4 0.6 0.8
plA, k:)

At LO in soft and collinear limit,

density of the PLJP dependent only on a (k;):

o(in(kr), In(1/A)) ~ %CF s ()

In(k,)

Phys.Rev.D 110 (2024) 1

resolved by QGP 90 unresolved by QGP

" In(1/60)

Additional features due to interaction with
the medium!
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https://inspirehep.net/literature/2722310
https://inspirehep.net/literature/1682306

The jet Lund plane in PbPb

e Different effects due to QGP manifest in different regions Expect vacuum-like

of the Lund plane Phys.Rev.D 110 (2024) 1 emissions and elastic
scattering at high k;

In(k,)

sptit ¢ 1/ 4»@@::
Medium induced and %, T TSa—

underlying event
combinatorial background

Colour coherence:
below ., particles act

as a Sing|e source — resolved by QGP QC unresolved by QGP 11'1(1/9)
less quenching —fy —

. J
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https://inspirehep.net/literature/2722310

Measurement approach

e Select energetic jets (p;>200 GeV, R=0.4, |n|<2)
in central PbPb collisions to suppress
non-perturbative effects

e Scan LP from top to bottom and inspect
angular distribution of emissions, allows for:

> kT—ordered scan

> Could constrain assumption of
vacuum-like and in-medium factorisation

- Gradual onset of colour coherence

according to jet quenching models

e Report particle-level angular distribution by
unfolding in 3D - A, k., jet p;

unfolding — removal of detector and physics
backgrounds from “true” distributions

1/N dN/dbpapq

]\.vlmn =20GeV

— Hybrid w/ wake (Lees = 2/(7T)) | =
— JetMed (6, ~ 0.04)

Jewel (w/o recoils)

/

0.05

0.10

ohar

0.15 0.20 0.25

1/N dN/dbhard

PbPb/pp

Phys.Rev.D 110 (2024)

16

14

12

—
S

®©

=N

'S

N

k;“‘“ =5GeV _
~— Hybrid w/ wake (Les = 2/(7T)) | =
— JetMed (6, ~ 0.04)
Jewel (w/o recoils)
R=0.2 :
p,>400 GeV |-

g g [
o &) ==}

o
[

o
==
=)
S

0.0,

0.10 0.15 0.20 0.25
ehard
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https://inspirehep.net/literature/2722310

Challenges in PbPb: UE

nt at the LHC, CERN

CMS Experiment at th
& Data ded: 2018-Nov-12 08:36:52.866176 GMT
2 Run / nt/ LS: 326586 / 2491137 /

k; [GeV]

CMS Slmulatlon Prellm/nary

=

102 & e POPD (5,02 TeV
E Pythia8 (CP5) + Hydjet (Drum5F) E

i 3[]3 Centrality 0-30% |

B D Reconstruction level |
10 -
F Truth level B

C 6 | ]

i 53 4 6 9 |s |
1= 8] -

E 2|:]2 7 =
" 705 i

9

- smgle jet primary Lund plane 7
107 bttt S e

In(1/A)

PbPb (5.02 TeV

CMS Simulation Preliminary
F™ T L

=

e Large PbPb underlying event and detector oof 'J' Ry ; 3 "J{,.';'f.' LI
. wduF ¥ & i F 8§ AR ¥ gl
effe.cts. distort truth-reco correspondence of g oy dd i [FAF o 4 rr,f‘*,fs_.' ¢ A
i— - A ¥ 1 3
emissions < 6O # 4 - y ;’,:ij, 4 /3
c 50 I i J
> Only use the 2 40?%/' /. L E
% 305;-'4 § ¢ N dd 7
> Restrict measurement to moderate A f M;’Jg,, gﬁfﬁl =
. . _.'1 i r"l '.<‘.-' gl 3
values of k. to suppress combinatorial o5t ‘P — f‘féo' o 560
Truth bin index o8

background



Need to estimate prior uncertainty of the
unfolding procedure

Several jet quenching models available,
no favoured one among them

Employ procedure similar to the one
used in large-R multi-prong jets

Reweigh the particle level radiation
pattern of PYTHIAS8 jets to match the one
of a model which includes quenching

Use the reweighted sample as an
alternative prior to extract prior
dependence of result

0.2

=0.15

0.1

d2 Nemissions
N din(1/A) dk

1

0.05

-
w0

model

unfolded

o
»

Challenges in PbPb: Prior uncertainty

CMS Simulation Preliminary _______ PbPb (5.02 TeV)

~ e Pythia default (truth) 1
L Pythia reweighted to Hybrid (truth) |
——e— Pythia reweighted to Hybrid (unfolded) —]
R Centrality 0-30% |
O, e & R=0.4, ™"<2 7
- ' T pi"e[200,1000) GeV
- " ke[10,20) GeV .
E:A——‘— AAAAA - S— - a— e R . =
[ e
T ey gy ey gy e
In(1/A)
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Model comparison of pp distributions

e Compare with commonly used pp model predictions, as well as vacuum predictions of quenching models

e In general data agrees more with models containing higher values of a (also seen in other substructure
studies, like JHEP 05 (2024) 116)

e Vacuum predictions of some quenching models in disagreement, but interested in the PbPb/pp ratio where
pp baseline offset is cancelled out

0 2CI\IIIS Prle/iminlaiy . . pp 301 pfb'1 (5.0|2 TeV) 0 2CMIS Pre/imilnary . PP 301 pb™' (|5.02 TeV)
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https://link.springer.com/article/10.1007/JHEP05(2024)116

PbPb / pp ratio distribution

~

CMS Preliminary PbPb 1.6 nb™ + pp 301 pb™” (5.02 TeV
T L O A S T A A

0.2—
[ #pr . R=04, <2
0150 + PbPb 0-30% p™ €[200,1000] GeV 1
e kr €[20,40] GeV A
e Ratio less than unity — emissions = T — nereshtr 4
are softened inside medium and 5 I° - -
are pushed towards lower values = Ee I v ]
T I - - -
e Angular structure of hardest ol | R h ]
emissions consistent between E ' v ' E
PbPb and pp within uncertainties C ]
at highest k.T —_p033|ble sign of a 0.8:— 1 g
vacuum emissions > ek } + t -
s -
% o04f E
0_2:_—+— Data _:
1 12 14 16 18
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Comparison with models: JetMed, JETSCAPE

CMS Preliminary PbPb 1.6 nb™ + pp 301 pb™” (5.02 TeV
=% - © - & © r T & - T - & T T T & r T

~

0.2

[ #pr R=0.4, lj"|<2
0150 + PbPb 0-30% p™ €[200,1000] GeV 1
g=""F kr €[20,40] GeV A
: _— 8= - pre— hardestk; -
e Compared ratio to predictions of models SE o =— S
including quenching SlI® T 7
~— ii I i = -
e JetMed — pQCD parton shower factorised into < 0.05/ ) -
vacuum and emissions within a brick medium, - . 5
with implementation of a coherence angle | . L $ "
e JETSCAPE — a multi-stage parton shower = | S o
combining the MATTER and LBT models for high a |
. . . 08_ —
and low virtuality partons respectively a - , -
B 0.6 — e + T _
N :
0-4__—+— Data .
C JetMed :
0.2— JETSCAPE .
1 12 14 16 18

In(1/A)


https://arxiv.org/pdf/1801.09703
https://inspirehep.net/literature/1597422

Comparison with models: Hybrid

e Compared ratio to predictions of models
including quenching

e Hybrid — a hybrid model using weak coupling for
the generation and evolution of the parton
shower, and strong coupling to estimate medium
interactions. Provides predictions with:

> Different values of medium resolution
length L, above which two subjets act as
independent emitters; In the fully coherent
case jets experience less quenching

> Inclusion/exclusion of the backreaction of
the medium (wake)

dNemissions
Nee dIn(17A)

1

PbPb / pp

0.2

.15

o
—

0.05

0.8
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0.4

0.2

CMS Preliminary PbPb 1.6 nb™ + pp 301 pb™” (5.02 TeV
T L O A S T A A

~

T
C 4+pp
” 4 PbPb 0-30%

_ R=0.4, *'|<2
P’ €[200,1000] GeV

B k; € [20,40] GeV A
- ; hardest k. 1
- —— . ]
—‘_ @ —
B L 1 " | | | 3| =
[ ¥ T L T T T T , 2 .
B — 1 Bl
- —_— t * T —
C Hybrid: ]
C L= «, no Wake L= o, Wake ]
- B L= 1%1" no Wake = 1%’ Wake |
— = Data L=0, no Wake L= 0, Wake ]

1 L L L | L L | L L L | L L " | L "

1 1.2 1.4 1.6 1.8

In(1/A)
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https://link.springer.com/content/pdf/10.1007/JHEP09%282015%29175.pdf

PbPb / pp ratio compared to mode]

CMS Pre//m/nary Pbe 1.6 nb +Pp 301 pb (5 02 TeV
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Probing lower k. values

CMS Preliminary PbPb 1.6 nb™ + pp 301 pb” (5.02 TeV) CMS _Preliminary PoPb 1.6 nb + pp 301 pb! (5.02TeV)
T T T T T T
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e Also probed lower kt range —— e e e = = = I
e Able to reach smaller angles due to kinematics | For lower values of K; with different
| selections, see CERN-EP-2024-238 5
, : _— . : l e e e e e e e e e
e Modelling prior uncertainties become sizable at high angles

e Unable to reach k. <10 GeV values because of the underlying event background %


https://cds.cern.ch/record/2909642

Outline

Conclusions and outlook
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Summary

e The PLJP in pp is a powerful tool to test the parton shower

> Modular constraint on models and calculations

> New interesting applications for boosted jet topologies

> Used in exposing quark mass effect on the parton shower
e The PLJP in heavy-ions:

> Probes effects of QGP on the parton shower

> First k;-scan of the PbPb Lund plane to probe different stages of jet evolution and
QGP scales

> First hints of factorisation of vacuum-like emissions in medium-modified jets
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Prospects for future measurements

e Extend heavy-flavour studies to medium-modified jets
> Interplay between coherence angle and the dead cone
e Access harder jets and higher values of k..

> More vacuum-like emissions

e More differential Lund Plane based substructure measurements in jet-boson events to
control energy loss
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Prospects for future measurements

e Extend heavy-flavour studies to medium-modified jets
> Interplay between coherence angle and the dead cone
e Access harder jets and higher values of k..

> More vacuum-like emissions

e More differential Lund Plane based substructure measurements in jet-boson events to
control energy loss

Thank you for
listening!
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BACKUP SLIDES



Hardest split k. and JERC

e Jet 4-momentum is corrected by the application of JEC and JER
e Jet4-momentum no longer sum of constituents’ (used to extract k.)!

e Interested in hardest emission in jets — chosen emission can carry considerable

fraction of momentum 1
kT = 5ARpT

e Scale detector level k; by the same factor p. is scaled/smeared by JEC and JER
(and their uncertainties)
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PYTHIAS reweighting using JEWEL

e Test impact of reweighting on observables not directly connected to the PLJP

> Jet angularities _
J M=Z{(Pr/Prjor) (AR/R)?
e Normalised distributions of A | ! (Les Houches angularity, . : o
5 0.5 sum over all jet constituents i with momentum
LHA) and A *(momentum dispersion, ) p;;and distance to jet axis AR,
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PYTHIAS reweighting using Hybrid

e Test impact of reweighting on observables not directly connected to the PLJP

> Jet angularities K— K B
| A =Z{(Pp i/ Py ser)* (AR,/R)
e Normalised distributions of A | ! (Les Houches angularity, . : o
5 0.5 sum over all jet constituents i with momentum
LHA) and A *(momentum dispersion, ) p;;and distance to jet axis AR,
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Estimate of prior uncertainty (Hybrid)

Take the reweighted PYTHIAS8 distribution and unfold it using the default PYTHIAS8 prior
and compare to the two particle level distributions in two different k. bins
Small non-closures observed
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