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Heavy-ion collisions in a sketch
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Rutherford experiment with the QGP

What is the
microscopic structure e
of QGP? = |
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AdS/CFT low viscosity

Short-distance probe: quark and gluon dof, pQCD

Long-distance probe: almost quantum fluid, no notion of quasiparticles, AAS/CFT
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The QGP probed at multiple scales with jets

Sketch from G.Soyez
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The theoretical description of the jet -QGP interaction (jet quenching)

The workhorses of jet quenching
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The quantum optician

The coherence scale dictates how
many independent colour sources
from the jet interact with the QGP

Incoherent

Coherent

Single color
charge interacts
with the medium



The pLJP in Heavy-lon Collisions St o Sl

e Different effects due to QGP manifest in different regions of the Lund plane

In(k vacuum-like
n(k)p . Vacuum early emissions Prjet ™ 1 Tev
Rutherford-like
scattering in the QGP

o medium-scale
Medium-induced -
soft gluon radiation Oreg ~ 10 GeV

hadronisation
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https://iris.uniroma1.it/bitstream/11573/1655059/1/CunqueiroMendez_Heavy-ion-collisions_2020.pdf
https://inspirehep.net/literature/2722310

Visualizing the jet: the primary Lund Jet Plane in pp
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The measured pLJP showing the strong
coupling modulation and the dominance
of the UE at large angles and soft scales
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kmin = 20 GeV
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Models agree
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Models predict a gradual onset of color coherence as we

scan the pLJP from top to bottom

Phys.Rev.D 110 (2024) 1

Scanning the pLJP (hardest emission) from top to bottom in PbPb with models
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https://inspirehep.net/literature/2722310

Scanning the pLJP (hardest emission) from top to bottom in PbPb in data
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CMS Preliminary PbPb 1.6 nb™ + pp 301 pb™ (5.02 TeV)
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https://arxiv.org/html/2602.09271v1

Selected jets are strongly quenched (PbPb/pp
ratio is at ~0.6)

Yet their angular structure appears rather
vacuume-like: are we able to pick the early
vacuum splittings inside strongly quenched
jets?

Going down in k. is challenging experimentally
due to the large UE (fake emissions)

Emission purity can lower than 10% at large
angles at k. <5 GeV

New opportunities with light ions: trade off
between less UE but less quenching signal
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Other scans: SoftDrop/MassDrop grooming

CNS

CMS Phys. Lett. B 801 (2025) 139088
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The photon does not interact strongly with the QGP: ability to select degree of quenching

via xyJ=p,./pr,

Sensitivity to Rutherford-like (elastic) scatterings.

Almost no impact of medium response (wake) due to the small R=0.2
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Other scans: SoftDrop/MassDrop grooming

CMS PbP
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(As usual in heavy ions, too many confounding effects)

CMS Phys. Lett. B 801 (2025) 139088
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Other scans: SoftDrop/MassDrop grooming

CMS PbPb 1.7 nb™", pp 301 pb™ (5.02 TeV)
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Survivor bias: apparent narrowing of the substructure is due to migrations of
strongly quenched jets to lower jet p_. bins

CMS Phys. Lett. B 801 (2025) 139088
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The dead cone effect in QCD

M ALICE data == PYTHIA v.8 LQ/inclusive
no dead-cone limit
—— PYTHIA V.8
—— SHERPA == SHERPA LQ/inclusive
no dead-cone limit
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Phys.Rev.D 112 (2025)
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JHEP 04 (2026) 147, JHEP 05 (2026) 176
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Dead-cone effect

radiation suppressed i
wi

New groomers to select
the most collinear
among the hard
splittings in the shower

New techniques to pack
decay products into B

pseudohadrons
(see also
https://cds.cern.ch/record/29578
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https://www.nature.com/

The dead cone effect in heavy ion collisions
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Opportunity to try and isolate for the first time

Phys.Rev.D 107 (2023) medium-induced gluons

See also Phys.Rev.D 110 (2024) in the
langage of EECs



The dead cone of the charm quark survives in heavy iONS  hupsueds.cemn.chvracorar29657112im=it
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The dead cone of the charm quark is not filled
by medium induced radiation within
uncertainties

Models lack the interplay between dead cone
and coherence angle. Comparison not very
compelling, tests impact of other aspects of jet
quenching (wake, heavy quark diffusion,
broadening) which seem not to impact our
observable.

Next step is b-jets!
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The jet wake: the jet drags the QGP
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The jet wake: the jet drags the QGP
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constraints to wake implementation 18


https://arxiv.org/abs/2602.19431

The vacuum baseline!

1 dNemissions
N din(1/A)

0.2CMS Preliminary pp 301 pb" (5.02 TeV) b CMS o epa0t pb (5.02Tev)
. T T T T = -
B . jot ] > 200 jot = Data 3

-  R=04, W2 ] gz P p! > 100 GeV, ‘::L,> 04 % Hybrid E
0.15— pf‘ <[200,1000] GeV ] ,_| 5 °F U — PYTHIA8 CP5 =
- — =z F l<144,n |<2 £
e kr €[2040] GeV - top /=1 N HERWIGT dpoe
== —— ] 14F s =
01 - e > PYTHIA8+DIRE E
[ == Data . 12 " - - PYTHIA8+VINCIA =

I B o M 1 AT E
0.05— 3 H’é‘,v'va 7 CH3 — anti-k, R=0.2 =
: Hybri vac (Monash) i 3
L& JETSCAR U SO, Softdropz_ =0.2,8=0 =
0— : : : R E

: T T T ; T T : T .:
E—— ——— L E

11 = — 3 T E
£ . . —’—:i:_ ' E

L 1 £l = ; == { & E
4t ] 38 A
0.9 — alio ggf sl 3
c B 0.7E E
08__ — 06;_ FIVAVIV R VATRIVA I, a_._:
E ] 055  aieeeccecmesssses =
07— 12 14 16 18 04 0.05 0.1 0.15 0.
In(1/A) Groomed jet radius R

Vacuum baseline of quenching models is often Pythia
Not always great in describing observables in pp

We typically address quenching effects by comparing PbPb/pp, hoping that the pp
mismodeling cancels out in the ratio -> not ideal, improving the vacuum baseline is a must
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Summary

Access to the building blocks of the heavy ion parton shower

vacuum-like emissions in strongly quenched jets?
constraints on color coherence

new opportunities using the dead cone effect
searches of Moliere scattering

characterization of the wake

o O O O O

New Run3 data and light ions bring new opportunities

A lot of work to do on the experiment and theory sides!
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The QGP examined at large distance scales
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Shear viscosity (friction between shear layers) over entropy density is

one order of magnitude lower than in water, close to the quantum fluid limit
Adams et al, New J.Phys. 14 (2012) 115009

Fundamental question: how does the collective nature of a quantum fluid emerge
from the building blocks of QCD: quarks and gluons?



