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Relativistic heavy ion collisions

Hard Hydrodynamic
Initial state scatterings QGP formation expansion Hadronization and freeze-out Detection

Credits: MADAI project
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Jet quenching

Substructure modification Energy redistribution (“loss”) Deflection
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Yield suppression of high-p;+ hadron and jet
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Jet transport coefficient
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Jet broadening in QGP

Jet in vacuum Jet in medium

Substructure modification

Jet broadening
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What can we learn from jet broadening?

® Underlying partonic energy loss

: A Medium-induced radiati
mechanism: coll. Vs rad., §(T,p)... = &

® Mass/flavor dependence of jet

quenching: dead cone, C,/Cr... Elastic scattering™S

® Phase structure of quark-gluon
plasma: large-angle scattering,
quasi-particle, resolution length...



The current focus: jet substructure

Full jet Large structure Constituent

Yield suppression R,/ 144 Groomed radius 7 Jet angularity A%
Angular correlation Ag Momentum sharing z, EEC



Probing broadening of jet substructures

Groomed radius Angle between jet axis Jet angularity
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Narrowing instead of broadening observed in experiment!

Relative p; between subjets
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Why jet narrowing observed?
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» The q/g-jet fraction change may not significantly influence the modification pattern of AR ;5.
» A biased comparison between p+p and A+A conceals the actual jet-broadening effect in the

experimental measurements.
JW Kang, S W, L Wang, BW Zhang, Phys. Rev. C 111(2025), 054905 10



Biased comparison between pp and AA

2
A

ATLAS, Phys.Rev.C 107 (2023) 5, 054909

Il[l]ll T

1.2 ATLAS
| pp 5.02 TeV, 260 pb™

T T 17T 77T

[ Pb+Pb5.02TeV, 1.72nb7
anti-k; R = 0.4 jets

0-10%

% yl<2.1
0.8- I Zcut=0'2rﬁ=0 _.
RN :
0.6_— l B
i | B oo o» *# i
0.41 =P > 158 GeV P il
[ =158 < p*' < 200 GeV 3
0.21- +200<pj:t<315 GeV S
- %315 < p <501 GeV -
| | I III | 1 | L1 11 I| | |

0.%03 0.01 0.02 0.1 0.2

ry

Yield

A

Medium-modified
narrow jet

\

-
|

\ narrow broad
Unmodified
jet spectrum
~ ~
Medium-modified Ny,
broad jet ~
. . _>
p, window  Measured jet p,

Due to energy loss in QGP, effectively quenched jets may be less likely to pass the pT selection threshold
in A+A collisions, while some jets with insufficient quenching may still survive.
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Medium-modified substructure of photon-tagged jets
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CMS, Phys.Lett.B 861 (2025) 139088
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Simulating Heavy and Light quark jet Energy Loss
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Theoretical calculation vs. experimental data
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» Theoretical calculations of jet girth modification pattern are consistent with CMS data, show a clear

pr threshold dependence of modification pattern.

SW, Y Li, JW Kang, BW Zhang, arXiv:2408.10924, NST(2026)
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Advantages of y + jet to capture jet broadening
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» y + jet reduces selection bias and can effectively select jets sufficiently quenched, which is crucial to
capture the jet angular broadening.
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Jet grooming: suppress hon-perturbative effects

5 B PT,subleading Soft-Drop Grooming (SDG):
" Diiesiiing  D'i.sibleading Set an energy threshold and control the angular
weighting for subjets to scan the clustering tree until
\/Ay2+A(/)2 a suitable pair is found.
R ARlQ B

z > Zcut(—R )" JHep 05 (2014) 146

Dynamical Grooming (DyG):
Defines a “hardness” variable k and dynamically
searches for the two subjets that maximize k.

AR12 a
k=2z(1- Z)pT,SPIit(T)
_ 2p AR.Z. decluster AR}
Anti- kr dl] — mln(pu ) Pyj ) ) C/A: dl] ‘RZ PRD 101 (2020) 3

» Grooming technlques remove the soft, wide-angle radiation, reducing the impact of
non-perturbative contributions and preserving the characteristic of hard splitting. 16




Relative transverse momentum between subjets
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SW, S Li, JW Kang, BW Zhang, EK Wang, arXiv:2512.14053 17



Relative transverse momentum between subjets

1.0
0.9

» y + jet reduces selection bias and can effectively select jets sufficiently quenched, which is crucial to
capture the jet angular broadening.
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Relative transverse momentum between subjets
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» y + jet reduces selection bias and can effectively select jets sufficiently quenched, which is crucial to
capture the jet angular broadening.

SW, S Li, JW Kang, BW Zhang, EK Wang, arXiv:2512.14053 139



Groomed jet radius
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» vy + jet reduces selection bias and can effectively select jets sufficiently quenched, which is crucial to
capture the jet angular broadening.

SW, S Li, JW Kang, BW Zhang, EK Wang, arXiv:2512.14053
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Energy loss : —
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Generalized jet angularity

Angularity:

5=y (p ) (Mjet,f)‘* = o
g DT jet Rjet Ft

LEjet i€jet

Z; : momentum fraction carried by jet constituents.
8; : scaled angular distance between jet constituents

and jet axis. .
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Jet angularity modification of inclusive jet
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Mass-dependent jet angularity modification

0-10% PbPb, v/ sxw =5.02 TeV, pl> 100 GeV, Ag;, >2x/3, R=04, =10 0-10% PbPb, v/ sxn =5.02 TeV, pl> 100 GeV, Ag;, > 2x/3, R=0.4, k=1.0
ﬁ —o— y+jet pr'>40 GeV 0.8} |pr'>20GeV pr>30GeV  —e— ytjet pi'>40 GeV
i i ~m y4ciet [ 3\ ) W y+edet
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» A clear mass-ordered broadening of jet angularity in heavy-ion collisions.
> (/1;) show different sensitivities to the variations of (k, ) for light and heavy quark jets.
SW, S Li, BW Zhang, EK Wang, arXiv:2605.XXXX 24



Mass-dependent jet angularity modification

0-10% PbPb, \/sxx =5.02 TeV, pl> 100 GeV, Agy, >2x/3, R=0.4, f=1.0

—_
[=2]
— T

| coll.+rad. +resp. |

—8— y+jet

#- y+ciet |
—k- y+b-jet t

) '1‘-1.—-_--..‘__.__*.____._*_._..‘._._‘_._._‘

K

0510 18 20 28 30 05 10 15 20 25 30

K

0-10% PbPb, v/sny =5.02 TeV, pl> 100 GeV, Ag;, > 2a/3, R=0.4, k= 1.0
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w/o coll.
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» Medium-induced gluon radiation plays a critical role in the angularity broadening.

» A promising method to test the “dead cone” effect of heavy quarks in nucleus-nucleus collisions.

SW, S Li, BW Zhang, EK Wang, arXiv:2605.XXXX
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Summary and outlook (CTe)

® y+jet mitigates selection bias and effectively selects jets sufficiently quenched.

® Jet substructure observables in y+jet events exhibit clear angular broadening,
demonstrating sensitivity to the underlying jet—QGP interaction mechanismes.

® We confirm a mass-ordered broadening of angularity in heavy-ion collisions, new
perspective on jet—QGP interaction mechanisms and mass effects (“dead cone” effect).

® Search for substructure observables sensitive to large angle scattering (quasi-particles).
7‘/\/\%
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® Jet substructure broadening in small systems (critical size).

Thanks you
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