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Why jets? Jet quenching is one of the key signatures of QGP

-+ Jets are produced early in the collision ( = ~ i)

with the QGP.
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Jets “lose” (redistribute) energy
when going through the QGP
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“ Jets are extended in time and evolve simultaneously

“ Jets carry imprints of medium interactions (energy loss,
substructure modifications, medium response, etc).
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https://arxiv.org/pdf/2308.05743

Why jet substructure?

Treating Jets as complex many-particle > Interactions with QGP are imprinted in the jet
object with internal structure

structure via

“* Medium-induced splittings
»» Multiple collisions with the medium
* Medium response

¢ Hadronization in the medium

> Jet substructure: provides a controlled to

access modifications from perturbative

et! splittings to non-perturbative effects.

Jets “lose” (redistribute) energy
when going through the QGP

How jets redistribute energy

_ ~__m. Probe the inner-
" when going through the QGP? " ¥

working of QGP
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Jet substructure: Angular scale r, of the first hard splitting

broad angular structures are more suppressed in PbPb collisions
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Energy loss bias (Selection bias): \Wider jets are more
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p, window  Measured jet p;
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https://arxiv.org/abs/2211.11470

Energy-Energy Correlators

Figure from Preeti Dhankher(QNP 2024)

Energy-energy correlators (EEC) have recently emerged
as excellent jet substructure observables for studying

the jet shower.
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Figure from Arjun Kudinoor (quark matter 2025)
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https://indico.cern.ch/event/1334113/contributions/6289816/attachments/3046375/5383831/ArjunKudinoor_QM_2025.pdf
https://indico.cern.ch/event/1334113/contributions/6289816/attachments/3046375/5383831/ArjunKudinoor_QM_2025.pdf
https://indico.cern.ch/event/1334113/contributions/6289816/attachments/3046375/5383831/ArjunKudinoor_QM_2025.pdf
https://indico.icc.ub.edu/event/180/contributions/2581/attachments/1345/2685/Elucidating%20QCD%20using%20energy-energy%20correlator%20measurement%20at%20RHIC%20and%20LHC.pdf

Why do we study energy-energy correlator?

Splitting time t ~1/p162

‘
size L
Decreasing 0 / Increasing time

Quark Matter 2025

d
> arge angle scaling: Zrrc ~
do
d
>Transition angle region: %ZZEC
d
> Small angle: 2rc
do
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Normalized EEC

— , perturbative, hard scattering
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: Free Hadron  Transition Quarks/Gluons

Charged-Hadron EEC
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~ @ , uncorrelated Paris, but sensitive to hadronization
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https://indico.cern.ch/event/1334113/contributions/6209730/attachments/3049653/5389738/QM_2025_wenqing_04102025.pdf
https://arxiv.org/pdf/2409.12687

Universal transition behavior

EEC

A

Lin Li (CCNU)

Scaling angle R; by jet pr and -

normalizing the y-scale.

curves are per jet normalized
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EEC of single jet in Pb+PDb collisions at CMS

PbPb

CMS,arXiv:2503.19993

1.70 nb PbPb (5.02 TeV) + 302 pb™ pp (5.02 TeV)

' CMS Preliminary 120 < jet p, <140 GeV

0.5
— CMS-PAS-HIN-23-004
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6dz/d6
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> Large angle:

Medium response

Medium-induced radiation
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.130.262301
https://arxiv.org/abs/2503.19993

EEC of single jet in Pb+PDb collisions at CMS

PbPb

CMS,arXiv:2503.19993
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Jet pT selection bias
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https://arxiv.org/abs/2503.19993

What else can EEC tell about parton shower in the medium??

A major uncertainty in our understanding of
shower development in heavy-ion collisions.

El

: /’ ‘,EEC(G)”!

|

Vacuum shower Medium-induced shower

Use EEC to probe the impact of the transition scale (),
between vacuum and medium-induced showers.
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Our tool to study jet in medium: the LIDO Model

- A " LIDO Transport ~ PYTHIAS
¥ PYTHII;AB Parton-Medium Final Shower +
acQuhliZ\ S Zwer — Interactions — Hadronization
H
C 0 Y _ ~ O, Y \QO—>QH~O.5G6V/

Framework Components

o PYTHIAS: Initial jet production and Vacuum Vac-like evolution

Time evolution r ~

shower evolution - T

A
. . In-medium transport (Partons OM %Mgf
decouple below T'< T ) @Sy | e s 2
C t~ o>
e PYTHIAS: Vacuum shower + - %’Eué%% L0000, L
fragmen ta tlon Vacuum-like evolution Medium, g
e 2+1D Hydrodynamics: QGP background
evolution PRC 100(2019)064911
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.100.064911

LIDO modeling: 1. hard parton transport

) in the incoherent limit is:

The semiclassical transport equation for hard partons (p-u > E

In

p-0[fO(p-u— Emin)l = (p-u)O(p-u— Emin){D + Ci1.2 + Coryo + Cos3}

E=100 GeV, T/(0.5 GeV) = ()3, as=10.3

> Diffusion term: D|f] 10°
> Large-momenta-transfer elastic collisions: C,_,[ f1] 107
> Diffusion-induced parton splitting/merging: C,;_,[ f] 3 10‘2-;
> Large-momenta-transfer inelastic collisions: C,_ ;[ f] 5 1073 ;

=FE . = 0T, 0isaparameter 107 ® Theory:g-g+g |
' B LIDO simulation

LPM coherence is implemented in real-time simulation —> "1 3 3 2 5 &
t* [fm/c]

PRC 82 (2010) 064902
PRC 58 (1998) 1706
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.82.064902
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.58.1706

LIDO modeling: 2. temperature-dependent running coupling

. 0.35 ————— e —

© The strong coupling a,(Q, T) ceases to run for | T decay (N’LO) o
- low Q? cont. (N>LO) e -

momentum transfers below the thermal scale: 03 A HERA jets (NNLO) —— _

- Heavy Quarkonia (NNLO) 1

e jets/shapes (NNLO+res) H*—
\ pp/pp (Jets NLO) —=+ -

025 EW precision fit (N°LO) Fe—
i pp (top, NNLO) v -

41 1 Z f ]
ma . _ o . ]
ln( ng &, ) A
QoD 0.15 -
Nmm:CMX’JTT 0.1 |
R a (M%) =0.1179 £ 0.0009
0.05- e —— e T
1 10 100 1000
August 2021 Q [GeV]
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LIDO modeling: 3. a simplified medium linear response model

e Energy-momentum deposition to soft sector:

dop*
dt

d
(6%) = [ O~ u< Eu)p* g fut,x,1)

e |deal-hydro response in real space (no transverse flow)

N

de o’ + k- 0P /¢ dp 3(csop” + k- op )k

dQ;c 4 ’ dﬂ;c 4

e Freeze-out to massless particles under a radial
transverse flow v, = corrects the momentum density

INn n — @ plane.
dApr / 3 30U, —P, ds;

dpdn

piL___ Kk
o PR

o = 7y1[cosh(n —ns — ;) — v1 cos(p — ¢;)]
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Jet definition in LIDO with medium response

e Jets (anti-K;) are reconstructed from energy bins
Er;;, defined by

dApr
Brij = 354 (mi, #7)AnAd + > pri
il —ni| <An/2 :
from medium response P —j| <Ag/2

from parton fragmentations

e Uncorrelated medium background are assumed to
be perfectly subtracted.
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0. EEC in pp baseline: Theory vs. CMS Data

1 1
— n
EEC(Ar) = —— = ) > (pripryj)
pairs OT . : Ar A
jets€[pr.1,pr2| pairs€|Ar,,Ary]
PbPb +/Sny =5.02TeV,0-10%  pp v's =5.02TeV PbPb v/Swy =5.02TeV,0-10%  pp Vs =5.02TeV
17.5¢
15.0F — pp Ly — pp
~ -~~~ PbPbQo=1.2GeV | ph ==~ ~~~ PbPb Q, = 1.2 GeV
5 —-— PbPbQy=15GeV | [7-7 e ®¥ —.— PbPb Q= 1.5 GeV
12.5¢ Vall
_ p PbPb Qy=1.9 GeV | [ PbPb Q, = 1.9 GeV
10.0} ' . CMS pp _ CMS pp
o : CMS PbPb : CMS PbPb
W 756~ d
w _
5.0 120<p%'<140 GeV - 180<pl'<200 GeV
55 _ R=0.4,|n®<1.6 _ R=0.4,|0%<1.6
: CM=2.5 i CM= 2.5
0.0F N
25 1.0_2 . . N 1L0_1 . . 1LO_2 . . . 1.0_1
R R,
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1. Sensitivity of EEC and Jet R, , to the Jet-Medium Coupling cutoff C,,

- PbPb@5020 GeV 0-10% CMS 180<p’7'<200 GeV
— gM=;.g Qs =1.9GeV | 1 gl PbPb@/syy =5020[GeV], 0-10% CM=1.5 _
- 777 bm=e T . - ~—= CM=20 -
0.8~ = (m=25 R=0.4 — 3 pr'>10GeV, A=04,6=4 _ cpy_o5 -
@ éIALé\S ‘ - 14—_‘\ Q, = 1.9 GeV ¢ Ccvs
i ALICE 1 | }- \ [
- ALICE ch. . ®_ o ‘
< 0.6 O .iéi %=
mq: B .. 3’ T~ O 8 B
i e n”';,/“"" — i - i
B e '.‘ = B B
0.4~ _ R —
— ‘/‘ o | - :
- i
0.2~ —
102 100
pr [GeV] C
M
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1. Sensitivity of EEC and Jet R, , to the Jet-Medium Coupling cutoff C,,

Jet nuclear modification factor:

1 dN*4/dp,
NCOZI dep/de

RyA(pr) =

Energy-energy correlator:

) P Rpa — Sensitive to Energy Loss FEC - Sensitive to Angular Structure
1 PrPr 5
EEC(R;) = — D |drR, =R, - AR))
jet ij,i,Ejet * p I,jet Sgggmtrs
N
o Weak Particle Beam  Full-Power
> . Governed by total energy loss - Strongly iy, !

Steom jets

affected by soft interactions - Stronger sensitivity

Particie B |
Ti

>EEC: Probes relative angular structure in jets -

" . ey Low E High E Same Total E
Normalized & energy-weighted - weak sensitivity Ry WA ame Totat Energy
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2. Sensitivity of EEC to the Vacuum—Medium Transition Scale Q,

Vac-like evolution

Time evolution — ~

O, (Scale separating vacuum & medium shower) |: fewer partons in the M st

- o 99888858

shower, interacting earlier with the medium. @»&%?MT Ty
0%&

- 20000009,

Vacuum-like evolution Medium, g,

_ .
Small angles: Larger Q, — PbPb@+/ Sny = 5.02TeV, 0 - 10%

stronger enhancement. 200 o §
- CMS 180<pr <200 GeV__ 5 _{2GeV -
1.75 —anti-kr R=0.4, [N*<1.6 .. qQ,=15GeV —
Smaller Q, — - Cy=25,p95>1.0GeV—— Qy=1.9GeV -
1.50 — —
steeper slope. o 2 ¢ CMS -
i -
& ptd

> Intermediate angles: Curves for

'»l\.t
| YR

llllllll

different Q) intersect near a R 2

common point. 0.75
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2. Sensitivity of EEC to the Vacuum-—

Evolution of Vacuum Showers with Qg

High Qg Low Qg
" o —.@ 4 | . ') .
@ ) & e Py ¢ i g
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| Low g, /,«,’1‘ N \"‘—@—,, o
«. . 9 / '",.’35 \ . XY D B
£ ","E\ 3
. o It N
| ) N ®
V/ ? & “'» = '
woo 7 & i ® ‘ 9
C ’; 7/ ¢ & ¢ ° o ® '
Few Particles Many Particles
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Quark Gluon

C. = 4/3 C,=3=9/3

Medium Transition Scale Q,

PbPb@+/ Syny =5.02TeV, 0-10%

2.00 — i
© CMS 180<pf'<200 GeY__ o _12Gey -
1.75 anti-ky R=0.4, [P¥|<16 Qy=15GeV =
- Cu=25,p>1.0GeV—— Qu=1.9GeV -
150 $ CMS -
O . |
Lo
g 5_i_ ¢ 3 ’
: XX S L
10— e, et
- S 71 L -
0.75 — -
1072 | 101
AL

At large angles, a smaller 0, leads to more shower
particles, resulting in stronger medium-induced
radiation.

At small angles, a smaller O, leads to a richer
vacuum shower reduces the quark-gluon energy-loss
difference thereby suppressing their selection bias.
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3. Effect of medium response in EEC

' et
CMS 120<p/s'<140 GeV 50 120<pF'<140 GeV

PbPb /Snn =5.02 TeV, 0-10%
R=0.4, | < 1.6
CM=1.5

M transverse momentum density: . i
O Sl "
LL 9

" PbPb@/Syy = 5020[GeV], 0-10%
- 1 8L antikr R=0.4, [ <1.6

e Medium particles generated from - Cu=25,6=4 }

1.6 peny 1.0aGev

H10% - - dp W92
O T B
yguuns TL LI A”A¢ i
Y L _ dndg 10
_ 0.8}
. via energy-tower method - |
10 10_2 10_1 0.6 110—2 1 1 1 L1 1 1110_1
—de—all_eec (Qp=1.9 GeV) RL m  particle-medium (Qo=1.9 GeV) RL
particle-particle (Qo =1.9 GeV) medium-medium (Qo=1.9 GeV)
. — (o = 1.9 (GeV) only par.-par. —-= Q=19 (GeV) all
O E E C IN CI U d e: —== Qo= 1.9 (GeV) par.-par.+par.-med. ® CMS
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(1D Hard particle — Hard particle correlations

(2 Medium response — Hard particle
correlations

(3@ Medium response — Medium response
correlations.
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Systematic predictions from large to small systems



EEC from large to small systems: Pb-Pb, O-O and p-Pb

> O--0 : Similar
structure but smaller

magnitude than Pb-
Pb.

> p--Pb : Even smaller
than O-O

— The shape of the

EEC ratio is the similar
across systems, with
only an overall change
iIn magnitude.
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> The EEC is a sensitive probe of the vacuum—medium transition scale Q,.

> A smaller O, suppresses small-angle enhancement and enhances
large-angle medium-induced correlations.

> The EEC modification shows a similar trend across Pb—Pb, p—Pb, and O-
O systems, with only an overall change in magnitude.

> Our model describes CMS and ALICE data at high p, and provides
predictions for O—-0 collisions
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