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Energy-energy correlator (EEC)

A new jet substructure observable:
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Jet EEC in Vacuum

LO emission:
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Consequences of flavor dependence of EEC
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PYTHIA 8.306, simple shower
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https://arxiv.org/abs/2502.11406

Effects of hadronization: TMD Fragmentation
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Resolving QGP scales with EEC

Two—Point Energy Correlator

E=100 GeV, L=10 fm
W § =10 GeV2fm™!

B G =20 GeV*m™!

B §=30GeVfm!

Vacuum

Andres, et al , PRL 130 (2023) 26, 262301 (2209.11236)
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Resolving QGP scales with EEC
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Can EEC resolve the induced gluon emission in EIC
and heavy-ion collisions?

Can EEC resolve momentum broadening of leading
partons and recoil partons (medium response)?

Can EEC resolve the angular scale of in-medium
parton collisions in EIC and heavy-ion collisions




Gluon spectrum from single emission in GHT

Generalized HT induced emission in a QCD brick medium:
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EEC from single emission in e+Pb
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eHUJING: electron Heavy lon Jet Interaction Generator

Gluon saturation I\/IuIt|pIe scattering Fragmentation & Hadron
——
initial TIVID PDF in parton propagation Hadronization propagation
T

D
MD in nuc|e|TM high-twist

> ‘ 9‘
. Pythia for ¥*+N - jet shower processes £ HIJING

* Simple model for saturation in gluon TMD distribution

e Elastic scattering with TMD distr. s o (1—zg)Pa)
.. Qs@g(Tg, k1,Q°) = 2 12
* |Induced gluon emission 91 T W5
* Multi-scale evolution for multiple gluon emission
— QZ’ Q52; “02
e String hadronization Ke, Zhang, Xing and XNW, Phys. Rev. D 110, 034001 (2024)
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Modification of single and dihadron spectra in EIC

Leading hadron spectra di-hadron spectra
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Medium modification of ECC in EIC

Modification mainly caused by momentum broadening i
p+P
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EEC from single emission in QGP
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Contributions from medium response

2—> 2 elastic collisions: ~gg
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Modification of jets and medium response
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EEC of single parton in a QGP brick

Single parton with multiple scattering in a brick in LBT

(a)
medium
response

3 A 0 CoHm

(b) 02 E=100 GeV
radiated

Debye mass: % = 5Kg2T2
T=0.36 GeV

We vary only K in sampling the transverse
momentum transfer of 2->2 and kinematic
limit of gluon bremsstrahlung. We
however keep ghat and 2> 2 rate
unchanged.

Medium response

(recoil + “negative” partons)

Is (more) important
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EEC of a jet shower in a QGP brick
A jet shower in a brick in LBT

— K=4.0
- K=1.0
— K=0.2
=== vaccum

Initial y-jet configurations generated
from Pythia8

T=0.36 GeV
L=4 fm
Energy loss and momentum
broadening lead to suppression

at small angles

pY¥> 100 GeV/c
Pt >50 GeVic, R=0.5

Radiated gluon and medium
response dominate at large angles

e Institute of Particle Physics
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EEC of y-jets in Pb+Pb Collisions

CoLBT simulations:

(b) ‘ / Ns = 0]
i A
g
' '/Y/y -1 //
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ld p \
- & Pt > 50 GeVic, R=0.5 '\
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V 4 v
10! — ph>10Gevic
K=0.2-4
S p?>2.0 GeV/c
Enhancement at large angles by soft | I g0 -—- P> 10Gevie

h pp
—== p7>20GeVic

hadrons from radiated gluons and
medium response, sensitive to pT

CUINEEG by energetic hadrons from leading

shower partons at small angles are
suppressed, not affected by pT cuts
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EEC of Single inclusive jets

p+p: PYTHIA & If 120 GeV jets come from vacuum
fragmentation of jets with energy

Vs =5.02 TeV o0 — 20< p‘i:t <40 GeVl/c
anti-k; charged jet ~

R - 0.4 \ 40Py <60GeVie loss from initial 140 or 160 GeV
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Enhancement due to jets with reduced energy?

With jet splitting outside medium No jet splitting outside medium

jet

PbPb 0-10% Bl 140<p <160 GeV/c
V§=5.02 TeV B 160< p'.];t <180 GeV/e
B 180<p
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anti-k; partonic jet . je -
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102
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anti-k; charged jet B 180< P'i;:[ <200 GeVle anti-k; charged jet e ﬂc:p_;::t <200 GeVle

- ..:}1 GeV/c . . E{Fil <05 . 2 ack eV/e ).c |?Tim| <05
- P_reh_mmar_y_J_ETS APE ..

10° !
R;

Effect of hadronization dominates at small angle !
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Effects of hadronization

Qp = 2.0GeV/c
Qp = 1.5GeV/c
Qo = 1.0GeV/c
Qp = 0.1GeV/c

hadron

parton

e Parton EEC at

small angle f
due to random Pythia y-jet £
correlation 0,7>100 GeV/c
* Hadron EEC pret> 50 GeV/c, R=0.5
sensitive to |
hadronization
JETSCAPE: increase of the hadronization scale Q,
177
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— = SETT
A ned

P Institute of Particle Physics
//f/ 'I!M‘\"\R\'\

AF W HE W R R




Single jet EEC from CoLBT

#+ pf=lGeVic gp=1.0
# pi>2GeVic qp=1.0

Increased virtuality scale in medium leads to enhancement of
EEC at small angle
Medium response leads to enhancement at large angle R >0.3

Institute of Particle Physics

AF W HE W R R

v S

pltt €100, 160)GeV
R=0.4 anti-KT

| <16

|
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PYTHIA8

- Bl p>1GeV/c Qp=0.5

S mm ph>1GeVic Qo=1.0

4 0-10% CMS
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Summary

 Medium modification of EEC in EIC by pt broadening

* Medium-response dominates enhancement of EEC at large
angles in heavy-ion collisions which is sensitive to interaction
scale in medium

* |ncreased parton scale in medium leads to enhancement of
EEC at small anglee
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Seeing Mach-cone through 3p Azimuthal Correlation

p+p (y+jet) pr>40 GeV/c  0-10%Pb+Pb (y+jet)

r=(r1+r2)/2 Back-to-back correlation due Azimuthal uniform correlation
to momentum conservation due to medium-response;
Institute of Particle Physics Of parton Spllttlng MaCh'Cone - Sound V€|0City?
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LBT & CoLBT: Jet-induced medium response

Time: 0.4 fm
(b) t=8 fm/c

= == NN
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>
(<))
)
~
N
T
S
o
=
L
T
-
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. 05
Energy transverse distribution of 3D energy density distribution of the medium response
medium response in a static medium induced by a y-jet in a 0-10% Pb+Pb event
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Linear Boltzmann Transport model

LBT: Linear Boltzmann Transport

p1-0f1 = —/dpgdpgdp4(f1f2 = f3f4)]M12_>34|2(27r)454(2p¢) -+ inelastic

Induced radiation

ng N QCAOéS
dzd?k,dt —  wki

P(z)q(p - u)si

 pQCD elastic and radiative
processes (high-twist)
* Transport of medium recoil
partons ( and back-reaction) |
Back-reaction

* CLVisc 3+1D hydro bulk evolution (particle hole)

Institute of Particle Physics
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ColLBT-hydro
(Coupled Linear Boltzmann Transport hydro)

Concurrent and coupled evolution of bulk medium and jet showers

p-0f(p)=—C(p) (p-u> D)
0, 1" (z) = j¥ (=)

3V (@) =) p{ 8P (z — 1:)0(pd; — p - )

LBT for energetic partons (jet shower and recoil)
Hydrodynamic model for bulk and soft partons: CLVisc
Parton coalescence (thermal-shower)+ jet fragmentation
Hadron cascade using UrQMD

Chen, Cao, Luo, Pang & XNW, PLB777(2018)86
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EEC of dijets

V5=5.02 TeV
anti-k; jet, R=0.4
i <0.5

40<p™' < 60 GeV/c

track

| p, > 1GeVic

--- PYTHIA 8, p+p
— LBT, Pb+Pb 0-10%
— leading jet

— subleading jet

Leading jet

subleading jet

EECicading = EECsubleading © robust measure of medium modification free of background
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pT dependence of EEC
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Y energy dependence

-== pp p¥> 100 GeV/c

-==" pp P¥>200 GeV/c
—— p¥>100GeV/c
—— p¥>200GeV/c
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Jet energy dependence

=~ — Origin PP 75 == QOrigin PP

! = QOrigin AA == Origin AA
- = PP, pltt€(150,180)GeV ) — = PP,plt €(100,110)GeV
== AA,p'€ (150, 180)GeV - - = AA,p'€(100,110)GeV

==

— AAPF'E (65, 85)GeV
— PP E€(65, 85)GeV
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MPI subtraction in Z-hadron correlation

164 —— Pythia+recom 4 cMs VSww=>.02TeV g
3 12 AYmpi from sub
(a) < ===- AYwmpi = YMpion — YMPploff ) e )
pr = 0-2-GeV/c > 8 Medium modification
S~
S 4 of MPI: low pT
pd
5 enhancement and
§ 16 CoLBT-hydro 4 CMs high pT suppression
Jet I AYyp from sub
> === AYmpi = Ympion = YMPpioff No correlation with
0-30% Pb+Pb Z/y-jet
MPI

CoLBT-hydro  4-CMS
CoLBT-hydro (MPI sub)
- CoLBT-hydro (MPI off)

Mixed event subtraction

AN}E,  dNRZ /W d¢ (thZ AN |¢_1)
1

“do | do T\ dp  do

Nl
\,\\ /| ,\ Institute of Particle Physics
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Sensitivity to EoS and shear viscosity

q eosq: first order
L s95p: rapid crossover from LQCD
sl
5
I Larger effective c.in eosq 2 :
S larger Mach cone angle = shallower DF
% | valley
o > Stronger radial flow = smaller soft MPI

AN = nNn — Njet
Competition of:

n/s increase transverse flow 2
suppression of soft MPI and DF valley
Negative shear correction of
longitudinal pressure - impede |
longitudinal expansion = increase MPI 15 | 0-10% Pb+Pb
and DF valley /SN =5.02 TeV

-4 -2 0

Institute of Particle Physics
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Jet suppression and medium response at LHC
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p’>60 GeVic S CMSpp
S _ % CMS Pb-Pb 0-30%
anti-K_ jet R=0.3 .

; —— Sherpa pp Z+jets Z . t
plel>30 GeV/c —— Pb-Pb Z+jets 'J e
|hje1|<1.6 ........ Sherpa pp Z+1Jet R . . .
R N oy Pb-Pb Z+1jet Single inclusive jets

3 P S — - = Sherpa pp Z+(32)jetd
— - = Pb-Pb Z+(32)jets

0s=5.02TeV
Z(ll)+jet

anti-k, R = 0.4 jets —LBT 5.02 TeV+ATLAS 5.02 TeV
= LBT 2.76 TeV+ATLAS2.76 TeV

100 200 300 400 500 600 700 800 900 1000
P, (GeV)

SO 4

VIHLAG 40—

v-jet He, Cao, Chen, Luo, Pang & XNW 1809.02525
Zhang, Luo, XNW, Zhang, arXiv:1804.11041
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%06-0 LE1-0d+0d —
0406-0 SIND 0d+4d +

Luo, Cao, He & XNW, arXiv:1803.06785
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Gluon spectrum from single emission in GHT

Generalized HT induced emission in a QGP brick: Tf = (2;(1 —kz))zz
b s

ANSCGHT) o o . Q° . K2 A
7 — 2(R) a P(O)(Z) /dypA(y)/ koLOé P(Zg, K1) = [1 — COS i]
0

dadff — NE-12w° R Ak |y
8(2)
999% For small angle emission: (L <zE |k, — /| < (1—-2)E
d

¢ " a(1)
/k (9%2% (EJ_—ZkJ_)2%4(€J_—kJ_>2

2%(1 — 2)% E? 2%(1 — 2)2 E?2

Change of variable ¢/, -k, — /¢, 015 ~ 2L . — 22(1—2)E - .
z(1—-2)E "7 Z] 2(1 — 2)E62,
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Jet EEC in Vacuum

LO emission in vacuum:

vacC
dZP°  q,

1
R %CF/O dz z(l—z)qu(z)/M

Leading Log evolution:

(1-2)E z2(1-z)E

5 h/qq (S)Eq + - ] (005 0.010\ | 0.050 0.100

0

Non-leading log power corrections ~ §  Uncorrelated emission at small angle
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EEC in generalized high-twist

With a (GW) static potential model

¢(0, EJ_) 4o R / 2 CQ(R)CQ(T) 2 s*
3] Gz ge @ 190 kL)~ p— = —dmasIng g
dyred B L% §  8asCy ) 2(1 — 2)Pg(2)  sin ELz(1 — 2)6?/8
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Recover HT results:
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