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Jet Production in HIC

Jet: hard probe, perturbatively calculable,
multiple scales ranging from 1 GeV to 1 TeV

Within the factorized parton model in pQCD,

d@{flt
= N;; j Ap- Wi, (Ao, Apr, R
i pin(D) E dAprWy,(Apr, pr + Apr, R)

a,b,c

X fa/A X fb/A Q@ Hgp & J.(pr + Apr, R|pr )

J.: jet function in vacuum, describe the probability to form
a jet from parton c Kang, Ringer, and Vitev, JHEP 10 (2016) 125 A

Kang, Ringer, and Vitev, PLB 769, 242 (2017) A Sketch of HIC, from Ibl website

Wy, jet energy loss distribution averaged over initial .
. : L Jet quenching: energy loss + transverse
production points, propagation directions

He, Pang, and Wang, PRL 122, 252302 (2019) momentum broadeni ng
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Jet Observables in HIC

Jet nuclear modification factor

doAA

R —
A4 T (N o) daPP

v’ Strong centrality dependence — jet quenching
v' Weak p; and colliding energy dependence —

competition btw the initial spectrum and jet quenching
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HAA

0.5p

ATLAS | anti-k, R=0.4jets Cyl<21
[=]0-10%, V[SNN =2.76 TeV [PRL 114 (2015) 072302]
[=10-10%, |sy, =5.02 TeV

ih. B

[=130 - 40%, sy =2.76 TeV [PRL 114 (2015) 072302] I
[+130 - 40%, sy, =5.02 TeV
][] ] (T ,,) and luminosity uncer.

ATLAS Collaboration, PRL 114, 072302 (2015)
ATLAS Collaboration, PLB 790, 108 (2019)
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Jet Observables in HIC

Jet nuclear modification factor

dO'AA
R —
A4 T (N o) daPP

v’ Strong centrality dependence — jet quenching
v' Weak p; and colliding energy dependence —
competition btw the initial spectrum and jet quenching

ATLAS
anti-k, R=0.4 jets, y"sNNZE_CIE TeV
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ATLAS Collaboration, PRL 114, 072302 (2015)
ATLAS Collaboration, PLB 790, 108 (2019)
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Jet Observables in HIC

Jet nuclear modification factor

dO'AA
R —
A4 T (N o) daPP
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v" R dependence — differential, capable to constrain jet 10 B L0 paCD (et
quenching models R T T T TR Ty

h
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STAR Collaboration, PRC, 102, 054913 (2020)
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Jet Observables in HIC

Jet nuclear modification factor

doAA

R —
AA = (N o) doPP

v" R dependence — differential, capable to constrain
transport model
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Jet Observables in HIC

= 0.08p | |

- ATLAS 71 < p_< 398 GeV
) ] 0-07¢ Pb+Pb 2.2 nb'" Nia E
Jet anisotropic flow 0.06F 5~ 502 Tev =y, =
0.05( anti-k, R=0.2, [y| <1.2 v, N
0.04f- . . =V, =
dN 0.03F =

Ton C[1 + 2v,cos(n(¢p —¥,)))] 0.02f i

0.01= . § . P
% n =1 direct flow om'il{*; ------------- g =
s n = 2 elliptic flow -0.01= E

s n = 3 triangle flow 00255 Gov  20-40%  1020%  510% 0%
% Centrality
> fwo T amas’
— 0.061 Pb+Pb {s,, =5.02 TeV, 22 nb" "
For elliptic flow F g hah:ﬁi-kr R=02ly|<12 |
5 o ey . 0.04 o/ ]
v’ Strong centrality dependence — initial geometry and jet By . 10-20% -
quenching 0.02 ; 'L ' ¥ =
v' Weak p; and colliding energy dependence — s o S . -
competition btw the initial spectrum and jet quenching 0.02] v e s st vt st
v’ Potential to understand the path length dependence of = Vi BT &P .

50 200 250 300
P, GeV]
ATLAS Collaboration, PRC 105, 064903 (2022)

jet quenching
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Jet Observables in HIC

Other jet observables:

v’ Jet shape, Jet fragmentation functions, Groomed jet mass and Zg

v Energy-energy correlators
Vo

Questions to answer:

How jets are quenched, and how the energy in jets is distributed after jet quenching
How the QGP medium is modified due to energy deposition, and how the energy evolves



Jet Transport Model

Linear Boltzmann Transport (LBT) model

_dPp o . .
Do 0fq = b f Zpca [li= =b,c,d 5. (27)3 P (fefa — fafp) I Map—calS2(5, ¢t u)(27'[)454(pa + pp — Dc — Da) + inelastic

E;(2m)3
NP 2 3
S,(8,8,0) =0(8 >2u8)0(—=8 + ud < —ud), Hp =7 —g°T Braaten and Pisarski, PRL 64 (1990) 1338
. ‘u
> Elastic: T¢ = I;—OZbcd Pp(X)04p5ca LO pQCD
J. Auvinen et al, PRC 82(2010) 024906
drgtet  easPa(2)ki  pu

> Inelastic: Ga smz(z_;i) High twist
f

dzdk?  m(k2+z2m2)* Do
Guo and Wang, PRL 85 (2000) 3591

radiated gluon Zhang, Wang and Wang, PRL 93 (2004) 072301

leading parton » Multiple scattering

' » Medium response: recoil — negative
thermal recoil » Linear approximation




Jet Transport Model

Coupled hydro + Linear Boltzmann Transport model (CoLBT)

Hard Soft
Initial shower partons Real-time feedback Initial condition
(PYTHIA, SHERPA ...) (local temperature, velocity ...) (AMPT, TRENTO)
Hard scattering (LBT) QGP evolution (CLVisc)
Py 0f(x1,p1) = E; (Cey + Ciner) a”THV =jV

= d 7 - - .
Recombination j¥ = Z?%W(x — %02, — p; - W) Cooper-Frye
Fragmentation

Hadronization
Fig. courtesy.

Jet reconstruction Tan Luo, QM 2019



Energy Loss

Path length dependence: g, = Cz(a)%(?’)ln qu#
D

» Elastic: linear dependence on path length  te o, wang & 20, prc 91, 054908 (2015)
» Inelastic: quadratic at the early stage Luo, He, Cao & Wang, PRC 109, 034919 (2024)

» Energy transfers from the hard to the soft
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Bayesian Analysis of Energy loss

Jet energy loss distributions

dOJet do_]et
AA pp
R) ~ Ny, (b) | dA
T (1, R) & Nia(®) [ dpr 2
O‘E;(pT) } jet
: — 57
MC transport models: W oa(pr. Apr) aa(PT)
ojet
Bayesian analysis: ?;i(pT) = Waa(pr, Apr)
OJAA(pT)
Data-driven & P(Y|X)P(X)
model-independent L&) = —pa— ¥ i date, X Wy
Parametrization: Woala) = &8 e ™ _ Apr
arametrization: AA T Apr)

(Apr) = B(pr/Pr0)" log(pr/PT,0)

B [GeV/c]

>~0.2

He, Pang & Wang, PRL 122, 252302 (2019)

(pr + Apr, R) Waa(Apr, pr + Apr, R)

TN

A

0 5 100 2 4 600 02 04

a B [GeV/c] 14

Posterior distributions



Bayesian Analysis of Energy loss

single inclusive jet in Pb+Pb
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Transverse Momentum Broadening
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Transverse Jet Tomography

Transverse jet tomography He, Pang, and Wang, PRL 125 (2020) 122301
4 aﬂfa(%v T) = %6;&(23 r)
.- 11 /5 Edg"’*' o) (B — Bt )? X [ Mapseal? 22 (2m) 6% (-t by — ko — ki)
= i(2m) 2
f G, = constant f,(k,7,t) = 3 ( q4c:2 )2e(ﬁ%t 2 :riﬁ 7 - 4l
a 7

diffusion  /(k2) = 1/ ¢t A/ (P =t/ (G,t/3)/w
arift 7 = (ki /2w)t
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Transverse Jet Tomography

Transverse jet tomography

—

If q = qo+|al-

—

rl

t o

Q4

f(EJ_at) = []‘ -

3@0%

when |a| is small enough, the correction « |a|

Y e
- il

Y

k(1 -

0.08

240t

L RN (RLY)

Distorted Gaussian

Jets tend to propagate to the lower g region

Yayun He
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Transverse Jet Tomography

Simple model simulations

transverse number asymmetry:

v _ S0y >0) — f(k, < 0)
N f(ky > 0) + f(ky < 0)

similar to the QGP

Af = QAOtO —x2/a% —v%/a? é'Numerical i
Q(T'J_,t) — € / =Y / Y _0'01;_MCsimulati0n

 to+t e '

Larger gradient, and longer propagation give stronger transverse asymmetry
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Gamma-jet Transverse Tomography

LBT model simulations I’

photon

o — —
: : A

Er(k, > 0) — E¢(k, < 0) S
Er(ky, > 0) + Er(ky, <0)

- qY =
transverse energy asymmetry: AET =

Jet tomography for
jet localization

y (fm)
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2D Dijet Tomography

Tra nsverse Jet tOmOg ra phy He et al, in preparation

Er( ) = Ex( ) AA
Ay _ Tky>0 Tky<0 500<pT1<550 GeV/C
ET - E (k )
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2D Dijet Tomography

Longitudinal jet tomography: 500 < pp4 < 550 GeV/c
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2D Dijet Tomography

500 < p4 < 550 GeV/c

r,,=002 r,,=010 r,,=0.16

€

Transverse
N Scan the QGP in
e the whole
longitudinal
region!

jet tomography




Medium Response: recoil-negative

n 1
Jet parton, E (a) S
-2} -2
-4+t -4
z_ | i
-8}t -8
-10 ~10
. -0 - n 1Y 1n —1n
Recoil and -
radiated gluon, w (@) of 0
i -2
A 4 —4}
“« ) -6 % -6}
negative” parton, e g
particle hole, T Y ___ = jolh ] /R -
-10 -5 0 5 10 -10 -5 0 5 10
E>w>T x [fm] x [fm]

Neufeld. PRC 79 (2009) 054909

Diffusion wake: negative Width of front wake is related to the shear viscosity, D2~ i

net contribution from sT

medium response Cs

Angle of mach cone is related to the speed of sound, sin(@) = ™
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Medium Response: recoil-negative

Mach-cone-like structure

(¢) quark elastic + rad.

with rescattering, t = 6 fm/ 6
_ /é\ 4
E 180 =2
S 1607 N
3 }§§ - 0
= 100" .
N
T 9%
SEIRIEN | &
T 4
0

Diffusion wake



Medium Response: diffusion wake

-8.0 -6.0 -4.0 -2.0 0.0 2.0 40 6.0 80 -8.0-6.0-4.0-2.0 0.0 2.0 4.0 6.0 8.0
Y i

Yayun He Jet Tomography in High Energy Heavy-ion Collisions

24



Medium Response: diffusion wake

(a)
pY € (200, 250) GeV/c
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o 3 1
o - Ay<-0.2 ;
= Pt = 100 GeV/c x 'g- [12.0
T 2+
g | R=0 L S [ 100
Z 1 T +
2 0 T f e e e e e e e e e = A == = — < l
= -
= " 6.0
I -1 : Q-. 4
§ 2 (b) — w/0 pif'/p¥<0.8 and w/o MPI sub 2 .0
3 5 = = w/o pif'/p¥<0.8 and w MPI sub b i
o —w pI¥p¥<0.8 and w/o MPI sub
.5.‘- 4 - — wpift,'p¥<0.8 and w MPI sub .
=
© d L
= 3 w/o A, restriction
= 5
—

Y
Z-" 0-10% Pb+Pb @y/syy =5.02 TeV ~S=

T T
=3 =7 =1 0 1 2 3

Aq)hjet — ¢h_¢jet
Chen, Yang, He, Ke, Pang, and Wang, PRL 127, 082301 (2021) Yang, Luo, Chen, Pang, and Wang, PRL 130(5), 052301 (2023)

v 2D jet tomography can enhance the signal of diffusion wake
v" 3D jet structure can be quenched to form diffusion wake in the longitudinal direction
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Machine Learning Assisted
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Yang, He, Chen, Ke, Pang, and Wang, EPJC (2023) 83:652
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v Point Cloud NN to predict initial jet creation points, and search for diffusion wake
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Energy-Energy Correlator

Definition and motivation 1. IRC safe, pQCD calculable

ET 2. Soft suppressed, easy to

az™ 1 do; ; E'
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W. Fan, QM 2023 lan Moult et al, PRL, 130, 262301 (2023)



LO emission

ot
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do 21 20
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» Large angle scaling:

» Transition angle region:

» Small angles :

EEC in vacuum
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1 4 : -
~=,0> ?“, perturbative, hard scattering
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EEC in medium

High-twist induced emission in a QGP brick:

5
dzmed 12§ 8ayC, f p P (2) sin ELz(1 — 2)92/8]
=~ 7 — —
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» Large angle scaling:
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%' i === E=100 GeV, vaccum \\\
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EEC to resolve QGP scales

Gluon emission in a QGP brick:

0,100 Two—Point Energy Correlator 10! 5
o h—%kf e E g =2 GeV?/fm; u=1GeV
- 0.010 __ . -
25 0005 = .
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E Hg _ 1 — E=100 GeV, L=8 fm
="l 04 o o ey —— E=200 GeV, L=8 fm
= 1 -1 El
% H'ﬁ ______'?if'f __________________ I___'T_—_ 10 } T T lllll|1 T T T |l||||0
4 _3 ) 1 0 10~ 10~ 10
In @ 6
lan Moult et al, PRL, 130, 262301 (2023) Yang, He, Moult & Wang, PRL 132, 011901 (2024)
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EEC to resolve QGP/scaIes

3 : .
O Debye screen mass: g = EngTZ, perturbative + nonperturbative

dOnly vary K during the samplings of the transverse momentum transfer of 2 — 2
processes and kinematic limit

dz/d6

Single parton with multiple scatterings
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v Strong dependence on K, especially at large angles
v' Medium response dominant
v Radiated gluon suppressed



EEC to resolve QGP/scaIes

3 : .
O Debye screen mass: g = EngTZ, perturbative + non-perturbative

dOnly vary K during the samplings of the transverse momentum transfer of 2 — 2

processes and kinematic limit

Shower partons with multiple scatterings

dz/dé

2.5 7

2.0 -

1.5 1

1.0

0.5 1

0.0

— K=4 ()
— K=10
I K:O.Z

== vaccum /

T=036GeV [/
L=4 fm !

jet

Pr

pY> 100 GeV/c
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102

e

>50GeV/ec, R=05

v" Small angle suppressed due to energy loss and
momentum broadening

v Large angle enhanced due to medium response
and radiated gluons



6dz/d6

6dz/do

Yayun He

020

EEC to resolve QGP scales

y-jet in Pb+Pb 5.02 TeV 0-10 %

10!
No p? cut

K=4.0
K=1.0
K=0.2
PP

100

4
Pt > 100 GeV/c N

pft >50GeV/c, R=05 \\\
[ny]l < 1.44, |Njet| < 1.6

10! ph>10GeVic

h K=0.2-4
— pr>20GeVic

——= ph>10Gevric
—-——— pP>20Gevic

v" Small angle suppressed due to energy loss and
momentum broadening, insensitive to pr cut

v’ Large angle enhanced due to medium response
and radiated gluons, sensitive to pr cut
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Summary

Jets are powerful probes to reveal QGP properties.

Jet energy loss and the distributions can be extracted from experimental data with Bayesian

analysis.

Jet tomography can be used to localize initial jet production, and is promising to search for the

diffusion wake.

Energy-energy correlator is an excellent probe to investigate the short-distance structure of the

QGP.

Thanks for your attention



