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Heating up the matter
Å How does the matter change when heated?

Å Increasing temperature increases the 
kinetic energies of DOFs. 

Å High enough temperature can break the 
larger structures (DOFs) by activating 
more fundamental DOFs. 

Å Breaking molecules and chemical bonds: 
103K, burning, flame, torch

Å Breaking atoms (to get QED plasma): 105K, 
ironization

Å Breaking nuclei: 108-109K, nuclear 
reactions

Å Breaking nucleons (to get QGP): 1012K, 
relativistic nuclear collisions
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Heating up the matter (via lattice QCD)

crossover: Tc=155MeV

HotQCD, Phys.Rev. D90 (2014) 094503

A transition (crossover) between 
hadronic matter and quark-
gluon matter at ╣╬ ἙἭἤ

╣ ╣╬, the thermodynamics of 
the system is described by HRG

╣Ḑ ἙἭἤ, not a non-
interacting quark-gluon gas, but 
a strongly-interacting fluid

For non-interacting massless 

particles, ╟ ▀
Ⱬ
╣
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Heating up the matter via relativistic heavy-ion collisions
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An interdisciplinary research field



Collision centrality

Miller, Reygers, Sanders, 
Steinberg, Ann. Rev. Nucl. 
Part. Sci. 57 (2007) 205-243
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Probes of QGP in heavy-ion collisions

Soft Probes: 
Yields/Spectra

Flows
Fluctuations
Correlations

Decorrelations
Χ

άLƴǘŜǊƴŀƭέ ǇǊƻōŜǎ

Hard Probes:
Jets 

Large pT hadrons
Heavy quark/hadrons

Quarkonia
EM probes
Χ
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central

peripheral



Jets in heavy-ion collisions

N+N A+A: jet quenching

1) jet energy loss 2) jet deflection and broadening 3) modification of jet substructure 
4) jet-induced medium excitation (medium response)



Evidence for jet quenching

Å If AA collisions are a simple 
geometric combination of 
many NN collisions, then 
RAA=1

Å Hadron: RAA<1
Å Photon & Z boson: RAA=1
Å Due to final state interaction 

between high energy partons
and QGP (i.e., partonenergy 
loss), the production of high 
pT hadrons (from the 
fragmentation of high energy 
partons) is suppressed

Å Jet quenching mainly 
originates from parton energy 
loss in hot QGP  (GeV/c)
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Leading hadron production in pp collisions
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pQCDfactorization: Large-pT processes may be factorized into long-distance pieces in 
terms of PDF & FF, and short-distance parts describing hard interactions of partons.



Hadron productions in pp collisions @ NLO

Based on B. Jager, A. Schafer, M. Stratmann, and W. Vogelsang, Phys. Rev. D67, 054005 (2003)
F. Aversa, P. Chiappetta, M. Greco, and J. P. Guillet, Nucl. Phys. B327, 105 (1989).



Leading hadron production in AA collisions
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Jet-medium interaction

Hard parton

Elastic (collisional) Inelastic (radiative)

Hard parton
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Bjorken1982; Bratten, Thoma1991; 
Thoma, Gyulassy, 1991; Mustafa, 
Thoma2005; Peigne, Peshier, 2006; 
Djordjevic, 2006;  Wicks et al (DGLV), 
нллтΤ D¸v Ŝǘ ŀƭ ό!a¸ύΣ нллуΤ Χ

BDMPS-Z:  Baier-Dokshitzer-Mueller-Peigne-
Schiff-Zakharov
ASW:  Amesto-Salgado-Wiedemann
AMY: Arnold-Moore-Yaffe(& Caron-Huot, Gale)
GLV: Gyulassy-Levai-Vitev(& Djordjevic, Heinz)
HT: Wang-Guo (& Zhang, Wang, Majumder)



Collisional energy loss

Å From kinetic theory, the elastic scattering rate:

Å The collisional energy loss rate:

Å It is infrared logarithmic divergent, screened by plasma 
effects which are incorporated by including hard thermal 
loop corrections for soft momenta of order gT

Bjorken1982; Bratten, Thoma1991; Thoma, Gyulassy, 1991; Mustafa, Thoma2005; Peigne, 
Peshier, 2006; Djordjevic(GLV), 2006;  Wicks et al (DGLV), 2007; GYQ et al (AMY), 2008



Medium-induced radiation

Zhang, Hou, GYQ, PRC 
2018 & PRC 2019; Zhang, 
GYQ, Wang, PRD 2019.

+ other 20 diagrams

Ҍ ΧΧ}
Medium-induced gluon emission beyond collinear expansion & soft gluon emission limit 
with transverse & longitudinal scatterings for massive/massless quarks

Medium-induced gluon 
radiation spectrum is 
directly controlled by 
differential scattering 
rate (or generalized ▲)



Flavor hierarchy of jet quenching
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Flavor hierarchy of parton energy loss: 
ἏἯ ἏἹ ἏἫ ἏἪ.

However, ╡══▐ ╡══╓ . Why?



Linear Boltzmann Transport (LBT) Model
Å Boltzmann equation:

Å Elastic collisions:

Å Inelastic collisions:

Å Elastic + Inelastic:

gN

inel eP
-

-=1

inelelinelel
t

tot PPPPeP tot -+=-=
DG-

1

Medium-induced radiation spectra taken from HT: Guo, Wang PRL 2000; Zhang, Wang, Wang, PRL 2004; Zhang, Hou, GYQ, PRC 2019. 

tgDG=

He, Luo, Wang, Zhu, PRC 2015; Cao, Luo, GYQ, Wang, PRC 2016,PLB 2018;etc.

t
el

eleP DG-
-=1

Matrix elements taken from LO pQCD



Flavor hierachy of parton energy loss

He, Luo, Wang, Zhu, PRC 2015; Cao, Luo, GYQ, Wang, PRC 2016 ; PLB 2018; etc.

inelastic

elastic

Ἇ ἏἹ ἏἫ



Flavor hierarchy of jet quenching

Xing, Cao, GYQ, Xing, PLB 2020

Build a state-of-art jet quenching framework (NLO-pQCD + LBT + Hydrodynamics)
Quark-initiated hadrons have less quenching effects than gluon-initiated hadrons. 
Combining both quark and gluon contributions, we obtain a nice description of 
charged hadron & D meson RAA over a wide range of pT.



Gluons dominate high pT J/ɰsuppression

S.-L. Zhang, J. Liao, GYQ, E. Wang, H. Xing, Sci.Bull. 68 (2023) 2003-2009

Ma, Qiu, Zhang, PRD, 2014; Bodwin, Kim, Lee, JHEP 2012; Bodwin, Chung, Kim, Lee, PRL 2014

The gluon jet quenching is the driving force for high pT J/ suppression.



Bayesian analysis of high pT hadron RAA

W. J. Xing, S. Cao, GYQ, Phys.Lett.B850 (2024) 138523



Posterior distributions of parameters

The energy loss parameters for
jet-medium interaction can be 
well constrained by the 
Bayesian analysis.

Reducing experimental data 
error bars can improve the 
precision of the extracted 
parameters. 



Flavor hierarchy of partonenergy loss

W. J. Xing, S. Cao, GYQ, PLB 2024

Direct extraction of the flavor dependence of parton energy loss in QGP from data. 

Provides a stringent test of pQCDcalculation of parton-medium interaction.



Full jet evolution & energy loss in QGP

Ejet = Ein + Elost= Ein + Erad,out + Ekick,out+ (Eth-Eth,in) 

Vitev, Zhang, PRL 2010; GYQ, Muller, PRL, 2011; Casalderrey-Solana, Milhano, Wiedemann, 
JPG 2011; Young, Schenke, Jeon, Gale, PRC, 2011; Dai, Vitev, Zhang, PRL 2013; Wang, Zhu, 
PRL 2013; Blaizot, Iancu, Mehtar-Tani, PRL 2013; etc.



Jet evolution & medium response

Chang, GYQ, PRC 2016; Tachibana, Chang, GYQ, PRC 2017; Chang, Tachibana, GYQ,  PLB 2020

Jet deposits energy and 
momentum into medium, 
and induces V-shaped 
wave fronts 
The wave fronts carry 
energy and momentum, 
propagates forward and 
outward, and depletes the 
energy behind the jet  
(diffusion wake)
Jet-induced flow and the 
radial flow of medium are 
pushed and distorted by 
each other

Jet-fluid model:
ὨὪ

Ὠὸ
ὅὪȟ‬Ὕ ὐ



Signal of jet-induced flow in jet shape

The contribution from the hydro part is quite flat and finally dominates over the 
shower part in the region from r = 0.4-0.5.
Signal of medium response in full jet shape at large r.

Chang, GYQ, PRC 2016; Tachibana, Chang, GYQ, PRC 2017; Chang, Tachibana, GYQ,  PLB 2020

R

r



Effect of jet-induced flow on jet shape

Luo, Cao, He, Wang, PLB 2018;
C. Park, S. Jeon, C. Gale, 2018;
Elayavalli, Zapp, JHEP 2017;

The inclusion of medium response 
can naturally explains the 
enhancement of jet shape at larger r. 



Hadron chemistry around quenched jets

Luo, Mao, GYQ, Wang, Zhang, Phys.Lett.B837 (2023) 137638



B/M enhancement around jets: pT dependence

We find a strong enhancement of B/M ratios for associated particles at intermediate 
pT around the quenched jets, due to the coalescence of jet-excited medium partons.

Luo, Mao, GYQ, Wang, Zhang, Phys.Lett.B837 (2023) 137638



B/M enhancement around jets: radial dependence

For intermediate pT (2-6GeV) regime, the enhancement of jet-induced B/M ratios is 
stronger for larger distance because the lost energy from quenched jets can diffuse to 
large angle.

Luo, Mao, GYQ, Wang, Zhang, Phys.Lett.B837 (2023) 137638



Experimental result on in-jet B/M

Can we measure hadron chemistry around (outside) the quenched jets?

Gabriel Dale-Gau(for STAR) & Sierra Cantway(for ALICE), talks at Hard Probes 2024



Strangeness enhancement around jet: radial dependence

Luo, Cao, GYQ, in preparation



Jet energy-energy correlator (EEC)

Jet energy correlators are sensitive to 
various intrinsic or emergent scales. 
Jet EEC presents a clear transition between 
perturbative and non-perturbative regions.

Komiske, IMoult, Thaler, Zhu, PRL130, 051901 (2023)
Liu, Zhu, PRL 130, 091901 (2023)
Liu, Liu, Pan, Yuan, Zhu, PRL 130, 181901 (2023) 1.6-10 1.4-10 1.2-10 1-10 0.8-10 0.6-10 0.4-10 0.2-10 1
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Jet EEC in QGP

Medium-modified jet
EECprovidesunique
opportunity to probe
jet-mediuminteraction
mechanisms andQGP
properties.

Unresolved                           Resolved

Andres, Dominguez, Elayavalli, Holguin, Marquet, PRL 130 (2023) 26, 262301; 
Yang, He, Moult, Wang, PRL 132 (2024) 1, 1



Heavy flavor jets in vacuum
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Heavy flavor jets provide a direct 
access to the mass effect on jet 
substructure.

Dead-cone effect in QCD: gluon 
emissions from massive quark are 
suppressed within a cone of 
Ᵽͯ ϳ□╠ ╔.

Heavy flavor jet EEC can probe the 
mass effect on parton splitting.

E. Craft, Lee, Mecaj, Moult, arXiv:2210.09311
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Flavor hierarch of jet EEC in vaccum

Xing , Cao, GYQ, 2409.12843 [hep-ph]

Flavor(mass)dependence:

ἫἰȢἲἭἼ> ἎἲἭἼ> ἌἲἭἼ

ⱣἸἭἩἳἫἰȢἲἭἼ<ⱣἸἭἩἳἎἲἭἼ<ⱣἸἭἩἳἌἲἭἼ

Jetenergydependence:

Higher▬ἢjets peaksat smallerangles.

— Chargedjet D jet B jet

20 <ὴ < 40GeV 0.207 0.214 0.263

40 <ὴ < 60GeV 0.167 0.18 0.233

60 <ὴ < 80GeV 0.144 0.162 0.214



Flavorhierarchyof jet EECin QGP

Flavor(mass)hierarchyin the nuclear modification of jetEEC:

Å For charged jets , the EEC spectra gets a strong suppression at intermediate 
angle (due to energy loss), and gets enhanced at small and large angles.

Å For heavy-meson-tagged jets, both suppression and enhancement become 
weaker.

Xing , Cao, GYQ, 2409.12843 [hep-ph]



Different medium effects on jet EEC

Xing , Cao, GYQ, 2409.12843 [hep-ph]

Jet energy loss is responsible for the 
suppressionof jet EECat intermediate
angles.

Medium responseprovidesthe most
significantcontribution to the
enhancementof jet EECat largeangles.

No trigger bias effect



Summary
Å Jets are versatile probes of quark-gluon plasma in heavy-ion collisions

Å High pT hadrons
ï The NLO + LBT + Hydro framework can explain the flavor hierarchy of jet 

quenching
ï Gluons dominate high pT J/ quenching
ï Extract flavor-dependent parton energy loss from Baysiananalysis

Å Full jets & medium response
ï Interplay of various jet-medium interaction mechanisms and effects
ï Coupled Jet-fluid model shows medium response signal in jet shape at large r
ï Propose B/M & strangeness enhancement around quenched jets as a 

signature of medium response
ï Flavor dependent jet EEC can probe jet-medium interaction at different 

scales



Backup slides



Particle distribution in longitudinal direction
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Particle distribution in transverse plane

ALICE
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Particle production is not azimuthally symmetric.
The azimuthal anisotropy can be analyzed by Fourier decomposition:



Strong elliptic flow depends on collision centrality (system size & geometry)

Elliptic flow depends on collision geometry



The origin of elliptic flow

reaction plane
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Relativistic hydrodynamics: the interaction among QGP constituents 
translates initial geometric anisotropy into final state momentum anisotropy. 
=> QGP is a strongly-coupled fluid 



Luzum, Ollitrault, NPA 2013

Qin, Petersen, Bass, Muller, 
PRC 2010

Alver and Roland, PRC 2010; GYQ, Petersen, Bass, Muller, PRC 2010; Staig, Shuryak, PRC 2011; 
Teaney, Yan, PRC 2011; Gale, Jeon, Schenke, Tribedy, Venugopalan, PRL 2012; etc.

Initial-state fluctuations and final-state flows
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Event-by-event initial state density and geometry fluctuations are translated into 

final state anisotropic flows via hydrodynamic evolution.



Number of constituent quark (NCQ) scaling

Coalescence of thermal partons from QGP can naturally explain the NCQ scaling of 
v2 and the enhancement of baryon/meson ratio at intermediate pT.



Relativistic hydrodynamics

Å Energy-momentum conservation:

Å Equations of motion (Israel-Stewart viscous hydrodynamics):

Å Equation of state: 

arXiv:0902.3663; arXiv:1301.2826; ŀǊ·ƛǾΥмолмΦруфоΤ ŀǊ·ƛǾΥмоммΦмупфΤ ŀǊ·ƛǾΥмплмΦллтфΧ 
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Initial conditions before hydro

t0=0, ̀ xy=0.3fm t0=0.6fm/c, ̀ xy=0.3fm t0=0.6fm/c, ̀ xy=0.5fm b=8fm
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Longitudinal fluctuations

Gabriel et al. PRL 2016; Pang, Petersen, Wang PRC 2018; Wu, Pang, GYQ, Wang, PRC 2018

The initial states are fluctuating also in longitudinal (rapidity) directions

Longitudinal fluctuations can lead to rapidity-dependent particle yield and vn

The rapidity dependence (decorrelation) of vn provide another tool to probe the 

QGP properties


