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

Increasing temperature increases the
kinetic energies of DOFs.

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

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

Breaking atoms (to get QED plasma)2K0
ironization

Breaking nuclei: 1810°K, nuclear
reactions

Breaking nucleons (to get QGP):1K,
relativistic nuclear collisions
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Heating up the matter (via lattice QCD
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Heating up the matter via relativistic heawgn collisions
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Aninterdisciplinary research field
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\ / | freeze out
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hadrons — kinefic theory

eluons & quarks m eq. —s 1deal hydro

eluons & quarks out of eq. — viscous hydro

strong fields —s saturation, CGC

> L

hard objects — perturbative QCD
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Collision centrality
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Probes of QGP in heawgn collisions
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Jets In heawon collisions

hadrons Tf
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hadrons hadrons

leading
particle

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
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Leading hadron production in pp collisiol

.
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parton

; cattering
parton dI

ds, = a fa/AA fb/BA as . X A D, ;
ab/

U

pQCDfactorization: Largep, processesnay befactorizedinto long-distance piecesn
terms of PDF & FF, arhort-distance partsdescribing hard interactions gbartons.



Hadron productions i npp collisions @ NLO
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Leading hadron production in AA collisio
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Jetmedium interaction

Hard parton
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Collisional energy loss

A From kinetic theory, the elastic scattering rate:
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Medium-induced radiation
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Flavor hierarchy of jet quenching
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Linear Boltzmann Transport (LBT) Mo«
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Flavor hierachy of parton energy loss
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Flavor hierarchy of jet quenching
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Build a stateof-art jet quenching framework (NLQQCD + LBT + Hydrodynamics)
Quarkinitiated hadrons have less quenching effects than glumitiated hadrons.
Combining both quark and gluon contributions, we obtain a nice description of
charged hadron & D meson,Rover a wide range of p

Xing, Cao, GYQ, Xing, PLB 2020



Gluons dominate hlgth]/lu suppressmn
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Bayesian analysis of highhadron R,
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Posterior distributions of parameters

Bg

Cq

— G L ' ' -] with gexp with 0.50exp
waol %% 8 f f i a B, (1.646, 2.56) (1.96, 2.39)
o Aol ; IR /N Cy (0.129, 0.65) (0.226, 0.454)
N T C. (0.3, 0.567) (0.344, 0.459)
ol R Ch (0.065, 0.277) (0.124, 0.207)
> o 1 ~ (0.137, 0.378) (0.184, 0.295)
© 1A I T ol ) (5.287, 9.061) (6.266, 8.401)
T Y fk i 7 .
N e N O . | The energy loss parameters for
' © | . S 2 .
of I jet-medium interaction can be
M | | well constrained by the
B R s | A o o | Bayesian analysis.
>0 N\ 7 N LB R 7 1 Reducing experimental data
Sttt —— error bars can improve the
s | @ | @ a |9 i\ 1 precision of the extracted
0 1:0 370 ('I) 0:5 110 ('IJ 015 1?0 6 0?5 1:0 fIJ 0?2 0?46 Ao parameterS.
Cc Cp Y a



Flavor hierarchy gbarton energy loss
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Direct extraction of the flavor dependence q@farton energy loss in QGP from data
Provides a stringent test ghQCDcalculation ofparton-medium interaction

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



Full jet evolution & energy loss In QGF
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Jet evolution & medium response
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Slgnal of jeinduced flow In jet shape
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The contribution from the hydro part is quite flat and finally dominates over the

shower part in the region from r = 0:9.5.
Signal of medium response in full jet shape at large r.

Chang, GYQ, PRC 2016; Tachibana, Chang, GYQ, PRC 2017; Chang, Tachibana, GYQ, PLE



Effect of jetinduced flow on jet shape
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Hadron chemistry around quenched jets
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B/M enhancement around jets:-jolependence
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We find a strong enhancement of B/M ratios for associated particles at intermediate
praround the quenched jets, due to the coalescence ofgcited medium partons.

Luo, Mao, GYQ, Wang, Zharr)jys.Lett.BB37 (2023) 137638



B/M enhancement around jets: radial dependen
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For intermediate g (2-6GeV) regime, the enhancement of jgtduced B/M ratios is
stronger for larger distance because the lost energy from quenched jets can diffuse to

large angle.

Luo, Mao, GYQ, Wang, Zhar))ys.Lett.BB37 (2023) 137638



" > 0 GeV/e, pfns‘ >2 GeVlc

0.4, Jet pT

in-Jet Ratios with R

Experimental result on Het B/M
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Can we measure hadron chemistayound (outside)the quenched jets?
Gabriel DalgGau(for STAR) & Sierf2antway(for ALICE), talks at Hard Probes 2024



Strangeness enhancement around jet: radial depender
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Jet energyenergy correlator (EEC)

, lIOD)
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Jet energy correlators are sensitive to
various intrinsic or emergent scales.

Normalized EEC

Jet EEC presents a clear transition between £ | sr=cifij<cs™ ]
. . . 107 15< etpT< eV/c : E
perturbative and nonperturbative regions. E B eceta e
Komiske, IMoult, Thaler, ZhBRL130, 051901 (2023) 0t § 5 § =
Liu, Zhu, PRL 130, 091901 (2023) - 881 ]
Liu, Liu, Pan, Yuan, Zhu, PRL 130, 181901 (2023) 102 bl L L |




Jet EEC in QGP

0.100
0.050

\ 0.010

dz®
de

1
1
= )Vac

5.x1074

1.x 1074

0.005F

0.001}

Two-Point Energy Correlator
Unresolve Resolved ®
: — T
~
W
E=100 GeV, L=2 fm S,
- )
M =10 GeV*m™'
B §=20GeV*m™!
M § =30 GeV3fm™!
— Total ===== Vacuum
-4 s B =l 0

Medium-modified jet
EE(Mrovidesunique
opportunity to probe
jet-mediuminteraction
mechanisms andQGP
properties.

6dx/de

PbPb/pp

-—————
~~

pY>100GeVie W

) \
P¥*>50 GeVic, R=0.5 %)

[Nyl <1.44, |njet| <1.6°

10! — K=40

No pl cut K=1.0

100 — K=02
-~ PP

10! — ph>10Gevic
e p-f,’- >20GeV/c B

100 === ph>10GeVic
-—- p? >20GeVic

0-10% Pb+Pb y/Syn =5.02 TeV

T
10!
0

Andres, DomingueElayavalliHolguinMarquet, PRL 130 (2023) 26, 262301,
Yang, HelMioult, Wang, PRL 132 (2024) 1, 1



Heavy flavor jets In vacuum
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Heavy flavor jet EEC can probe the
mass effect orparton splitting.



Flavor hierarch of jet EECuvaccum

S o ] (— Chargedet | Djet | Bjet
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% Jetenergydependence:
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Xing , Cao, GYQ, 2409.12843 [hay



Flavorhierarchyof jet EEGn QGP
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Flavor(mass)hierarchyin the nuclear modification of jeEEC:

A 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.

A For heavymesontagged jets, both suppression and enhancement become
weaker.

Xing , Cao, GYQ, 2409.12843 [Hay



Different medium effects on jet EEC

- No trigger bias effect y
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b Jet energy loss is responsible for the
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angles.

Medium responseprovidesthe most
significantcontribution to the
AT T enhancementof jet EEGt largeangles.

Xing , Cao, GYQ, 2409.12843 [k



Summary

A Jets are versatile probes of quadduon plasma in heawjon collisions

A Highp;hadrons
I The NLO + LBT + Hydro framework can explain the flavor hierarchy of jet
guenching
I Gluons dominate high pJ/ quenching
I Extract flavordependentparton energy loss fronBaysiananalysis

A Full jets & medium response
I Interplay of various jetmedium interaction mechanisms and effects
I Coupled Jefluid model shows medium response signal in jet shape at large r

I Propose B/M & strangeness enhancement around quenched jets as a
signature of medium response

I Flavor dependent jet EEC can probe-jaedium interaction at different
scales
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Particle distribution in longitudinal direction
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Particle distribution In transverse plane

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

1+ Qq 2, cos[no' - Y,
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Elliptic flow depends on collision geometry

> ALICE Preliminary, Pb-Pb events at \ s, = 2.76 TeV
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Strong elliptic flow depends on collision centralifgystem size & geometry)



The origin of elliptic flow

b )

eccentricity e, = elliptic flow Vv,

o - P,
) LAY
Relativistic hydrodynamics: the interaction among QGP constituents

translates initial geometric anisotropy into final state momentum anisotropy.
=> QGP is a stronghoupled fluid



Initial-state fluctuations and finagtate flows

— | ATLAS 20-30%, EP

narrow: n/s(T)
wide: n/s=0.2

=T
"
e g
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pt [GeV]

Eventby-event initial state density and geometry fluctuations are translated into
final state anisotropic flows via hydrodynamic evolution.

Q0 QU
N'QA QuwQrE N QA Q
Alverand Roland, PRC 2010; GYQ, Petersen, Bass, Muller, PRCSRAIfiBhuryak PRC 2011;
Teaney Yan, PRC 2011; Galeon Schenke Tribedy, Venugopalan PRL 2012; etc.
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Number of constituent quark (NCQ) scaling
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Coalescence of thermal partons from QGP can naturally explaanNCQscaling of
v, and the enhancement of baryon/meson ratio at intermediate.p



Relativistic hydrodynamics

A Energymomentum conservation:
T Y TT
Y -YY @ )z
A Equations of motion (IsraeBtewart viscous hydrodynamics):
- v 1)— "

A Equation of state:d o -

arXiv:0902.3663arXiv:1301.2828° N} A dYMonmMPpy doT | NI} ADYMO M N
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Initial conditions before hydro
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Longitudinal fluctuations

The initial states are fluctuating also in longitudinal (rapidity) directions
Longitudinal fluctuations can lead to rapiditdependent particle yield and v
The rapidity dependence (decorrelation) of provide another tool to probe the
QGP properties

Gabriel et al. PRL 2016; Pang, Petersen, Wang PRC 2018; Wu, Pang, GYQ, Wang, PRC 201



