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Hard Probes

Hard (large Q) =» High pr energetic particles \\ /
CQ~1/7 /[ \\}(' Jet
> Produced early = Unique process, high T /- Lc
* Q> Aaqcp y /¢ -»
> Initial production with pQCD /.’/ Z
« Q>» Tacgp i Hard probes
> Seldom produced in QGP '-, Pb

» With color charge
> Interact with QGP

How to probe different length scale structures?
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Special Hard Probe: Heavy Flavors

Large mass muq = Unique slow HP
* Mua ~ 1/T
~ Produced early

* Mua > Nacp o
- Initial production with pQCD even at low pr 1
- Different length scale structure by varying pr v

* MHqQ » Taqap 2 ’
> Seldom produced in QGP — Keep identity y
>~ Brownian motion — Diffusion coefficient Ds /

* MHQ »> Mg &

> Interact with QGP differently from light quark
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Suppression of Charm Meson D©
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Suppression of Charm Meson D©
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Flavor Dependence of Energy Loss
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» Dead cone effect
>~ Radiation is suppressed inside 6 < m/E
~ Energy loss AE| > AEc > AEp
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Larger energy loss
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Flavor Dependence of Raa

LGR central value
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» Interplay of energy loss, shadowing, flow, coalescence, spectrum shape, nPDF
» Model suggests difference at intermediate pr results from energy loss
» Test transport models over all flavors and collision systems simultaneously
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Azimuthal anisotropic Initial shape in peripheral* events
*Peripheral: relatively large impact parameter

Animation



https://www.dropbox.com/s/2vdx4i9y8qfn4eg/0015-0131_fps15.mp4?dl=0
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https://arxiv.org/abs/cond-mat/0212463

Collective Flow

Existence of QGP =» Final-state
particle azimuthal anisotropy

—x1+4+2 ) v cos _n(qb—‘Pn)_
n=1 ) )

=> Elliptic vo # 0

—> [ime

> N Science 298 (2002) 2179
ssure driven expansion -
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Charm Flow Signal in PbPDb
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» Heavy flavor flow signal well-established
>~ Flavor hierarchy at low pr
~ Magnitude reflects thermalization degree

» Non-zero vz up to high pt ~40 GeV
>~ Path-length dependence of energy loss

* LHC vs. RHIC
> Similar D vo — despite different T & size?
>~ Decisive precision at sPHENIX
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J/P Flow Signal at LHC
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J/U Flow Signal at RHIC?
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Beauty Flow Signal
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Diffusion & Medium Response
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Heavy Quark Probe QGP Transport Property

“" oDing et al. 12

Lattice QCD

+Banerjee etal. 12' _
aKaczmarek et al. 14'-
OFrancis etal. 15' -
ABrambilla et al. 20" -
mAltenkort et al. 21' —
ODing et al. 21 i

» Diffusion coefficient Ds directly related
with QGP properties, e.g. viscosity
» Ds extracted from data with
phenomenological model
» Compare to first principle calculation
- Data agrees with strong coupling
> Sensitive to long-range force and
non-perturbative structure of QGP

Extracted from data

Strong coupling

arXiv: 2203, 16352
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How are hadrons produced
from heavy quarks with
medium existence?

Major uncertainty in
ohenomenological models
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Hadronization: Strange- & Charm-Meson
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Hadronization: A\: Production
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Hadronization New Frontier: X(3872)
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Charmonium Production: Sequential Melting
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Charmonium Production: Recombination
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Charmonium Production: Recombination
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Charmonium Production: Cold Nuclear Matter Effects

Inclusive JAY
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» Sequential melting — binding energy hierarchy
>~ Thermometer of QGP

> Stronger suppression in central events — higher T

* Recombination
> Enhancement at low pr in central events — larger Oce
> Significant in LHC not RHIC — larger oce

« Cold nuclear matter effects
>~ Nuclear/comover absorption

- Destroyed by interactions with nucleus remnants
> Nuclear PDF
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Bottomium Production: Sequential Melting
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» Y(1S) > Y(2S) > Y(3S)
~ Much weaker recombination for beauty
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Bottomium Production: LHC vs. RHIC
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« Sequential suppression for Y(nS)
» Y(1S) > Y(2S) > Y(3S)
~ Much weaker recombination for beauty
> Why similar Y(1S) Raa in LHC & RHIC?
>~ High precision at sSPHENIX

PRL 130 (2023) 112301

arXiv: 230317026
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First observation of Y(3S) in AA

PbPb 1.61 nb™, pp 300 pb™ (5.02 TeV)

» Particle ratio cancels nPDF effect
> Challenging for theoretical models

L\
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7 1ol 005 oNACD e omencrears - ~ Much weaker recombination for beauty
\g; B $oaa  — ramy £4#% Coupled Boltzmann - : > Why similar Y(1S) Raa in LHC & RHIC?
= AHI oo R Jz—__—-gggi/;--—: » High precision at SPHENIX
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& + [¢ 1 = Y(3S) first observed in AA collisions

$0.6 o} T ~ > Crucial to constrain feed-down contribution
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“ Bzfm‘ e CO“ESEWIS (Two Panwkes Uf
>

' Collisions (the horder ,the eor

=

| @G’P emergence (Tons o‘f soﬁ' How is energy distributed

before expansion?
Important input to models

. Quark Gluon Plasma

# Mesons

Yen-Jie Lee, Andre S. Yoon and Wit Busza




Directed Flow v4: Tilt of Medium

N L L L ‘
| STAR AuAu (200 GeV) ALICE PbPb (5.02 TeV) * Tilt = Longitudinal structure of initial Y &
energy density distribution |

0.4 - 10-80%, pr>1.5GeV  10-40%, 3 <p; <6 GeV
= Non-zero (rapidity-dependent) v+

0.2 -

\v)
o

Case (A) Bozek-Wyskiel, g [GeV/fm?]
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Directed Flow v1: Strong EM Field

1 1 I I 1 1 1 I I 1 1 1 I 1 1 I 1 S +\H EM DD
i _ . . . C ey ~ ( _ - -
| STAR AuAu (200 GeV) ALICE PoPb 5.02Tev) |  * Tilt = Longitudinal structure of initial Y \‘,\
0.4 - 10-80%, p;>1.5GeV  10-40%,3 <p; <6 GeV — energy density distribution ‘ _ - TS
) _ - ] —_— ) e
é —D° _ Non-zero (rapidity-dependent) v+ EMD |
0.2

-------- >~ Decays quickly = unique chance for heavy flavors

% é i |+ Strong EM field emerges at early stage
$ = Split vi1 of c and ¢ — non-zero (rapidity-dep) Av+

02k ) [ |
. D" : ®0°(STAR)
04 - ; TBO EQ#fRE)) N « Difference b/w LHC and RHIC for Av+ ALEP
- o D°(ALICE) - » Possibly different effect dominates . Fa-
- Y L
Yem s B

PHL 125 (2020) 022307
PEL 123 (2019) 162307
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J/P Polarization: Initial B Field & Rotation
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: > Strong magnetic field
B >~ Rotation at early stage via spin-orbit coupling
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Initial Geometry Fluctuations

T
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» Study event-by-event initial shape fluctuation via higher-order v, and multi-particle correlation
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Summary: Being Hot Matters

Many interesting heavy flavor behaviors driven by existence of QGP

Energy loss Collective flow QQ sequeptlal Enhancement _of
suppression baryon production
Directed flow QQ Polarization X(3872) production

modification
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Summary: Being Hot Really Matters?

Most of them also observed in small systems

- QQ sequential Enhancement of
Collective flow quet .
suppression baryon production
AL L R B B B A B 1277 71 1] 1_""|""|""|""|'
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Challenge & opportunity =» Stress collision system scan of
EIC—RHIC—LHC to understand the onset of QGP
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Heavy-ion collisions




Heavy-ion collisions Quark-gluon plasma

A long way to go to
understand quarks
and gluons




Thanks for your attention!




Jing Wang (MIT), Heavy flavor, Quarkonia and Exotic hadrons in Hot QCD, GHP VWorkshop



N S
. : -~
/

2 Future Data d EX'éJ‘ |m@nt$ \ I II 4

/7A(.

5 TeV PbPb
%l 6 nb-) CMS/ATLAS iy
'pr pPb Phase-2 oPb
-1
0.18 pb-1) (%g/%bO) upgrades 0.5 pb-1)

201a5 2019 1 2020 | 2021 2022 20255 | 2025 | 2028 2026 2027 2028 2025 20358 2054 203z

—— renaas 111D

We are
hem / AuAu ep
(32 nb-) (100-1000x
pPAU HERA)
3
200 Gev | O 11 PO 08-140 Gev | S dED)

R L
A 46



Charmonium Production: Summary

2 L ' oo R
JAp PbPb 5.02 TeV :Egugﬁy'lyz ‘;’1-9 1  + Sequential melting (binding energy hierarchy)
i (ATLAS) lyl <.2 4 > Thermometer of QGP
1.5 AuAu 200 GeV @ (PHENIX) lyl <0.35 — > Stronger suppression in central events — higher T
' O TETARIMI<0S - Smaller Raa in LHC than RHIC at high pr — higher T
o | | ]
: L ¢ L1t LI 1 + Recombination
= i - ~ Enhancement at low pr in central events — larger oce
| & ] > Significant in LHC not RHIC — larger oce
R . _
051 s 7+ Cold nuclear matter effects
. I i Igﬁi _ >~ Nuclear/comover absorption
I * - - Destroyed by interactions with nucleus remnants
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0_......| R I ] > Nuclear PDF
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Heavy Quark Hadronization: Baryons

+ High precision A¢/D° expected from CMS, sPHENIX and EIC with different environments

CMS Phase-2 Simulation PbPb 7nb™ (5.5TeV)
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sPHENIX Projection
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HF Probe QGP Transport Property

10 - | | [ [ | I [ | I | | | | | | | | | | | | a
L Water -
: Helium |+ Small specific shear viscosity n/s
> Consistent from soft probe and
= L > Heavy quarks produced earlier than soft
- R R e . probes =» unique at higher temperature
el [7)) ~ Fermi Gas _
I ] - Hadronization is critical to suppress uncertainty
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New Window to X(3872) Structure

+ Breakup by comoving particles =» Suppress X(3872)
= Reflect the nature of X(3872)

-rQ‘l'l‘Ot? |: Tightly bound

Lower dissociation probability
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New Window to X(3872) Structure

- Coalescence with diffusing particles =» Enhance X(3872)

-‘—Qm?mk Small radius

Coalescence probability depends on X(3872) inner structure and particle distribution
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Quarkonium Binding Energy
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Tetra-quark or Molecule: Theory

Coal. / Stat. ratio at RHIC
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» Many theoretical efforts!

 Divergence in theoretical
calculations

» Different recombination
and dissociation
iImplementation

* Colected by J. /hao
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