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1.1 Quantum Chromodynamics in Vacuum
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* Non-perturbative for r = 0.25 fm
e Operational definition of confinement

e Well-calibrated force describes
charm-/bottom-onium spectroscopy



1.2 QOCD Matter and In-Medium Force

Equation of State
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* “Change” 1n dofs above T~160 MeV

[ 178MeV o
- 194MeV »
051 222MeV v
- 320MeV +

- 442MeV

-1 B8 479MeV o

Heavy-Quark Free Energy

1 FF4(T) [GeV] iy - ii*ﬁ

05 |

732MeV O [fm]]

................................................

01 02 03 04 05 06 0.7 0.8 09 1
*Fogo = Uqa — T Sqo

* Non-perturbative above T,

* How to probe the QCD force in medium?
* Consequences for heavy-quark transport + spectral functions?
* What is the structure of the strongly coupled QGP?



1.3 Quarkonia in Medium: A Force Gauge

* Dissociation rate — width I'(p, T,Ep)

* Y(1S): color-Coulomb force Charmonium Spec. Fct.

||||||||||||||||||||||||

[Matsui
+Satz ‘86]

* potential V(r,T) — binding energy Eg(p,T)

Jhy, Y(2S), ...: confining force 1

— Quarkonium spectral functions

* How do heavy quarks
within quarkonia interact
with the medium?

0

— Simpler problem: one heavy quark!
(m,~ 1.5 GeV, m, ~4.5 GeV)



1.4 Heavy Quarks in QGP

Brownian motion via elastic interactions
(radiation suppressed qy~ q*/2mg << q ~ T << myg)

Thermalization delayed by mgo/T — memory in heavy-ion collisions

Direct access to transport coefficient: <x?> — <x>*= 6 D¢

Scattering rates
— widths (quantum effects), quasiparticles?

— estimate: D(2nT) =3 = I'o~1GeV >T
= Implications for QGP structure

Non-perturbative effects (potential interactions)

Probe of hadronization: ¢ — D, Dg, A, ... (my>>T))



1.5 Strongly Coupled QGP

< Quantum liquid with transport coefficients
near conjectured lower bounds

* Microscopic calculation of transport coefficients should
obey quantum-lower bounds

* Description of bulk medium through which heavy quarks
propagate should encode strong-coupling properties

— transport coefficients: (dn)n/s, D(2rT), c,/T 0

* Large scattering rates — large collisional widths
— broad spectral functions — off-shell (quantum) effects
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2.1 Thermodynamic T-Matrix in QGP

* Scattering I=Q N
equation T = @ +K\_7)— T
i=Q.0,2 -

* Born approximation (weak coupling): Tij =~ Vij

* Strong coupling — resummation: | Ty =V + J Vi GiG; T

* Thermal parton propagators: G;=1/ |0 — ®, —2,(®,K)]

/7~ \J=9.8

* Parton self-energies — self-consistency: : : T
2

*q~T<<mg = qu’'=q’-9¢"~-q
= 3D reduction of Bethe-Salpeter equation

[van Hees, Mannarelli, Cabrera,

e In- i ‘ ?
In-medium potential V? Riek, He, Liu, Tang + RR, *04-date]



2.2 Potential Extraction from Lattice Data

* Free energy # potential: Foo = Ugo—T Sqq

* Microscopic many-body approach:
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* Use trial potential Ve + Vs = 3T T T m
R s

* Self-consistently calculate self-energies to fit lattice-QCD data for F,

* Weak coupling (small Z;): F —» V



2.2.2 In-Medium Potential from Lattice Data

* Two types of solutions:

weakly coupled scenario (WCS) vs. strongly coupled scenario (SCS)
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* WCS: potential close to free energy F, I' =22, ~ 0.1 GeV

* SCS: remnants of confining force well above T, ' ~ 0.6 GeV



2.3 Lattice Constraints II: Euclidean Correlators

Ratio (Tmatrix)
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e J/wy melts near T~ 320 MeV
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* Y(1S) survives until T > 500 MeV
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3.) Hamiltonian Approach to QGP

* In-Medium Hamiltonian with " "bare” 2-body interactions

P . P P P
H=7) &l W(P)+ 1 (5 = Py (5 + P)Vijes(5 + )i — p')

— s

- effective light-parton masses ¢:(p) = /M7 + p?

* Interaction: Cornell potential with relativistic corrections

Vi(p.p') =R FeVep —p') + RyFy Vs(p — p')

- as used in heavy-quark sector

* Implement into Brueckner / Luttinger-Ward-Baym approach



3.2 QOGP Equation of State + Spectral Functions

Thermodynamic ¢ _ - ! N~y ot G‘l—(‘;—l(;@
Potential (2-PI) 5 ; r{In ) + (Go )

Selfconsistent SF's G=G,+ G, 2G  2=GT T=V+VGGT

Lutttinger-Ward P — iZTl. 1 ( —_1 (= B)Y S, (G)G)
Functional 5 v 3

* Full off-shell resummed Luttinger-Ward functional (!)
— allows for dynamically emerging hadronic resonances

* Fit “bare” quark + gluon masses



3.3 QOGP Equation of State + Degrees of Freedom
Quark + “Meson” Spectral Fcts
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e Confining force near T... : - soft partons melt
pC
- broad hadronic resonances emerge



3.3.2 QOGP Structure: Spectral Functions
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Weakly Coupled
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3.3.3 Heavy-Flavor Spectral Functions
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* Broad D-meson resonances emerge near T, = 0.6
: : QL 04¢F
* Despite large widths, I' ~ 0.6GeV << 0, 02"

= ¢+ b quarks remain reasonable quasiparticles! 0.0~




3.4 Susceptibilities

* ug dependence of bare masses + potential
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* Susceptibilities compatible with heavy-light resonances above T ,,

* Genuine prediction of negative U

[Liu+RR ¢22]



3.5 Heavy-Flavor Transport Equation

*p’~moT >>q*~T> = Brownian Motion:

0 9, . . Fokker-

- t.p) = ~vYy—1p; .71 D, A .71

5:fa(t:p) , oy, Pifalt: )] +, vBrfelt.p)| 5
thermalization rate diffusion coefficient
yp=/dqwy(q,p) q D,=/dqwy(q,p) ¢

~ /| Tgjf (1-cos6) f

* thermal relaxation time 7y = I/y

* Einstein relation: |T=D,/ ym,

» Spatial diffusion constant: D,=T/y(0)my , <x*>-<x>*=6 Dt
* Quantum effects encoded in y, D, via folding over spectral functions

— Brownian particle in a liquid!



3.5.2 Charm-Quark Transport Coefficient
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3.6 Transport Coefficients + Strong-Coupling Limit

Shear Viscosity and Heavy-Quark Diffusion
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 Strongly coupled: (2nT) D, ~ (47) n/s
* Perturbative: 2nT) Dy~ 5/2 (4m) /s

* Transition as T 1ncreases



3.7 Recent Progress 1: Spin-Induced Interactions
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3.8 Recent Progress I1: Wilson Line Correlators

| Tang,Mukherjee,Petreczky+RR, in prep]|
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|
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* Static quarkonium poo(@,r,T) = _—llm
spectral fct: &

* LQCD: first cumulant: m (r,7,T) = — 0 InW (r, 7, T) [Bala et al 22
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4.1 Heavy-Flavor Transport in URHICs

0 0.5 5 10
e S
- T [fm/c]

* 1nitial cond.

(nPDFs, ...), » c-quark diffusion
pre-equil. fields in QGP liquid e c-quark
hadronization

e D-meson
diffusion in
hadron Liquid

e no “discontinuities” in interaction

= diffusion toward T ,. and hadronization same interaction (confining!)

[Svetitsky ’87, Mustafa et al ‘04, Moore+Teaney ‘05, van Hees et al ‘05, Gossiaux et al ‘08, Vitev et al ‘08, Das et al ‘09,
Uphoff et al 10, M.He et al ‘11, Beraudo et al ‘11, Cao et al ’13, Greco et al ‘14, Bratkovskaya et al ‘14, ...]



2nT D5

4.2 Spatial Charm-Quark Diffusion Coefficient
D, =T/ [mq y(p=0)]

14 + T e I ' e 40 T | T | E— T T
Ni=2+1 QCD D-meson
' N=t QG e . ! 25 f===LO pQCD, c=0.4
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* suggests minimum of D (27 T) ~ 2 near T,
* width: I',,;y~3/Ds ~1 GeV — no light quasi-particles!



4.3 Hadronization of Heavy Quarks

* Fragmentation ——)—ij:éﬁ

¢— D,D*, D, A, ...

- empirical fragmentation functions D,y (z)

- universal in “vacuum”: e"e”, pp collisions, large py

[Hwa et al 03,

e Coalescence/Recombination _)_\i‘q ET:&GE?L[‘?&]
ctq(s) > DDy, D*... ; c+tq+tqs) > A.(E), ...

- depends on environment (surrounding anti-/quarks)
- test hadronization through “hadro-chemistry”™

- Resonance Recombination Model [Ravagli+RR ’07]
o owp) [ EPpidPpy L L L L o i3, o
fm(z,p) = T, / PIE fo(Z. 1) f7(Z.52) oai (8)vret (P1, P2)0° (P — P1 — Do)

O (8) Vit ~ | T ?: resonant heavy-light amplitude



4.4 Two Main Observables in Heavy-Ion Collisions

* Modification of transverse-momentum (py) spectra in AA collisions

relative to pp collisions:

Raa (Pr) = (dN/dpy)aa / (Neen dN/dpy),,

* Angular distribution of the particle spectra

AN~ AN 11420, (pr)cos(29 )+ ]
d”pr 7xdpy

v,. “elliptic flow” coefficient

— reflects coupling strength of
heavy quark to medium expansion



4.5 Sensitivity to Heavy-Quark Potential

Charm Quark D Meson
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* Strongly-coupled potential gives max. low-py ¢-quark v,

* Weakly-coupled potential (~ free energy) insufficient
[Liu,He+RR 19]



4. 6 Charm-Hadron Spectra at RHIC + LHC
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* Flow bump 1 R, 4 + large v, <> strong coupling near T ,,
* Diffusion coefficient Dy(2aT) ~ 2 near T ,,

* Distinct hadronization patterns for D vs. D vs. A,

[M.He+RR ¢19]
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D meson with strange quark

4.7 Charm Hadro-Chemistry
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S.) Summary

* Quantum Many-Body Theory of sQGP:

- Accounts for key aspects of strong coupling:
nonperturbative forces, resummation, quantum effects (large widths)

- Input parameters constrained by lattice QCD, recover vacuum limit
* QGP structure driven by remnants of long-range confining force

— - melts long-wavelength quasi-partons
- forms hadronic bound states
- generates liquid properties (small Dg, n/s, ...)

- quantum effects ubiquitous

* 2nTD,) / (4 m/s) as quantitative measure of “strongly coupled” QGP

» Self-consistency essential for quantum bounds!?
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3.5.2 Collective Progress 11

[ECT* HF workshop ’21, RR et al]
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 correlation: large D, <> weak p-dependence

* need control over momentum dependence



2.1 Quarkonium Transport in Heavy-lon Collisions

e Inelastic reactions:
detailed balance: J/W +g =2 ¢+ ¢+ X

[PBM+Stachel 00, Thews et al 01, Grandchamp+RR “01,
Gorenstein et al °02, Ko et al ’02, Andronic et al ‘03,
Zhuang et al 05, Ferreiro et al ‘11, ...]

* Rate dNy

equation: | gt

D

eq
— Ty [Ny — N3]

* Transport coetficients

Jy

- Equilibrium limit N *(m,,T; N,)
- Reaction Rate I',, (Eg(T))
“Strong” binding Ez > T “Weak” binding Ez< m,,

i q q
g><c X

* gluo-dissosciation (“singlet-to-octet™) * “quasi-free”/ Landau damping



2.3 Differential Charmonium Transport: LHC

Centrality pt Dependence
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e substantial regeneration, concentrated at low py



2.5 Excitation Functions: SPS-RHIC-LLHC

1 Charmonium Bottomonium

0-20% mid rapidity Ty P
| 1 Total -
08 Primordial J/\If 0.8 - Ypsg total
mm Regeneration Y(2S) total
0.6
< 0.6
<
oc
04 B 0.4
0.2 r 0.2
10’ 102 10% 104 10° 10° 10°
Vs[GeV] Vs(GeV)
e Gradual increase of total JW R4 e Gradual suppression

* Regeneration and suppression increase ¢ Regeneration (IN¢9) small

* Regeneration concentrated at low py! e Qualitative difference from J/y
[data: NA50, PHENIX, STAR, ALICE, CMS]



2.3 Upshot of Quarkonium Phenomenology

Use temperature estimates from hydro/photons/dileptons to infer:

To>™ (~240) < TpaI/y,Y") < TeRMC (~350) < Type(Y) < Ty (~550)

* Remnants of confining force survive at SPS [hold J/y together]

* Confining force screened at RHIC+LHC [“melts” J/y+Y(2S)]
* Color-Coulomb screening at LHC [Y(1S) suppression]

* Thermalizing charm quarks recombine at LHC [large J/vy yield]

1.5

1+ 550

350 240

et y(2S)
Iy, Y(2S)
Y(1S)

0.5 |

0 -

05  #

r [fm]
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4.5 In-Medium Quarkonium Binding Energies

[ R e
Tiiss (B:(15)) =420 MeV S — '

Thiss (B.(1P)) = 260 MeV T b




2.1 Quarkonium Transport in URHICs

(ll 0.|5 S 10
— ——— >

fireball time T [fm/c]

production +  c-quark = _ T, . QGP

evolution of  diffusion y can meties o P;  hadronic
€ wave pack. inQGP oy  pogroe kinetics
Trorm~11M/C T 89 ~5tm/c T, ~1/T, >

[Satz et al, Capella et al, Spieles et al, PBM et al, Thews et al, Grandchamp et al, Ko et al, Zhuang et al, Zhao et al,
Chaudhuri, Gossiaux et al, Young et al, Ferreiro et al, Strickland et al, Brambilla et al, ...]



4.1 Charm Thermalization + J/wv Regeneration

— Softening of charm-quark spectra facilitates regeneration

J/v Equilibrium Fraction
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* Charmonium phenomenology

favors 1.4 <S5 fm/c

(“strong” coupling)

D, (2T)

Charm-Quark lefusmn
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— = D-meson, HRG
c-quark, T-matrix, U-pot.
- c-quark, T-matrix, F-pot.
pe + == c-quark, LO pQCD, o,=0.4

2 c-quark, Torino
fe =2« c-quark, Nantes
n [ ]

¢ [Prino+RR €16]

‘ D, = 7% T/m,, < (4-8) /(2nT)
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4.3 Y( IS): Rapidity Puzzle

" PbPb @ 2.76'TeV 24<y<40
—e—i ALICE Y(1S) 3
Y E

1S reg
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N

150
part

e problem of large(r) suppression in
2.76 TeV ALICE data

* beware of cold nuclear matter effects

» Regeneration: N, ~ 1 for central PbPb

=> canonical limit Ny ~ (Npp)!

15

12k " PbPb @ 5.02'TeV 24<y<40
3 —e— CMS Y(1S)
13 F A YE1S
12 zzzz1 Y(1S) reg -
11
09 F
08 F
07 F
06 F
05F
02
01 f ————er——————oo——arrrerrraar sy :
0 EKI " PR S Y PR Y PR Y PR TS PR Y U Y .E
50 100 150 200 250 300 350 400
Npart
m% 16 " ' amLas Pr'eli'mihar'y =
14:_ p+Pb 5, =502TeV 1
1.2 4$> —
N | e
08 [T} — =
0.6 @ -
E $ATLAS, Y(18), p, <40 GeV B
0-4:— $LHCb, Y(18), p_ <15GeV E
0.2oF  4ALICE, Y(18), p >0 GeV ]
0: 1 l 1 1 1 l 1 1 1 I 1 1 1 l l

4 2 0 5 4

y



4.2 Y(1S) and Y (2S) Transport cont’d

... as implemented in current transport approaches
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* Y(2S) more sensitive sensitive to in-medium potential



2.4 Heavy-OQuark Potential + Regeneration
[TAMU 11,°17] Lattice-based potentials (Kent St ‘17]
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* Y(1S) suppression at RHIC — regeneration at LHC
* Regeneration dominant for Y(2S) in central PbPb at LHC?



3.3 Heavy-Quark Interactions in QGP

Minimal / Desirable Ingredients and Features

* Microscopic description of scattering amplitude

* Realistic in-medium interaction kernel (screening)

* Nonperturbative interactions PP - .

e Resummation (strong coupling) NN

* Hadronization approaching T, from above L
(bound states) e

[Caron-Huot+M00re ’08]

» Elastic + radiative processes (low / high py)

* Realistic medium partons:
quasiparticles, widths, parton spectral functions, ...? Equation of state?

* Quantitatively rooted in constraints from lattice QCD



3.1 The “Little Bang” in the Laboratory

D o o e >
e T
Au + Au QGP?! D '/\[.“I, \/
(z= 5fm/c) Hadron Gas ”
(= 10fm/c Freeze-Out

Idea

 Heavy quarks as “Brownian markers”

of coupling strength to QCD medium

* Requires transport approach



3.3 Heavv-Flavor Phenomemologv at RHIC + LHC
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* Flow bump in R, + large v, < strong coupling near T ,. (recombination)
* Importance of T- + p-dependence of transport; D (27T) ~ 2-4 near T ,,

* High-precision v,: transition from elastic to radiative regime



1.2 QCD Matter
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* De-/confinement and mass de-/generation
e From heavy-ion collision phenomenology:
strongly coupled medium; n/s, (D,2nT),... near lower quantum bound

Microscopic structure and interactions at strong coupling?



