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1.) Exploring OCD Matter
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* Bulk Properties: Equation of State, Transport Coefficients
* Microscopic Properties: Degrees of Freedom, Spectral Functions
e Phase Transitions: Condensate Structure



1.2 Dilepton Radiation at SPS (Vs=17.3 GeV)
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« Strong (resonance) coupling = hadrons melt approaching T,
e How do hadrons emerge when approaching T, from above?

 Origin of strongly coupled QGP?



1.3 Introduction: A “Calibrated” QCD Force
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 VVacuum quarkonium spectroscopy well described
* Free energy encodes medium modified potential

Determine in-medium of QCD force +
Infer emerging spectral + transport properties
probing QGP at varying resolution

Objective:
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2.) Thermodynamic T-Matrix Approach
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e Hamiltonian, In-Medium Potential + Selfconsistency
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3.) Equation of State + Spectral Functions
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2.1 Hamiltonian Approach

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

P P P P
H = Z gi(P)Y; (P)Vi(p)+ ) (5 - P)ﬂ’";}(g +p)Vijv j( + p' )i+ 5 P )

- effective in-medium mass <;(p) = /M +

* Interaction ansatz: Cornell potential with relativistic corrections
Vi(p.p') = Ry FsVe(p — p') + R Fs Vs(p — p')

- color-Coulomb and string (“confining™) interaction

- decent spectroscopy In vacuum Liu+RR ‘16]

* Implement into Brueckner / Luttinger-Ward-Baym approach



2.2 Thermodynamic T-Matrix in OGP

» Scattering QAI~_ /
equation Tl = +ﬁ) T
Qa9 -

« Perturbative approximation (weak coupling): Tj; = V;

e Strong coupling — resummation:| T; = Vj; + J Vi D1 Dy Ti;

» Thermal parton propagators: D, =1/ [@ — @ -Z (o k)] \G9

o Parton self-energies — self-consistency: _ = T

 In-medium potential V? [Mannarelli+RR ‘05, Cabrera+RR "06,
Riek+RR 10, Liu+RR ’15, “16]




2.3 Potential from Heavy-Quark Free Energy
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e remnant of long-range “confining” force in QGP
[S.Liu+RR ’15]
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3.1 Self-Consistent Equation of State for OGP
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3.2 Parton Spectral Functions in OGP
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e QGP structure changes with resolution scale

o Soft parton quasi-particles dissolve at low T,
re-emerge with increasing Mg, p, T
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4.1 Transport Coefficients
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Viscosity and Heavy-Quark Diffusion
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e Strongly coupled: (4xw) n/s ~ (2=T) Dy
e Perturbative: (4m) n/s ~ 2/5 (2=T) D
 Transition as T Increases



5.) Summary

o Self-consistent quantum many-body approach to QGP
e Interaction kernel rooted in lattice QCD (fit HQ free energy)

* Remnants of long-range confining force survive well above T
= large scattering rates — broad spectral functions

o Strong-coupling description of QGP equation of state

- no long-wavelength quasi-partons near T . (re-emerge at high p,T,m,)
- partons convert into broad hadronic states near T,

= Intimate relation between strong coupling and hadronization

e Transport coefficients show minimum structure + transition to
perturbative behavior



4.1 Heavy Flavor Transport at RHIC + LHC

STAR F’rellin‘]inalr;«,:r |

Au#ﬁu 2OdGev ¢ 10%— X 1.8F0-10% Pb- PQL:.CE =276 TeV

e Average DY, D, D** |y|<0.5 CiiI.
O with pp pr—extrap. reference
— NLO{MNR) with EPS09 shad.

é 24III|IIII|IIII|IIII|IIII|IIIIIIIIIII-lt

DD 2010!.1.1 1
_TAMU ] 1.6
—SUBATECH B 1.4

e —— CMS Prellmlnary PbPb |s,,, = 5.02 Tev

O l 2 3 4 5 IIIIIIIIIIIIIIIII | T T 1T | T T 1T | T T 1T ‘ IIIII
- u Cent 10 30% .
[ @ STARD STAR Au+Au |s =200 GeV 025 ly|<1.0 ~D° E
 --- SUBATECH = . 3
> — TAMU c-quark diff 0-80% 0.2F + Charged particle -
o B TAMU no c-quark diff. F of ™ CMS-PAS-HIN-15-014 ]
O 02 Duke - 2nTD.=7 0.15 —
© L LBT E :
E | - PHSD 0.1F A
o | — - 3D viscous hydro - c + ]
o L -
a F 2 >'0.05 — ol =
> 01— NN - : . -
2 i o Sl oF ]
o | Trmeana T e Em Theory préJdiction for prompt D ]
9 - T ~0.05F — LBT — L. Pang =
c M e E — TAMU CUJET3 ]
L Q== -0.1 . 0 -
L F Filled box: syst. from non-prompt D 3
- | | -0.15F Open box: other syst. -
Cia 1 | 11 11 | 11 11 | 1111 | 1111 | 1111 | 1111 ‘ [ |

0 2 6 7 0 5 10 15 20 25 30 35 40

e flow bump In R, +
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large v, <> strong coupling near T ,. (recombination)

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



2.2 D-Meson + c-Quark Spectral Functions in OGP

T-matrix w/ “lattice potential” VV In-Medium c-Quark Selfenergy
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D-meson resonances near T,, ~ —>  c-quark quasi-particles at high T



2.4.2 Free Energy from T-Matrix
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e Euclidean T-matrix in static limit
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 Potential close to free energy
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2.4 Potential Extraction from Lattice Data
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» Account for large imaginary parts
 Remnant of confining force!

[S.Liu+RR *15]
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