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A Strongly Coupled Picture of QGP

“*(2nT)D;, close to strongly

coupled limit, an order of
magnitude smaller than LO

pQCD.
“*QGP is strongly coupled

*1*Nicr0scopically? ]

25

20

—D -meson, HRG

— c-quark, SCS-T-matrix

—— c-quark, Nantes Col Eloss (K=1
—— c-quark, Nantes Col-Rad Eloss

Courtesy M. He

LO pQCD

c-quark, AdS/CFT (Hambrock+Horowitz)
A c-quark, quenched lattice QCD




A Strongly Coupled Picture of QGP

“*(2nT) Dy, close to strongly
coupled limit, an order of
magnitude smaller than LO

pQCD.
“*QGP is strongly coupled
“*Microscopically:
T-matrix Approach:

Liu&Rapp, PRC 2018
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Relativistic Constituent Quark & Gluon and Relativistic Potential

= An In-medium Unified Hamiltonian for Heavy/Light Quarks and Gluons

_ ~ T (/s T -+, P o, P , P ,
H =3 ci(p)v](p)Ui(P)+ vl(5 —p)ef(5 +pIVigus(5 + )il —p)

= Degrees of freedoms: relativistic constituent quark and gluons

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

 With relativistic dispersion relation: i(P) = VM7 + p? 4
05 3

*  With effective non-perturbative masses: M;

y(4414) i
+

(MeV)

¥ (4028)
4000  *

" |nteraction: relativistic non-perturbative color potential
Ve(p,p') = RSFSVe(p —p') + REFVs(p — p')

ENERGY

¥(3684)

3500 —

¢ (3095) |

J. Richardson,79 3000

e With relativistic factors Rg- L =
r (fm)
e With color Casimir factors F S [Liu+RR 16&18] : ~N
e Recover QCD at HQ limit
* Includes both color Coulomb and non-perturbative “confining” force e Including the confining

interaction effectively
= Serve as An Effective Theory for QCD (nonperturbative effect)
\ J




T-matrix Approach to the Strongly Coupled Plasma

(. Dynamical bound states
T = + + .o generation
e Scattering states in equal

_ footing
» T-matrix equation: T(E,p,p’) =V(p,p’) + f eE V(p,K)G2)(E,K)T(z,p,p")
— 1 Self consistent self ener
G(Z) GG 6= Z—& —X 2= schd4k r®a and manyfboij effectsgy

» Luttinger—Wald functional (LWF):

b = z Tr {%Zv G} = %z Tr{—In(1 — GGV)} é&?__-gg é___-ag
= Grand potential in Luttinger—Wald Formalism: g ' § ] § .

Q) = :F—ZTl{ln Go' -G HG £ ®



T-matrix Approach to the Strongly Coupled Plasma

,

{3

s T-matrix equation: T(E,p,p) =V(p,p") + f

G(z)—GG G=

1
z—ep—Z

¢ Luttinger—Wald functional (LWF):

V(p,K)G)(E,K)T(z,p,p’)

(2m)?

z_ jd‘*kT(G)G
s,c.f

(. Dynamical bound states
generation
e Scattering states in equal

_ footing

~

Resonance/Interacting contribution to pressure

1
®=) Tri5, 56
20>
nov

= %z Tr{—In(1 — GGV)}

s+ Grand potential in Luttinger—Wald Formalism:

Q= :F— Z Tr{ln(—
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Lattice Data: Equation of States and Effective Masses

» Effective mass to reproduce the lattice EoS data
= Large effective parton masses (thermal, gluonic condensates, .... )

* Dynamical transition from patrons to hadronic resonances
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Lattice Data: Free Energy and Potential

* The potential and the HQ free energy data
* Large remnant of the confining term
* Especially strong around phase boundary
* Much smaller at higher temperature
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Lattice Data: Correlator Ratio of Quarkonium

» Correlator ratio: similar to lattice QCD data

Charmonium slightly below to 1

Ratio (Tmatrix)

Ratio (Lattice)
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Lattice Data: Susceptibilities at Finite u

" Propagator:  GV(zp) = -~ - ep =/ MZ 07 03—\ :
p = L ]

0.2F bs
= Masses: M, — MQ\/1+bm (@)2 - .
T 0.1 ======= === mmmmmm oo T--]
= Screening m ; — m e ) 5 5
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Lattice Data: Charm & Heavy-Light Susceptibilities

= Parameters are all fixed in previous steps 025f o
0.20 -
0.155— ---= X3(quasiparticle)

v xs(lat1)

* ¥~ NOT depend on the two new parameters
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Transport: Drag for Heavy-Quark

= Overall large drag, flat T dependence
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Ds(27tT) OR n/s(4m)

Viscosity and Heavy-Quark Diffusion

= Spatial diffusion coefficient& Viscosity
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Perturbative: (2nT)Ds ~5/2(4m) n/s
Transition as T increases

Ratio

Liu, Rapp EPJA 2020
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Transport: Radiative Energy Loss and g by T-matrix

» Large interaction from confining force

» Low number density due to the fit of EoS Liu, Rapp JHEP 2020

" Confining interaction 1s important at low T and low momentum region

(k/p)dNg _ xdNg : q at different momentum
raty ~ atax at different T,p

Power spectrum
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pq (1/GeV)

Spectral Properties: Quarks and Gluons

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

Light Quark
T=194MeV

25

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

= p=1GeV
20+
r— p=3GeV

Gluon
T=194MeV

25

" QGP structure changes with resolution scale

" Quasi-particle re-emerge at higher momentum
» Broad but still quasi-particle like heavy quark

Liu, Rapp PRC 2018
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|||||||||||||||||||||| 25

Charm
T=194MeV

" Distorted non-quasi-particle spectral function at low momentum

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

Bottom
T=194MeV

w (GeV)
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Spectral properties: hadronic states

Liu, Rapp PRC 2018

Preliminary p,¢ like resonances Charmonium Spectral function Bottomonium Spectral Function
spectral function
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Puzzling Behavior of Spin Alignment
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Beam energy
dependence
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Large magnitudes, sign flipping behaviors ...
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Linear Response Theory

» The tensor polarization and spin alignment of vector meson (¢, p )
L1 & Liu, arxiv: 2206.11890 , L1& Liu arxiv: : 2501.17861

[ d=*py T+ (z, )i, (P)in (P)
dX*pr3n(ey,)

5/000 ('ﬁ'pr 3 p) —

e /_\.<”’A”)5n [h,“u)‘u“' + £¥u Y Hagho M|+ - - ]

= Coefficients related to spectral properties of the vector meson

e, [ On(w)
Bney) J, “ ow

2/, N 2Asp Aéy " Ly

L, B, B 2T

¥gh —

(w? — ep) A% (w, p) = —
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pqy (1/GeV)

p(E)/E?

Reminder of Nontrivial In-medium Spectral Function
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* Width can be large

= Nontrivial dependence on
momentum

= Mass shift can be positive
or negative
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A Tune to Reproduce the Data

¢ Tune the coefficients ag, (I', Am) with mass shift and width

‘*Reproduce the beam energy (¢, K™), pr, centrality dependence

10-
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More for Centrality Dependence

Centrality Freezeout Correlation

* More central, longer hadronic
phase

-5

» Longer hadronic phase, ¢ will re-
equilibrate 1n hadronic phase and
get freezeout there

» Short hadronic phase, ¢ do not
have time to re-equilibrate so 1t
have memory of spin alignment in
QGP or mix phase

or

-5

Centrality Dependence

* Exp
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» T-matrix approach: a versatile approach for a wide range of physics
= Lattice data: EoS, HQ free energy, correlator ratios, various susceptibilities, ...
* Transport phenomena: heavy quark transport, viscosity, radiative energy loss, ...

= Spectral properties: light parton’s spectral functions, heavy flavor spectral functions,
hadron’s spectral functions, ...

* Motivated by those spectral properties, we find a tune that can reproduce the
puzzling spin alignment data (beam energy, pr, particle species, centrality
dependence)
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Backup, rapidity dependence
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