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Transport Approach [Grandchamp et al.’04, Zhao et al.’11, Du et al.’17]

® Rate equation used in calculating quarkonia (Q) in URHICs
Reaction rate

U = —T'o (T) [Ng — NGN(T, )]

Primordial = Regeneration

® Equilibrium limit from statistical model

dp —\/mL+p?/T
Nqu (Ep, T) = dVFB70: 70, J ﬁe <

Ep: from in-medium Cornell potential = vacuum spectroscopy as 7'=-0

® Fugacity vq (7'): Heavy Quark (HQ) number conservation
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In-Medium Charm- and Bottom-quark Masses and Binding Energies

Mass[GeV]

&

«

-~

©

o

® [n-medium potential U

® Constraint from lattice:

Euclidean correlators Gu (7, T) =

[Riek et al.’10, Zhao et al.’10, Du et al.’17]
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® Increase (decrease) the binding:

EN(T) = By — nAER(T)
n=0.9 (1.1)

AEg(T) = Efc — E}(T)



Reaction Rates FQ ( T) [Grandchamp et al.’014-°04, Zhao et al.’11, Du et al.’15+4°17,

Lin et al.’00]

® Quasi-free (massive quasi-particles): Q4+4¢,¢= Q+ Q+q,9

® Sensitive to the in-medium binding energies Quasi—Free

® Hadronic rates: effective SU(4) interaction=-hadron resonance gas

® |nterference effects in the quasi-free rate: decrease for deeply bonded mesons:
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Medium evolution

[Grandchamp et al.’014-°04, Zhao et al.’10]

® |sentropically and cylindrically expanding isotropic fireball:

2
\/14+(a; T 21
Ves(T) = (20 + v + $a.72) <R0 + (aj>>
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® Blast-wave type, taken from fits to
experimental data for 7, p and K hadrons

® Total entropy fit to experimentally
measured charged-hadron multiplicities

® Conservation of entropy and EoS with
massive quasi-particles=T'(t)



Quarkonium Formation times Du et al’17]

® Pair production time 7,5 < 0.1fm/c

® Bound-states formation time ropy ~ 1/Ep ~ 0.2-2fm/c

® Build-up of wave function reduces dissociation rate ay (7, T(r)) = 'y (5, T(r)) == ny
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COld—NUCIGar Matter EﬁeCtS [Grandchamp et al.’014-°03, Zhao et al.’07, He et al.’22]

® Nuclear shadowing: modification of the initial production

® Cronin effect + Nuclear absorption (lowy/s: SPS+RHIC)

® Non-perturbative (K factor): constraint on ¢ (25) rates
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Transverse momentum spectra

[Zhao et al.’07+’11, Du et al.’17, He et al.’20 ]

® pr dependence from blast-wave at average freezeout time 7
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Inclusive J/P Rpp

= Np (b) my fOR rdrK (thOShyt) Iy (ptfpi(n.rh)yt), my = \/m3, + p?

T(7)

® o suppression = Boltzmann equation

® Average regeneration temperatures
T (7) (taken from the average
production time): different for ground
and excited states

® Resonance recombination model
(RRM) = space-momentum
correlations (SMCs) of heavy quarks
with partons in expanding fireball.

® Transported charm-quarks essential for
large regeneration (softening)



Results for Quarkonia in 5 TeV Pb-Pb Collisions

[ALICE, ’20] [CMS, ’19] [Du et al., ’17]
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In-Medium Charm- and Bottom-quark Masses and Binding Energies

Mass[GeV]

® Free Energy F

® Constraint from lattic: Euclidean correlators G, (r, T) =

[Riek et al.’13, Zhao et al.’10, Du et al.’17]
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® Increase (decrease) the binding:
EN(T) = EY — nAER(T)
n=0.9 (1.1)

AEg(T) = Efc — E}(T)



The space time evolution
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Temperature of the Fireball
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Time evolution of Charmonia
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B, Quasi-free rates
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B. In-medium Binding Energy and Reaction Rates
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[Z. Tang et al. ’21]
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® B, spectral functions:
In-medium T-matrix calculation
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B. pr spectra and cross section in 5 TeV pp Collisions
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B, Time Evolution in 5.02 TeV Pb-Pb Collisions
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B, in 5TeV Pb-Pb Collisions
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Results with/without Momentum Space Correlations (SMCs)

[He et al., PRL 128, 162301]
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X(3872): Molecular vs. Tetraquark Scenario

® Vacuum mass of X(3872) ~ D*°(2007) + D°(1865) ~

® Vacuum width: T'(X(3872)) < 1.2MeV ~ é;‘@

n
® Reaction rate in fireball: I' ~ T’y (Tlo) ® |nitial condition at hadronization

® Molecular: Loosely-bound molecular state ® Molecular: N(T'=T¢) =0

Ty ~ 300-500 MeV [Cleven et al.’19] Small binding energy, destroyed in
® Tetraquark: Compact diquark anti-diquark QGP
bound state ® Tetraquark: N(T = T¢) = N¢(T¢)
Likely to form in the QGP phase

I'g ~ 30-50 MeV

® Depends weakly on n
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X(3872) Time and Centrality Dependence in 5 TeV Pb-Pb Collisions

[Wu et al. '21]
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X(3872) pr Spectra in 5 TeV Pb-Pb Central Collisions
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® Both scenarios in between of the blast wave p
spectra at hadronization and thermal freeze-out

[Wu et al. '21]

® Tetraquark: close to the blast wave pr at

hadronization

® Molecular: produced later = has harder pp

UM spectra
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