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uarkonia as 'hard probes’ (1)

Heavy quarks are produced LA Pairs L the early stages of
URHHC. Thelr numiber remeains constant.
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Formation time of a 00 patr Ls small At ~ ——
w fa 00 p M,
J /¥ M.~ 1.5 Gev At ~ 0.07 fm/c
T M, ~ 4.5 Gev At ~ 0.02 fm/c

Mass is large compared to the typieal temperature

Mo >T
DYna mics of heavy quarks Ls non-relativistie
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uarkonia as 'haro probes' (2)

nitial suggestion (MS g6): sereening of the potential

P2
H=—+V(r)
Mg

V(r) = 2 exp "D 4o (T)r
r

This pieture predicts a suppression of bound states at
high temperature, the most 'fragile' ones (bigoger, Less
bound) disappearing first as the temperature tncreases
("sequential suppression”).
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Why is it a diffieult problem ?
* The formation of bound state is not tnstantaneous. Nor Ls the
establishment of a screening cloud.

typieal formation time:
Jp 1 4 v ~ 1 fm/c

0™ 50 o2 Ty ~ 2.5 fm/c

* As the bound state "forms" interactions with the medium take
place.

The formation of bound state is affected both by screening and
collistons with the plasma constituents

* The effect of the medium does not reduce to an tnstantaneous
modification of the potethaL: a complete ol Yyna mical treatment Ls
essentral.



Why Ls it unteresting ?

* New data of high quaLLtgj and precision, for two distinct
systems, charmontum and bottomontum

* New phenomena observed ("regeneration”)

* New theoretical developments: Lattice, spectral functions,
imaginary part of potential, effective field theories NRRCP,
PNRRLCD, ete... Mainly, possibility has emerged to treat tn a
coherent fashion both screening and collisional effects

* Move broadly, connections with other tnteresting Lssues:
modifications of bound state properties in medium,
production and survival of fragile states in a hot
environment, ete

Several conceptual Lssues remain to be clarifieo



n the rest of this talk, focus on a stmple problem

Put a number of 00 Pairs ln color stnglet states itnto a gquark-
gluon plasma tn equilibrivm at temperature T, and stud Y thelr

evolution.
ngpicaL guestions:

How does the system evolves towards equilibrivum? How does the
equLlibrium state Looks Like? can we find robust features of the
dyna miles? For Lnstance, can we 'wlewtifg Varlous regimes as a
functions of external parameters (T, M, ...)

Towards aw effective theory for heavy quarks in RGP
H:HQ+Hp1+Hint Hiyy ~ ]Q°Ap1

Protoptype of an "open quantum system”



* Our goal: construct an effective theory for the H®,
by eliminating the plasma dof’s.

* Tool of choice: reduced density matrix for heavy quarks
Do(t) = TrpD(2)
*D(t) Obeys equation of motion of the form

4D () = ~ilHg, Do®] + [ dr L()D(t - 7)
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* This does not reduce to changing the HR hamiltontan: Hop —> H szf

« Nown hamtltontan d Yyna mics involved (dissipation, transport, ete)



TapioaL approximatiows

(L) weak covq:Lng between HR and the plasma Hiy ~ Jo - Ap

stmple response functions (correlators) are
suffictent to describe the effective HR dynamics

A(1,2) = (Ap(DAp(2)r = Tr[Ap(1D)AL(2) Dy
N®B. Most (all?) approaches rely on this approximation

(L) The response of the plasma is mostly 'statie’ (w = 0)

plasma response characterized by a single energy scale, the Debye mass

mp =CT (C = 2) In strict weak coupling C = g
soft gluon exchanges swmall energy transfer
2
Smp <K M 4 b < m
q VAT D
(i) semi-classical approximation
1 1 density matrix
M>T Ag ~ < = nearly diagonal

VMT T in coordinate space






Sewmi-classical expansion for heavy quark motion

* Equation for the density matrix ) Langevin equation

* Langevin equatiow for the relative motion

% £ — —")/z'j’Uj — VZV(T) -+ fi('r, t)
1 , .
Yij (1) = 5= (T) (g, )€, ) = i ()0t — ¢')

* For an Lsotrop'w plasma Non frivial noise

(VW (0) + VW (r))

i (r) = 0;5m(7T) n(r) = %

* ALl ingredients of the dynamics are caleulated from
the "potential" and its imaginary part



)-P.B, B. de Bownt, P. Faccloll and G. qarberoglio, NPA (2016)






whew does melting oceur ?

- Thermal veLoci’cg equals veLoci’cg e bound state

r 2
Vo~ g Vo~ @ '~ Ma

- Or momentum of thermal partictes matches H®R bd state
momentum

T ~ M«a

- The bd state tgp'waL time scales matches
that of plasma response

T M o’ Binding energy is of the
— B order of the Debye mass



—— Binding energy (absolute value)
——- Decay width
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"Optical potential" is energy dependent

N* -1
Simeple two-Level moolel V, octet
(two massive quarks separated by )
Vi singlet
Z=eT +(N2=1)e 7 AV(r) =V, = Vs
Low T F~V,— T(N2 _ 1)e—A_yy "Binding" dominates
(6
. V. + N2 — 1V EV\,’CVD‘Pg dominates
High T F=-TInN* + — (Ve Vo »
€ ch Trawnsttion occurs whew
T ~ AV

Approach to equilibrivum

d
ﬁ — (ch = 1)pol_‘o—>s = psrs—>o

dr
1—‘s—>0 — 2CF fA>(AV Q)|Sqr|
q

static approximation breaks down






Funal remarks (1)

e A consistent framework is emerging, allowing to treat on par
both screening and collisional effects (imaginary potential,
energy dependent)

® Two regimes: low and high temperature (fuzzy transition)

9 M
T ~ M«a M« ~ Mp TNCL’m

® Low T: bound states are weakly affected by the plasma,
appropriate rate equations should be fine

e High T: binding effects not essential, Langevin dynamics,
equilibration, etc

¢ Intermediate region difficult: bound states melt, combination
of Langevin and rate equations seems needed



Funal remarks (2)
How do various approaches fit into this general picture?

® Many ways to treat collisional effects (rate equations, Boltzmann, stochastic
potentials, Lindblad equation, etc)

e Lattice calculations: do not address dynamics directly, (except, perhaps,
for spectral functions), but it can provide input for the dynamics
(correlators, potential, transport coefficients)

o Effective field theory (NRQCD, pNRQCD). Restricts the dynamics to
pair degrees of freedom (singlet and octet). Provides systematics

improvements of potential. Limited by multipole expansion (dipolar
interactions)

e In-medium T-matrix. Solidly rooted in well established many-body
physics. Efficient bridge to phenomenology. Connection with other
approaches would be worth strengthening



