Quarkonia (production in AA collisions), Quo vadis ?
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Quarkonia in AA: what experiment tells us

ALICE Collab. JHEP02 (2024)

.. 1.6

°
1.2
Y O

—

Dense (in phase space) 06
=> recombination

space)

2

02 LN B I I N N D NN NN N N [N BN N BN L NN N

Dilute (in phase

Alternate possible explanation : p;-dependent

& 02 ]
. . . w - ALICE 20 - 40% Pb-Pb, \/S—NN =5.02 TeV N
absorption cross section : not excluded, but 015 [ nousne iy — sy 25 <y <4, 2P, 1= 1.1, gl st 1%
not favored by the finite v, observed for J/y - @ * ]
by ALICE 01 + E
C m 3
0.05F " =
0 E... r..-..-.:.:.'..f.'..f.'..f.:.f.:.:.'..::::.:.:.:.:.:.f.:.f.f.:.:.'..f.'..f.f.f.'..f.f.'..f.'..f.f.f.f.T.f.f.f.'..f.'..f.f.f.f.f.f.:'_:
= K. Zhou et al. -
C Inclusive w non-collective ]
-0.05 — Inclusive w/o non-collective =]
I Primordial .
R Prompt .

701 (I R T T TN TN T NN N T M N T T T T T |
0 2 4 6 8 10 12




Probing URHIC with quarkonia production
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|QCD perspective on quarkonia in hot medium : spectral function
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Rich structure : broadening and mass shift. What are the underlying “ingredients’” ?



The present challenges for Quarkonium modelling in URHIC

Meet the higher and higher precision
of experimental data (already beyond
the present model uncertainties)

Unravel the Q-Qbar interactions under Develop a scheme able to deal with the evolution
the influence of the surrounding QGP of one (or many) QQ pair(s) in a QGP, fulfilling all
and with the QGP ' fundamental principles ( , gauge

invariance, equilibration,...)
Need for IQCD constraints / inputs



The full transport scheme

Quarkonium
? —

Open mesons

=

~

Complicated QFT problem (also due to the evolving nature of the QGP that
mixes several scales)... only started to be addressed at face value recently
1) Initial state How to proceed ?

2) (Screened) interaction between both HQ
3) Interactions with surrounding QGP partons
4) Projection on the final quarkonia

First incomplete QM treatments dating back to Blaizot & Ollitrault, Thews, Cugnon and Gossiaux; early 90’s

Strictly speaking, only
resolved at the end of the
evolution

!

Beware of
guantum coherences
during the whole
evolution!

l

Especially at early time...



Regeneration: Dilute vs Dense

Bottomia

No exogenous recombination : only the b-bbar pairs...

initially close together will emerge as bottomia states

Full qguantum treatment affordable

In some SC formalisms : intermediate regeneration

\ recombine T

7 @ <melting T

®
_ @ < diffuse —_— @
b propagate @ ~ /' 18,28,1P...
® |

dissociate

from other open b

Yao, Mehen, Miiller

Charmonia

@
0":. °
®

Exogenous recombination : c & cbar initially far from
each other may recombine and emerge as charmonia states

No full guantum treatment possible => need semi-
classical approximation(s)

k Level of accuracy ?

Key question : when does the recombination (dominantly)
happen ? Crucial role of the binding force.

One extreme viewpoint : regeneration happens at the
end of the QGP (Statistical Hadronization Model)



Open Quantum Systems & Quantum Master Equations

Quite generally, system (Q-Qbar pair) builds correlation with the environment thanks

. . A ~ (0 A 2 i a a
to the Hamiltonian f7 — Hégc?‘g + Hp + Hiy with Hg = Hggp

Von Neumann equation for the total
density operator p

System + environment %P = —I[H. p] N Evolution of the total system
(QGP)
p(t =0) = paa @ page p(t) = U(t.0) [pag © pace] U(t.0)!

Trace out QGP degrees of freedom =>
Reduced density operator PQQ

~N- ~

I : Can be formulated
System (QQ pair) Evolution of the system differentially ./. time :
d _
paalt=0) paalt) = Trage [U(L,0)p(t = 0)U(t,0)1]| =532 = Llpgq)]

Definition of L|:]
However, L[] is generically a non local super-operator in time (linear map)



A special Quantum Master Equation: The Lindblad Equation

There are many different QME... a special one :

firaalt) = [—f[Ho@e Po@(fﬂ] 2 Liraa(L] = #{LiL}. paa(D

Y, Characterize the coupling of the system (Q-Qbar) with the environment

—_—

Hpo 1 {Q, Q) Kkinetics + Vacuum potential V,+ Lamb shift / screening (every unitary term that is
generated by tracing out the

L
Hé?% environment < Von Neumann)

L; :Collapse (or Lindblad) operators, depend on the properties of the medium
3 important conservation properties :

T _
Poo = PQQ Tr[pgal =1 (plpgale) > 0,Y]p)
(Hermiticity) (Norm) (Positivity)

... but in general, non unitary !!! (relaxation)

Nice feature : Can be brought to the form of a stochastic Schroedinger equation (quantum jump
method : QTRAJ) => much more effective numerically




A special QME: The Lindblad Equation

Non unitary / dissipative evolution = decoherence

dtraa(t) = —i[Haa. Paa(t)] {Z K [proa(t)L}L B %{L,-L,T,poo(”}ﬂ

/ / i
Genuine transitions / Can be reshuffled into non
v Singlet <-> octet Hermitic effective hamiltonian

LLT

v' Octet <-> octet
= Dissociation width

Hoger = Hoo — Z[Z Y

Indeed, starting from a singlet density matrix : pSQQ — ‘5> (s

, one generates an octet composant :

d
” (olpgolo) Z% o|L;|s) LT| Z% (0| L;|s)|?

Usual transition rate

10



Open Quantum System approach for Quarkonia

Starting from generic j’:f H(O) + HE + [—_Imt with Hmt = Z AQGP X S how to obtain a Linblad equation ?

/ t
QGP operator (field)  QQ operator (charge)

Also named m? in the rest of the talk

System : a QQ pair

@\ Environment
Hgp = Hqcap

Strategy : trace out the environment and establish a Quantum Master Equation (QME) for
the reduced density matrix p

11



Inspired from Yao Int. J. of Mod. Phys. A,
Vol. 36, No. 20, 2130010 (2021)

Pictorial summary for a QQ pair

Ty €NVironment autocorrelation time Trelax: SYStem (quarkonium) relaxation time

Subsystem + environment: von Neumann equation

Iterate Von Neumann eq. + \ Trace out environment

Subsystem: non-unitary, time-irreversible evolution

Weak syst-environment couplingl + Markovian limit 7Tg < 7T Ok for HQ

| Redfield equation |

‘—w field-field correlator

%, 1 oo .
= p1(t) = —— Z / AT (Apun(T) [Sim,1(t), Sn,1(t = T)pr ()] — AL (T) [Sm,1(8), pr(€)Sp 1 (t — 7))
Some similitude with the Lindblad equation but with time delay effects => Not Lindbladian

$00a(t) = ~i[Haa: paa(D] + X7 | Linaa(DL] - ${LiL]. paa(t) }|

N.B.: For simplicity, we will assume in this presentation that mp = CT' ~ T’ 12



Pictorial summary

Subsystem + environment: von Neumann equation

Iterate Von Neumann eq. + | Trace out environment

Subsystem: non-unitary, time-irreversible evolution

Weak syst-environment couplingl + Markovian limit 7 < T

Smallest time
scales wins it all ! Ts < TR / Redfield equation TE KX TS

Quantum Optical Regime

TSyst

Davies secular equation ] . . ]
Lindblad equation -— Not the same — Lindblad equation

o .
Eigenstates of t|'|e HQ Hamiltonian basis ! Phase spal:e densities
Dissociation of well . 1 Multiple scattering on quasi
& identified levels by scarce A free states.. . -
w=~E, — Ep “high-energy” modes (dilute , Best described in position-

medium => cross section ok) . ”*L%F momentum Space

Inspired from Yao Int. J. of Mod. Phys. A,
Vol. 36, No. 20, 2130010 (2021)

TEnv

TReIax

system intrinsic time scale

Quantum Brownian Motion

Caldeira Leggett
model

—

13



QCD time scales

1 Qg mé

T =~
Wt mg TRelax™ T3 for T 5 mqQogs

. 1
TEnVNF

Low T

During system
relaxation, environment
correlation has lost

Semi-Classical

—

=> Markovi )
pmrzTec;;y arkovian P . ‘e%\me
N m. Br~ “\oo’t
TR/TE N\E \la\\ _aP trajectory
High T
- v a PP L s
stV ./ z
w\e xo © oo’ e | System only feels low frequency
. 55\‘9 R4 ; part of environment correlation
\S \". p Ve i
1 R
Re ;
2 ~AFE ~mga% L~ mQos
/./ I —> mD ~ T
‘ . 7/ =~ CT/AE
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The core of the Universal Lindblad Equation derivation

2D | =t

&

{LLLn,p(ﬂ})

. dp(t , _ _ .
Lindblad structure % =—i[Ho+Hrs.p(t) + > ¥n (an(ﬂl; —:

2 2
Py b5 y y
oM 231) ® Iqap +1gq ® Haap + [r nt @ gAL (x)

Starting from the NRQCD Hamiltonian  Hiot = (

lterating the Von Neumann equation, tracing out the QGP d.o.f. and assuming a slow evolution of p' in the interaction
representation (Born - Markov), one arrives at the Redfield equation

O _/t dt’ / [n @) (¢ 2)p ()] A7 (¢ 1w — ') + hec.

dt

Where the thermal-gluon propagator is

|
|

l£

§UN (1~ taw — ') = g (T [ 45 (t1,2) AG (12,0/)])

\ J
/

0

>
Vv

V
000000
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IMPORTANT : localized on t1 —to S 7 ~ %

i
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o
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™+
)
<+
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The core of the ULE derivation

[ =

. dp(t , _ _ .
Lindblad structure % =—i[Ho+Hrs.p(t) + > ¥n (an(ﬂl; — -

{LLLn,p(ﬂ})

vt

&

. . dp’ (t ¢
redfild equation: 471 _ _ [dt [ttt @) (0] A% (¢~ o= o) + b
to xx’

5% A> (ty — by, x —2') = q° <Tg [AS’ (tl,-r-]Ag (iz_ﬁf)DD

d 1 t t
pdt( ) :/ dt// A>(t—t',x—x/)na(t’,x/)pl(t)na(t,gj)—|-h,c._|_...
to xx’

Not a symetrized form ! => no Lindblad structure

¢ t'
For t << Tg: pl(t)—pl(to)z/ dt’/ dt”/ A~ (=t =z \n (", 2" p! ()t , 2)+h.c.H+- -
to to xx’

(slow evolution

_ / a / ar o — ) / A (=t gt ) p () (t ) +hoct -
to t() xx’

Ot —t") = 1 i Lsign(t’ — ")

« Lamb shift »
16



The core of the ULE derivation

l\.-l|l—‘

: dp(t) . e
Lindblad structure ﬂ = —i[Hg + Hrs, p(t) + ) _ 7 (an(t)

dt
+00
ol (t)— /dt/ dt”/ A>t —t" a2 (", ) pt (t)n (', )+ h.c AT

t and t”’ still intricated

{LT - p(f}})

+00
A- (' —t" o — 2 / dv/ v—t" y—2Ng(t' —v, 2 —y) g : jump correlators

with g(t/ —v, 2’ — y) = 9*(?} — Y — 37 Can be interpreted as a « mid-time »

1 t —I—OO
= 5//612)/ dt’/ dt” pI(t)/ g (v—ty—2)n* ")+
N ] P to to _ - x’
~D o In g =
1
:5//dv Edt/ (o=t y—a"nt, )—I—hc—l—---
y

~S . A =Ln?77 :LL???

~~

Not quite ! As time derivation wrt t “obviously’” breaks this structure !!! Redfield : NOT LINDBLAD 17



The core of the ULE derivation

: d . e L1
Lindblad structure % = —i[Hg + Hrs, p(t)] + Y _ 7 (an(t)l-;l ~3 {LLLR,p(f)})

mn

1 +o0 t +o0
p'(t) = 5 // dv/ dt// dt” pl(t)/ g (v—"t,y—aHn*{t, x)+ -
Yy — 00 tO to .’L'/

How to proceed without further hierarchies (than t; << 1g) ? In fact, there is an {} of equivalent QMEs encoding the same O !

Nathan and Rudner (2020): In significant contributions to the integrals stem from regions where the 3 times v, t" and t"’ are
separated by t; at most => one can permutate the boundaries on v and t’ (at the price of a small correction in t. / 1)

V Redfield

18



The core of the ULE derivation

. dp(t , . _ .1
Lindblad structure % =—i[Ho+Hrs.p(t) + > ¥n (an(ﬂl; ~3 {LLLn,p(fJ})

1 +o00 t +o00 "
= 5// dv/ dt’/ dt” pl(t)/ g (v—t y—a"nt, z)+ -
Yy — 00 tO t() .’L'/

How to proceed without further hierarchies (than t; << 1g) ? In fact, there is an {} of equivalent QMEs encoding the same O !

Nathan and Rudner (20%0): In significant contributions to the integrals stem from regions where the 3 times v, t" and t"’ are
separated by t; at mést ¥> one can permutate the boundaries on v and t’ (at the price of a small correction in t; / 1)

1 t +o00 +o0o
par(t) = 5// dv/ dt’/ dt"” pI(t)/ g (v—t,y—aatt, ')+
Yy J g — 00 to 2/

Then proceeding with time derivative wrt t:

dp 400 400
NR / / dt’ / dt"” i ') | gt —t,y—2a )" /l*-/’aT Vth.cote

Y

I\/Iarkowanlty
:—/ U dt/ (t =ty —2")n*{t', ") Hh.ct -
2 Yy
t//

a o /) y Contains all spectral information of the QGP
Lindblad structure, with L dt . t — "y - 2! arvironment |

33

Same structure in the Schroedlnger representatlon

19



Dealing with colour

In the Schroedinger representation:

d’jd—i”=—1[Hq+ﬂ,p{t}]+L(Lﬂ(y)p(t)m’r( {Lﬂ’r VLA (y) p[:f]}) A:1—= NZ-1
with LA (y /+OO dt”/ (t—t" y—2")at(t", z")
pag = ps(t)|s) (s + po(t) 2o [07) (0"
?lea'f - Yo _ +N01 1/; (O°) 14 (y)p LA () 0°) +
’—All' 1] H = / > (0L (y)|s)ps (5| L4 ()|O) +
.: é i_._g_ h Ne -1 v smglet -> octet octet -> octet
E % i qg ' One next derives : transition transition
| = | Fi
0

(0L (y)ls) =

\/mt[éxg (t—v,y — X)Ul (v—1t) PxUs (v —t)

Scatterings with gluons modifie

the color representation : 0 <-> s Easy color summation preserving the L._,(y )pLS_m( )

structure essential for Lindblad
20



Dealing with colour

— » lllustration for the singlet -> octet transition (center of mass
QQ pair integrated)

|
|

{sieledalelelolalaleinls) vislv]els]s)

» One assumes some binding potential in the singlet
representation => in-QGP Bound states (|n>, |m>,...)

g

q
S , » For the octet representation, no binding potential => diffusion
S - N 4_” r - P gp
| states | k> => « large » energy gap.
:—'—',I I_"_lnl r
) dpe )
: . - = ... Loo(y)ps LT
Scatterings with gluons modifie dt T /y ~o(Y)psLaso(y) +

the color representation : 0 <-> s

with ﬁs—m(y) = /dk Z Es—m(k; n, y)|k>T<n|

Luu(k i /d i@y —-E, k_Q (k['EH
s—>0 n7y 2N q€ Maq STln 9 n

Transition matrix element from |n) — | k)

Transitions -> o0

Fourier transform of g, \ of the QGP correlator A”



lllustrations of transition rates (charmonia)

Full width

Real potential : Vacuum

(n|Fn)[GeV]

1074
q - ‘Dashed curves : no Energy gap
1 1 ' L L L 1 L 1 L L 1 L L 1 L 1 1 L L L 1 —5 ||||||||||||||||||||||||
0.2 0.3 0.4 0.5 0.6 10 0.2 0.3 0.4 0.5 0.6
T[GeV] T[GeV]

Figure 26: I'sp as a function of T for the 3D case (w1th I, <5and k < 40) Sames conventions as in
Fig. 10; orange

o oy =04, mD =27
= 0.100;— J
o
E: 0.010}
Real potential : Screened (Lafferty — Rothkopf A
prescription) o
- s in-medium states 1
10—4 T T T S S S S S SN S TN S S S

Figure 27: Same as Fig. 26 (right) with in-medium eigenstates obtained with a T-dependent real
potential; the vertical dot-dashed lines indicates the temperatures beyond which a given eigenstate
ceases to be bound.
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Illustrations of spectral densities (charmonia)

100
Lindblad equation : 50

Real part : S states
- Vacuum as =04, mp = ZTA

: Von Neumann equation with

Heg = Hg + Hys—i5  with T':=>" ~,LI L,

Non Hermitic

Definition of the spectral density :

p(E) = %%t 1 50- P states

waml

r :
E—H¢p—t€ oy = 0.4, mp = 2T |
At T=0, a sum of Dirac peaks ~— 10: Real part : Vacuum
>  5;
Main result: fast melting of the y state, progressive ) ;
melting of the J/\y state beyond Tc... S
0.5}

... correct interpolation between the Quantum Optical

regime at low T and the Quantum Brownian Motion L — . =T . o o
regime at high T ' | ' '



Going Se

mi-Classical

Inspired from Yao Int. J. of Mod. Phys. A,
Vol. 36, No. 20, 2130010 (2021)

T¢: environment autocorrelation time 1;: system relaxation time t4: system intrinsic time scale

T7s < TR
Quantum Optical Regime /

Davies secular
equation

Rate equations: <
transport models

Subsystem + environment: von Neumann equation

Iterate Von Neumann eq. +

Trace out environment

Subsystem: non-unitary, time-irreversible evolution

Weak syst-environment couplingl + Markovian limit 7 < T

Redfield equation

Lindblad equation

G

Eigenstates of the HQ Hamiltonian

Wigner transform + gradient expansion

Boltzmann equation

Not the same
basis !

Semi-classical
approx : density
matrix =~ diagonal

TR < Tg
Quantum Brownian Motion

Lindblad equation Caldeira Leggett

Phase spake densities

Comparison

ood method for

Fokker-Planck equation _ .
many ccC pairs

24



Concrete implementation in a simplified set up

1D, 1 cc pair
Same real potential, W in the QME <> n and y (drag and diffusion) in the Fokker Planck

Abelian case (for the time, not clear how to deal with the singlet <-> octet transition in a SC approach)

Yet, not trivial...

52

Initial state vacuum 1S state :  (s) x e 202 o = 0.38 fm

1S initial state, t = 0 fm/c

; A. Daddi et al., Phys. Rev.
.10~ D 113 (2026), 014017

p (GeV/c)

r (fm) 25



QM with L4, t = 1fm/c

T\

p (GeV/c)

L

-2 0 2

r (fm)

QM with L4, t = 20 fm/c

p (GeV/c)

-5 0 5
r (fm)

Non-unitary evolution

Full coupling with the QGP

107*

QM without L4, t = 1 fm/c

r (fm)

QM without £4, t = 20 fm/c

10~*

p (GeV/c)

r (fm)

SC,t=1fm/c
2 1073
-4
1 10
L
> 1073
[1)]
$ 0
0
o -1
_10—5
_2_
; ; : -1074
-2 0 2
r (fm)
SC, t = 20 fmjc
1073
9
%
) 10~*
o
0
-5 0 5
r (fm)

» Some specific signs of genuine QM evolution at small time although same trends observed

» Better agreement between the two descriptions at late times.
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Non-unitary evolution

d1 = fd?“dp’WQME — Wsc|

Full coupling with the QGP

Trace distance L1, 1S initial state

0.16

0.14 - 1/

0.12 1

0.10

~—
o

N~— i
—0.08

s
0.06 1

0.04 -

0.02 -

o
=

—~
B O EE EEE S S S S e . e .

e
| 4

T=0.2 GeV
T=0.4 GeV

T=0.3 GeV
T=0.6 GeV

0.00+—
0.C

|. Growth of the # between QME and
SC evolution : genuine QM features

7.5 10.0
t (fm/c)

N
wn
bl
o

Il. Saturation and decrease of
the # between QME and SC
evolution : classicalization

12'.5\ 15.0 17.5 20.0

Ill. Late stage evolution: the norm difference d,
ceases to decrease and saturates ?!

27



Non-unitary evolution Full coupling with the QGP

» More concrete observable : Survival probability of the 1S initial state:

1S state survival probabilities

10°]  eseel
.......\;; ........... T.‘.:-..“: ......................................................................................................................................
E \\\\ ““-‘-51"‘--..
o \ “~ ‘-“---““-..
10711 e el TE——
---- SC, T=0.2 GeV QM, T=0.2 GeV
—--- SC, T=0.3 GeV QM, T=0.3 GeV ---—______
SC, T=0.4 GeV QM, T=0.4 GeV e
---- SC, T=0.6 GeV OM, T=0.0 GV
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0

t (fm/c)

» Good agreement of the SC calculation with the QME benchmark
» Slight over suppression for the QME (overheating)



Full coupling with the QGP

Non-unitary evolution

» More concrete observable : (Re)generate 2S state
» Good agreement of the SC calculation with the QME benchmark, especially at large T

2S state generation probabilities

QM, T=0.2 GeV

---- SC, T=0.2 GeV

QM, T=0.3 GeV

0.14 -
TN ---- SC, T=0.3 GeV
0.12- SC, T=0.4 GeV QM, T=0.4 GeV
: LA -~ SC, T=0.6 GeV QM, T=0.6 GeV
0.10 _:
0.08 i N
= ; e EEa oo e
- 0.06- [ S < TS e
- — AN oo » O PR sz e e
0.04| [
:r,',,f ...........................................................................................................................................................
0.02{ I
i“f
7
0.001
7.5 10.0 12.5 15.0 17.5 20.0

2.5 5.0
t (fm/c)

» Most significant disagreement for low T, around t = 2.5 fm/c (beginning of the classicalization)
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Non-unitary evolution

Full coupling with the QGP

» More concrete observable : (Re)generate 2S state
» Good agreement of the SC calculation with the QME benchmark, especially at large T

2S state generation probabilities

QM, T=0.2 GeV

---- SC, T=0.2 GeV

QM, T=0.3 GeV

0.14 -
I \
TN == SC,T=0.3 GeV
0.12- FEEAN
- ; SC, T=0.4 GeV QM, T=0.4 GeV
TN ——-- SC,T=0.6 GeV QM, T=0.6 GeV
0.107
0.08- i R
oy - H s “":n """"""""""""""""""""""""""
[ ‘J " ______ iy _"‘-u-:: ----- —ﬁ:;‘_hﬁ‘ -
- 0.06- T < S
- — AN oo T T v TR R arar s
Y R
| ,' 7
:r,'!f’ .............................................................................................................................................
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» Higher effect of the genuine interference quantum effects due to the mixture of positive and negative

regions in W...
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Life before QGP...

Binu Nair (Join PhD with Catania)
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Quarkonia evolution in the Glasma
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FIG. 5. Evolution of poo/da of a QQ pair (bb in red and
c¢ in blue) in glasma produced in pA collisions, up to t =
0.7 fm from different initial color states. The color dipole
is in isotropic orientation in both the cases ({(z*) = (y*) =
(n?) = (r?)/3). The black dotted line indicates the color
equilibration limit 1/9.
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FIG. 6. Evolution of poo/da of a QQ pair in glasma produced
in an AA collision, up to £ = 0.7 fm from different initializa-
tions for a QQ pair (bl_) in red and c¢ in blue) in an isotropic
orientation ({(z°) = (y°) = (n*) = (r?)/3). The black dotted
line corresponds to the color equilibration value 1/9.
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Conclusions

Track 1: Describe the entire time evolution of in-QGP quarkonia...

...through a general Lindblad equation, encompassing both the high and low T regimes.

» The proper QME was identified

» First numerical applications show the « interpolating » features of such Universal Lindblad equation https://arxiv.org/

abs/2608.15347
» Further numerical studies of dynamical evolution on the way...

Track 2: Evaluate the level of “precision loss” resulting from the semiclassical approximation (instead of a full
guantum scheme)

» In the (unphysical) abelian representation, the Semi-classical approximation allows to reproduce the results from the

exact Quantum Master Equation relevant for phenomenology.
A. Daddi et al., Phys. Rev.

> This is due to the coupling with the heat bath which “classicalizes” the subsystem. D 113 (2026), 014017

Track 3: Explore physics before QGP : some level of thermalization seen from early calculation
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