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Quarkonia in heavy-ion collisions
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What we are getting to know

» Non-equilibrium evolution of quarkonia in static and homogeneous medium
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What we ignore in this talk
> Interaction between initially uncorrelated pairs (justified for bottoms)
> Effects of non-static and inhomogeneous medium (for simplicity)
» Heavy quark pair creation in medium (suppressed by e~/

» Heavy quark pair annihilation in medium (suppressed by 1/M?)



Quarkonia in heavy-ion collisions
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hard collision hydro expansion
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What we do not know
» Initial condition of quarkonia
» assume singlet/octet wave packets, vacuum states, etc
» How quarkonia hadronize
> assume evolution freezes at T' =T



Quarkonia in a static and uniform medium (7" > T,)

Key quantities: in-medium self-energy of a static quarkonium

» pNRQCD description: Local correlations in the QGP O 0O.
Thermal dipole self-energy coeff./HQ mom. diffusion const. s o

» NRQCD description: Non-local correlations in the QGP 000 OCO
U} X

Complex potential

How do they determine quarkonium evolution?
+» What can we learn from experiment, in principle?

Contents

1. Quarkonia as an open quantum system in QGP
2. Simulation of Lindblad equation (from NRQCD)



Quarkonia as an open quantum system in QGP



Quarkonium by classical kinetics

» Heavy quark and antiquark are classical particles

% Screened potential

X

ollisions

» Quarkonium is a classical molecule and unbound pairs are classical particles
» When reaction duration 2 orbital period

e @ T ’
2 =» &

P potential

Absorption Collisions Emission



What is the quantum effect?

» Naive picture: collisions induce decoherence and classicalization

Collision Collision
. e
v O » . » ‘f
Sa S,
" P

» Decoherence proceeds rapidly if Ag > 1/q
» But it is not the case for quarkonium in Coulomb potential

> Scales for quarkonium in Coulomb potential: Ay ~ 1/Ma < 1/T ~ 1/q

Smglet Octet Cellisiarm
Collision / Absorption A@
Sq

» Decoherence proceeds slowly because ¢ < 1/¢

» How long does it take for medium to distinguish different classical trajectories?
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Quarkonium as an open quantum system — reference list

Key observations before the application of open quantum system:

v

J/1¢ melting [Matsui-Satz (86)]

> J/1 mass shift [Hashimoto+ (86)]

> J/1 spectral function [Asakawa-Hatsuda (04)]

» Complex potential [Laine+ (07), Beraudo+ (08), Brambilla+ (08), Rothkopf+ (12)]

Personally, | was very confused by the non-unitary evolution by complex potential,
which led me to take a system-environment approach, i.e. open quantum system.

Time-evolution equations using open system technique
» First applications [Young-Dusling (13) (2010 on arXiv), Borghini-Gombeaud (11,12)]
Stochastic potential [Akamatsu-Rothkopf (12)]
Lindblad equation from NRQCD [Akamatsu (15,22)]
Lindblad equation from pNRQCD [Brambilla+ (17,18), Akamatsu (22)]

Generalized Langevin equation from NRQCD [Blaizot+ (16,18,18)]

vV vV v v Y

Coupled Boltzmann equation from pNRQCD [Yao-Mehen (19)]



Minimum basics of open quantum system

Hs
S (-lE | mmp| S f

He trace out E

Lindblad equation: evolution of reduced density matrix ps(t) = Trgptot(t)

d . 1 1
£Ps(t) = —i[H, ps]+ Y (L/cpsLL - §L2LkPS - QPSLLLI@> = L(ps)
3

dissipator D(ps)

= —i (Hewps — psHlg) + 3 LupsLl . Hep = H— ;ij LiL
N

transitions/scatterings

non-Hermitian evolution
Hg + self-energy AHg

if the evolution is Markovian, (completely) positive, and preserves probability
[Gorini-Kossakowski-Sudarshan (76), Lindblad (76)]



Lindblad equation for weak system-environment coupling

Born-Markov approximation for H; = Vs ® Vg (interaction picture)

d > Vs(t — s)ps(t)Vs(t) 3
fpstZ/ ds (Vi(s)Vg(0 + h.c.+ OV
O = o VEEVEO) |y v = s)ps) v
environment correlator
Quantum Brownian regime!
» Slow system time scale — derivative expansion
Vs(t — S) ~ Vs(t> — SVS(t) + = Vs(t) — iS[Hs, Vs(t)] + -
— Lo Vg + LVS + .-+ fluctuation-dissipation theorem

4T

TE/Ts — 0 limit
» Condition for derivative expansion (7g,z = system/env. timescale)

1
TS M(Cra)? 011 - 0.19]GevV ~ P
—_——

Coulombic

1
2nT

IThere is another regime “Quantum optical limit,” where Hy(t) has discrete spectra
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Lindblad equation from potential NRQCD (rambilia et al (17,18), Akamatsu (22)]

Color-dipole interaction (R/r = center-of-mass/relative coordinates)

+ da c — ~a — =
H; =—[|S><%><S| +72b |bY{c|| 7® gE*(R) ~ T gE(R)
C H_/
S— v dipole at R

singlet<soctet octetsroctet

» For small dipole, gauge-invariant and non-perturbative expansion possible
» Expansion coefficients are physical quantities

Self-energy and Lindblad operator

As = 50—+ 0 ][It + #laal] + 062

2
derivative exp. small-r exp.
L~ Vk {7‘ + O } [color transitions} + O(r?)
~—~ —— ——
transport coeff. derivative exp. small-r exp.

> ~v: thermal dipole self-energy coefficient, in-medium mass shift of quarkonia
> k: heavy quark momentum diffusion constant, in-medium width of quarkonia
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Reduction of Lindblad operators

1. Lindblad operators (#=24)

Lui oy gl sl+ g o) al + ga™ b)) + - 06y + 00?)

derivative exp.  small-r exp.

singlet—octet octet—ssinglet octet—octet

2. Singlet-octet projection (do not distinguish the octets) (#=9)
Cyiocrilo)(s|4+---, C_iocris)o|+---, Ca oxro)(o] + -
3. Angular momentum projection (do not distinguish ms for fixed ¢) (#=6)

Cip ~rle+ 1)l @ lo)(sl,  Cuy ~ 7|l =1)(0| @ |o)(s],

Cop ~rll+ 1)l @ s) (o], Coy~rlt=1){ @]s){ol,
Cap ~rlt+1){¢| @ lo){ol, Cay ~ |t = 1){¢| & |o) (o]

> |£){¢| is prohibited by the parity selection rule
> See [Akamatsu (22), in Appendix C] for complete expressions including O(7) terms
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Lindblad equation from NRQCD [akamatsu (15,22)]

Color-eletric interaction

Hr = gAo(zq) — gAj(zq.) = / (e*rety — eracty ) @ g Af (k)
k SN——

fluctuating scalar potential

momentum transfer k mode &

Self-energy and Lindblad operator (r ~ 1/¢T)

AHs = V(nltyt ] +i( D)l ] - CrD()) +

expansions (9, g)

2
« 1 ~ ~ m™m
1% — _ _,—mpr D _ 7.k-rD k D(k) = 2T D
)= D)= [ D), D) =T
Li~ \/ D(k) [e*79tfy — emoetfy + Olig,0.)] + O(9°)
—— ——— ———
ratel/2 g derivative exp. perturbative exp.

> Singlet complex potential ([t}t’ Ilsinglet = CF)

[Laine+(07), Beraudo+(08), Brambilla+(08)]

VimE (r) = Cr|V(r) = i(D(0) ~ D(r))]



Classical limit of the Lindblad equations — kinetics
[Blaizot-Escobedo (18), Akamatsu (22)]

Langevin equation with correlated noise — drag force is also correlated
» Singlet pair
£Qi(H)€qi(t) = &q.i(t)sq.i(t') = —Crd;0;D(0)5(t —t') > 0,
£Qi(t)sq.i(t") = Cr0;0; D(r)é(t — ') <0

singlet ~ opposite charges

» Octet pair
£Qi(t)€q;i (') = £.i(t)sq.;(t)) = —Crd;0;D(0)d(t — ') > 0,

€ Das ) = ~ 53 00, D)5t~ ) > 0

octet ~ same charges

For pNRQCD, CrD(r) = CpD(0) — £xr?%: infinite correlation length
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Classical limit of the Lindblad equations — colors [akamatsu (22)]

Transition rate (not quite classical)

Vo(r) = Vi(r)]* D(0) — D(r)
I'so =2CF |:1 - AT }

1 V,(r) = Vi(r)]? D(0) — D(r)
Fo—)s = E [1 + AT ]

» Approximate detail balance between singlet and octet

Tose 1 (14[Vo(r) = Va(m)]/AT\* 1
1—‘s~>o B N(:2 -1 (1 - [VO(T) - ‘/:9(7“)]/4T> N Nc2 -1

Vo(r) ; Vs(r)}

exp [
Screened potential

. singlet / octet

R

Collisions
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Simulation of Lindblad equation (from NRQCD)



Numerical simulations

Most simulations use stochastic unravelling = sampling wave functions

NRQCD pNRQCD
Inter-quark distance r | can be long short
Coupling g weak can be large
Simulation cost heavier lighter

NRQCD Dissipation Method
1D, U(].) no Stochastic Potential [Akamatsu-Rothkopf (12), Kajimoto+ (18)]
3D, U(1) no Stochastic Potential [Rothkopf (14)]
1D, SU(3) no Stochastic Potential [Sharma-Tiwari (20), Kajimoto+ (21)]
1D, U(1) yes Quantum State Diffusion [Akamatsu+ (19), Miura+ (20)]
1D, SU(3) yes Quantum State Diffusion [Akamatsu-Miura (22), Miura+ (in prog.)]
1D, U(1) yes Direct evolution [Alund+ (21)]
pNRQCD Dissipation Method
1,D, SU(3) no Direct evolution for S and P waves [Brambilla+ (17,18)]
3D, SU(3) no Quantum Jump [Brambilla+ (20,21)]
1D, SU(3) yes Quantum State Diffusion [Miura+ (in prog.)]
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Numerical Method for solving the Lindblad equation

Stochastic unravelling of pg: give a mixed-state wave-function ensemble

ps(t) = POIGW] = Jim_ S [0i(e) wi(t)

ensemble average
Method 1: Quantum State Diffusion [Gisin-Percival (92)]
> Nonlinear stochastic equation with complex white noises (d&;:d&, = 20ydt)
|d) = [db(t + dt)) — |v(1))
1
[L([0) (W) = (L) (W]))y] [ (1)) dt + 7 > Lileb(t)) déx
k

closest pure state to Lindblad evolution

mixed state

[(t + dt)) = normalize |[{)(t +dt)) —  repeat

Method 2: Quantum Jump [Plenio-Knight (98)] — Nora's talk
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Numerical Method for solving the Lindblad equation

Stochastic unravelling of pg: give a mixed-state wave-function ensemble

ps(t) = PIONEH] = Jim —sz

ensemble average

Method 1: Quantum State Diffusion [Gisin-Percival (92)]

> Nonlinear stochastic equation with complex white noises (d&;:d&, = 20y¢dt)

|dip) = [(t + db)) — |o(1))
:[zHefflz/J Z Dy L v (t) }dt+—ZLk\w )déx

nonlinear Schrédinger equation mixed state

[i(t 4 dt)) = normalize |ip(t + dt)) —  repeat

Method 2: Quantum Jump [Plenio-Knight (98)] — Nora's talk
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QSD simulation (NRQCD) [Akamatsu-Miura (22)]

Modeling the Lindblad equation from singlet complex potential

complex

screening 0 7 D(0)

Complex potential from non-perturbative thermal Wilson loop
[Rothkopf+ (12,15), see also Bala+ (20)]
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¥ ,{ xRy 210 MeV HB  315MeV i%i 503 MeV 1
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x o @
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> Plateau ImV (r — 00) yet to be seen
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QSD simulation (NRQCD): density matrix [akamatsu-Miura (22)]

Model complex potential: V52810 (1) — ¢V () — iCp(D(0) — D(r))

complex

CrV(r) = —?e—m, CrpD(r) = Ie_(Tr)z, T=01M
™
— Color resolution scale of QGP ¢ ~ 1/T = 10/M

Singlet |ps(z,y)[? Octet |po(z,y)[?

T T T T T T T T 02

Mt=0 0.18
0.16
0.14
0.12

20
15
10

>

0.08

-10 0.06

M
n o
T T T 1T T T 1T

I I I A B |
o ¢ o <
=

0.02
I I 0
-20-15-10-5 0 5 10 1520 -20-15-10-5 0 5 10 1520
Mx Mx

-20

Singlet ground state
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QSD simulation (NRQCD): density matrix [akamatsu-Miura (22)]

Model complex potential: V.58 (1) — GV (r) — iCp(D(0) — D(r))

complex

. T

CrV(r) = 03 ey, CpD(r)= —e~ ™" T=01M
r T

— Color resolution scale of QGP ¢ ~ 1/T = 10/M

H 2 2
Singlet |ps(z, )] Octet |po(z, )|
T T T T T T T 0.18 T T 0.0025
20 - = -8 o016 20 - Mt=62 b
5 8 o0.14 15 = -8 0.002
1(5) L 1 o2 12 i . i 0.0015
| 1H 01 L I/ ™
5 - | 08 5 —H o0.001
10 |- g %08 10 - -
45 | _{ 0.04 45 _H 0.0005
20 L JH 0.02 Py ]
[ R 0 | 0
20-15-10 5 0 5 10 15 20 20-15-10 5 0 5 10 15 20
Mx Mx

Dipole excitation to octet
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QSD simulation (NRQCD): density matrix [akamatsu-Miura (22)]

Model complex potential: V.58 (1) — GV (r) — iCp(D(0) — D(r))

complex

0.3 T
CrV(r) = ——¢"", CrD(r)= —e” ", T =01M
s
— Color resolution scale of QGP ¢ ~ 1/T = 10/M

. 2 2
Singlet |ps(z, )] Octet |po(z, )|
SO L L S A 0.1 0.0035
Mt=434 0.09 0.003
15 - B 0.08
10 - -H o007 0.0025
S f 006 0.002
o -‘- —+H 0.05
s L 1 004 0.0015
-10 —{ 0.03 0.001
-15 —{ 0.02
-20 - 0.01 0.0005
L o o
20-15-10-5 0 5 10 15 20 20-15-10 5 0 5 10 15 20
Mx Mx

Decoherence in octet?

2For color SU(2) case, density matrix does not get diagonalized. [Kajimoto+ 2021]
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QSD simulation (NRQCD): density matrix [akamatsu-Miura (22)]

Model complex potential: V.58 (1) — GV (r) — iCp(D(0) — D(r))

complex

0.3 T
CrV(r) = ——¢"", CrD(r)= —e” ", T =01M
s
— Color resolution scale of QGP ¢ ~ 1/T = 10/M

. 2 2
Singlet |ps(z, )] Octet |po(z, )|
S LA AU B 0.03 % j 0.004
= Mt=1240 3 1
s L 18 o025 " 0.0035
ol M .0 10 0.003
5 - : 5 0.0025
Zo - -IH 0.015 Zzo 0.002
S5 b -5 0.0015
10 [ - oo 10 0.001
15 = -1+ 0.005 15
20 L ] 20 0.0005
T T T Y Y N B W 0 0
20-15-10 5 0 5 10 1520 20-15-10 5 0 5 10 15 20
Mx Mx

Decoherence in octet?

2For color SU(2) case, density matrix does not get diagonalized. [Kajimoto+ 2021]
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QSD simulation (NRQCD): density matrix [akamatsu-Miura (22)]

Model complex potential: V.58 (1) — GV (r) — iCp(D(0) — D(r))

complex

0.3 T
CrV(r) = ——¢"", CrD(r)= —e” ", T =01M
s
— Color resolution scale of QGP ¢ ~ 1/T = 10/M

. 2 2
Singlet |ps(z, )] Octet |po(z, )|
IS LA A A 0.007 2 0.004
- Mt=2480 * Mt=2480 0.0035
15 - |f 0006 15
10 - +H o.005 10 0.003
L _ 0.0025
5 0.004 5
Zor - - Zo 0.002
el _H o.003 s
0.0015
10 = 7 0.002 -10 0.001
-5 - - -15
0.001
ol ] » 0.0005
L 0 0
-20-15-10-5 0 5 10 15 20 20-15-10-5 0 5 10 15 20
Mx Mx

De-excitation to singlet
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QSD simulation (NRQCD): density matrix [akamatsu-Miura (22)]

Model complex potential: V.58 (1) — GV (r) — iCp(D(0) — D(r))

complex

0.3 T
CrV(r) = ——¢"", CrD(r)= —e” ", T =01M
s
— Color resolution scale of QGP ¢ ~ 1/T = 10/M

. 2 2
Singlet |ps(z, )] Octet |po(z, )|
T 0.0025 0.0035
20 - Mt=5580 4l 20
i 18 o002 is 0.003
10 g 10 0.0025
5+ —-H 0.0015 5
. . 0.002
£ 0 ‘ - £0
5= —H 0.001 -5 0.0015
-10 g -10 0.001
15 - 1H 0.0005 -
15 15 0.0005
20 g 20
T T T B N B N 0 0
-20-15-10-5 0 5 10 15 20 -20-15-10 -5 0 5 10 15 20
Mx Mx

De-excitation to singlet — equilibrated?
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QSD simulation (NRQCD): equilibration [akamatsu-Miura (22)]

Evolution of eigenstate occupation

1 . , .
No(Mt=0)=1, No(Mt) ~—+—
Ni(Mt) —x—
: N1(Mt=0)=1, No(Mt) - - -
01| NyMt) --e-+ |
~ B
z "
0011
0.001 ! . ! . !
0 1000 2000 3000 4000 5000 6000
Mt

Steady state is independent
of initial conditions

Eigenstate occupation in the steady state

Nied

No(0)=1, TIM=0.1 +——
—
001 T~ 1
~
TriM=0.101 ——
TIM=04 — - —
0.001 e TRy
01 008 -006 004 002 0 002 004 006

E/M

Approach to the Boltzmann distribution

with environment temperature
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QSD simulation (NRQCD): role of dissipation [akamatsu-Miura (22)]

Evolution of eigenstate occupation

1.000000 %z

0.100000 E

0.010000 E

=

0.001000 4
y with dissipasion, Ng(0)=1, No(Mt) —+—

0.000100 ¢ N4(Mt) ——x— o
| without dissipasion, Np(0)=1, No(Mt) ——k—

0.000010 § Ny(Mt) —=—

1 1 1
0 1000 2000 3000 4000 5000 6000
Mt

Without dissipation, all states get equally occupied
Dissipation is non-negligible from early time

Decoherence is not effective for a localized bound state
— Need to take account of heavy quark’s motion during decoherence
(=dissipation)
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Summary — theory

Quarkonium Lindblad equations carry information of QGP
» pNRQCD: local coefficients v and &
» NRQCD: complex potential

Quarkonium Lindblad equation is yet to be complete
» pNRQCD: valid in non-perturbative regime and in the dipole limit
» NRQCD: valid in weak-coupling regime and can be modeled for any size

» For T' < 0.2GeV, quantum Brownian regime may cease to hold [Yao+ (19)]

1 1
P corr. time ~
QGP corr. time ~ 7 0.11 — 0.19]GeV

2T < orbital period ~




Summary — phenomenology

Simulation of Lindblad equation

v

pNRQCD: phenomenological application has started
NRQCD: equilibration achieved by balancing decoherence and dissipation
Need to check the validity of dipole approximation [Miura+ (in prog.)]

vV vy

Quantum simulation? [Hu-Zia-Kais (20), de Jong+ (20)]

Initial condition

» Complete positivity derives from uncorrelated initial condition — when is it?

prot(to) = ps(to) ® pe(ts), to~ 1/M , 1/Ma? Thydro
~—~— —— ~—~—

pair creation formation thermalization

» If initial condition mainly consists of octet wave packet
R a4 = survival probability?

Freezeout process
> Is projection onto singlet wave function enough? Octet component?



