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Quarkonia in the Quark-Gluon Plasma

QGP fireball in heavy-ion collisions
» LHC: Pb+Pb /syny = 5.5 TeV, RHIC: Au+Au /syny = 0.2 TeV
» Number of produced particles ~ 20000, Temperature ~ 0.5 GeV

Heavy quark production mostly in initial hard collisions (M, > T')

V3NN [TeV] Nee Ny T [GeV]
RHIC 0.2 10 - 0.4
LHC 55 100 3 0.8

Quarkonia are impurity probes for QGP




Quarkonium production out of hot QGP

n
"

Classic scenarios for quarkonium production in heavy-ion collisions

1. Suppression due to Debye screened potential in QGP Matsui-satz (s6)]
«

V - __ —mpr
(1) =-%e

2. Enhanced statistical production from initially uncorrelated pairs

[BraunMunzinger-Stachel (00), Thews-Schroedter-Rafelski (01)]

» Important for J/¢ at the LHC? (N.z ~ 100)
How do quarkonia and heavy quarks propagate in QGP?
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Why open quantum systems?

Production rate is calculated with reduced density matrix of a quarkonium
Nx(tr) = [ palo.n.te) Pr(y.o)
z,y SN——

projection

Open quantum system quarkonlum + QGP)

environment
Int (QGP)

1. Total density matrix & von Neumann equation:

d
Prot(t) = \PEZH: wy | W(1)) (¥ ()], Vg Prot = [Htot, prot]

2. Reduced density matrix & Master equation:

.d . . L
Poo(t) = Trogeprot (), dthQ [potential + fluctuation + dissipation]

Quarkonia probe in-medium forces in the QGP



Stochastic Potential Model
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Stochastic potential model [akamatsu-Rothkopt (12)]

o—»O
Energy of a quarkonium in a thermal bath 2 /2
v2
H=——+ V(r) +0(t,r/2)—0(t,—1r/2)
M ~—— —_——  ——

screening  noise for Q noise for Q
<9(t1, ."L‘1)9(t2, ."L‘2)> = 5(t1 — tQ)D(I‘l — 1‘2)
Debye screened potential and noise with finite correlation length

V(r) = ==femor D(r) = yexpl—1/lZey]

corr,

Qeff ~ Og, TNpD ~ gTa e asT,  leorr ~ 1/gT

Leore > Ly lors ~ Ly oo < Ly

lcorr controls the effectiveness of wavefunction decoherence
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Relation to the complex potential

Real-time quarkonium propagator with M = oo
» Averaged wave function in the stochastic potential model

G>(t,0;7) = (¥(t,7))g = exp[—it {V (r) — i(D(0) — D(r))}]

TV
complex potential Vre + iVim

» Perturbation theory for r ~ 1/¢gT" (Landau damping)

[Laine et al (07), Beraudo et al (08), Brambilla et al (08)]

Viut) = L1 stmpr), o) =2 [~ A4 - e

22 +1)2 2

» Lattice QCD simulation [Rothkopf et al (17.. . .,12)]
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Noise correlation function is extracted from the imaginary potential



1-dim simulation of quarkonia in a Bjorken-expanding medium

1. Temperature in a Bjorken expansion

to
to+1

1/3
T(t) = To < ) s T() =04 GeV, t() =1fm

2. Temperature dependent parametrization

Vir)= ==, D(r) = yexp[—r /iy
r col

m [GeV] Qleff mp Y leorr
4.8 / 1.18 0.3 T 0.3T 1/T

3. Start from vacuum eigenstates and calculate their survival probability

Viaelr) = =" o7, o =1 GeV/fm,  Ny(t) = (| ¥ - Uys(t) )




Quarkonia in a Bjorken-expanding QGP  ikajimoto et at (17)]
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» Decoherence more effective for larger radius Iy
d d i
lbb < lcc’ lgl’Oun < lexated N RAA > RAA7 Rgl’oun R%Xted
» Noise enhances quarkonium dissociation rate

complex stochastic Debye
(Raa <)RGA <Ryy

Decoherence gives an additional dynamical dissociation mechanism



Theoretical Developments
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Stochastic potential and Lindblad master equation

Stochastic potential does not describe dissipation and overheats quarkonia

d
2P0 = [potential + fluctuation + dissipation]

Lindblad form master equation (Lindblad (76)]
1. General form ensuring positivity of the density matrix

dt'OQQ( ) = —ilH, pQQ +Z< WQQ L iLiPgg — 7'0QQL L)
2. Lindblad operators for stochastic potential and dissipation [akamatsu (15)]

Ly, = V/DF)e*® x(1 or 1%) —>\/D(k:)em/2[1—|— % }el’m/?
——

Azg ~ k/MT

Apg =k U(1) or SU(N.)

» Dissipation is given by introducing recoil of heavy quark in a collision

Quantum dissipation will become important in phenomenological studies
11/14



Recent developments of open quantum systems for quarkonia

Color singlet-octet transitions in QGP in the Lindblad form [grambilla et al (17)]
» Based on potential NRQCD effective field theory (visit Antonio’s talk)

0 3 i 0 1 1 (N2—4)k , (0 0O
=i (et o) H- '

‘ 2(N2—1) \0 1
» Same structure found in SU(V,) stochastic potential at short distance

Generalized Langevin dynamics for a heavy quark pair [Biizot et al (16)]
» Correlation not only the potential but also drag and random forces
> Interference between Q+¢g - Q+gand Q+9g—Q+g

M7 + %( H(0)7 — H(s)F) — g’ V'V (s) = &(s, 1)

Mr + Bi( H(0)7 — H(s)F) + g*VV (s) = &(s,1)
(€(s.)&(s,1) = g°H(0)3(t — 1), (&(s,)E(5,1)) = —g*H(s)d(t — 1)
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First simulation of quantum dissipation of quarkonia

1-dim simulation of quantum master equation [peoni (17)]
» Time evolution of the density matrix
=0

t=0.1 fm/c

e i i

t=0.2 fm/c ’:1 fmic

=3 fm/c =5 fm/c
: Yo es 1
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Conclusion and outlook

» Quarkonium in QGP is described as open quantum system

1. Stochastic potential is simulated for a Bjorken expanding background
2. Developments in the Lindblad master equation

» Sophisticate modeling and numerics toward realistic phenomenology

1. Simulation of master equation in 1—3 dimensions with quantum
dissipation and colors

> Numerical simulation with an extended stochastic Schrodinger equation

[Akamatsu et al, in progress]

2. Classicalization: Matching the overlapping regimes of decoherence and
classical dissipation
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Backup sildes
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Open quantum system from microscopic theory

1. Path integral formula

m7y?X7Y

ptot(tv z,y, va) = /dmodyodXodYo/ D[i‘agaX7Y]
~ =~ 20,40,X0,Y0

) eistot[f,)z]—istot[fhy}

X ptot(oy Z0, Yo, XO, }/0
. eq
factorizable p, (0) ® pqep

2. Influence functional S|E [Feynman-Vernon (63)]
» Average over the QGP environment by tracing out piot

PQQ (t,$,y) = /dXdY(S(X - Y) ptot(tvxawaa Y)
trace out QGP = path closed at ¢
Y . . o o
= / dﬂ?odyOPQQ (05 Zo, yO) D[ia g] eZSQQ[x]_ZSQQ[y}—HSlF[Ly]
0,40

Influence functional contains all the information of the open system
16
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Coarse graining in the influence functional

1. Influence functional up to quadratic order:

. 1 t GH —G12> <l’)
SiEle,yl =— = [ dt'dt’ (z,y)w ...
(3 |F|:x y] 2 /07 (f[f y) (t ) <_G21 G22 (t/7tl,) y (t”) +

correlation functions of XY

2. Time coarse graining by derivative expansion [piesi (93), Akamatsu (15)]
1SIF = 1Sfuct + 1Sdiss + 1.SL
—— M~ =
X TT X T X T

3. Lindblad operators for heavy quarks for r ~ 1/gT" (akamatsu (15)]
> Recoil of heavy quark in a collision

Ly = /D(k)etk® HSast S, D(k)e“”:/Q {1 + ik Vq ethe/2
—_———

AMT
Stuct only
ue Axg ~ k/MT

Dissipation is introduced by time coarse graining the influence functional
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