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Phenomenology of heavy quark and quarkonium

Data show dissociation/recombination and heavy quark energy loss
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Heavy quark phenomenology
» Classical transport theory for heavy quark and quarkonium

» Schrodinger equation for heavy quark-antiquark pair with a complex potential

Theory of open quantum systems can provide a more fundamental description



Open quantum system approach to heavy quarks

System (HQ) + environment (QGP)
1. Integrating all the medium effects into effective dynamics of heavy quarks

2. Density matrix for heavy quarks

p(e,) = W@ (), p= o [H,pl + Ll

Classical transport theory: well-defined phase space trajectories
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Today's talk:

» Decoherence as a dynamical mechanism for “classicalization”
» Recent development of open quantum system, based on Lindblad theory



Decoherence

Decoherence of macroscopic superposition state in quantum mechanics
> A cat who is dead and alive in the Schrédinger’s thought experiment
» Superposition state made incoherent by fluctuations of the environment
» e.g. At 300K, a small dust at distance 1mm loses coherence in 107 %

Off-diagonal part of the density matrix
» Decoherence by Caldeira-Leggett master equation

(a)

[Zurek, quant-ph/0306072]

» Decoherence rate depends on the distance
plz,y) ~ —F(z—y)p(z,y), Fl@—-y) =0 , F(0)=0

decoherence damps off-diagonal part decoherence ineffective

Environment fluctuations select localized wave packet ~ “classical particle”
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Decoherence rate in QGP

1. Non-relativistic limit
L1 = pqAo
2. Correlation of scalar potential Ag
G~ () = (Ao(x) Ao (0))
3. Heavy quark dynamics is slow compared to QGP time scales

2dzz  sin(zrmp)

D(r) = /OO dt G>(x):CF04T/OOO(

~

2 2
e 22+ 1)2  zrmp
——
HQ is slow HTL approx.

» Decoherence rate for a heavy quark [akamatsu-Rothkopf (12)]
Flz—-y)= D0O0)-D(x-y) =0
—_—————

fluctuation is different at = and y
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Lo ~ 1/mp

> Imaginary part of HQ potential [Laine+ (07), Beraudo-+ (08), Brambilla-+ (08), Rothkopf+ (17...)]

Vim(r) = D(r) — D(0) <0

width from fluctuations

The decoherence rate and the imaginary part of the complex potential are related!
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Complex potential

» Spectral decomposition of thermal Wilson loop on the lattice rothkoprt (17, ..))

05 05
05
0.4 0.4 0.4
Sos 03 E
S
02 02 02
0.1 0.1 0.1
T — 503MeV T = 629MeV T = 839MeV

0.9 0.0 0.0
00 05 10 15 20 25700 05 10 15 20 25 00 05 10 15 20 25
r [fm] r [fm] r [fm]
» Complex potential in several other setups
> in a hot wind, anisotropic plasma, magnetic field, etc

» Complex potential as a stochastic potential model [akamatsut (12), Kajimoto+ (17)]
O(x)0(x"))y =D(x—2)5(t—t), H=K+Vge+0
———

white noise field 0(x) unitary time evolution
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Application: decoherence after singlet-octet transition pamass, in progress

A simplified model in large N, limit (A = g>N.,Cpa = \/87)

Cpa
eXp[—mDr], Voctet = 0, sz ~ cngQ ~ \T?

‘/;inglet = -
Singlet-octet transition by an (in)elastic scattering

b5+ 9™ = G — po
——
Vo=0

?

> A singlet bound state + classical transport for octet (veoMuelier (18), Biaizot-Escobedo (18), etc]

How long does it take for an octet to be regarded as classical particles?
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Application: decoherence after singlet-octet transition pamass, in progress

O EON I

+gluon How long?

1. Decoherence rate
1
Tdec (A)

2. Wave function size r(t) after singlet-octet transition

Az

lCOI’I’

~ D(0) — D(Azx) ~ CFaT< ) ~ (Cpa)*T3(Ax)?

r(t) ~ro+ vt ~ + Crat ~ Croat

1
MCFOé
Coulomb bound states
3. Decoherence and evolution comparable at classicalization time ¢,

M1/ 10
CraT3/? T

Is t. ~ 10/T long or short in heavy-ion collisions?

Tdec (T(te)0e) ~ to — to ~ (Cra~0.3, T ~ M(Cra)?)



Application: decoherence after singlet-octet transition pamass, in progress

In terms of the density matrix

1. Octet wave function just after a singlet-octet transition
¢s(@,0) + g™ = oz, 0)

2. Octet density matrix evolves

decoherence

Po(P,P';0) = ¢,(p,0)¢%(p’,0) Po(D, D3 te)
———— ———

superposition of ps nearly diagonal

classicalization

3. Distribution of a classical octet particle at ¢,

no(p, x;t.) = Wigner transform of p,(p, p’; t.)

Classical Boltzmann equation should use n,(p, x;t.) for initial distribution
If t. ~ QGP lifetime, classical description must fail
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Recent developments in open quantum system approach to quarkonium

1. Lindblad equation for quarkonium
» Any Markovian equation preserving positivity & probability must be: [Lindbiad (76)]

d

Zo(t) = =ilH, p] + Y (2LapL}, — LiLup — pL}Ln)
n

2. Numerical simulation by stochastic unravelling
» Solve Lindblad equation by generating stochastic ensemble of {¢;(¢)}

[6:NDi D] _ A erage of |12 (EM
olt N%ONZ \|¢>1 = Aversg f[ [EOIR }
H/_/

i=1

¢(t) unnormalized
» Quantum state diffusion method for solving Lindblad equation (Gisin-Percival (92)]
|dg) = —iH]|@(t) dt+Z( 2LY) oL ~LALn ) 6(D)dt + Y Ll (6))dé,
nonlinear in ¢ "
(déndEr) = 26nmdt
———
complex noise

We will derive the Lindblad equation and compute by stochastic unravelling



Lindblad operators in various regimes

1. Perturbation theory in the influence functional formalism [akematsu (15), De Boni (17)]
» Regime of quantum Brownian motion

M 100
5 < TS.R = g<l, ¢l(l/g) < 75 < L~ =
N——— T o g

HQ motion and relaxation is slow

> Lindblad operators describe scatterings with Ap = k and recoil

Ly = /D(k) e*/? [1+ ik Ve ] ke/2 (1 ©1)  +heavy antiquark
~—— AMT N -
Ap =k, Az ~ k/MT color rotation

— rate D (k)

2. Dyson-Schwinger equation for density matrix in pPNRQCD rambita+ (17, 18)
» Weak and strong coupling regimes

1/ao>T >E>»mp, l/ag>T~mp>FE
N—_——

‘CpNRQCD inT =0

> Lindblad op. from gluon-dissociation (weak) and inelastic scattering (strong)
Specific form of the Lindblad operators depends on the regime
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Equilibration of a single heavy quark

» QSD equation turns out to be a nonlinear stochastic Schrodinger equation
» Constructing mixed-state density matrix with solitonic basis

» Time evolution of momentum distribution
» Relaxation time of corresponding classical system is M Trelax ~ 300

[Akamatsu+ (18)]
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Equilibration is achieved with classical relaxation time
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Quarkonium survival probability in 1d Bjorken expansion

» Time evolution of occupation number of bottomonium

Bound state in Cornell potential 1%
L4

0.8

QSD in Bjorken expanding QGP
with

0.6

Ni(Mt)

HQ potential = Debye screened

A g

Projection to Cornell bound states

[Miura+, in preparation]
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0.2

Effect of dissipation is important for quantitative analysis of the ground state

CORNEL, with dissipasion, N{0)=1, Ng(Mt) —
N1(0)=1, NyMt) ——

without dissipasion, N ¢(0)=1, No(Mt) —s—
N1(0)=1, Ny (Mt) — =
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Summary and outlook

Is classicalization time short enough to apply kinetic models?

M1/2 1 10

te ~ ~ ~ = ~03, T~M 2
CraTo2 ~ (Crayr ~ 1 (Cra~03, (Cra)’)

1. For naive theorists, it is rather long because Cra ~ 0.3
2. For HQ phenomenologists, it is subtle because Cra ~ 1

3. For hydro practitioners, it is short enough because Cra > 1 or t, ~ tms

Open system provides a more fundamental descriptions for quarkonium
1. Different Lindblad operators in different regimes
> Is quarkonium really confined to one particular regime during evolution?
2. Nonlinear stochastic Schrodinger equation connected with microscopic theory
» Quarkonium evolution in heavy-ion collisions (Miura-+, in preparation]
3. Stochastic potential with color SU(3)

» Simulate decoherence and classicalization in the octet sector [kajimoto-+, in progress]



Back Up



How is 6. determined?

My definition of classicalization (in free space + thermal environment)
1. Localized compared to noise correlation Az < lcorr

2. Uncertainty relation Az - Ap ~ 1 is saturated, and keep saturated

A t
l?orr
ot~ M(A2)” ~ Taee(A) ~ s

12 1/4
— (ME%?O)) < AT < leorr

Then, 6. is obtained
Apmax 1

0
¢ p DPAZmin
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Parameter choice of numerical simulations
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Application: stochastic potential in QGP ajmotor 17

OCCUPATION PROBABILITY

1. In-medium potential V' and correlation function D in a Bjorken expansion
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2. Start from vacuum eigenstates and calculate their survival probability
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Decoherence gives an additional dynamical mechanism for dissociation
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Nonlinear stochastic Schrodinger equation for a heavy quark

» Nonlinear stochastic Schrodnger equation

do(z,t) = ¢z, t + dt) — d(z,t)

~ (QVM - §D<0>) o(e)dt + de(x)d()
dt

+

i | D@ =08 el + O/

» Correlation of complex noise field

(d€(x)de™(y)) = D(x —y)dt, (d€(x)dE(y)) = (dE™(x)dE (y)) =

» Density matrix for a heavy quark

¢(z, )" (y,1)
¢ 16112
What is the equilibrium solution of the Lindblad equation?
How does a heavy quark approach equilibrium?
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Solitonic wave function in one sampling
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Wave function is localized because of the nonlinear evolution equation
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