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1. Introduction

Quarkonium in the relativistic heavy-ion collisions
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Heavy-ion collision QGP formation Hadronization
Quarkonium production Quarkonium in medium and detected

e.g. by dileptons

Charm and bottom are produced only initially (M>>T)
* Are the bound states stable above T.?
* Does survival probability probe matter temperature?

- Need to know the dynamics of quarkonium at finite-T
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Color screening in medium

B Matsui & Satz scenario (J/ suppression)

Matsui & Satz (86)
e Variational method
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* No solution for ry,, (no bound state) at T > 1.2Tc

_________
- ~o

n

/ Screened force

II \
\

\

\

1

1

1

]

I

1

1

II
4
\\\ C /,,

o -
-

— Suppression of J/ yield signals QGP formation?

In reality, things are more complicated, e.g.
* Feed down contribution

* Hadronic interactions

* Regeneration at freezeout

e Cold nuclear matter effect

* |nitial nuclear wave function
15/03/11
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J/W suppression at RHIC & LHC

B More suppressed at RHIC

e Suggests regeneration is dominant at LHC?
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Y suppression at LHC

pp collisions PbPb collisions
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2. Potentials and spectra at finite
temperature

Quarkonium nature from various observables

Polyakov loop correlator (HQ potential)
* Free energy induced by static sources

Vector spectral function
* Mass shift and width broadening

Related within potential \ Real-time potential

model framework * Schrodinger equation




Polyakov loop correlator (free energy)

B Free energy on the lattice

[U—

* Singlet and octet channels eXp[_Fl(r’T)/T]=_<TY[Q(X)QT(-V)]>’

W

(in the Coulomb gauge) 1 1
exp[-F*(r.T)/ T = §<Tr[9(x)]Tr[gz’f W))- £<Tr[g(x)g2* )
r,T=0) ——' ' '
NP —. M.ﬁ
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= Y -—
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- Short ranged at higher-T |
1 . . . . Maezawa et al [WHOT] (12)
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r [fm]

Free energy and internal energy is different by entropy contribution.
Recent argument based on entropic force is nothing but declaring that

the free energy is the potential.
Kharzeev (14), Satz (15),
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Charmonium spectral function on the lattice

B Spectral function from Maximal Entropy Method (MEM)

p(®)

(b)

T=187Tc

T=233Tc ---- |
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(Asakawa, Hatsuda '04)

G (t=-it) = f a’a) —— P(W)

l-¢

1 or
plw)=—— { dt " ([J(1),J(0)]),

Charmonium stable up to 27.?



Bottomonium spectral function on the lattice

B Bottom: Too heavy to put on the lattice > NRQCD on the lattice

Effective Field Theory : scales M, Mv, Mv?
 NRQCD :integrate M - bottom is point-like
 pNRQCD : integrate M and Mv = bottomonium is point-like

B Relation btw Euclidean correlator and spectral function

G(r)= [ d3x<1(r,55)1(0,6)> - }dwK(r,w)p(a), p=0) B %;

K(t,w)=
( sinh (w/2T)
Y | ! ! O
ﬁ GNRQCD(T) = f dw exp[—a) T]pNRQCD(w ,p=0)
NRQCD -

Inverse Laplace transform by MEM

15/03/11 10



Reconstructed bottomonium spectral function

B S waves (Y)
¥
3
Survives up to ~ 2T,
B P waves (x,)
ﬂg
3
Disappears at ~ T

15/03/11
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Real-time potential Re(t)

B Real-time Wilson loop Ilytic

tinuation

L0 .
lng(t,l’)=V(i”)Dw(l‘,7’) (in long time limit)
“Potential” V(r)

Perturbative calculations -Im(t)

0 N I W O A O

2 .2
__§8 Ce exp(—mpr) |18 1C, Imaginary part!!
Vi) = 47 [mD * 7 ] 4 pimpr) (Complex potential)

1 -

_5 p Z sin(zx)
P(x) { dz 74D -

d(x=0) = 0, d(x>=°) = const

2 Laine et al (07),

Beraudo et al (08), Brambilla et al (08)



Real-time potential on the lattice

B Euclidean thermal Wilson loop on the lattice

* MEM reconstruction of spectral function

D> (t=—it,r) = f dwe™ " p(w,r); p(w,r)x
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Fit the spectral function by Lorentzian fit > Complex potential V,(r)-il(r)/2
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Wilson loop with Lorentzian fit (Rothkopf, Hatsuda, Sasaki (12))

- Wilson lines in Coulomb gauge with skewed Lorentzian fit

<

-~

- With improved Bayesian (not conventional MEM)
Burnier, Rothkopf (13), Burnier, Kaczmarek, Rothkopf (14)
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Real-time potential is complex-valued ...

B Dynamical evolution by the real-time potential

i%D;u,r) : [VRe(m - érm]D;(t,r)

—iLap(tr) = [vRem - ir(r)]zp(t,r) :
ot 2

B Norm of “wave function” decreases; how to interpret it?
* Infinite mass heavy quarks cannot move and never annihilate.
* |dentification of D(t,r) as Y (t,r) should be wrong.



Unitary stochastic evolution

B A stochastic infinitesimal time step Akamatsu, Rothkopf (12)
(e +At,r) = exp|—iAt{Vy, (r) + 0(2.0) (),
<9(t,r)> =0, <H(t,r)0(t',r')> =I'(r,r')0, / At,

Can have off-diagonal components

B Stochastic Schrodinger equation

ii'ﬂ(fﬂ”) = {VRG(”)—ir(f’ﬂ’)+§(h”)}¢(fﬂ’),
ot 2 e—

Diagonal part
At 2 2
&(t,r) = 0(,)=—0(0r)* = (0 )} =0(1,7), (E(1,7))=0

irrelevant

15/03/11 15



Complex potential for averaged wave function

B Noise averaged wave function
. 0 '
i (W(t) = {VRem —§F<r,r>}<w<t,r>>,

= iiD; (t,r) = lVRe (r)- iF(r)]D; (t,r)
ot 2

Complex potential is defined for the evolution of averaged wave function

B Potential in finite-T medium

In potential description, the medium effects should be integrated out to give
e Screening in the potential
* Thermal fluctuation as noise

What about dissipation? - Next section




admixtures c;;

Numerical simulation of stochastic potential

2
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t [fm]

5

¢(myr), I'(r,r') = \/r(r,r)r(r',r') exp|-———

207

A: Correlation length (1/T)
m,: Debye mass (1GeV)
Couplingg=2.14

Projection to eigenstates in the
vacuum potential

* Bound states decreases

* Similarin the 1S, 2S, 3S states

17



3. Basics of open quantum systems

Heavy quarks as an open quantum system

G:%\uge interaction QG P

system environment

_________________________

Open quantum system description is
obtained by tracing out environment

Key words: screening, fluctuation, and dissipation



Classical picture

B Interacting Brownian particles

®) Young, Shuryak (09)

o
o

* Screened force - Screening potential
 Random force > Random potential
* Drag force - Dissipation (non-potential force)

} Stochastic potential

Effective Lagrangian cannot describe dissipation

15/03/11 19



A good textbook on this subject:
Open quan tum System “The Theory of Open Quantum Systems”

by Breuer and Petruccione

B System (HQs) + Environment (QGP)

e Total Hilbert space * Reduced density matrix and master equation
7Y =|qA)®|0) PO =Tt [, ()]
QGP  HQ pQ(t) - l[pQ(t)] Markov limit
B Examples
* Quantum optics * Quantum Brownian motion

A
Scattering with
medium particles

-

Photon emission
& absorption




Positivity of reduced density matrix

B Properties of reduced density matrix

* Hermiticity
* Trace=1
e Positive (semi-)definite

(1) =" 0, ()1, (), (1)

N
, O<o (1) =1, Ea)n(t)=1
n=1

B Lindblad form Lindblad (76)

. . 1 1
(1) ==i[H,p, |+ 2% (LinL? L, - EPQL?LZ-) (v,>0)

* General form of Markovian master equation that satisfies the above properties.
c.f. Caldeira-Leggett master equation is not of this form



Time scale hierarchies

B Three important time scales
" TesTpsTs

 Medium correlation time (E)
e System relaxation time (R)

* System intrinsic time scale (S) Want to describe physics of
the open system at this scale

B Typical regimes of the open quantum systems

* Quantum optical limit * Quantum Brownian motion

T, <<T,, T(<<T, T, <<Tgp, Tp<<T;

These hierarchies make things simpler!

Two regimes overlap when T, << T, << T,



Quantum optical limit

Photon emission
B When there is an energy gap AE in the system & absorption

T, <<T, - Markovian approximation
-1
T = (AE) <<T, —> Rotating wave approximation

Phase gets randomized during t,:
Quantum superposition = Statistical ensemble

T, << T,

e.g. Particle motion in a potential

* Orbital motion is observed in a time scale of
interest

* System Hilbert space based on bound state
levels (1S, 2S, etc) gives a good description

15/03/11 23



Quantum Brownian motion \

Scattering with
medium particles ‘
B Wave function description
TE << TR - Markovian approximation
T, <<Tg —> Acceleration neglected
Ty <<T;

e.g. Particle motion in a potential

* Only a fraction of orbital motion is observed in the
medium time scale

» System Hilbert space based on position representation
(wave function) gives a good description

\

15/03/11 24



When is the potential approach applicable?

B Wave function description for QBM

4z TR Ls
Color electric Color diffusion, Orbital period in
Kinetic equilibration Coulomb potential
1/9T 1/9°T, M/g*T? | (4n)°/Mg*
‘L’E << TR —> g << 1 When g ~ 1, heavy quark color should be
averaged out and ignored.
T, << T,
—1/gT << (47)’ /Mg* — g’ /100 << T /M << 1

15/03/11
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4. Influence functional approach

Open quantum systems by path integral

S[x,R] = f dtL(x,R)=S,[x]+S [x,R]+S,[R]

A: system, B: environment

Express total wave function ¥(x,R) and ¥*(y,Q) by path integral

Path integrate for R and Q under each x and y trajectory (= trace over the
environment)

Take ensemble average with proper weight for initial wave functions
Remaining path integral for x and y

Feynman and Vernon (63)



Inﬂuence funcﬁonal Assumption: no entanglement in the

initial system and environment

B Density matrix

0.1, x,y)= de'dy'J(t,X,y;O,x',Y')Psys(oax',)")

System initial condition

B Propagator

VR I ISR U
J(t,%,;0,x',y) = [ DnyeXp[g(SA[x]—SA[y])]F[x,y]
xLy'

B Influence functional

F[X,)’]=de'dQ'dRPB(O,R',Q') Environment initial condition

x fQ ‘D[fe,é]explé(&g[mSl[x,E]—SB[y]—SI[y,QJ)]



Caldeira-Leggett model
< - )
B Lagrangian
Mix* — mﬁz &N W
SA[x]=T—v(x), S.[R]= . E , S.[x, R]——xECR

k=l
Unearcouphng

| ' : : :
Influence functional a:two-point functions of environment d.o.f (R)

—%fdrfds[x(r)—y(r)]al(T—S)[X(S)"'y(S)]
Flxyl=exp| " "

_%fdrfds[x(z')—y(T)]OCR(T—S)[x(S)_y(s)] Coarse

graining

= exp| -1 nk T |

NOT Lindblad form! Caldeira and Leggett (83)



Diosi’s prescription

B Up to 2"d order derivative in time

Diosi (93)
i t T ]
- f dt f ds[x(7) = y(7)] ot (T = 5)[ x(s) + y(5)]
Flx,y]l=exp 0 0
—ljdrjds[x(r) — y(r)]aR (T - s)[x(s) — y(s)]
L Lindblad!
nk T | n’(x-y)
=exp|—— | dt(xx—yy+ X
p f (o = yy+xy -y 2Ty
B Master equation in the Lindblad form
: l nk T n
= H SI~re SI~re ’ SI~re
Pred h[ R Prea] =5 [X:[ X, Preq ] 2Mh 12M2kBT[p |75 Oreal]

Fluctuation Dissipation

15/03/11 29



Heavy quarks in QGP )
<

B Approximations

: : 4 0
* 1/c expansion for HQ action Sint = gfd xpa (x)Aa (x)
(Manohar’s textbook)
* Perturbative expansion for influence functional

Flp,,p,]= eXp[iSIF[pl’p2]]
- exp[—gz/z‘ffplGF,a1 +0,G p, - p.G”p, — p,G=p, +-- ]

G: Gluon 2-point functions

« Coarse graining up to 2" order derivative in time

Gs can be expressed in terms of two real functions

—ngé;’ab (w=0,r)=V(r)d,, - gZGgO,ab (w=0,r)=D(r)o,

Akamatsu (13,15)



Influence functional for HQs

B xin CL model & Color density p?
Akamatsu (15)

(2.X)

1 ) ) V 'D _.D pa
SIF[pl’pz]g—Eftj’y(pl,pz) +1 l ] ( 1
(X-y)

~iD -V +iD pi) }
Complex potential " j
= Screened potential + fluctuation (= Stochastic potential) indblad form

1 ( q a) -D -D o
AT J 135 P1- P> «H| D D o°
(xX-y) 27,5

Momentum dissipation

i o D D Py
(prps)
24T2 ft,x,y( 1 2 )(t,X) [ D _D ](5&:5;) (pg )(t’y) j

Lindblad form

+

B How to obtain master equations?

* Functional master equations = Particle master equations

(Use the properties of fermionic coherent states)

15/03/11 31



Physical processes

B Color density interactions

gvota

HQ

HQ

Sometimes interact with the
other heavy (anti-)quark

light quarks, gluons

15/03/11
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5. Applications

Color degrees of freedom of heavy quark systems

(1) Stochastic potential with color (2) Color in heavy quark diffusion

* Color singlet and octet  How color is averaged out?
* Decoherence  Quantum fluctuation in color space
Akamatsu (15) Akamatsu, in preparation
® Vﬁﬂ @“
Singlet-octet Scattering changes heavy quark color

15/03/11 33



(1) . .
Screened potential and fluctuation

B Influence functional using noise

* Neglecting dissipative terms is allowed only far before heavy quark thermalization

V+iD  —iD ] (pi‘)
—1D -V +iD o) pg e

l Rewrite using Gaussian noise with nonlocal correlation

SIF[pl,pz] = —%ft,x&(p?’pg )(tj)

S — exp[—%ftj,y[‘/(f — ﬂpf (t,)_c')p; (l‘,y)} Stochastic potential

<(exp[-if, [E.)(pia.5)- pie.)])
(E“(1,H)E"(5,5)) = —D(X - 3)8"5( - 5)

(D: Negative definite)



(1) .. . .
Quantum mechanics in stochastic potential

B Quarkonium wave function

* 3x3* representation
* Relative coordinate

V2 : “® (—t* |
iLwiry=| M +iCoD(0)+(V(r) +iD(r)/2)[ 1" ® (=1 )] W(t,F)
o 5 F/ D[ @15 -F D1 (1)

(W:3®3%, F=X-7)
e Equivalent to stochastic unitary evolution with colors

exp[-im{ga(t,f/z)[t“ ®1]—§“(t,—?’/2)[1®ta*]}]

A noise “field” &(t,r) rotates color of
© > heavy quark and heavy anti-quark

r (interfered scattering)



(1

)
(Projected) Reduced density matrix

B Reduced density matrix
. v, 0 -
pij,kl(t’r’s) = <qlij(t?r)qlk/(tas)>§ s apij’]d(taras) ="

B Projected reduced density matrix

pl,S (t’ F’ 3:) = Trcolor |:Psinglet, <‘P(t, ’_;)IP*(ZL’ §)>§] Decoherence

2 _ 2 C 0
9| P Ve Vel Py i(VE-vE®) Py D(F,5) P
o\ ps ) M | p 0 -12N. || p Py

e Atr=s, p gives probability density to find heavy quark pair
at distance r in singlet or octet states



(1) .
Decoherence time scale  (z(t.5)&(s.5)) = -D(E - )58t -s)

Correlation length: /;

uct

B Decoherence

* Wave function becomes diagonal in position representation

D(7,5) = 2C.D(0) - (D(F)+ D(5)) G0
r,s)= - r)+ D(s
’ 0 -1/2N,
10 1/2N, | 0 12N,
-2D(r -5) +2D(r +5)
C. C.-1/2N, C. -1/N,

* Decoherence time scale is estimated by comparing wave function size [,
and medium correlation length [

uct

, V2D(0)r*
D(F,-r) = B 3 (r<< lﬂ“Ct) % CF I/ZNC
-2D0)  (r>1l..) Cr Co-/N,

etD(lcoh’T)N% # o+ — # — Smaller (deeper) bound
gT g In(1/g)T"I, states are more stable




(2) . . .
Langevin equation with color

B Localized wave packet Ax << lﬂuct

* Momentum updated = a Schrodinger's cat state = Decoherence
* Due to decoherence, color state is treated as if measured

— p — CF)/ a Aa
Ax =—At, Ap=- DAL+ ()AL n ()t
v p =L pAT+ f(OAI[ (17|

Deotor (1 + A1) = exp| —IAIE ()7 | Dy (D) exp| i (1)7° |

meas

<§a(t)§b(t)> =ad”/At, {f()f(1))= (Nf —l)y /At, n‘n® =1

Random color rotation Momentum kicks



6. Summary

* Open quantum system approach is reviewed
— Two regimes: quantum optics / Brownian motion
— We have derived wave function description
— Applications
» Stochastic potential with color
e Color in heavy quark diffusion

* Future directions
— Phenomenology in heavy-ion collisions it oreseass
— Quantum optical regime for deepest bound states



