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1. Introduction

* Quark-gluon plasma signal in H.I.C.?
— Quarkonium suppression due to color screening

Matsui, Satz (86)

50 T |||||||||||||||||||||||||||_ 800_,,,,| o AL LML LI L B

] CMSppVs=2.76TeV F CMS PbPb |s,, = 2.76 TeV ;
For example, - pp 1 0t PbPb w E
c lyl <2.4 ] £ Cent. 0-100%, ly| <2.4 1
CMS@LHC —~ 40~ p$>4GeV/c —~ 600 p; >4 GeV/c 3

L R N : .
S Line = 230 nb” S Liye = 150 ub™
[3) - © 500 —
O 301 - O
. i e data -~ e data
e — total fit S 400 — total fit
@ 20 [ B Y ) LS background ] @ B background I
= L 2 300F _
[0 (0]
> r i >
(w C ] W 200

10— q C ¢
i J ]
o |-
O 1 Py 11 1 1 I 1 1 1 1 I 1 1 1 1 I¢I 1 11 I*I 1.1 1 I 11 IA- 0
7 8 9 10 11 12 13 14 7 8 9 10 11 12 13 14

Mass(utu) [GeV/c?] Mass(u*w’) [GeV/c?]

2014/09/29 INT Workshop



1. Introduction

More complicated in reality

 More nuclear effects
— Nuclear wave function
— Cold nuclear matter effect e
— Thermal QGP effect (< what we study)
— Hadronization
— Hadronic interaction

awn

— Feed-down from excited states



2. Open quantum systems

e System (HQs) + Environment (QGP)
— Total Hilbert space ‘ﬂ>=‘qA>®‘Q>
— Reduced density matrix and master equation

P =Tr, [P ()] Po(t)= L[ py(®)]

A

[
Examples Photon emission
— Quantum OptiCS & absorption

— Quantum Brownian motion \
Scattering with E—
medium particles

Markov limit




2. Open quantum systems

Lindblad form

. . 1 1
po(t)=-i|H,p, |+ Eyl. (Ll.pQLj = ELle.pQ ) pQLiLi) (v, >0)

Lindblad (76)

— General form of Markovian master equation that
conserves positivity of density matrix

N(1)

Po(1) =Y @, ()], (), 0]

N() ﬁ Positive semi-definite
O<w ()=l E w (1)=1

n=1




2. Open quantum systems

Time scale hierarchies

e 3 time scales

— Medium correlation time T,

— System relaxation time T, < Describe the system
. ... in this time scale

— System intrinsic time T

e 2 typical regimes of open quantum systems
— Quantum optical limit Tp <<Tp, Ty3<<Tg

— Quantum Brownian motion Ty << Ty, Tp<<T;



2. Open quantum systems

Hierarchy makes things simpler

° Qua ntum OPU cal limit When energy levels are gapped

Tp <<Tg - Markovian approximation
-1 . . .
T,=(AE) <<T, - Rotating wave approximation

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

* Quantum Brownian motion  wave function approach

T, <<T, - Markovian approximation

T, <<T, —> Acceleration neglected

Classical motion during t,
Trajectories for QBM and QOL
v—/.



2. Open quantum systems

Quarkonium time scales

* When is the QBM approach applicable?

LY Tp Ts
1/9T | 1/9°T, M/g*T?  1/Mg*

— T, electric time scale

— Tp: color diffusion, kinetic equilibration
— T¢: orbital period in Coulomb bound state

1/gT << (4m)* /Mg* — ¢° /100 << T /M <<1



2. Open quantum systems

Classical picture

* |Interacting Brownian particles

O @ Young, Shuryak (09)

O
O o O

& ’

— Screened force -2 Screening potential } Stochastic

potential
— Drag force —> Dissipation (non-potential)
Quantum description

2014/09/29 INT Workshop 10

— Random force - Random potential



3. Influence functional for the Lindblad form

* Path- integral formulation for OQS  reynmanandvernon (63
S[x,R] = f dTL(x,R)=S,[x]+S,[x,R]+S,[R]

A: system, B: environment

— Express W(x,R) and W*(y,Q) by path integral

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

R’ R
Under each x and y
QI
— t



3. Influence functional for the Lindblad form

Influence functional F[x,y]

* Density matrix
P (t,x,y)= de'dy'J(t,X,y;O,x',y'),Osys(O,x',)")

° Propagator System initial condition
J(t,x,y;0,x",y") = fDnyexplh(S [x]-S [y])]F[)'Z v]

x'y

* Influence functional

Flx,y] =de'dQ'dRPB(O R',0")  Environment initial condition

f DIR, Q]eXpl —(Sulxl+ S, R1- S, [y1- S, Q])}



3. Influence functional for the Lindblad form

Caldeira-Leggett model

° I—agra nglan Caldeira and Leggett (83)
— Linear coupling
S [x]—sz —v(x), S.[R]= mRz imwk S.[x,R]= —xECR
A - 2 ’ B = -

k=1

¢ Inﬂuence functional o two- pomtfunc‘nons of environment d.o.f

_t f dt f ds[x(7) = y(7)] (T = $)[ x(5) + ¥(5)]
F[x,y]=eXp

_%fdrfds[x(r)—y(T)]OCR(T—S)[x(S)_)’(S)] Coarse
- graining

nkT

= eX]p ——fdr(xx Vy+ Xy —yx) -
NOT Lindblad form!



3. Influence functional for the Lindblad form

Diosi’s prescription

* Up to 2" order derivative in time

Diosi (93)
—— [dz [ ds[x(T) - y(T)] oy (z = )[ x(s) + ¥(5)]
h 0 0
Flx,y]=exp
—ljdt]ds[x(z’) — y(r)]aR (T - s)[x(s) — y(s)]
fi _ Lindblad!
nk T | h (x - )’)
= -——1|d
exp f T(XX—-yy+xy—yx)— 12(k T)
, nk,T _in B n
Prd = [ R Ored 1~ 2 ——[x,[x, 0,00 1] 2Mh[ X,{PsPreat] 2T VAV
Fluctuation Dissipation

2014/09/29 INT Workshop 14



3. Influence functional for the Lindblad form

Heavy quarks in QGP

* Approximations

— 1/c expansion for HQ action
S =g f d*xp (x)A° (x)

— Perturbative expansion for influence functional
Flp,,p,1=exp|iSy[p,.0,1] G: Gluon 2-point functions
~exp|-*/2 [ [ 0,G"p,+ .G 0, - PGP, - .Gy +++]

Real functions  -g°Gy, ,(w=0,F)=V(F)S,, -g°Gy.(@=0,F)=D(F)d,

— Coarse graining up to 2" order derivative in time



3. Influence functional for the Lindblad form

Influence functional for HQs

 xin CL model < Color density p°
V+iD  —iD ] (pi‘

—iD -V +iD p“)
5 ).
Complex potential " j
= Screened potential + fluctuation (= Stochastic potential) indblad form

1 ( a a) -D -D o
AT J 155 P> P> e« p D o
(xX-y) 27(t.y)

Momentum dissipation

SIF[p1’p2] e= _%ft,x,y(pf’p; )(tj)

l ca ~a -D D pf
+24T2 ftj’y(pl’p2)(t,7€)|: D -D ](”)(pg)w) j

Momentum dissipation Lindblad form

*For resultant master equations, see my paper in the reference (2014)
2014/09/29 INT Workshop 16



3. Influence functional for the Lindblad form

Physical process

* Color density interaction

Interaction + self energy
* Screening

* Fluctuation

* Dissipation

Q

Independent scatterings



4. Stochastic potential with color

* Screened potential and fluctuation
IF _ V+iD —iD I
S*1p.p,]= ——f SAeies) LT ](p) q
(X=y) \I72/(1,y)

l Rewrite using Gaussian noise with nonlocal correlation

(,X)

S — expl—éft . _[V()? — y)]pf’ (t,)_é)p; (Z,y)] Stochastic potential

<6Xp[ {& (t, x)](pl(t xX) = P52, x))]>
(E“(1,)E"(5,5)) = =D(% - §)6“8(t - 5)

(D: Negative definite)



4. Stochastic potential with color

QM in stochastic potential

* Stochastic Schrodinger equation
Y (V) +iD(r)/2)[1°® (=%

+5°(1, r/2)[t @1]+§ (t—7/2)[1®( t*“)]
(W:3@3*%, F=X-Y)

i w7) =

W(t,r
Py (2,7)

* Color rotation by fluctuation:singlet < octet
* Typical correlation length of fluctuation:/, .~1/gT
* Bound state size:/_, (coherence length)



4. Stochastic potential with color

Decoherence time scales

* Color projected density matrix

Oy (1,F,5) = Tr, . [Psinglet, <W(t,7)lp*(t,§)>§]

octet
i Pr =+ D(F,5) P Decoherence time scale can be
o by ) Py

estimated using D(r,s)
(t,r,s)

— Decoherence takes place

~ 2
* Tgec 1/g T (ICOh > lﬂUCt) < Soft scattering time interval
* Tyec ™ 1/Q4T3/coh2 (Icoh << lﬂuct) & Takes longer time



4. Summary & outlook

Quarkonium in QGP as open quantum systems:
Influence functional and Lindblad form

Finite-temperature potential model consists not only
of screened potential but also of fluctuation
(stochastic potential)

Decoherence time scale depends on bound state size

Phenomenology: Stochastic Schrodinger equation on
hydro background



Backup slides



SU btle iSSU €S (personal views)

* Time ordering in coarse graining Later Earlier

t /
——fdrfds X(T) y(r)]a (T - S)[x(S)+y(S) s— fdt(xx Yy + Xy — yX)
Later Earlier ° t ,
__fdrfds x(r) y(z‘)] o (T - s)[x(s) y(s) = 0 [( _332 7;2((3; ;’))

CL model Diosi’s term

* Time differentiation in coarse graining
— Should not be treated as one of the kinetic terms

— If treated so, master equation does not change in CL
model while it becomes different with Diosi’s term.



SU btle iSSU €S (personal views)

* Integration by parts?
Nk T (

2]

F[x,y]=eXp[—%de(xX—yy'+xy'—yx)—
0

nkT

F[x,y]=exp|-—

= P = exp|ink’ /2| ps exp|-ini* /2]

— Influence functional should be determined
without ambiguity with total derivative terms.

2014/09/29 INT Workshop 24



(partial) gauge invariance

e Gauge transformation (local only in time)
S =8 [ d'xp, (X)A] (x)
— Density matrix
0o (1. %,5) = P, (1.%,5) = U(1)p,y (1,X,5)U ™ (¢)
Po=2L]p, |~ 0, = UL|p,|U" +(UU‘1(t)ﬁQ +,5QUU‘1)
— Physical observable (singlet)
(Ohngie), (0= [ @5y Ty, [, (1.5, 5)(F|O

%)
d

EK smglet> (t) - < smglet> (f)]=0 ~UNOU () +UOU™ (1) =0

singlet

U and singlet observable O commute



Color singlet and octets

* Projected density matrix

pl(t’?’§)=Trcolor I:})poQc(t’F’S:):I’ p8(t’?’§)=Trcolor I:})SBPQQC(t7F’§):

0| P V-V Cr 0 P -~ O

. =] 5 +D(F,s)

ot| py M 0 -12N. | n Py
(t,7,5) J

Kinetic Decoherence

A lsivi)-ve)

Potential
C: 0
0 —1/2NC

Color singlet and octets are

D(r,s)= 2CFD(6) - (D(F) + D(§)) mixed by decoherence

0  1/2N.
C. C.-1/2N,

0 1/2N,

_2D(F -5) . _UN
F - c

+2D(r +5)




