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1. “INTRODUCTION”
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New paradigm since ‘07

* |maginary part of potential

followed by other groups with
| path-integral approach

1 lattice QCD+MEM approach
et al | pNRQCD EFT approach
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New members

* New does not mean young...

. e k, w _ '

Feynman Caldeira Leggett

Quartet Magice-Fisica (di sistemi quantistici aperti)?

Translated by google
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2. STOCHASTIC POTENTIAL



Complex potential

e Definition | L
AT (W(R)), < (J(:R)T'(O;R)).
o< S (m|J T (0 R)| ) e 5 ® exp[i{E (R)= E, (R)}M
wn 4 b n,me | ) _ ]
V(R,T) w ~exp[-i{V(R,T)-il'(R,T)/2}t]

Laine et al (07), Beraudo et al (08), Brambilla et al (10), Rothkopf et al (12)

e Stochastic interpretation

W(t+Af,R) = exp[—iAt{V(R) + @(t,R)}]‘P(t,R), Unitary evolution
(0(t,R))=0, (O(#,R)O(t',R"))=T(R,R"S, /At,

0 i magi ‘
= i—(W(t,R)), =1V(R)-=T'(R,R) :{¥(,R)). . maginary part from
8t< ( )>T { () 2 ( )}< ( )>T averaging the random phase
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Numerical simulation

e Stochastic evolution
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3. INFLUENCE FUNCTIONAL



Classical picture

e NM=co or M<co matters

Q
o ®
o © * o
) ¢
®
Q @ 66 ®
Debye screened force (stochastic/complex)
=00 + __________ : Potential force
- Fluctuation | —>Hamiltonian dynamics
M< oo . Drag force R Non-potential force

Langevin dynamics —>Not Hamiltonian dynamics

Key words: Forces, open quantum system, influence functional
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Open quantum system

_[ sys = heavy quarks
env = gluon, light quarks

* Basics
Hilbert space H.  =H

. d N . N
von Neumann equation ljz’a“’t(t) = [Htot,ptot(t)]

® Henv

Sys

‘ Trace out the environment

Reduced density matrix Prea (1) = Tfenv[ﬁtot (f)]
d

Master equation iE,bmd(t) =7

(Markovian limit)
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Closed-time path

1 ¢19771

ni ni ]
L

oo,

e, o . p)
Partition function L/

A/ "“fD[szquAl,z]p[z//:q;Al‘ Yad,4,) ]
xexpliS|y, |- iSly, | +ifyn, - ifwznz]
X eXp_iS[%Al] —-iSlg, A, 1 +ig| j, 4, —ig jzAz]

Prot = Peny ®IOsys Factorized initial density matrix

IOtot[z/jl %A ‘ YWoq,4,

ini

1= plgr 4" a1 puy ™ ]
Influence functional Feynman & Vernon (63)
— =Z, o] =exp[iSuylji /i 1]

=exp|-8*/2 [ jiGLii+ /.Gl = iGrr = G+ [ §Gij +8°GL jjjj +-|
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Influence functional

° Tmi : Stochastic potential
LO pQCD, NR limit, slow dynamics nite In M->00]

Si2 = Stin (D1 ) = Sin (Do) 1+ S Lo 1+

_________________________________________________

. 1
Sev Lii»J 1= —Eftﬂ(pla’p2a)(r,fc>

:l _____ 61)(5& — 5;) (3 ~ . ~\ — :
:\‘f”cy{ AT (Jla(t’x)pZa(t9y)+pla(t’x)]2a(t’y))}l:
B o Drag force
— g2 {Goﬁ,ab(i = V) +iGyg (X —)7)}5 V(x-y)o, (vanishes in M—> )

-g°Gy, (G- =D(F-3)d,, = ImV (3 -¥)d,,
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4. REAL-TIME DYNAMICS



Functional differential equation

* Path integral = Schroedinger equation

~

* ~ % tan(c),Q;(c) ) A *ini *ini
Preal 1,01 0)s Qo] ~ f_oo D[Ql(c),QZ(c)]psys[Ql(c)’QZ(c)]
. (%) . = (%) covLOFV . .
x exp| Sy [Q)) 1= ik [O50, 1+iS O Ly, o1+

0

i 0@.0 100 069 = 0., -5
1(c)

[6,0.0!0)] - [0.9.0. ()} = -0 =) = 0.y =~ 55

5Q2(c)

. a %k ~ sk fun ES ~ ok S ~ sk
lgpred[t’Ql(c)’QZ(c)] = H1+ZC[Ql(c)’Q2(c)]pred[t’Ql(c)’QZ(c)]



Density matrix for a few HQs

e Remember coherent states
Pralts O Oy = (0l [ Pra®] i)

<Q1(C)‘_ Q‘exp[_f {QQI +QQ1( )}] é 5Q1( )
05 - exe|- [ {2:0" + 2.0} | @) 5Q2( )

2 - (Q|OF)

Oi(ey=0

<Q1( ) ‘

- -0'(¥)|Q)

03(=0

—=—|00)

—Single HQ  p,(1.%,5) « (Q|0(X)0,4(N0" (7| Q)
0 0

" T80 () 60,(5)" o0l 0

— Similar for two HQs, ...

O1(c)=92(¢)=0

IOQQC (taflﬂfzﬁj;lﬁj;z)?'”



Physical process

e Scatterings in t-channel

Q
g ,9 N
""" < g S Scatterings with hard particles
: “ contributes to both
O [ it
- /8 >_ 3 Screening
——-——(\ —— — —
\‘ g
Q

Independent scatterings



Master equation

* Single HQ

10,0,(,%,y) = {(a —a*)l\l

+C, {—iD(ic’ — )+

» -

13/04/03

L0, (2, X, ) (color traced)

V.DG-7) V.-V,
4T IM

>pQ(t95éaj;)

. )
a=1+—1imV"2w), V">Om=rer) -2
27 m (r) (r)=V(r) (r)

Liwy 00 Ly T (),

d 3T . .
Z<E>=—#(<E>—7). Langevin dynamics
=—LV°D(x = F kG w =0,k
)/ 3 ( ) =0 9 f (2,7'[)3 OO,aa( )

Moore & Teaney (05)
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Complex potential

e QQbar

0.(WyBEY), 0L EEDO0ES), s
L= = = - — + - — = ij _y)
<‘Pij(t’xay)>T <Jij(t;x,)’)sz(O§xo’)’o)>T

i Projection onto singlet state

Debye screening w/ imaginary part
(complex potential)

2 -wpR
‘/singlet(R) = 2(Cl - 1)M - CFV(R) == g4§F (wD + - R + ZTQD(CUDR)

Laine et al (07), Beraudo et al (08), Brambilla et al (10)
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Stochastic process

e N]=c0
exp[iSlﬂ“SNR[jl,jz]]
= exp[—i/Z S, ReVGE=0){p,(1.3)0,,(1.3) = 05, (1. 3)p,, (1 ,i)}]

>< <exp [—i f s E,(t.X){p,(t,%)-p,,(1,X )}]>§

(&, (t,5)&,(s, ) = =0,,0(t = 5)D(¥ - ¥)

Debye screening + fluctuation Akamatsu & Rothkopf (12)
(stochastic potential)

13/04/03 HQs and quarkonia in thermal QCD 21



5. SUMMARY



So far and beyond

* LO perturbation
— Heavy quarks in QGP as open quantum system
— Unified description of forces
— Scatterings in t-channel

* NLO perturbation
— Gluo-dissociation

* Phenomenology at RHIC/LHC



