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1. INTRODUCTION



Confinement & Deconfinement

e Vacuum & In-Medium Potentials

A

V(R) T=0 Singlet channel
/ V(R) = KR—§—+O(]/M)
>

R
String tension K~ 0.9GeVfm
Mass spectra (cc, bb)

Coulomb + Linear

" Debye screened potential
B o V(R) =—g%exp(—a)DR)+O(]/M2)

Debye mass w, ~ gT (HTL)
The Schrodinger equation
Existence of bound states (cc, bb)
- J/W suppression in heavy-ion collisions
Matsui & Satz4(86)

Debye Screened
Higher T
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Quarkonium Suppression

* Sequential melting of bottomonia CM5
800 = T 1T ‘ T 1T | T 1T | T 1T ‘ T 1T | T 17T | T T ]
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50 - CMS pp (5=276TeV | . 3 I CMS PbPb s, =2.76 TeVE
i ] C Cent. 0-100%, |y| < 2.4 ]
[ + |y| <24 N - A+A i ]
. 40 B p p pf;_ >4 GeV/c 7 C‘:IJ 600 :* ET >4 GGV:; 7:
R i ] ] = " int = 190 b’ ]
‘% - L, =230 nb! ] E 500 :_ | E
O 30 o - - ' e data -
s ¢ ' ) ?oi:l fit ) S 400F total fit B
> (R N BT ) (I background ]| P -y background
@ 20 _ £ 300 -
G i ] () B .
u>_j i i Lﬁ 200 :_ ........... _:
10— ' | x) ]
0 . T T +| L |L| L |¥_ 0 :| o e b b v b by |:
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Mass(uir) [GeV/c?] Mass () [GeV/c?]
Y(2S)/Y(1S
(25) Y (15) =0.21+0.07(stat) £ 0.02(sysf)
Y(2$)/Y(1S)\pp
Y (3S)/Y(@1S)

PP — 0.06 £ 0.06(stat) +0.06(syst) < 0.17(95%CL
Y(3)Y(S). (stat) (SysY (95%CL)



2. IN-MEDIUM QCD FORCES



In-Medium Potential

e Definition T>0, M=co In analogy to vacuum case
A
(P(tR)); o« (JEGR)ITO;R)).
A _
oc Y |(m]3" (@R )| & exp[{E, (R) - E, (R)}]
<i] R ZWi:O (a;T)exp [— iEa(R)t: Long time dynamics
a=(n,m)
elowestpeak
< Y ol L Lorentzian fit of
" oo[-RV(RT)-ITRT)/2H] o
SR o oy G(r;R,T)=(J(-iz;R)I'(O;R))_  ~ [ D[A]e**D
= W.(e;T)exp|-E_(R)z (0<t<B)
I'(R,T) ﬁllr S izaepeZak(i) [ ]
V(R,T) W Spectral decomposition
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In-Medium Potential

Laine et al (07), Beraudo et al (08),

e Com p|eX Potential Bramilla et al (10), Rothkopf et al (12).

(PER)), ~ D W_o(o:T)exp[-iE, (R)t] Long time dynamics
aclowestpeak
~exp[-i{V (R, T)—i['(R,T)/2}] Lorentzian fit of o(w;R,T)

- [pe(s) exp[— [ ds@(s)’ /F(R,T)}exp[—i [ ds{\/(R,T)+®(s)}}

Suggests stochastic & unitary description

2012/12/7 SCGT12 8



In-Medium Potential

 Stochastic Potential Akamatsu & Rothkopf (‘12)

¥ (t+ALR) =exp[-iAtl (R) + O(t, R) ¥ (L. R), (T omitted)
(O(t,R))=0, (B(t,R)O(',R"))=I(R,R")J,./At,
Introduce noise field O(t,R)
Density matrix: Non-local correlation relevant
PLRLR,) = <\P*(t’ R)W(t, R2)>

i g‘{’(’[, R) = {V (R) —iF(R, R)+Z(t, R)}\P(’[, R), Imaginary potential
ot 2 = Local correlation
=(t,R) = O(t, R)—%{@(t, R)’ —<®(t, R)2>}, (2(t,R))=0



In-Medium Forces

—oo + - (Stochastic) Potential force

. Fluctuating force —>Hamiltonian dynamics

M<oo . Drag force . Non-potential force

Langevin dynamics —>Not Hamiltonian dynamics

How to describe in-medium QCD forces?
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3. INFLUENCE FUNCTIONAL OF QCD



e Basics

Open Quantum System

sys = heavy quarks
{ env = gluon, light quarks

Hilbert space Hy = Hgs ®H,,,

.d . A
von Neumann equation Ia tc,t(t)z[Htot,,omt(t)]

‘ Trace out the environment

Reduced density matrix — DOpq (1) = Trenv[,@tot(t)]
d

Master equation ialbred (t)="?

(Markovian limit)



Closed-Time Path

1 (01, 771

plo™ 0] - )
e QCD 2 Py 51,

Z[m.m1,]~ [ DIvs oG AL 1Plw G A w0, A
<exp[iSTw, 1~ STy, 1+i [wun —i[w.n,
<explis[a,A1-iS[a,A,1+ig [ §,A —ig [ i,A,)

Prot = Peny ® pgys Factorized initial den5|ty matrix

=‘//2Q2A2‘ Q2A2‘

ini

ini |n| ini

*ini |n|]

] psys[ ’WZ

— ptot[l/jl ql Ai env[ql

Influence functional Feynman & Vernon (63)
= Z L 1= e[S VL, b]]
- oo|-92/2[ 6L + .G i, — i i, - 1G5 iy + [ 0°GL i + 9°G il +--
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Influence Functional

* Open Quantum System

Z[.7,1~ | DIy 1oyl ™ w3

x exp [iS[w,1-iS[w,1+iS ™V i,, i,]+ iIl//ﬂ?l - ij‘//z’b]

. 1 Wl (t)’ 771 (t)
psys[ ini |n|] : )
s 2 w,(t),n,(t)

Path integrate until s, with boundary condition ,(S) =y, ¥, (S) =,

— /Ored [51 WI’ l//Z] — <l//£‘ /bred (S)‘ W2>

2012/12/7 SCGT12 14



Influence Functional

* Functional Master Equation

Effective initial wave function

Wi W *ini ini

* t
Pesltivs w1~ [ Dy, 1oy v ™ ws']

X eXp‘[iS [y, ]—-1S[y, ] w]

Effective action S1+2 %S|ng|e time integra|
Long-time behavior (Markovian limit)
Analogy to the Schrodinger wave equation

Functional differential equation

O

= Paaltv vl = KTy vl oty ]

How does this formalism work in perturbation theory
in non-relativistic limit?

2012/12/7 SCGT12 15




4. DYNAMICAL EQUATIONS



Density Matrix

17”1 ~ (Qlin*c)
e Coherent State v,(=v,) ~ (Q,,Qy)

Plred [t1 Ql*(c) , 6;@]= <Q1*(c) Ibred (t)‘ (5;(0)>
Qi | = (e |- [, 10Q7 + Q.05 |

Go)-o0|-[ {3+ @A o)

Source for HQs 0 <Q1( )\

= (Q|O(%
X (%) (@R

Qi(c)=0

=-Q"(X)|Q)

Qz(c)=0

X, (X )‘QZ”>



Density Matrix

e Afew HQs

One HQ
Po (L, %, §) = <*\bQ ()] V) o< (Q|Q(X) Pred QT (V)| Q)
o)

— 5Ql( )5Qz v )Pred[ Ql(c) QZ(C>]

Similar for two HQs, ...

Ql(c) :QZ(C) =0

'OQQC (t1 )_(1; )_(>21 y]_; )72), T



Master Equation

* Functional Master Equation

I a * ~* fu * ~* * ~x
| a Plred [t, Ql(c) ] QZ(C)] — H1+20[Q1(C) , QZ(C) ]pred [t, Ql(c) . QZ(C)]
‘ Functional differentiation *5 — ..*5 —
Color traced X, (X) R, (V)

Master equation

v2_v2)
10,05 (t, X, V)%(a—a M {— M y}pq(tﬂ? y)

4T IM

o D(R—7) V.-V
+CF{—iD(i—V>+VXD(X N 5% L t.%,9)

Reduces to Caldeira-Leggett master equation at x~y



Master Equation

e HQ Number Conservation
Trpo®) = | po(t, %, %)

ST = [, 6K - Di0pe 6%, 7))

* Ehrenfest Equation

i 0

d /oy (P)
a® =

d , N°Ce g
(=g (B = v =S @=0)
d, .. 3T _9(M)°Cep dk oz,
& (® -5} T Ty Gamtoon

Moore et al (05,08,09)



Other Results

 Complex Potential
(PtX, 7)), < (I(EX,9)I"(0;%, 7)),
oC 52
Ry (X) T (V)

‘ Time-evolution equation + Project on singlet state

Plred [Ql(c) , Qz(c) 1 ~

Ql(c) :QZ(C) =0

Vsinglet(R) — 2(8.—1)'\/' _CFV (R) - g(T4)2CF (COD T e;DR + IT¢(wDR)]
T

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



5. SUMMARY & OUTLOOK



 Quantum Dynamics of HQs in Medium
— Stochastic potential, drag force

* Non-Equilibrium Quantum Field Theory

— Open quantum system, closed-time path, influence
functional

— Functional master equation, master equation, etc.

* Non-Perturbative Region
— Model the renormalized effective Hamiltonian

— Higher-order perturbative analyses (process involving
real gluons)

— Application to phenomenology
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In-Medium Potential

* Definition
¢ r T=0, M=o
4 Y (t;R) o (vac|J (t;R)I(0; R)| vac)
2 -
s S . = 2f(m}3" @Rl vac)] exp[-iE, Ry
- el-iE,, (R)]-e
< u Long time dynamics
t
o(w;R) 4 G(z;R) = (vac|J (-ir;R)J"(0; R)| vac) ~ J‘ D[A]e S
| ~ o[- By (R)r] =
> V(R) from large t behavior
V(R) W
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Closed-Time Path

1 601’771

e Basics plo, 9] ———

Partition function
ZIr21, 1,1 = Tr{U (00,00 7,) AU (00,003 7,)" )
= Tr(U (00,—20;77,) "U (o0,—0; 771);3)

ini

~ j Do, ,ole™, @5 ' 1exp [iS[e,]1-iS[@,]+ ijmcﬂl —ijﬂz(ﬂz]

5 ~N
11 InZ[7,,7,] °C<TcH<0i(Xi)>
| éhi(xi) ;=0 ! T,conn
> NZ[n.7,] < (TAX)P%)); oo = Co (X0, X,)
5771(X1)5771(X2) v j1,,=0 1 27/T,conn 17 11 N2
52

o <¢(X2)¢(X1)>T,Conn = G(;(Xl’ X;)

J-1,2:O

InZ[r,,7,
S0 ]



Approximations

* Leading-Order Perturbation

Influence Functional
expiS™ [y, J,].
~ EXP [_ 92/2_[ .-1G,Z j1 + szK jz — leij - jZG;jl]

Expansion up to 4-Fermi interactions

GLO4—%,) =(TAM)AC))  Galx —%,) = (AGL)AY)).

GA 06— %) =(ACDAGG)) ,  GL(x —%,) = (TAGL)A(,)).

Leading-order result by HTL resummed perturbation theory

]
T
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Approximations

VQ ~/MT -Q

* Heavy Mass Limit (<:> VG~ (g)T -G)

Non-relativistic kinetic term
S[y]~Sim[Q.Q]1 w~(Q.Q)
Sein [Q,Q.1=Q'[10, —M +V*/2M]Q
+Q.[i6, +M +V?/2M]Q/

Expansion up to

T

Non-relativistic 4-current (density, current) M

'0 :QTtaQ_I_Q taQT =p

T V T
~Q (2 M ]t Q-Q [ j Q (quenched)

I~



Approximations

* Long-Time Behavior

Time-retardation in interaction
G(X—V,0) ~G(X-¥,0)+0G'(X—¥,00=G (X - J) +» G (X - J)

5(x"-y")

& Gl y) < B(R- U~y +i6 (K -5)

Low frequency expansion

| | G(X-9)itX)i )
iJ(X)G(X_y)’(y)z!Jy S G X = DIt 1)~ .00, Y)

Using free equation of motion

2012/12/7 SCGT12 29



Effective Action

 LO pQCD, NR Limit, Slow Dynamics

NSNR

S1+2

Kin

o VE-Nput. ey )

Seo™ Ly 12]=r1/2jw{ Lo . 1 (finite
: XY _V (X_y)pZa(t’X)pZa(t’y) :

'\ [DE=9put.X)ppt.y)

3 B T o V) )

+-“t>?37 :—1/4T VD(X—V)‘{Jla( )/i)zi( y)_» j:

- + 012 (6, X) 2 (86, Y) )}

071G (X = ) +1Gip (X = ) [=V (R = 1), Drag force

(vanishes i

- gzgoﬁ,ab(i -y)=D(X- y)5ab =ImV (X - y)éab

[Ql! Qlc] o Sli\llriQ [QZ ? QZC] + SII:_\C/)NR[jl’ J2]

' Stochastic potential

in M—> o)

Vo

n M—>oo)



Hamiltonian Formalism (technical)

* Order of Operators = Time Ordered
Kinetic term W;(L, X) <y, (L, X), W;(t_, X) = w,(t,,X)

. . \ / |
Instantaneous interaction \\ or /l » I

Remember the original order

* Change of Variables (canonical transformation)
Make 1 & 2 symmetric

7, =(Q,,Q5) =v; =(Q5,Q,)

x* ~

» Determines H."5°[w, , w7, ] without ambiguity



Hamiltonian Formalism (technical)

e Variables of Reduced Density Matrix

Pl W, ] = <l//: Dred ('[)‘ l;;> Latter is better (explained later)
= IOred [t’ Ql*(c) J Q;(c): — <Qf(c) léred (t)‘ Q;(c)>

e Renormalization

Convenient to move all the functional differential operators

to the right in

- a * o nc * g * g
I a Plred [t; Ql(c) / Qz(c)] — HlfJurz [Ql(c) J Q2(c) ]pred [t’ Ql(c) ’ QZ(C)]

In this procedure, divergent contribution from Coulomb
potential at the origin appears = needs to be renormalized



Functional Master Equation

e Renormalized Effective Hamiltonian
I_A|1+2 ~ .;( [aMélT©1 + QlT (_VZ/ZM bl]_l_ (Same for Qlc)

[a*MSJSZ + 5; (— VZ2/2M )52} + (same for SZC)

VEINGR i@V N i @)
+_Ly —2iD(X - Y)N{(X) j2° () |

1 . _ _ L_‘,a —\ %a - 220 7= ;a —
+EVD(X_ Y)° N {Jl,NR(X) Jzo(Y)"' Jlo(x) J2 (Y)}

JX

a=1+ 2(:|: IimV(T>O) (r)’ V(T>O) (r.) EV(r) _V(T:O) (r-)

M r—o0



Functional Master Equation

* Schrodinger wave equation

Anti-commutator in functional space

6,(0,0/ (1)}= 0. (%), 61, (9)|= 5(X - ) = Q) = &%
1(c)
10.(0.QL )} ={Qu(R.QLEO) =57 -7) & Oy = —%@

» I_All+2 <~ Hlfigc
0

|~ Pralt, iy Qi 1= HIEE Ty, Qoo 1t Qi Qo]



Other Results

e Stochastic Dynamics
M=co : Stochastic potential

exp [iSFL\C,)NR L1, jz]] Debye screened potential

—ep| -i/2, [ReV(X= )10 (6 0P (1 9) — p2a ) 22 4. D)

X,y

X <exp [— i:tj’y:cfa (t, Y){pla (t, X) — p,. (L, X) JJ> Fluctuation

g
<§a (t, X)&, (s, )7)> =—0,,0(t—S)D(X—Y) D(x-y): Negative definite

<oo : X. X)P(t, §
M Drag force Po(t, X, ¥) = <L11(t, X)W (t, y)>§
Two complex noises c1,c2 ~ .
- Non-hermitian evolution P, )@Y (t,X)
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