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1.	  “INTRODUCTION”	
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Key	  members	

•  J/Ψ	  suppression	  

•  J/Ψ	  survival	  (up	  to	  1.6Tc?)	
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Debye	

Bayes?	 Shannon	



New	  paradigm	  since	  ‘07	

•  Imaginary	  part	  of	  potenPal	
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followed	  by	  other	  groups	  with	  
	  	  path-‐integral	  approach	  
	  	  ladce	  QCD+MEM	  approach	  
	  	  pNRQCD	  EFT	  approach	et	  al	



New	  members	

•  New	  does	  not	  mean	  young...	
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Frank	  Lee	  
Vernon,	  Jr.	

Feynman	 Caldeira	 Leggej	

Quartet	  Magico	  Fisica	  (di	  sistemi	  quan4s4ci	  aper4)?	

Translated	  by	  google	



2.	  STOCHASTIC	  POTENTIAL	

13/04/03	 HQs	  and	  quarkonia	  in	  thermal	  QCD	 7	



Complex	  potenPal	

•  DefiniPon	  

•  StochasPc	  interpretaPon	

Ψ(t;R)
T
∝ J(t;R)J †(0;R)

T

∝ m J †(0;R) n
2
e−βEn (R) exp i{En (R)−Em (R)}t[ ]

n,m
∑

~ exp −i{V (R,T )− iΓ(R,T ) 2}t[ ]

σ(ω;R,T)	

ω	V(R,T)	

Γ(R,T)	

Ψ(t +Δt,R) = exp −iΔt V (R)+Θ(t,R){ }%& '(Ψ(t,R),

Θ(t,R) = 0,    Θ(t,R)Θ(t ',R ') = Γ(R,R ')δtt ' /Δt,

⇒ i ∂
∂t

Ψ(t,R)
T
= V (R)− i

2
Γ(R,R)

,
-
.

/
0
1
Ψ(t,R)

T
.

Unitary	  evoluPon	

Imaginary	  part	  from	  
averaging	  the	  random	  phase	
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Numerical	  simulaPon	

•  StochasPc	  evoluPon	
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3.	  INFLUENCE	  FUNCTIONAL	
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Classical	  picture	

•  M=∞	  or	  M<∞	  majers	

11	

Debye	  screened	  force	  
+	  	  

FluctuaPon	

Drag	  force	

Langevin	  dynamics	

M=∞	

M<∞	

(stochasPc/complex)	  	  
PotenPal	  force	

àHamiltonian	  dynamics	

Non-‐potenPal	  force	
àNot	  Hamiltonian	  dynamics	

Key	  words:	  Forces,	  open	  quantum	  system,	  influence	  funcPonal	  

13/04/03	 HQs	  and	  quarkonia	  in	  thermal	  QCD	



Open	  quantum	  system	

•  Basics	

12	13/04/03	 HQs	  and	  quarkonia	  in	  thermal	  QCD	
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Master	  equaPon	

(Markovian	  limit)	

sys	  =	  heavy	  quarks	  
env	  =	  gluon,	  light	  quarks	



Closed-‐Pme	  path	

•  ParPPon	  funcPon	
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Influence	  funcPonal	

•  LO	  pQCD,	  NR	  limit,	  slow	  dynamics	
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StochasPc	  potenPal	  
(finite	  in	  Mà∞)	

Drag	  force	  
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4.	  REAL-‐TIME	  DYNAMICS	
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FuncPonal	  differenPal	  equaPon	

•  Path	  integral	  à	  Schroedinger	  equaPon	  
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Density	  matrix	  for	  a	  few	  HQs	

•  Remember	  coherent	  states	  

– Single	  HQ	  
	  
	  
– Similar	  for	  two	  HQs,	  …	
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Physical	  process	

•  Scajerings	  in	  t-‐channel	
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Scajerings	  with	  hard	  parPcles	  
contributes	  to	  both	  
	  	  	  Diffusion	  
	  	  	  Screening	

Q	

Q	

g	 q	

q	

g	

g	

.	  .	  .	  	

Independent	  scajerings	

.	  .	  .	  	

.	  .	  .	  	
.	  .	  .	  	



Master	  equaPon	

•  Single	  HQ	
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Complex	  potenPal	

•  QQbar	
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ProjecPon	  onto	  singlet	  state	

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

Debye	  screening	  w/	  imaginary	  part	  
(complex	  potenPal)	



StochasPc	  process	

•  M=∞	
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Akamatsu	  &	  Rothkopf	  (12)	Debye	  screening	  +	  fluctuaPon	  
(stochasPc	  potenPal)	



5.	  SUMMARY	
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So	  far	  and	  beyond	

•  LO	  perturbaPon	  
– Heavy	  quarks	  in	  QGP	  as	  open	  quantum	  system	  
– Unified	  descripPon	  of	  forces	  
– Scajerings	  in	  t-‐channel	  

•  NLO	  perturbaPon	  
– Gluo-‐dissociaPon	  

•  Phenomenology	  at	  RHIC/LHC	
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